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Abstract

Phosphotungstic acid (HPWA) has been introduced into the mesoporous molecule sieve SBA-15 by a sol–gel technique. The samples
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ere characterized by XRD, BET, FT-IR, XRF and NH3-TPD. The effects of the polar solvent on the hydrothermal stability have
omprehensively studied by washing the samples with an EtOH/H2O mixture and conducting esterification involving polar solvents. Altho
he acid amount of the fresh impregnated catalyst was superior to the sol–gel counterpart, the sol–gel derived composite is more
cidic property and the structural regularity of the mesoporous material than the impregnated sample. Catalysis tests including re

he samples also prove that the sol–gel derived composite is more suitable for the use for heterogeneous catalysis.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Heteropolyacids (HPA) have been extensively used as acid
nd oxidation catalysts for many reactions and gained ap-
lication in industrial practice of both electrophilic catalysis
nd oxidation reactions[1–4]. HPA are insoluble in non-polar
olvents and therefore, can be considered as environmentally
riendly materials, being promising solid acids to replace en-
ironmentally harmful liquid acid catalysts such as H2SO4
nd HF[5]. A main disadvantage, however, is their very low
urface area (<10 m2 g−1), which limits their application; as
result it is necessary to disperse the HPA onto the supports
aving large surface area. Acidic or neutral substances such
s SiO2, active carbon, acidic ion-exchange resin, etc. are all
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suitable supports, but SiO2, which is relatively inert toward
HPA, is the most often used[8].

Recently, mesoporous molecular sieve MCM-41 con
ing HPWA has been synthesized by post-synthesis and id
fied as a promising solid acid catalyst for conversion and
mation of large organic molecules[6–8]. SBA-15 is a newly
discovered mesoporous silica molecular sieve with unif
tubular channels whose pore diameter is variable from
300Å. Compared with MCM-41, SBA-15 has larger pore
ameter, thicker pore wall and higher hydrothermal stab
[9]. There are few papers about the modification and a
cation of SBA-15 with heteropolyacid[10,11].

In this paper, we focus on (1) direct synthesis of SBA
containing phosphotungstic acid by a sol–gel technique
comparison of the structure between sol–gel derived sa
and impregnated sample, and (3) comparison of the sta
of the mesoporous structure and acidic properties bet
two samples.

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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2. Experimental

2.1. Synthesis of sol–gel derived 12-phosphotungstic
acid SBA-15

Tetraethoxysilane (TEOS, 8.48 g) was dissolved in a
mixture of 4.0 g P123 (triblock poly(ethylene oxide)–
poly(propylene oxide)–poly(ethylene oxide) (EO20PO70
EO20)) and 25.1 g HCl (36 wt.%) while stirring at 313 K in
an water bath. To this solution HPWA was added in a calcu-
lated amount to reach 0.88 mol% heteropolyacid loading in
the final sample.

The gel composition was SiO2:HPWA:P123:HCl:H2O
= 4.07:0.036:0.7:2.4:544. This gel was stirred for 24 h at
313 K, and then aged in a propylene vessel at 373 K for 24 h.
Then the white precipitate solid was dried in vacuum oven
at 383 K overnight. The dried precipitate was calcined in air
for 5 h at 723 K to decompose the template and give a white
powder. The final sample is labeled SG.

2.2. Synthesis of supported 12-phosphotungstic acid
SBA-15

The synthesis process of all silica SBA-15 was described
elsewhere[12]. The calcined all silica SBA-15 was dissolved
i oly-
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NH3-TPD measurements were carried out with 200 mg
samples on a multitask TPD system (TP-5000, China). Af-
ter pretreatment in He (773 K, 30 ml min−1,1 h), the samples
were exposed to ammonia at 298 K for 0.5 h then purged
with helium for 1 h. TPD spectra were registered between
298 and 873 K (temperature ramp: 10 K min−1) and the des-
orbed gases were analyzed using the integrated gas chro-
matography with a TCD detector. The total acid amount of the
samples was calculated based on the amount of used NaOH
(0.01 mol L−1) titrating the solution of HCl (0.01 mol L−1)
containing the desorpted ammonia.

2.5. Hydrothermal treatment

Certain amount of samples were washed in the Soxhlet
extractor with 95 wt.% ethanol water mixture under reflux
temperature for some time, and then the samples were filtered
and dried for characterization and further treatment.

2.6. Catalysis testing

The catalytic activities of samples were tested in the es-
terification involving acetic acid and alcohol performed in
a flask with a condenser at the reflux temperature. The mol
ratio of alcohol to acid was 2:1, the catalyst was 1.5 wt.%
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n 150 ml water solution of calculated amount of heterop
cid to reach 0.88 mol% heteropolyacid loading in the
ample. After stirring for 4 h at ambient temperature, the s
le was dried overnight at 383 K and calcined at 723 K
h. The sample is labeled IM.

.3. Preparation of the mixture of SBA-15 and HPWA
ample

SBA-15 and calculated amount of HPWA were groun
roduce a 0.88 mol% heteropolyacid physical mixture.
ample is labeled PM.

.4. Characterization

Elemental analysis of samples was performed by m
f X-ray fluorescence analysis (XRF). XRD patterns w
ecorded between 2θ = 0.7–5.0◦ and 2θ = 5.0–40.0◦, respec
ively, on a Rigaku D/max-RB diffractometer instrum
perating at 40 kV and 100 mA with Cu target K�-ray ir-
adiation. N2 adsorption–desorption were measured at
n a micromeritics ASAP 2400 volumetric system, with
amples outgassed for 16 h at 383 K in vacuum (10−6 Torr)
rior to measurement.

FT-IR spectra were measured using a Nicolet 5Dx
R spectrometer at room temperature. Analyses were
ormed using KBr pellet technique with a resolution
cm−1. Prior to measurements the samples were pretrea
73 K for 2 h in vacuum (better than 10−5 Torr) or in flowing
elium.
f the feed, and the reaction time was 6 h. After the r
ion, the catalysts were filtered, dried, and reused. Ana
f the reaction products were performed via a HP4890D
hromatograph.

. Results and discussion

.1. Characterization

.1.1. XRD
The XRD patterns of pure SBA-15, SG, IM and PM

hown inFig. 1. For all the samples the hexagonal struc
f SBA-15 is confirmed by a typical XRD pattern consist
f a strong peak (at 2θ around 0.8◦) along with two weak
eaks (at 2θ around 1.6◦ and 1.8◦) [13]. For the XRD patter
f the SG sample, diffraction from (1 0 0) plane is shifte

ower 2θ angles, indicating an increase in d-spacing, pos
ue to swelling of the surfactant micelles arising from
trong interaction between the HPWA and surfactant du
he hydrothermal process. In contrast, the XRD pattern o
eveals a shift of the diffraction peaks to larger 2θ angles, i.e
decrease in d-spacing. This is probably due to restruct
f silica during the step of adsorption of HPWA in wa
olution. The XRD pattern of PM, a physical mixture, is
ame as that of pure SBA-15 except for the decrease
ntensities of the peaks due to the existence of HPWA.

The intensities ofd1 0 0, d1 1 0 andd2 0 0 of SG and IM are
ower than those of pure SBA-15 because of the existen
PWA. The diffractions from (1 1 0) to (2 0 0) planes for b
aterials appear as broad weak peaks, indicating the lo
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Fig. 1. Powder X-ray diffraction patterns of (A) SBA-15(a), SG (b), PM(c), IM(d) and (B) HPWA(a), SG(b), PM(c), IM(d).

long-range order. Generally, SG has higher long-range order
than IM.

According to the large angle XRD patterns (2θ = 5–40◦),
no characteristic peaks of HPWA are observed for the SG
sample, indicating that HPWA is probably finely dispersed on
the surface of the sample or incorporated in the pore wall of
the sample. However, more appreciable characteristic peaks
are observed for the IM sample, indicating small quantity of
crystallites of HPWA existing on the surface of IM[14]. The
PM sample made by mixing the SBA-15 with HPWA has the
complete structure of HPWA.

Here it can be concluded that there are chemical in-
teractions between the host SBA-15 and the guest HPWA
molecules for both SG and IM samples, and that the interac-
tions are different from each other.

3.1.2. BET
The N2 adsorption–desorption isotherms for pure SBA-

15, SG, and IM are exhibited inFig. 2. All the N2
adsorption–desorption isotherms are the type of IV in na-
ture according to the IUPAC classification and exhibited an
H1 hysteresis loop which is a characteristic of mesoporous
solids[15]. The adsorption branch of each isotherm showed
a sharp inflection atP/P◦ = 0.60–0.80, which means a typical
capillary condensation within uniform pores. The position of
t the
m e uni-
f
s ution
w

isted
i e-
c e size
o ple,
d the
s e SG
s ue to
t pore
w

3.1.3. FT-IR
Fig. 3 shows the FT-IR spectra of the samples in the region

1200–600 cm−1 [11]. Bands observed at 1083, 982, 890 and
808 cm−1, which are the fingerprint of the Keggin structure
of HPWA, are usually assigned tovas(P O),vas(W O),vas
(W Ob W) in corner shared octahedral, andvas(W Oc W)
in edge shared octahedral[16], respectively. These charac-
teristic bands are regarded as experimental evidences for the
existence of HPWA molecules or molecular fractions such
as phosphorous oxides and/or tungstate ions. According to
the spectra of the SG and IM samples, they can both retain
the characteristic peaks of HPWA. However, their spectra are
significantly different from each other, stronger characteris-
tic peaks (W O and W Oc W) of the SG sample indicate
that the Keggin structure is more retained than IM sample.
Compared with the spectra of bulk HPWA, red shifts ofvas
he inflection point is clearly related to the diameter of
esopore, and the sharpness of this step indicates th

ormity of the mesopore size distribution. The inset inFig. 2
hows that all the samples have narrow pore size distrib
ithin the mesopore range.
The textual properties of the IM and SG samples are l

n Table 1, it is shown that the introduction of HPWA d
reases the BJH surface area, total pore volume and por
f pure SBA-15. Such decrease is sharp for the IM sam
ue to large quantity of HPWA existing in the channel, on
urface or on the pore wall. However, the decrease for th
ample is much smaller than the IM sample, probably d
he existence of considerable amount of HPWA in the
all of the SG sample.
 Fig. 2. The N2 adsorption isotherm of SBA-15(a), SG(b) and IM(c).
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Table 1
Textual property of the samples

Sample d1 0 0 (Å) a0
a (Å) SBJH (m2 g−1) VBJH (cm3/g) DBJH (Å)

SBA-15 101.03 116.68 801.00 0.93 72.00
SG 102.71 118.60 577.98 0.85 59.44
IM 88.33 101.99 469.72 0.68 56.66
SGWb 99.65 115.07 631.98 0.92 58.23
IMWc 85.67 98.92 658.29 0.93 56.51
SGRd – – 623.82 0.91 58.35
IMRe – – 636.60 0.90 56.55

a a0 was determined from thed1 0 0, wherea0 = 2/(3)1/2d1 0 0.
b SG after EtOH/H2O treatment for 24 h.
c IM after EtOH/H2O treatment for 24 h.
d SG after esterification for 4 times.
e IM after esterification for 4 times.

Fig. 3. FT-IR spectra of SBA-15(a), SG(b), IM(c) and HPWA(d).

Fig. 4. NH3-TPD of (A) SG(a), IM(b) and (B) SGW(a), IMW(b).

Fig. 5. Acidity changes of two samples washed with EtOH/H2O mixture of
IM(a) and SG(b).
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Table 2
Acidic properties of the samples

Sample HPWA (mol%) (calculated) HPWA (mol%) (found) Acid sites amount (mmol/g) Tmax (◦C)

SBA-15 0.00 0.00 0.0204 –
SG 0.88 0.64 0.62 ∼505
IM 0.88 0.85 0.95 ∼505
SGW – 0.43 0.41 ∼503
IMW – 0.12 0.16 ∼504
SGR – 0.40 0.43 ∼503
IMR – 0.11 0.17 ∼505

The amount of desorpted NH3 represents the acid sites amount.Tmax (◦C) represent the acid strength of the catalysts.

(W O) for the SG and IM samples prove the intense chemi-
cal interaction between HPWA and SBA-15. The shift of SG
is more remarkable than IM, and thus it can be concluded
that stronger interaction exists between HPWA and SBA-15
for the SG sample.

3.1.4. NH3-TPD and XRF
The acid properties including acidic sites amount and acid

strength of catalysts were studied with NH3-TPD, and the
spectra of the samples are shown inFig. 4. Fig. 4A shows
that both IM and SG have two characteristic peaks. An intense
peak with a maximum between 454 and 459 K corresponds
to desorption of weakly held, physisorbed ammonia. A wide,

tterns

much less intense peak appearing at even higher temperature
represents desorption of chemisorbed ammonia. For the fresh
samples, IM has a lager acid amount than SG but the acid
strength of samples is similar.

XRF results are listed inTable 2. The amount of HPWA
found in SG is less than that in IM possibly due to the reaction
between surfactant and HPWA during the synthesis of the SG
sample.

3.2. Hydrothermal stability testing

The hydrothermal stabilities of the samples were tested by
characterizing the changes of the samples after hydrothermal
Fig. 6. Powder X-ray diffraction pa
Fig. 7. N2 adsorption isotherm of (A) SG(a), SGW
of IM(a), SG(b), SGW(c) and IMW(d).
(b), SGR(c) and (B) IM(d), IMW(e), IMR(f).
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treatment and reaction by means of NH3-TPD, XRF, XRD,
and BET.

3.2.1. NH3-TPD and XRF
The NH3-TPD profiles (Fig. 4B) indicate that the ratio of

strong acid to weak acid increases for both samples and that
IM loses acid amount more rapidly than SG under hydrother-
mal treatment. The detailed data are listed inTable 2.

Fig. 5 shows the changes of acid amounts of IM and SG
after hydrothermal treatment. The acid sites amount of both
SG and IM decreases sharply at the early time due to the easy
dissolution of HPWA from the surface in the polar medium.
It should be noticed that the further treatment makes the IM
sample continuously lose acidity, however, the acid amount
of SG can be constant after 5 h hydrothermal treatment. Apart
from the surface SiOH, the proton of HPWA can also inter-
act with the Si OH formed by hydrolysis of TEOS during the
synthesis of the SG sample. Therefore considerable amount
of HPWA is incorporated into the pore wall, and such HPWA
is difficult to lose in polar solvent.

The influences of hydrothermal treatment and reaction
on the composition of the samples were studied (Table 2).
Changes of composition of the catalysts after hydrothermal
treatment and reaction correlate well with the changes of acid
sites amount.
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Fig. 8. Stability of IM(a) and SG(b).

The stabilities of the samples were also investigated by
means of reusing the samples in the testing reaction. The IM
sample loses its activity rapidly and continuously due to the
easy leaching of HPWA in the reaction system. However, the
activity of SG sample, after a sharp decrease at early times,
is comparatively constant in further reaction. It follows from
this that the IM catalyst is less stable than SG in the reaction
system involving polar solvent.

4. Conclusions

Mesoporous molecule sieve SBA-15 containing HPWA
has been directly synthesized by a sol–gel method. IM has
higher acid amount than SG, however, SG has better stability
in the system involving polar solvent than IM sample because
of considerable amount of HPWA existing in the pore wall.
Therefore, it can be unambiguously proved that the SG sam-
ple is a more suitable heterogeneous catalyst for the reaction
involving the polar solvent.
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.2.2. XRD
The structure of the IM and SG samples washed with

tOH/H2O mixture for 24 h are shown inFig. 6. The washe
G sample (SGW) has better long-range order structure

he washed IM sample (IMW) (Fig. 6A). IMW loses the char
cteristic peaks completely, since HPWA dissolves eas
olar solvent, and no remarkable changes are observe
GW (Fig. 6B, 2θ = 5–40◦).

.2.3. BET
The influences of hydrothermal treatment and reactio

he mesoporous structure of the samples were also char
zed by N2 adsorption–desorption. No remarkable chan
re observed for the isotherms of the SG sample (Fig. 7A)
fter hydrothermal treatment and reaction; however, the
ent and reaction make the isotherms of the IM sam

Fig. 7B) change a lot. It can be concluded here the sol
ethod is helpful for the structure stability in the system

olving polar solvent.Table 1shows that the surface ar
nd pore volume of SG and IM increase after hydrothe

reatment and reaction due to the leaching of HPWA.

.3. Catalytic test

Esterification between alcohol and acetic acid was us
testing reaction (Fig. 8). Compared with almost inert SBA
5 for the reaction, both fresh IM and fresh SG can cata

he reaction very well, and the catalytic activity of the fr
M catalyst surpasses that of the fresh SG catalyst, be
ach acid site is probably accessible to the reactant.
re also thankful to Fushun Institute of Petrochemistry
haracterizing the catalysts.
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