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Dehydration of D-xylose into furfural over H-zeolites
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Abstract—The liquid-phase dehydration of D-xylose into furfural was carried out over various H-zeolites-H-ferrierite,
H-p, H-ZSM-5, H-Y and H-mordenite-with various SiO,/Al,0; molar ratios in different solvent systems: water, dimethyl
sulfoxide (DMSO) and a mixture of water and toluene (water/toluene). For comparison, »Al,O, and silica-alumina
were also examined. FT-IR spectroscopy after pyridine adsorption was conducted to probe the acidity of the H-zeolites.
The D-xylose conversion and furfural yield generally decreased with increasing SiO,/Al,O, molar ratio over the H-
zeolites having the same crystal structure irrespective of the kind of solvent system. This is closely related to the ac-
cessible acid sites. In a comparison study using the three different solvent systems, the D-xylose conversion and furfural
selectivity generally decreased in the following order: water/toluene>DMSO>water. In water and water/toluene, H-f
(25) showed the highest furfural selectivity at a similar D-xylose conversion among the tested zeolites. On the other
hand, H-mordenite (20) showed the highest furfural selectivity at a similar D-xylose conversion in DMSO.
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INTRODUCTION

The need for environmentally benign chemical processes to sub-
stitute for fossil-based chemical processes has recently arisen because
of the limited reservoir of fossil resources and the increasing atten-
tion being given to environmental issues. Carbohydrates are by far
the most abundant organic compounds on earth and represent the
major portion of the annually renewable biomass of about 200 billion
tons [1]. These abundant renewable carbohydrates (glucose, fruc-
tose and xylose) can be easily converted into monosaccharides. Be-
cause of their plentiful CHO-containing structure, the production
of chemicals using processes based on monosaccharides can com-
pete with petroleum-based processes.

Among the various industrial chemical products, furfural (C;H,0,)
is one of the key renewable ones because of its wide range of in-
dustrial applications for the production of various chemical products
(nylon, lubricants, solvents, adhesives, medicine and plastics). It can
be produced from hemicelluloses by the dehydration of pentosans
such as xylose whose hydroxyl groups can be selectively eliminated
under aqueous acidic condition [2].

Since the 1920s, furfural has been produced from agricultural
organic residues in industrial plants. To improve the selectivity to
furfural, various mineral acids such as sulfuric acid [2-8], hydro-
chloric acid [6,7], trifluoroacetic acid [7], nitric acid [7] and phos-
phoric acid [7,9], were introduced. Although concentrated mineral
acids can maximize the yield of furfural, it is difficult to handle these
homogeneous catalysts in industrial processes because of their high
toxicity and corrosiveness. Excessive amounts of water also have
to be used to neutralize the mineral acid, resulting in the formation

"To whom correspondence should be addressed.
E-mail: edpark@ajou.ac.kr

710

of a large quantity of wastewater.

To overcome the drawbacks of these mineral acids, various homo-
geneous and heterogeneous catalysts have been suggested for the
production of furfural [10-21], including 1-alkyl-3-methylimidazo-
lium ionic liquids [10] and keggin-type heteropolyacids [11]. Com-
pared with homogeneous catalysts, heterogeneous catalysts can be
considered to be more plausible, because of the advantages they
afford in terms of separation and safety. Various solid acid catalysts
such as non-soluble heteropolyacids (Cs H, ,PW,,0,,) [12], meso-
porous silica-supported 12-tungstophosphoric acid [13], sulfated
zirconia [ 14], sulfonic acid functionalized MCM-41 [15], niobium
silicates [16], layered metal oxides (titanates, niobates, and titanonio-
bates) [17], zeolites [18-20] and silicoaluminophosphates (SAPOs)
[21] were examined.

It is considered that both the structural properties and acidity af-
fects the activity of a heterogeneous catalytic system for the dehy-
dration of D-xylose. Zeolites are adequate solid acid catalysts because
of their tunable acidity and shape selectivity. When H-mordenite
(Si0,/Al,0;=5.5) with a low mesoporous volume were used as cata-
lysts in water/toluene, a higher selectivity for furfural was obtained
as compared with H-faujasite (SiO,/Al,0,=7.5) because of their
shape selectivity [18]. Lima et al. studied the improvement of the
diffusion limitation using zeolites for the dehydration of D-xylose
and showed that the dealuminated zeolites, obtained from layered
aluminosilicate Nu-6 (SiO,/ALO;~14.5), gave a higher furfural yield
than H-mordenite (SiO,/Al,0,~2.5) for the production of furfural
in water/toluene [19]. Proton type zeolites such as H-ZSM-5 (SiO,/
Al,O,=14) were also used as catalysts to estimate the reaction mech-
anism and the kinetics parameters [20]. However, no relevant work
for variations such as SiO,/ALO; molar ratio and structure of H-
zeolite was performed over various H-zeolites.

We investigated the catalytic activity of various zeolites, viz. H-
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mordenite, H-ZSM-5, H-ferrierite, H-Y and H-#with different SiO,/
AlLO, molar ratios for the liquid-phase dehydration of D-xylose into
furfural in different solvent systems: DMSO, water and water/tolu-
ene. To compare with H-zeolites, »Al,O, and amorphous silica-
alumina were also examined.

EXPERIMENTAL

1. Catalysts

We purchased various solid acid catalysts: H-ferrierite (SiO,/ALO,
=20, Zeolyst, CP914C, S,;,=389.9 m’/g), H-ferrierite (SiO,/ALO,=
55, Zeolyst, CP914, S;,=381.6 n’/g), H-S3(SiO/ALOs=25, Zeolyst,
CP814E, S;;=508.1 m’/g), H-(SiO,/AL,Os=27, Tosoh, HSZ-930
NHA, S,,;/=597.5 m’/g), H-A (SiO,/Al,0,=38, Zeolyst, CP814C,
Spe=578.3 m*/g), H-f (SiO,/ALO,=350, Zeolyst, CP811C-300,
Sp=698.8 m’/g), NH,-ZSM-5 (SiO,/Al,0,=23, Zeolyst, CBV2314,

ser=572.4 m*/g), H-ZSM-5 (Si0,/AL,0,=30, Zeolyst, CBV3014E,

5er=364.0 m’/g), H-ZSM-5 (SiO,/Al,0;=60, Siid-Chemie, S;,,=
487.1 m*/g), H-ZSM-5 (SiO,/ALO,=150, Siid-Chemie, S;;,=460.4
m’/g), H-ZSM-5 (SiO,/AL,O,=500, Zeocat, S,;;=383.1 m’/g), H-
ZSM-5 (SiO,/Al,0,=1000, Zeocat, S,,,=311.8 m¥/g), H-Y (SiO,/
ALO,=5.1, Zeolyst, CBV400, S;,,=631.4m%g), NH,-mordenite
(SiOy/ALO,=20, Zeolyst, CBV21A, S;,=423.8 m’/g), »ALO; (Strem
Chem., S;;,=212.9 n’/g) and silica-alumina (SiO,/ALO;=6.6, Ald-
rich, S;;;=572.0 m*/g). All of the zeolites were pretreated in air at
600 °C before the reaction. To differentiate the various catalysts,
their SiO,/ALO, molar ratios are presented in parentheses.
2. Characterization of Catalysts

The BET surface area was calculated from the N, adsorption data
that were obtained with an Autosorb-1 apparatus (Quantachrome)
at a liquid N, temperature. Before the measurement, the sample was
degassed in a vacuum for 4 h at 200 °C.

A self-supporting wafer consisting of 20 mg of each sample was
placed in an in situ IR cell with CaF, window and connected to a
vacuum system. The wafer was dehydrated at 250 °C and P<10”’
bar for 1 h. The background spectra of the samples were recorded
after the self-supported wafer was cooled to room temperature and
pyridine vapors were admitted to the cell at room temperature for
30 min. The samples were cooled to room temperature after evacu-
ation for 1 h at a temperature (150 and 250 °C) and the spectra were
recorded on a NICOLET 6700 spectrometer with a resolution of
40cm™.

3. Catalytic Activity Tests

D-xylose was dehydrated into furfural in a batch reactor. 0.20 M
D-xylose (Sigma-Aldrich, 99%) and the catalyst were mixed with
30 ml of solvent, and the resulting mixture was introduced into an
autoclave. When a mixture of water/toluene, which is simply denoted
as W/T, was used as the solvent, the volumetric ratio of water to
toluene was fixed at 3 : 7. The reactor was filled with nitrogen for
10 min. The slurry was stirred with a magnetic stirrer at 500 rpm.
After the reaction, the autoclave was cooled to room temperature
and the products were filtered with a 0.2 pm membrane filter and
analyzed with a high performance liquid chromatograph (Waters,
1525 Binary HPLC Pumps) equipped with a 2487 dual-wavelength
absorbance detector (Waters) at 280 nm for furfural and refractome-
ter detector (Waters) for D-xylose and lyxose. To separate the D-
xylose and lyxose in the aqueous-phase, an H'-form ion exchange

column (PL Hi-Plex H 300x7.7, Varian) with 0.01 M H,SO, solu-
tions was utilized. Products such as furfural in the organic phase
were separated with an ODS column (Spherisorb ODS S10C18
250%4.6, Waters) with 40 vol% CH;OH solution.

The D-xylose conversion and molar carbon selectivity for the
products such as furfural and lyxose were calculated based on the
following formula:

D-xylose conversion (Xp.) = MM,
i CD-.(vlose,[n
Molar carbon selectivity (Sp,oue)= Corrier
CI)-xylme. in CD-X)flase.nm
where Cp,, i 1 the initial molar concentration of D-xylose, Cp. o o
is the molar concentration of D-xylose after the reaction, and C,,,,.,
is the molar concentration of the products such as furfural and lyxose
after the reaction.

RESULTS AND DISCUSSION

The surface acidity is an important factor for the dehydration of
D-xylose into furfural, because this reaction can occur on the sur-
face acid sites of the solid catalysts. FT-IR spectroscopy was em-
ployed to analyze the surface acidity of the various solid acid cata-
lysts such as H-zeolites, j~Al,O; and silica-alumina. Fig. 1 shows
the IR spectra of the solid acid catalysts after desorbing pyridine,
which was already adsorbed on the solids at RT, in vacuum at 150
and 250 °C. In the FT-IR spectra after pyridine adsorption, the bands
of pyridine protonated by Brensted acid sites (pyridinium ions, PyH")
appear at ~1,540 and 1,640 cm™', while the bands from pyridine
coordinated to Lewis acid sites (coordinatively unsaturated A",
PyL) appear at ~1,454 and 1,622 cm™ [22]. In addition, the band
at 1,490 cm™ may result from the combination of the Brensted and
Lewis adsorbed species [23]. For the solid acid catalysts tested in
this work, the two distinct new bands at 1,445 and 1,596 cm™ ap-
peared. These bands are due to the pyridine adsorbed on H-bond
donor sites (the surface OH groups, HPy) interacting through hydro-
gen bond [24]. Both H-£(350) and H-ZSM-5 (500) after degassing
the chemisorbed pyridine at 150°C exhibited the same adsorption
bands at 1,437 and 1,580 cm™' corresponding to the physisorbed
pyridine (PPy) in the literature [24]. These bands disappeared when
the desorption temperature increased up to 250 °C. The strong Lewis
acid sites and a weak H-bond donor sites were observed over j
AlO;. In the case of H-f, H-ZSM-5 and H-ferrierite, the intensity
of the bands at 1,445 and 1,548 cm™" representing the H-bonded
donor sites and Brensted acid sites decreased with increasing SiO,/
Al,O; molar ratio, which was in good agreement of the NH,-TPD
results in the literature [25]. As shown in Fig. 1, the intensity of the
band at 1,445 cm™ representing to H-bond donor sites decreased
with increasing the pyridine desorption temperature, whereas the
intensity of the band at 1,454 and 1,548 cm™' representing to Lewis
acid sites and Brensted acid sites did not change noticeably. The
decrease of the weakly adsorption bands of Lewis acid sites as well
as those of H-bonded donor sites with increasing desorption tem-
perature can be interpreted that these adsorption sites are due to the
presence of the octahedral A" sites [24]. On the other hand, the
Lewis acid sites remaining even after degassing at 250 °C is due to
the presence of the tetrahedral AI* sites [24]. These FT-IR spectra in
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combination with NH;-TPD results [25,26] support that the weaker
acid sites in the low-temperature (LT) region at temperatures below
300 °C in the NH;-TPD pattern could correspond to the Lewis acid
sites. Since the intensity of the IR band is linearly related to the acid
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Fig. 1. FT-IR spectroscopic spectra after desorbing pyridine, which
was already adsorbed on the catalyst at RT, in vacuum at
150 °C (solid line) and 250 °C (dotted line) for the solid acid
catalysts, viz. H-£3 (25) (a), H-5 (27) (b), H-5 (38) (¢), H-/
(350) (d), H-ZSM-5 (23) (e), H-ZSM-5 (30) (f), H-ZSM-5
(60) (g), H-ZSM-5 (150) (h), H-ZSM-5 (500) (i), H-ZSM-5
(1000) (j), H-ferrierite (20) (k), H-ferrierite (55) (), H-Y (5.1)
(m), H-mordenite (n), -Al,O; (0) and silica-alumina (p).
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site concentration [27], the relative amount of the strong surface
acid sites remaining after degassing at 250 °C can be estimated over
solid acid catalysts at the similar total amount of acid sites obtained
by NH;-TPD [25]. The amount of Brensted acid sites decreased in
the following order: H-f (25)>H-ZSM-5 (23)>H-Y (5.1)>H-fer-
rierite (20)>silica-alumina>H-mordenite (20)>>3ALO;. The amount
of Lewis acid sites decreased in the following order: H-£ (25)> -
Al,Oy~H-mordenite (20)>H-Y (5.1)>silica-alumina>H-ferrierite (20)
>H-ZSM-5 (23). The total amount of acid sites decreased in the
following order: H- (25)>H-ZSM-5 (23)>H-Y (5.1)>H-ferrierite
(20)>H-mordenite (20)>silica-alumina>jAl,0O;.

We used three different solvent systems: water, dimethyl sulfox-
ide (DMSO) and water/toluene. Liquid water is a well-known sol-
vent having polar and protic properties. It can form H" ions capable
of promoting the dehydration reaction at temperatures near 200 °C
under near critical conditions [28,29]. DMSO, which is a polar and
aprotic solvent, has a large dielectric constant and a similar lattice
structure to water. To improve the selectivity for furfural, toluene
can be used as an organic layer to extract the organic products from
the aqueous phase. As presented in Table 1, noticeable catalytic activ-
ity was obtained over all of the catalysts in water, DMSO and water/
toluene. The catalytic activity, as indicated by the D-xylose conver-

Table 1. The catalytic activity for the dehydration of D-xylose over
the various solid acid catalysts in different solvent systems”

D-xylose  Furfural Furfural
Entry Solvent Catalysts conversion selectivity  yield
(%) (%) (%)
1 Water - 22.1 23.0 5.1
2 H-ferrierite (20) 44.6 28.9 12.9
3 H-3(25) 51.5 36.9 19.0
4 H-ZSM-5 (23) 56.8 30.2 17.2
5 H-Y (5.1) 70.8 31.0 219
6 H-mordenite (20)  40.0 304 12.2
7 #ALO, 84.2 24.5 20.6
8 Silica-alumina 429 35.6 153
9 DMSO - 375 4.6 1.7
10 H-ferrierite (20) 74.1 313 232
11 H-B(25) 89.7 26.7 239
12 H-ZSM-5 (23) 69.3 29.6 20.5
13 H-Y (5.1) 61.1 1.6 1.0
14 H-mordenite (20)  61.9 38.7 24.0
15 1#ALO, 85.0 14.8 12.6
16 Silica-alumina 90.7 11.8 10.7
17  W/T - 28.1 8.0 22
18 H-ferrierite (20) 79.6 443 353
19 H-3(25) 89.5 445 39.8
20 H-ZSM-5 (23) 89.7 477 428
21 H-Y (5.1) 974 422 41.1
22 H-mordenite (20)  81.1 434 352
23 7#ALO;, 98.6 30.9 305
24 Silica-alumina 99.3 414 411

“Reaction conditions: D-xylose concentration=0.20 M, volume of
solvent (Water, DMSO, and Water/toluene (3 : 7 by volume))=30 ml; Cat-
alyst weight=0.30 g; reaction temperature=140 °C, reaction time=4 h
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sion and furfural yield, was dependent on the kind of solvent in the
reaction system and generally decreased in the following order: water/
toluene>DMSO>water. In water, a strong interaction between the
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Fig. 2. D-xylose conversion (filled points) and furfural yield (unfilled
points) over various H-zeolites, viz. H-£ (a), H-ZSM-5 (b)
and H-ferrierite (c) with a different SiO,/Al,O; molar ratio.
Reaction conditions: D-xylose concentration=0.20 M, Cat-
alyst weight=0.30 g, volume of solvent (water (@), DMSO
(l) and water/toluene (v/v=3:7) (A))=30 ml; reaction
temperature=140 °C, reaction time=4 h.

polar solvent and the hydrophilic surface of the catalyst exists and
water can block and/or poison the surface acidic sites. This might
cause the lowest catalytic activity in water. Compared with the case
where water was used as the solvent, the catalytic activity was sig-
nificantly improved when toluene was used as the extraction sol-
vent, suggesting that the organic products adsorbed on the catalysts
can block the active sites for the conversion of D-xylose in water.
This is identical to the previous reports that toluene is suitable as
an organic extraction solvent to separate the organic products from
the aqueous phase [30].

We also conducted the dehydration of D-xylose in the absence
of a catalyst. As shown in Table 1 (entries 1, 9, and 17), the D-xylose
conversion was dependent on the kind of solvent and decreased in
the following order: DMSO>water/toluene>water. Indeed, slight
activity (D-xylose conversion=22.1%) was observed in water, even
in the absence of an acid catalyst. These results support the hypoth-
esis that spontaneous D-xylose dehydration can occur in the absence
of a catalyst and may be affected by the kind of solvent. It is worth
noting that the furfural selectivity is quite low in the absence of a
solid acid catalyst in DMSO due to its aprotic property acting as a
hydrogen-bond donor [30]. The catalytic activity for the liquid-phase
dehydration of D-xylose into furfural was examined over H- fer-
rierite, H-ZSM-5 and H-fwith different SiO,/Al,O; molar ratios in
water, DMSO and water/toluene, as shown in Fig. 2. In all of the
solvent systems, the D-xylose conversion and furfural yield gener-
ally increased with decreasing SiO,/Al,O; molar ratio.

As revealed by FT-IR spectra after pyridine adsorption, the sur-
face acidic properties, such as the acid strength, acid types and sur-
face acid concentration, are dependent on the crystal structure and
SiO,/ALO; molar ratio. Various elementary reactions from D-xylose
can take place over acid sites in the catalysts. A good correlation
can be observed between the catalytic activity at 140 °C and the total
amount of acid sites for the catalysts with the same crystal struc-
ture. This is in accordance with the results of Dias et al. [17], in which
the initial catalytic activity (TOF) generally increased linearly with
increasing total amount of acid sites (Brensted acid sites and Lewis
acid sites) measured by the IR spectroscopy of adsorbed pyridine
over the exfoliated-aggregated nanosheet solid acid catalysts.

To investigate the effect of the crystal structure, a comparative
study was conducted over the solid acid catalysts, which have a similar
SiO,/Al,O; molar ratio, in water, DMSO and water/toluene, as listed
in Table 1. ~ALO; and silica-alumina also examined for comparison.
In water, the D-xylose conversion decreased in the following order:
#ALO>H-Y (5.1)>H-ZSM-5 (23)>H-f (25)>H-ferrierite (20)>
silica-alumina>H-mordenite (20), while the furfural yield decreased
in the following order: H-Y (5.1)>3AL,0,>H-£ (25)>H-ZSM-5
(23)>silica-alumina>H-ferrierite (20)>H-mordenite (20). In water/
toluene, the D-xylose conversion decreased in the following order:
silica-alumina>»Al,0,>H-Y (5.1)>H-ZSM-5 (23)>H-4 (25)>H-
mordenite (20)>H-ferrierite (20), while the furfural yield decreased
in the following order: H-ZSM-5 (23)>H-Y (5.1)~silica-alumina>
H-4 (25)>H-ferrierite (20)>H-mordenite (20)>3-Al,0;. For compar-
ison, the reaction was conducted under the same reaction condition
with those in Table 1 except that 0.15 mmol of H,SO, was used in-
stead of the solid acid catalysts. In water/toluene, the D-xylose con-
version and furfural selectivity was 45.8 and 47.6%, respectively.
The D-xylose conversion was lower in the presence of homoge-
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neous H,SO, catalyst compared with the cases with the solid acid
catalysts, whereas the furfural selectivity obtained in the homoge-
neous H,SO, catalyst was similar to those obtained in the active
solid acid catalysts. In DMSO, the D-xylose conversion decreased
in the following order: silica-alumina>H-£ (25)>»-ALO;>H-fer-
rierite (20)>H-ZSM-5 (23)>H-mordenite (20)>H-Y (5.1), while
the furfural yield decreased in the following order: H-mordenite
(20)>H-p (25)=H-ferrierite (20)>H-ZSM-5 (23)>»AlLO,>silica-
alumina>H-Y (5.1).

AL O; having only Lewis acid sites exhibited the high D-xylose
conversion, while showing low furfural selectivity.

To clarify the effect of the crystal structure of the zeolites on the
furfural selectivity, the furfural selectivity was compared over zeo-
lites which have similar total amounts of acid sites at a similar D-
xylose conversion, as shown in Table 2. In water, the furfural selectiv-
ity at a similar D-xylose conversion decreased in the following order:
H-£(25)>H-Y (5.1)>H-ZSM-5 (23)>silica-alumina~H-mordenite
(20)>H-ferrierite (20)>5Al,0,. In water/toluene, the furfural selec-
tivity at a similar D-xylose conversion decreased in the following
order: H-f3(25)>H-ferrierite (20)>H-ZSM-5 (23)~H-mordenite (20)
~silica-alumina>H-Y (5.1)>3ALO;. In DMSO, the furfural selec-
tivity at a similar D-xylose conversion decreased in the following
order: H-mordenite (20)>H-ZSM-5 (23)>H-ferrierite (20)>H-£
(25)>7-Al,0;>silica-alumina>H-Y (5.1). In water and water/toluene,
H-£ (25) showed the highest furfural selectivity among the tested

Table 2. The catalytic activity for the dehydration of D-xylose over
the various solid acid catalysts in different solvent systems”

D-xylose Furfural

Entry Solvent Catalysts grtz(l);rtlt (;)f conversion selectivity

(%) (%)

1 Water H-ferrierite (20) 1.00 62.6 24.5
2 H-3(25) 0.40 61.3 369
3 H-ZSM-5 (23) 0.30 56.8 30.2
4 H-Y (5.1) 0.25 64.8 31.1
5 H-mordenite (20)  0.55 59.0 26.1
6 7ALO; 0.10 56.0 23.8
7 Silica-alumina 0.40 57.0 26.2
8 DMSO H-ferrierite (20)  0.20 60.0 228
9 H-3(25) 0.03 60.1 220
10 H-ZSM-5 (23) 0.20 62.1 25.5
11 H-Y (5.1) 0.30 61.1 1.6
12 H-mordenite (20)  0.30 619 38.7
13 7#ALO, 0.03 60.8 184
14 Silica-alumina 0.02 649 10.5
15 W/T H-ferrierite 20)  0.150 72.0 303
16 H-£(25) 0.150 66.1 374
17 H-ZSM-5 (23) 0.100 69.9 29.7
18 H-Y (5.1) 0.030 72.1 289
19 H-mordenite (20)  0.170 68.4 29.6
20 7#ALO;, 0.025 71.1 27.8
21 Silica-alumina 0.060 653 29.6

“Reaction conditions: D-xylose concentration=0.20 M, volume of
solvent (Water, DMSO, and Water/toluene (3 : 7 by volume))=30 ml;
reaction temperature=140 °C, reaction time=4 h

March, 2011

solid acid catalysts. In DMSO, H-mordenite (20) showed the high-
est furfural selectivity among the tested solid acid catalysts. It is
worth mentioning that the strong Brensted acid sites are beneficial
for the high furfural selectivity in water and water/toluene.

Moreau et al. suggested that H-modernite (6.5%7.0 A<>2.6x
5.7 A, bidimensional structure) is more selective than H-Y (7.4x
7.4 A, tridimensional structure) at 170 °C in water/toluene (1 : 3 by
volume), because H-Y has large cavities with a size of about 13 A
which allows side reactions to occur, such as the rearrangement of
furfural and/or degradation [18]. From this view point, it is reason-
able that H-ferrierite (4.2x5.4 A<>3.5x4.6 A, bidimensional struc-
ture) and H-ZSM-5 (5.1x5.5 A<>5.3x5.6 A, tridimensional structure)
showed similar furfural selectivities to H-mordenite. Among them,
H-£(6.6%6.7 A<>5.1x5.6 A, tridimensional structure) can be cho-
sen as the most selective catalyst because of its optimum channel
size.

DMSO has been applied to dehydration reactions to increase the
catalytic performance [15]. It was reported that DMSO could restrain
the formation of undesirable products, such as condensation byprod-
ucts and HMF rehydration products, but increase the formation of
furanose form over the selective dehydration of fructose [30]. How-
ever, in this work, the lower selectivity to furfural was obtained in
DMSO over all of the catalysts except for H-mordenite (20) com-
pared with the data obtained in water. An exceptionally low fur-
fural selectivity was obtained over H-Y (5.1) in DMSO. This may
be related to the fact that the furfural selectivity was very low in
the absence of the catalyst in DMSO, as shown in Table 1. Homo-
geneous reactions, catalyzed by DMSO, can occur in the large cavi-
ties in H-Y (5.1). Therefore, the presence of large pores or cavities
might not be desirable to obtain a high furfural selectivity in DMSO.

To investigate the effect of the amount of solid acid catalysts on
the D-xylose dehydration, the reaction was carried out in the pres-
ence of different amounts of various selected catalysts-H-£ (25),
H-mordenite (20) and H-ferrierite (20)-in a different solvent sys-
tem, as shown in Fig. 3. As usual, the D-xylose conversion increased
with increasing amount of catalyst in all cases. On the other hand,
no noticeable change in the furfural selectivity can be found with
increasing amount of catalyst in the cases of H-ferrierite (20) in water,
H-£(25) in water and H-mordenite (20) in DMSO. In the cases of
H-f (25) in water/toluene, the furfural selectivity increased with
increasing amount of catalyst, reached a certain value, and then lev-
eled off. The lyxose selectivity decreased with increasing amount
of catalyst, reached a certain value, and then leveled off in all cases
except in the case of H-mordenite (20) in DMSO, where the lyxose
selectivity increased with increasing amount of catalyst, reached a
certain value, and then leveled off. The lyxose would be concur-
rently formed from the linear open chain of D-xylose through the
acid-catalyzed hydrolysis of the hemi acetyl [2,20]. The lyxose can
be converted into furfural through the dehydration steps [2,20].

The variation of the catalytic activity with the reaction time was
monitored over H-mordenite (20) in DMSO and H-£(25) in water
and water/toluene, as shown in Fig. 4. In all cases, the D-xylose
conversion increased with increasing the reaction time. The fur-
fural selectivity also increased initially, reached a certain value, and
then leveled off. On the other hand, the lyxose selectivity decreased
steeply with increasing the reaction time. It implies that the forma-
tion of the products such as furfural is more sensitive to the reaction
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Fig. 3. D-xylose conversion (@) and molar carbon selectivity for
the products such as furfural ((]) and lyxose (A) over H-
£ (25) in water (a), H-ferrierite (20) in water (b), H-morden-
ite (20) in DMSO (c), and H-£(25) in water/toluene (v/v=3/7)
(d). Reaction conditions: D-xylose concentration=0.20 M,
volume of solvent=30 ml; reaction temperature=140 °C, reac-
tion time=4 h.
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Fig. 4. Variation of D-xylose conversion (@) and molar carbon se-
lectivity for the products such as furfural ((1) and lyxose
(A) with the reaction time over H-£ (25) in water (a), H-
mordenite (20) in DMSO (b) and H-£(25) in water/toluene
(viv=3/7) (c). Reaction conditions: D-xylose concentration=
0.20 M, volume of solvent=30 ml; reaction temperature=
140 °C, catalyst weight=0.30 g.

time than to the catalyst weight. O’Neill et al. examined the effect
of the reaction time on the product distribution over H-ZSM-5 with
a SiO/ALO, molar ratio of 14 in water. They reported that the isomer

Korean J. Chem. Eng.(Vol. 28, No. 3)
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of xylose (lyxose) was prominent in the initial stage and that organic
acids and solid resin could be formed subsequently during the reac-
tion [20]. The formation of solid resin was confirmed throughout
in all experiments in this work, which is consistent with the results
in the previous work [20].

CONCLUSIONS

The D-xylose conversion and furfural yield generally decreased
with increasing SiO,/Al,O; molar ratio over the H-zeolites with the
same crystal structure, irrespective of the kind of solvent system.
This is closely related to the accessible acid sites. In the compari-
son study using three different solvent systems, the D-xylose con-
version and furfural yield generally decreased in the following the
order: water/toluene>DMSO>water. In water and water/toluene,
H-(25) showed the highest furfural selectivity at a similar D-xylose
conversion among the tested zeolites. On the other hand, H-morden-
ite (20) showed the highest furfural selectivity at a similar D-xylose
conversion in DMSO.
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