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Abstract

Mesoporous MCM-41 and -48 silicas anchored with sulfonic acid (–SO3H) groups via postsynthesis modification are very effective
the synthesis of Bisphenol-A by liquid-phase condensation of phenol with acetone. Higher amounts of thiol groups can be incor
MCM-48 silicas presumably due to the presence of larger number of surface silanol groups. However sulfurK-edge XANES spectroscop
reveals that effective oxidation of the precursor thiol (–SH) groups to the sulfonic acid (–SO3H) groups was necessary for obtaining samp
of good catalytic activity. It was noted that when sulfur loadings exceed 1.5 meq/g solid a part of the sulfur atoms remains in the reduced f
even after prolonged oxidation. MCM-41 silica anchored with sulfonic acid groups has comparable catalytic activity to that of com
ion-exchange resin Amberlite-120 and the former also showed higher selectivity toward the desiredp,p′ isomer. MCM-48 silica-anchore
samples are equally effective for selective synthesis of Bisphenol-A.
 2004 Elsevier Inc. All rights reserved.

Keywords: Bisphenol-A synthesis; Heterogeneous catalysis; Immobilization; Mesoporous materials; Sulfonic acid; X-ray absorption spectroscopy
ro-
ly it
ction
ion-
ol-A
ed
ea-
t are
that
ery
%
l
not
f the

pts

a de

ally

[2]
Ze-
fine-
ore

e in

ited.
-5,
hat

for
sins
for

eves

ups
con-
ely
of

nels
1. Introduction

Bisphenol-A is a very important raw material for the p
duction of epoxy resins and other polymers. Customari
is manufactured by the acid-catalyzed condensation rea
between acetone and phenol (Scheme 1). In industry,
exchange resins are used worldwide to produce Bisphen
in bulk quantities. Use of mineral acid catalysts is avoid
for their corrosive nature. However, due to commercial r
sons, most of the details about the nature of the catalys
found only in the patent literature. It has been reported
modified ion-exchange resins, like Amberlyst, show v
good activity for Bisphenol-A synthesis with around 90
selectivity to the desiredp,p′ isomer [1]. However, therma
stability of resin catalysts is very limited and they can
be used at higher reaction temperatures. Also fouling o
resin catalysts in the reaction medium is a problem. Attem
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0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
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have been, therefore, made to develop solid and therm
stable catalyst for Bisphenol-A synthesis.

Solid catalysts like heteropolyacid (H3PW12O40) sup-
ported on K-10 clay [1] and encapsulated in MCM-41
were reported to be active for Bisphenol-A synthesis.
olites have been increasingly used in the synthesis of
chemicals due to their high surface area and uniform p
diameter [3–6]. However, pore diameters of zeolites ar
the micropore region (<20 Å) and their suitability for the
conversion of larger substrates has been somewhat lim
Singh [7] compared the activities of zeolites like ZSM
H-mordenite, and HY with Amberlyst-15 and showed t
zeolites with larger pore openings are more selective
the synthesis of Bisphenol-A. However, ion-exchange re
were reported to give higher conversion than zeolites
this process. The discovery of mesoporous molecular si
of the M41S family, like MCM-41 (hexagonalP6m sym-
metry), MCM-48 (cubicIa3d symmetry), and MCM-50
(lamellar), attracted the attention of many research gro
as potential catalysts and/or catalyst supports for the
version of larger substrate molecules [8–10]. They are lik
to offer improved reaction selectivity in the conversion
larger substrate molecules in their well-defined chan

http://www.elsevier.com/locate/jcat
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Scheme 1.

with narrow pore-size distribution. However, despite hav
larger pore dimensions, the acidity of mesoporous ma
als like Al-MCM-41 is much weaker than that of micr
porous zeolites [11]. In order to overcome this drawback,
synthesis of hybrid inorganic-organic mesoporous mate
with alkylsulfonic acid groups has been reported rece
[12–18]. These hybrid materials can be synthesized e
by direct one-step synthesis or via secondary silylation w
a suitable precursor. Amorphous silica functionalized w
sulfonic acid groups was known to behave like a strong a
catalyst [19]. Likewise, MCM-SO3H prepared either by di
rect synthesis or secondary silylation was reported to
highly efficient in the condensation reactions [13,14,18]
also in the esterification reactions [15–18].

We have shown earlier in a short communication that
fonic acid-functionalized mesoporous MCM-41 silica ca
lysts are very effective for Bisphenol-A synthesis at a re
tively low reaction temperature [20]. Herein a detailed stu
of the preparation and catalytic behavior of sulfonic ac
functionalized MCM-41 and MCM-48 mesoporous sili
was presented. Focus was brought on the comparison of
catalytic properties towards Bisphenol-A synthesis. In ad
tion, they were also compared with the catalytic activit
of microporous zeolites and commercial sulfonic acid re
Amberlite-120.

2. Experimental

2.1. Catalyst preparation

Cetyltrimethylammonium bromide (CTABr, 99%
sodium silicate (∼ 27% SiO2, 14% NaOH), H2SO4
(98+ %), and 3-mercaptopropyltrimethoxysilane (3-MPT
95%) were obtained from Aldrich Chemicals. Pure sil
MCM-41 was synthesized from a gel with a molar comp
sition of SiO2:0.48 CTA+:0.39 Na2O:0.29 H2SO4:110 H2O
according to the method described earlier [21]. Silice
MCM-48 sample was prepared from a gel with a mo
composition of SiO2:0.65 CTA+:0.25 Na2O:62 H2O. Ion-
exchange resin with sulfonic acid functionality Amberlit
r

120 (IR-120H) was obtained from Aldrich. Zeolites ZSM-
beta, and Y were obtained from PQ Corporation, USA.

2.2. Anchoring of mercapto groups to silica surface

For functionalization of the silica surface with a sulfon
acid group, mesoporous silica material was reacted
a solution of 3-MPTS according to the method descri
in the literature [13,14,18]. Freshly calcined (525◦C, 6 h)
MCM-41 or -48 sample (3.0 g) was evacuated at 150◦C for
4 h and then cooled down to room temperature under
uum and varying amounts of 3-MPTS in dry toluene w
introduced. The mixture was refluxed for 4–6 h and fina
the solid was filtered off and washed thoroughly with tolue
and dried at 70◦C in air. Different loadings of the precu
sor group were achieved by controlling the concentratio
the treating solution (3.0–15.0 g of 3-MPTS in 20 ml d
toluene). Some samples were also prepared with uncalc
mesoporous silica materials as the support using the s
procedure using ethanol solvent instead of toluene.

2.3. Oxidation of mercapto groups to thiol groups

Oxidation of the –SH groups to the –SO3H groups was
performed by mild oxidation with H2O2 [13,14]. The solid
was stirred for 24 h at 60◦C with 35% H2O2 solution (an ex-
cess of oxidant was used for complete oxidation). The s
was then filtered, washed with water and ethanol, follow
by acidification with 0.1 M H2SO4, and finally washed thor
oughly with water to remove all traces of liquid acid. T
solid material was finally dried at 60◦C overnight. The
solid was found to be highly hydrophobic due to anch
ing of the organic moiety to the surface. The sulfonic ac
functionalized mesoporous silica samples are designate
MPS-x, wherex indicates the batch number.

2.4. Characterization of the catalysts

Powder X-ray diffraction patterns of the solid cataly
were recorded by a Scintag X1 diffractometer using Cu-α

radiation (λ = 1.54 Å). Specific surface areas and pore-s
distributions of the catalysts were measured by recording
nitrogen adsorption/desorption isotherms at liquid N2 tem-
perature using a Micromeritics ASAP 2100 system. Bef
measurements, the samples were outgassed at 150◦C un-
der vacuum (10−3 Torr) for 8 h to remove any adsorbe
species. Pore-size distribution was determined from the
sorption branch of the isotherm by the BJH (Barrett–Joyn
Halenda) method using the Halsey equation. Sulfur ana
of the mercaptopropyl-functionalizedMCM-41 samples w
performed in a Heraus Vario EL analyzer. Thermogravim
ric analysis of the thiol-anchored MCM-41 samples was p
formed in air in a Du Pont 950 instrument with a heating r
of 10◦C/min. FT infrared spectra were recorded in a Nic
let Magna II 550 spectrophotometer using KBr pellets. T
XANES experiments were performed at beam line 15B



154 D. Das et al. / Journal of Catalysis 223 (2004) 152–160

acil-
ere
ated

id
acto
ally,
tone
was
mg.
pera
cts
000)

ere
les
ne.
unt
n

ase,
in-

then
oups
late
M

nt
can

ax-
t%,
ced
no-

ned
ul-
the

f the
t ox-
te
of

ated
m-
the
ost
hijn

d.
or
koxy
. As
sa-

, the
less
. On
ced
8
In

han
ere
ults
ox-

ve

ed
or

the
ns
he
tly
. As
the

The
dent

iol-
ere
al-
was
the National Synchrotron Radiation Research Center f
ity at Hsinchu, Taiwan. Standard operating conditions w
1.5 GeV and 120–200 mA. Photon energies were calibr
using theL edge of pure Mo foil.

2.5. Reaction procedure

Synthesis of Bisphenol-A was carried out in the liqu
phase under atmospheric pressure in a 50-mL glass re
equipped with a condenser and a magnetic stirrer. Norm
the reactor was charged with phenol (4.7 g) and ace
(0.58 g). Phenol was taken in excess and no solvent
used. The amount of catalyst used was typically 50
The reactants were heated to the desired reaction tem
tures (70–125◦C) and held there for 24 h. Reaction produ
were analyzed by gas chromatography (Chrompak 9
and identified by GC-MAS (HP 6890-5973).

3. Results and discussion

A series of mercaptopropyl-incorporated samples w
prepared by silylating freshly calcined MCM-41 samp
with varying amounts of the anchoring agent in dry tolue
An attempt has also been made to introduce higher amo
of thiol groups by treating uncalcined MCM-41 with a
ethanolic solution of the anchoring agent. In the latter c
the hydrophobic portion of the micelles helps to obtain an
creased local concentration of 3-MPTS molecules and
mercaptopropyl groups attached to the surface silanol gr
through a condensation reaction. The remaining temp
molecules were removed latter by treatment with 0.05
ethanolic H2SO4 solution. Table 1 shows the sulfur conte
of the catalysts as determined by elemental analysis. It
be seen that with calcined MCM-41 and MCM-48 the m
imum sulfur loadings obtained were about 3.5 and 4.8 w
respectively. Higher amounts of sulfur can be introdu
by treating uncalcined mesoporous silicas with an etha
lic solution of the anchoring agent. Thus, using uncalci
MCM-41 and MCM-48 as high as 7.8 and 15.6 wt% s
fur, respectively, were introduced. The sulfur content of
r

-

s

samples remained almost unchanged after the removal o
organic template by acid treatment and/or the subsequen
idation of the thiol groups to sulfonic acid groups by dilu
H2O2. It is also notable that with a similar concentration
the precursor, higher amounts of sulfur can be incorpor
into the solid structure of MCM-48 than MCM-41, presu
ably due to better diffusion of the 3-MPTS molecules in
3D channels of MCM-48 (see Table 1). In addition, m
of these values are higher than that reported by Van R
et al. [13] where an excess of 3-MPTS solution was use

Thiol functionality is incorporated onto the MCM-41
-48 surfaces by the condensation reaction between al
groups of the precursor and the surface –OH groups
some of the free –OH groups were lost by conden
tion among themselves during the calcination process
amount of thiol group attached to the support was much
than that obtained using uncalcined mesoporous silicas
the other hand, that a higher amount of sulfur was introdu
onto MCM-48 than MCM-41 also implies that MCM-4
contains more surface hydroxyl groups than MCM-41.
fact, MCM-48 has almost a 30% higher surface area t
MCM-41 (see Table 2). However, it is important to note h
that the higher loadings of sulfur do not necessarily res
in a better catalyst, as it is also necessary to effectively
idize (vide infra) the thiol groups to the catalytically acti
sulfonic acid groups.

Powder XRD patterns of the modified samples show
that the hexagonal or cubic structure of the MCM-41
-48 materials was well preserved after introduction of
thiol functionality. Fig. 1 shows the typical XRD patter
of the thiol-incorporated MCM-41 samples. Intensity of t
100 reflection of the calcined MCM-41 support was sligh
decreased after introduction of mercaptopropyl groups
the loading of the mercaptopropyl group was increased
intensities of the XRD peaks were also further reduced.
long-range ordering was more markedly affected as evi
from the disappearance of the220 reflection in the modified
samples. On the other hand, the XRD patterns of the th
modified samples prepared with uncalcined support w
found to have largerd spacings than those prepared with c
cined support. Moreover, the ordered porous structure
)

Table 1
Pretreatment conditions and sulfur content of the samples

Sample Amount of MPTS/g Support Pretreatment Sulfur loading (wt%) meq of sulfur
of solid conditions (per g of final solidBefore oxidation After oxidation

MPS-2 1.0 MCM-41 Calcined 2.4 2.1 0.66
MPS-6 3.0 MCM-41 Calcined 2.8 2.6 0.81
MPS-8 5.0 MCM-41 Calcined 3.5 3.4 1.06
MPS-11 2.0 MCM-41 Uncalcined 5.2 5.1 1.60
MPS-12 3.0 MCM-41 Uncalcined 5.5 5.2 1.63
MPS-9 4.0 MCM-41 Uncalcined 6.1 5.7 1.78
MPS-17 5.0 MCM-41 Uncalcined 7.8 7.2 2.25

MPS-16 3.0 MCM-48 Calcined 4.8 4.6 1.44
MPS-14 3.0 MCM-48 Uncalcined 10.2 9.7 3.03
MPS-13 5.0 MCM-48 Uncalcined 15.6 14.8 4.63
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Table 2
Specific surface area, pore volume, and pore diameter of the catalysts

Sample SBET Vp rav
(m2/g) (cm3/g) (Å)

MCM-41 1060 0.83 27
MPS-2 1030 0.48 21
MPS-6 750 0.45 21
MPS-8 850 0.50 22
MPS-11 735 0.40 19
MPS-12 690 0.39 20
MPS-9 700 0.42 19
MPS-17 685 0.40 19

MCM-48 1300 0.82 22
MPS-16 1050 0.35 16
MPS-13 740 0.40 16
MPS-14 750 0.35 16

Fig. 1. XRD patterns of different MCM-41 samples: (a) calcined MCM-
(b) mercaptopropyl anchored on calcined MCM-41 support, (c and d)
captopropyl anchored on uncalcined MCM-41 support before and
template extraction.

unaffected by the template-removal process (Fig. 1, c an
This indicated that the mild acid-extraction process used
not have any adverse effect on the meso-structure of the
ples.

Fig. 2 shows the XRD patterns of samples prepa
with uncalcined MCM-48 support. The pattern for origin
MCM-48 was also included for comparison. The slight sh
of the 211 reflection in mercaptopropyl-anchored samp
was related to the removal of the remaining template m
-

Fig. 2. XRD patterns of (a) uncalcined MCM-48, (b and c) mercap
propyl-anchored MCM-48 samples MPS-13 and MPS-14, respectively

cules by acid extraction and subsequent contraction o
unit cells.

A moderate decrease in the specific surface area
pore volume of the samples was observed after the in
duction of the thiol groups (Table 2). In comparison to
calcined MCM samples, specific surface area was redu
about 30–40%, while the decrease in pore volume was
most 40–50%. Furthermore, the average pore diamete
the samples shrank by about 6–8 Å. Fig. 3 shows the typ
N2 adsorption–desorption isotherms and pore-size distr
tions of a MCM-41 sample and its thiol-modified derivativ
It can be seen that the pore-size distribution curve beco
somewhat broader; however, pore-size distribution still
mains very narrow with major fractions of pores lying with
the 7 Å region.

Fig. 4 shows a typical thermogram for a thiol-modifi
sample prepared with uncalcined MCM-41 support. Th
mogram for MCM-41 was also included for comparison.
MCM-41, the template starts burning at about 170◦C and
that completes by 300◦C, while for thiol-modified sample
the organic groups starts burning at about 300◦C and that
completes by 350◦C. It can also be seen that most of t
templates present in the uncalcined MCM-41 support
removed during the anchoring of the thiol groups. The
maining small portion was removed by an acid-extract
process. Also the materials were found to be highly
drophobic after anchoring of the thiol groups. It was no
that as-synthesized silica MCM-41 showed about 5% we
loss in 30–150◦C regions due to water removal. On the oth
hand thiol-modified MCM-41 showed less than 1% wei
loss before acid extraction in that region. After remova
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Fig. 3. Nitrogen adsorption–desorption isotherms of (a) calcined MCM
and (b) MPS-8 samples; (inset) pore-size distribution patterns of the
ples.

Fig. 4. TGA patterns of (a) as-synthesized MCM-41 and MPS-9 sam
(b) before and (c) after acid extraction.

the remaining template molecules by acid extraction
sample showed about 3% weight loss (Fig. 4, curve c). S
ples prepared with MCM-48 silicas also showed a sim
behavior.

Infrared spectra of the thiol-anchored MCM-41 sa
ples (Fig. 5) showed two weak bands at about 2930
2858 cm−1 characteristic of asymmetric and symmet
stretching vibrations of –CH2– groups. These bands are a
sent in calcined MCM-41 and indicate the presence of pro
Fig. 5. FT-IR spectra of (a) calcined MCM-41, and MPS-2 (b) before
(c) after oxidation.

tether in the thiol-modified samples. However, no clear
formation about the presence of sulfur species was obta
from IR studies. Rhijn et al. [13] observed a S–H vibration
about 2575 cm−1. However, their samples were prepared
a different technique. Nevertheless, sulfurK-edge XANES
studies (vide infra) provided more information about
S species present in the samples before and after oxida

The catalytic functionality of these materials is due to
presence of sulfonic acid groups, which are generated b
idizing the anchored thiol groups. Thus, in order to obt
good catalytic activity it is essential that the thiol groups
successfully oxidized to the active sulfonic acid groups
monitor this process, the oxidation states of sulfur were
amined by studying the SK-edge XANES spectra of th
sample before and after oxidation process. Fig. 6 show
typical S K-edge XANES spectra of thiol-functionalize
sample before and after H2O2 oxidation. A spectrum fo
MgSO4 standard was also included for comparison. The
ergy position (Ek) and intensity of the Ss → p transition
peak (white-line) relate sensitively to the oxidation state
the X-ray-absorbing S atoms [22–25]. Studies with mo
compounds showed that theEk is related to the formal ox
idation states of S atoms. Thus, for an unoxidized sam
containing thiol groups the white-line appeared at 2472
corresponding to the sulfur atoms in the reduced state.
ter oxidation, the white-line shifted to a higher energy s
to 2480 eV, which corresponds to sulfonic acid groups w
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Fig. 6. XANES spectra of mercaptopropyl-anchored MCM-41 silica s
ples (a) before and (b) after oxidation, and that of (c) MgSO4.

S in the+5 state [25,26]. For MgSO4 with S in the+6 state,
theEk appears at an even higher energy position, 2482
It can be seen from Fig. 6 that most of the anchored t
groups were oxidized to the sulfonic acid groups under
oxidation conditions noted earlier. However, it was no
that for samples having higher sulfur loadings, the oxida
of thiol functionality to sulfonic acid groups was incomple
even after an extended reaction time and other lower va
sulfur species were present in the oxidized samples. F
shows the XANES spectra of three samples where su
species were oxidized to different degrees. For MPS-8 w
3.4% sulfur loadings most of the sulfur species presen
ter oxidation are in the+5 state, whereas for the other tw
samples with higher sulfur loadings (5.2 and 7.2%) a par
the sulfur species remained incompletely oxidized. This
be explained that at higher sulfur loadings, there are la
amounts of thiol groups on the surface and the oxidation
action between two adjacent thiol groups may result in
formation of disulfides (C3–S–S–C3), which is relatively in-
ert toward further oxidation. The presence of such disul
species in the incompletely oxidized samples was also
served by Rhijn et al. [13].

It has been reported that in the SK-edge XANES spec
trum the lower valence organic sulfur species (e.g., thi
sulfides, disulfides) normally appear together as a br
Fig. 7. XANES spectra of (a) MPS-17, (b) MPS-12, and (c) MPS-8 sam
before oxidation (solid lines), and after oxidation (dash lines).

band [22]. Comparison between the spectra of unoxid
and the corresponding oxidized samples in Fig. 7 indic
that the extreme left-hand peak appearing at 2471 eV
probably due to the disulfide species. However, in the
oxidized samples this peak was completely masked by
strong peak of the thiol groups appearing at 2472 eV. In
spectra of the oxidized samples, measuring the area r
of the peaks at 2471 (disulfide) and 2480 eV (sulfonic a
it was observed that the disulfide to sulfonic acid ratio w
increased continuously (0.13 for MPS-8, 0.40 for MPS-
and 0.46 for MPS-17). This is quite anticipated as at hig
sulfur loadings formation of disulfide species is more lik
in the oxidized samples. At higher surface coverage inte
tion between the neighboring thiol groups is most likely
occur.

3.1. Catalytic results

Comparisons of the results of phenol and acetone
densation to Bisphenol-A at 70◦C on sulfonic acid-function
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Table 3
Synthesis of Bisphenol-A with different catalysts at 70◦C

Catalyst Phenol conversion Selectivity to
(%) p,p′-Bisphenol-A (%)

− 0 −
H-beta (Si/Al = 50) 5.2 52.8
HY (Si/Al = 11) 6.8 −
HZSM-5 (Si/Al = 80) 2.7 9.9
MPS-8 29.6 91.7
Amberlite-120 35.3 89.2

Reaction time 24 h, phenol:acetone molar ratio 5:1.

alized MCM-41 silica and other acidic zeolites are given
Table 3. No conversion of phenol was noted in the absen
the catalyst. Acidic zeolites like H-ZSM-5, H-Y, and H-be
showed negligible activity due to pore-size constraints
also mostly forms undesirable oligomeric products. The
fonic acid-functionalized MCM-41 silica, MPS-8, show
about 29% phenol conversion with more than 92% se
tivity toward desiredp,p′-Bisphenol-A. On the other han
sulfonic acid resin Amberlite-120 showed slightly high
phenol conversion (35.3%) with about 89% selectivity to
p,p′ product. Apparently it appears that Amberlite-120 h
a better conversion than MPS-8. However, if the acid s
in the two catalysts were compared we can see that MP
with sulfur loadings of 1.06 meq/g has a comparable acti
ity as Amberlite-120, which has 4 times (4.4 meq/g) more
sulfur loadings. It is noted here that the maximum ach
able phenol conversion at a phenol/acetone molar ratio of
is 40%.

The other isomer of condensation,o,p′-Bisphenol-A,
was also detected; however, by-products like chroman
trisphenols were not detected at this reaction tempera
Recently, the synthesis of Bisphenol-A over heteropolya
encapsulated MCM-41 has been reported [2]. 12-Tung
phosphoric acid-encapsulated MCM-41 was found to be
alytic active only at temperatures 120◦C or above. How-
ever, phenol conversion was reported to be much lower
that obtained with MPS samples. In addition, due to
higher reaction temperatures, several by-products like a
lated phenols and chroman derivatives were formed, an
selectivity top,p′-Bisphenol-A was less than 70%. Yad
and Kirthivasan [1] compared the activity of different io
exchange resins like Amberlyst-15, -31, -XE-717p, and
tungstophosphoric acid supported on K-10 clays. Activity
K-10 clay-supported heteropolyacid was found to be s
ilar to that of Amberlyst-31, but much superior selectiv
to Bisphenol-A was obtained with the resin catalysts. H
ever, the thermal stability of the resin catalysts was foun
be inferior to that of the clay catalysts, which can be use
temperatures as high as 300◦C.

Table 4 shows the phenol conversion and selectivit
p,p′-Bisphenol-A at 100◦C for different MCM silica cata-
lysts. Phenol conversion was increased with the increa
reaction temperature, but the activity of the catalysts was
correlated to their sulfur content. Catalysts with higher s
f

.

Table 4
Synthesis of Bisphenol-A with different mesoporous silica catalyst
100◦C

Catalyst meq of sulfur Phenol Selectivity to
(per g of final solid) conversion p,p′-Bisphenol-A

(%) (%)

MCM-41 0 0 −
MPS-6 0.81 28.6 91.2
MPS-8 1.06 35.3 88.6
MPS-12 1.63 23.5 91.6
MPS-9 1.78 24.8 90.8
MPS-17 2.25 27.5 89.8

MPS-16 1.44 29.1 89.7
MPS-14 3.03 38.2 82.6
MPS-13 4.63 29.3 85.4

Amberlite-120 4.4 39.1 86.9

Reaction time 24 h, phenol:acetone molar ratio 5:1.

fur loadings did not generally produce better catalysts. T
can be explained by considering the fact that different su
species were present in these catalysts after oxidation
H2O2. SulfurK-edge XANES studies showed that samp
containing higher amounts of sulfur are difficult to oxidi
completely and a part of the thiol groups was incomple
oxidized or remained at lower valent states, which are
alytically inactive. For maximum catalytic activity, it is ne
essary that the sulfur species are in the+5 state as sulfoni
acid. However, the appearance of a small peak at aro
2471 eV in the XANES spectra indicates the presenc
disulfide groups. It was noted that when sulfur loadings
ceed 1.5 meq/g solid a part of the sulfur atoms remains
the reduced form even after prolonged oxidation. It app
that at higher surface coverage nearby thiol groups inte
easily to form catalytically inactive disulfide species.

It can also be seen from Table 4 that an MCM-48-ba
MPS-16 catalyst that contains slightly higher sulfur lo
ings (1.44 (meq S)/g) than MCM-41-based MPS-8 sam
ple (1.06 (meq S)/g) showed slightly lower phenol conve
sion. This again indicates that in samples with higher
fur loadings a part of thiol groups are incompletely o
dized. Furthermore, like MCM-41-based samples it app
that at higher sulfur loadings oxidation of the thiol grou
was more difficult for MCM-48-based samples also. C
sequently sample of highest sulfur loading did not g
the highest catalytic activity. For example, MPS-13 c
taining 4.63 (meq S)/g showed 29.3% phenol conversio
while MPS-14 containing 3.03 (meq S)/g showed 38.2%
phenol conversion. Furthermore, the selectivity to the
siredp,p′-Bisphenol-A was found to be slightly lower ov
the MCM-48-based catalysts than that over MCM-41-ba
catalysts. It is probably attributed to the fact that the pore
ameter of mesopores in cubic MCM-48 is not straight
not as narrow-ranged as that of hexagonal MCM-41.

To compare the catalytic behavior of the resin and sil
based catalysts, the activity and selectivity of MPS-8
Amberlite-120 at 100◦C with time-on-stream are given
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Fig. 8. Selectivity and conversion with time on stream at 100◦C (a,e, selectivity too,p′-Bisphenol-A,Q,P, selectivity top,p′-Bisphenol-A; and",!, con-
version; filled symbols for MPS-8, open symbols for Amberlite-120).
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Table 5
Synthesis of Bisphenol-A with MPS-8 at different temperatures

Temperature Phenol conversion Selectivity (%)

(◦C) (%) p,p′-Bisphenol-A o,p′-Bisphenol-A

70 29.6 91.7 8.3
100 35.3 88.6 11.4
125 38.2 84.5 15.5
150 38.6 81.4 18.6

Reaction time 24 h, phenol:acetone molar ratio 5:1.

Fig. 8. It can be seen that initially silica-based cataly
have a lower conversion than the conventional resin
alysts; however, as the reaction progressed the two c
lysts have almost similar activities. Selectivity to the d
siredp,p′-Bisphenol-A was found to be always better w
thiol-anchored mesoporous MCM-41 catalysts. For b
resin and MCM-41-based catalysts, the selectivity top,p′-
Bisphenol-A decreased slightly as the reaction tempera
was raised from 70 to 100◦C, and in the case of resin ca
alyst small amounts of other by-products like chroman
trisphenols were also detected during the course of the r
tion.

Increasing the reaction temperature to 150◦C, phenol
conversion achieved with MPS-8 was 38.6%, which is v
close to the maximum activity possible at this phen/
acetone ratio. However, selectivity to the desiredp,p′-
Bisphenol-A was dropped continuously (Table 5) with
increase in reaction temperature. Also small amount
other by-products like chromans were detected.

Elemental analysis of the used catalyst showed that le
ing of sulfur during the catalytic reaction was negligible w
MPS samples. For example, the MPS-8 catalyst conta
3.4 and 3.2 wt% S before and after reaction at 70◦C. How-
ever, a slight increase in carbon content indicated the
position of carbonaceous products during the reaction.
-

-

-

slight decrease in sulfur content observed was mainly du
the increase in weight basis.

In conclusion, sulfonic acid-anchored MCM-41 a
MCM-48 have been found to be very effective in the s
thesis ofp,p′-Bisphenol-A with very high selectivity a
relatively low reaction temperatures. SulfurK-edge XANES
studies showed that at low sulfur loadings oxidation of
thiol precursor to the catalytically active sulfonic acid w
almost complete. However, at higher sulfur loadings oxi
tion was incomplete and catalytically inactive lower vale
sulfur species like sulfide and disulfides C3–S–S–C3 were
present along with sulfonic acid groups.
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