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This puper describes a grafting technique that we developed for preparing highly dispersed Cs-wngstophasphoric acid (Cs-TPA) salt
on o mesoporous silica carier (MCM-41) vsing alcohols as solvents during impregnation, Tt is shown that this pro¢edure leads toa navel
class of catalysts with high dispersion of Cs-TPA salts which exhibit significantly improved catalytic performances for the alkylation of
1.3.5rimethylbenzene with cyclohesene than those prepared using water as the solvent. Catalyst activity demonstrated to have a clear
correlation with the type of alcohol used during impreznation which decreased in the following order: I-butanel > 1-propancl = etha-
nol > waier. Adserption duia using molecules of various sizes suggest that our novel catalysts maintained open pore siruciures after the
impregnation with tungstophospheric acid (TPA). For eemparizon purpeses, we also used a prior published method 1w prepare Cs-TFA
an MCM-41. which scemcd to have suffered unfaverable siruciural changes such as pariial pore clogging leading to significant transpart

limitations For the reactams examined here.
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1. Introduction

The first principle out of 12 outlined for “green chem-
istry™ [1], states that it is better to prevent waste than 1o
treat or clean up after it is formed. To this end, one of many
environmentally-benign catalytic technologies that are likely
to be commercialized in the near future involves replacing
mineral acids with solid acid catalysts, specifically for alky-
lation processes [2—4]. Its potential industrial impact is well
advocated by the vast attention it has received over this past
decade [5-7].

Among the many solid acid candidates, systems that con-
sist, of a Keggin-type, 12-tungstophospheric acid
(H3PW 2040, TPA) have been extensively studied since
TPA possesses attractive features such as strong Bronsted
acidity and relatively simple preparation procedures [3-10].
However, bulk TPA generally exhibits poor catalytic perfor-
mances due to its low surface area, and thus, has very limited
practical applications. For this reason, research has geared
towzard maximizing the efficiency of TPA with respect (o uti-
lizing its acidic features either by (1) incorporation of large
cations in bulk TPA [6,11-13] to form high surface area TPA
salts or by (2) supporting the active components onto a high
surface area carrier [ 14-19]. In the former method, however,
bulk TPA salts with large cations are formed in significantly
small sized particles (jem) which restrict their use in com-
mercial fixed-bed or slurry type reactors, In addition, prepa-
ration of this type TPA salts on engineered supports via con-
ventional impregnation methods is difficult since they are
not soluble in any solvent. With respect to the latter ap-
proach, majority of efforts, up to date, has been made to
achieve high dispersion of these active TPA clusters with-
out decomposing their Keggin structure. However, not much

attention has been given 1o keeping the supported TPA prop-
erly anchored 1o the surface. As a result, the TPA clusters
can migrate on the support material which potentially leads
to catalyst deactivation, especially when polar solvents are
used as the reaction medium,

Recently, Soled et al, [20] have combined both elements
of a strategy to obtain high surface areas of TPA described
above by developing a two-step impregnation method to sup-
port Cs-TPA salt on amorphous silica extrudates. A major
benefit of their method is that it enables impregnation of in-
soluble Cs-TPA salts on high surface area carriers. Still, the
resulting catalysts were not uniform in dispersion. Because
of this, we have been investigating an approach to the prepa-
ration of these materials that maximizes the efficiency of the
catalysts by enhancing dispersion of the active TPA clusters.

Very recently, we reported the development of supported
Cs-TPA salts uniformly dispersed with intact Keggin anions
on a mesoporous silica carrier (MCM-41) [21]. This pub-
lished report was focused on structural characterizations in
order to clearly show the enhanced dispersion of the Cs-TPA
clusters as is also positively reflected in their catalytic per-
formance for the alkylation of 1,3,5-trimethylbenzene with
cyclohexene. In this paper, we describe the novel grafting
technique used for the preparation of these materials and re-
late the effect of preparation conditions during synthesis on
their catalytic properties.

2. Experimental
2.1. Catalyst preparation

TPA solutions were prepared using the Keggin type
HiPW2045-nH20 (Aldrich). MCM-41 type mesoporous

JOL 137 2300 | AR DL 895 19,5000 D 2001 Plemam Publishisg Corporution



170 ¥ Wang et al, / Highly diupersed Ci-tungriophoiphoric ecid sali on MCM 41 silica

silica with menodimensional pores of 50 A was synthesized
using a protocol reported elsewhere [22,23]. Mesoporous
silica was first treated with 2 0.1 M HNO3 solution {10 ml of
solution per g of silica) and stirred for 15 min at 80°C before
drying in vacuum at 110°C overnight. Then, it was calcinad
at 340°C for 1 h before use as the support material. Prepa-
ration of highly dispersed Cs-TPA on mesoporous silica, de-
noted as Cs;-TPA/MS (x = Cs stoichiometry, M5 = MCh-
41 mesoporous silica) hereafter, is as follows. First, Cs2C0;
{Aldrich, 99.9%) was impregnated by aqueous incipient wet-
ness onto mesoporous silica, dried at 110°C overnight and
calcined at various temperatures between 300 and 700°C for
2 h. Following this, TPA, with desired stoichiometry ratio
to Cs, was impregnated using a similar incipient wetness
technique with various organic solvents including ethanol,
l-propancl and 1-butancl. For comparison purposes, we
also prepared samples using the method published by Soled
et al. [20], i.e., with aqueous TPA solutions. These samples
were then dried at 110°C overnight and calcined at 300°C
for2 h.

2.2, Characterization

BET surface area and pore size distributions were de-
termined from BIH and multi-point BET methods, respec-
tively, using a Quantachrome Autosorb 6-B gas sorplion sys-
tem.

Sorption capacities of the supported catalysts were ob-
tained using a Netzsch STA-409C thermal gravimetric analy-
sis (TGA) system. Samples were degassed at 300°*C for 1 h
in flowing dry air and subsequently cooled down to 28°C
prier to being exposed to a stream of air saturated with an
adsorbate gas using a set of bubblers placed in an ice water
bath. Equilibrium uptake, as indicatad by no further weight
gain, was measured at least after 2 h at 28°C in the flow-
ing gas mixture. Benzene (Aldrich, 99.9+%) and 13,5-
trimethylbenzene (mesitylene, Aldrich, 98%) were used as
the adsorbate molecules without further purification.

2.3, Reactivity testing

The catalytic properties of the materials were evaluated
using a probe reaction, the liquid phase alkylation of 1,3,5-
trimethylbenzene with cyclohexene (Aldrich, 99%), as re-
ported [20,21,24];

Approximatzly 50 mg of bulk or supported catalyst was
loaded into & 7 mm OD vial and calcined at 300 *C under MN»
for 2 h. Under an inert environment (argon), 2 g of premixed
5 wit% cyclohexene in 1,3.5-trimethylbenzene solution was
added and then reacted in an 80°C water bath while being
vigorously stirred.  After a certain period of time, the re-
action vial was quenched in an ice bath and centrifuged 1o

separate the reactant/product mixture from the catalyst, The
products were separated using a J&W DB-5 capillary col-
umn and analyzed using a HP 5890A GC equipped with »
flame ionization dztector.

3. Results and discussion

As aforementioned, a two-step impregnation tzchnique
has been attempled by Soled et al. [20] to disperse Cs-TPA
on silica supports: (1) impregnation of aqueous CsaC0O; so-
lution, followed by (2) impregnation of agueous TPA so-
lution on silica supports. Using this approach, it has been
reported that an ege-shell type distribution of Cs-TEA was
formed within silica pellets when water was used as a sol-
vent. One hypothesis is that during the second impregnation,
Cs cations were re-dissolved in the aqueous TPA solution vig
hydrolysis of Si—-0-Cs, and migratad within the support to
precipitate out forming a layer of Cs-TPA.

Our primary aim was to minimize the Cs mobility during
the second impregnation with TPA so that Cs-TPA is highly
dispersed on the support surface, This was achieved by us-
ing non-hydrolyzing solvents such as ethanel, propanel, and
butanol, to inhibit the hydrolysis of $i-0-Cs bonds and the
subsequent dissolution of CsOH [25]. An additional ad-
vantagze with non-hydrolyzing solvents is that it avoids the
decomposition of the TPA Keggin structure since watar is
known to hydrolyze TPA at a pH higher than 1 [26]. Con-
sequently, the Keggin structure is preserved during catalyst
synthesis and, at the same time, dispersion is maintained dur-
ing and/or after the TPA impregnation.

A setof 10 wi% Cs-TPA supported on 50 A MS catalysts
was prepared with various organic solvents and also with
water for comparison. The effect of solvent type on the alky-
lation activity of 1,3,5-trimethylbenzens with cyclohexene
on these catalysts is illustrated in figure 1 as a function of Cs
stoichiometry. We have previously reported that the Keggin
structures remain intact at loadings as low as 10 wi% as con-
firmed using 3'P NMR [21]. As expected, catalysts prepared
with organic solvents showed significantly improved perfor-
mance than those prepared using water where the activity
decreased in the following order: 1-butanol > 1-propanol
&= ethanol > water. Similar trends have been observed for
catalysts with TPA loadings as high as 50 wit% on meso-
porous silica. This difference in activity from using differ-
ent solvents is almost certainly due to differing dispersions
of Cs-TPA on M35 as we have previously evidenced by TEM
for samples prepared using 1-butanol and water [21]. For a
given solvent, conversion decreases with increasing Cs stoi-
chiometry, which is likely due to a decrease in the total num-
ber of catalytically active protons. The aforementioned ac-
tivity relationship with the type of aleohols is not surpris-
ing since alcohols exhibit polarity that decreases with chain
length. For example, the dielectric constants for ethanol,
I-propanol and l-butanol arz 24.3, 20.1 and 17.1, respec-
tively. However, these values are all much lower than that
of water (T78.6) at 25°C. Using solvents of lower dielectric
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Figure |, Alkylation of L3,5-lrimethylbenzene by cyclohexene at 80 °C on
10 wife Cs-TPAMS peepared using various solvents as a function of Cs
swichiometry, The reasiion was carried out for 2 b,

constant also provides a higher probability for TFA anions to
diffuse further into the pores with lessened restriction due to
reduced electrostatic interactions with the silica support. In
addition, CsOH solubility also decreases as the hydrocarbon
chain length of the alcohol increases, which could also affect
the Cs-TPA dispersion. Accordingly, |-butanol was selected
as our primary solvent for further investigation.

The novel grafiing technique described in this paper also
involves pretreating Cs:CO; impregnated MS samples at
higher temperatures {300-700°C} prior to a second TPA im-
pregnation step. This approach was adopted to help anchor
the Cs cations by promoting interactions between silanols
and Cs;CO;. The effect of the precalcination temperature
used in this synthesis step on the catalytic properties and
BET surface area for 50 wt%% Cs;-TPA/MS, prepared using
I-butanol and water as solvents, are shown in figure 2. In
both cases, catalytic activities increased even though BET
surface area slightly decreased with precaleination tempera-
ture, which is probably due to enhanced dispersion of Cs;-
TPA resulting from improved anchoring of the Cs species
on mesoporous silica prior to TPA impregnzation, As also
shown in this figure, catalysts prepared using l-butanol wera
almost twice as active as those prepared using water under
the conditions studied. In fact, figure 3(a) demonstrates that
the supported catalysts prepared using 1-butanol (both Cs; -
TPA and Csa 5-TPA) were as much as 4=5 times more active
than those prepared using water at lower conversions. At
higher conversions (figure 3(b)), as much as 2-3 times en-
hancement in activity was observed with the catalysts pre-
pared using 1-butanol. In addition, the Cs;-TPA materi-
als were typically more active than the Csa s-TBA catalysts
partly due to more available proton (Bronsted) sites. It is
noteworthy that the primary role of Cs here is to anchor
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Figure 2. Effects of calcination tzmperatere on BET surface area and the

alkylation of 1.3.5-iimethylbenzene by cyclohexene at 80°C for (3) im-

proved 50 wi Csp=TEAMS (1-butanol as salvent) and () “coaventianal”

50 wt%e Csy-TPAMS {water as solvent). The reaction was carried ot
for 2 h.

the active TPA species for improved dispersion and stability
while minimizing proton substitution, which can be achieved
at much lower Cs content to retain higher proton dansity in
the catalysts; whereas in bulk forms, Cs = 2.5 is specifically
required for optimum texturzl and structural properties as
associated with surface area, porosity and number of proton
sites [6].

WVariations in the alkylation activities with different prepa-
ration methods and synthesis conditions appear to be, in part,
associated with the textural properties of the catalysts. For
example, 530 witSh Csi-TPAMS prepared in 1-butanol and
water have similar surface areas (figure 2); however, their
activities can vary by as much as a factor of two or more.
Recall that N2 adsorption/desorption is used to estimate the
surface area whereas the reactants used to evaluate the activ-
ity such as cyclohexene and 1,3,5-trimethylbenzene are siz-
nificantly larger than a N2 molecule. Hence, activity com-
pared in terms of surface area will be served as a meaning-
ful metric provided no limitation in diffusion exists for the
reactant molecules. Typically, larger molecules such as ben-
zene have been utilized to assess the sorption properties for
various mesoporous molecular sieve systems with variable
pore sizes and structures [27,28]. In general, the diffusion
characteristics in the bulk structures cannot be adequately
represented by an average radius when the pores vary sub-
stantially in size and hence it is required to determine the
pore size distribution that depends on the model assumed
for intzrpretation. Fortunately, however, for mesoporous sil-
ica systems having cylindrical pores fairly close in size, one
can easily assess the average pore diameter tdm} from the
equation, dpore = 4V/ 5z, where V is the total pore volume
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Figure 3. Alkylation of 1,3, 5-trimethylbenzene by cyclohexene for 50 wi%
C3-TPARS and for 50 wi% Csas-TPADIS prepared in 1-butanol ard
water after {a) 15 min and (b) 2 h ae 30°C.

and Sp is the surface area [29]. Provided that the surface
areas are similar, one can assess any variation in the appar-
ent pore diameter as seen by the reactant from estimating
its total adsorption amount. Thus, changes in the adsorp-
tion amount of adsorbate molecules of varying size can be
related 1o the degree of diffusional limitations expected for
a reaction in a mesoporous material. Accordingly, we have
conducted this type of equilibrium adsorption experiments
for a selected set of materials and the results are summarized
in table 1.

For both benzene and 1,3,5-trimethylbenzene (1,3.5-
T B} adsorbates employed, the equilibium adsorption was
reached approximately after 2 h at 28 °C as evidenced by no

Table |
Summary of adsorplion data using molecules of vanous sizes.

Adsorbate  Size Adsorption amount {pimelip.)
(nm) 50 wi% Cs; 50 wi® Cs) 30 wisk Csgs 50 witk Csay
(BeQHF  (H:OF (BuQH)® (H20F°
Ma? .38 3430 1530 3100 2770
Benzens® 059 970 960 910 720
1,35 TvBY 075 370 260 301 203

8 Cylculated from the surfice area measurement duta ot —196°C and
Pl pp = 0.1

B heasured ar 28°C afier 2 h,

 Precalcination prior 1o TPA impregnation was carried out ar S00°C.

additional uptake for up to an additional 4-5 h on stream,
The supported Cs-TPA materials selectad for these experi-
ments were prepared under identical conditions except for
the solvent type, I-butanol and water, used during imprag-
nation with TPA_ These catalysis were chosen because thay
showed the largest difference in activity (figure 3) despite
their similar BET surface areas as measured by Na adsorp-
tion. Comparing catalysts with a Cs stoichiometry of 1 (1a-
ble 1), use of benzene, a molecule that is close to eyeclohex-
enc in size, gave similar benzene adsorption amount regard-
lcss of the solvent used, suggesting that the materials have
similar pore structures as seen from the Nz uptake. How-
ever, when a larger adsorbate such as 1,3,5-TMB is used,
the total amount adsorbed on the |-butanol prepared catalyst
wais 30% maore than that on the water prepared sample. This
might be due 1o partial clogging within the pore; an effect
that cannot be distinguished from the adsorption isotherm
of N3 and only becoming apparent in the data with larger
adsorbate molecules. For catalysts with a Cs stoichiometry
of 2.5, higher surface Cs concentration likely increases the
probability of TPA clustering. Therefore, it is not surprising
to see in table | that the total adsorbate uptake on the 1-
butanol prepared catalyst was higher than that on the water
prepared sample regardless of adsorbate molecule size, and
the difference increased with the adsorbate size. This, again,
suggests that by using a much less polar solvent, 1-butanel,
one can avoid any potential pars plugging that seems to be
associated with the use of water during TPA impregnation.
Clustering, resulting from poor diffusivity of the TPA an-
ions andfor induced by mobile Cs species, could lead to
narrow and non-uniform pore structures following impreg-
nation. Consequently, heterogeneity resulting from varying
dispersions and pore struciures could account for the differ-
ences in the alkylation performance of these catalysts,
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