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Heterogeneous catalysts often lack the ability to convert only
specific molecules in a mixture of reactants. Although this lack of
chemo-discrimination can be partially overcome by chemically
modifying the catalyst surface,1 tuning the operating conditions,2

or designing enzyme mimics,3 substantial improvements are often
not possible. In principle, a much simpler approach is to control
the diffusion of reactants to the active sites, by enveloping the
catalyst in a selectively permeable membrane.4 Uniform thin
coverings of membrane materials have proved exceptionally difficult
to achieve in the past, and so multiple layers of crystallites have
been used instead to form coherent coatings.5-7 As compared to
the prior art, we have used a simpler and more scaleable preparative
method to apply a zeolite (4A) to a supported catalyst. Our method
requires a blanket charge-reversal step, with no pore masking (as
used by Hedlund et al.),7 before the catalyst is brought into contact
with the zeolite gel. Although multiple layers of crystallites are
visible by SEM, the coated catalyst retains its ability to discriminate
perfectly between CO and butane even after it has been deliberately
crushed. High-resolution TEM reveals that, below the crystallite
layers, the active sites of the catalyst are coated in an ultrathin but
coherent zeolite membrane.

In the modern route to maleic anhydride,n-butane is widely used
as the organic feedstock, which is catalytically converted to the
product by partial oxidation.8-10 If the process is operated at high
selectivity to maleic anhydride, the per-pass conversion of butane
is low (10-15%), which requires the product stream to be cooled
below 200°C (to condense the maleic anhydride) before it is fed
back into the reactor.10-13 In addition to unreacted butane, the
recycled gas stream also contains some CO and CO2, that is, the
nonselective products of butane oxidation. The CO2 behaves as an
inert species in this process, but the CO deactivates the partial-
oxidation catalyst, and so needs to be removed during the recycle
step.14 The challenge lies in developing an additional catalyst that
will clean up CO by oxidizing it ate200°C, without wasting any
of the butane. The sodium form of zeolite A (effective channel
size: 0.4 nm) offers the prospect of controlling access to a clean-
up catalyst by allowing permeation of CO (kinetic diameter: 0.38
nm) while excludingn-butane (kinetic diameter: 0.43 nm).

As we and others have found,5 the formation of a continuous
coating of zeolite is not easy to achieve over a silica- or alumina-
supported catalyst using conventional hydrothermal crystallization
techniques. The surface charge of silica, alumina, and many
common zeolites is negative at basic pH (typical zeolite synthesis
conditions),13,14 which means that there is an electrostatic barrier
preventing the growth of zeolite overlayers on silica- or alumina-
based catalysts. To overcome this, we have simply reversed the
surface charge of the entire exposed surface of our chosen clean-
up catalyst (5% Pt-0.5% Fe, by weight, supported on small highly
macroporous silica spheres), using a copolymer of acrylamide and

the methyl chloride quaternary salt of 2-(dimethylamino)ethyl
acrylate.15 The polymer species are strongly adsorbed on the
support, by the electrostatic attraction between the quaternary
ammonium groups of the adsorbate and the oxide ions at the support
surface, resulting most probably in a flat conformation.16 The
presence of excess quaternary ammonium groups imparts an overall
positive charge to the polymer-covered support surface, including,
we believe, the inside of the pores where most of the catalytically
active sites are located. The zeolite is then crystallized on the
modified surface, followed by a thermal treatment, which removes
the polymer and fixes the zeolite as a rigid overlayer.

The catalytic activity of the Pt-Fe/SiO2-zeolite A composite
material was compared to that of the uncoated catalyst, for CO
oxidation in the presence of excess butane (Figure 1). The degree
of chemo-discrimination shown by the uncoated catalyst was low.
Although the oxidation of butane started at a temperature 50°C
higher than that of CO, it would be very difficult to use this catalyst
to oxidize the CO without removing any of the butane, even in a
well-controlled isothermal reactor.

Significantly, the presence of the zeolite A membrane eliminated
any butane combustion below about 400°C, but still allowed the
CO to be oxidized below 200°C. Even above 400°C, the butane-
conversion profile was not typical of combustion, but was more
characteristic of hydrocarbon cracking taking place on the zeolite
surface. In this composite material, the zeolite membrane acts to
exclude completely the relatively large butane molecules, while only
slightly inhibiting the transport of CO to the catalytically active
sites.

Our initial hypothesis was that the observed diffusional control
was being provided by a relatively thick coating of cuboid zeolite
crystallites, which SEM showed enveloping the exterior surface of
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Figure 1. Species-selective oxidation of CO in the presence of butane:
uncoated Pt-Fe/SiO2 (-]- CO conversion,-0- butane conversion);
zeolite A coated Pt-Fe/SiO2 (-[- CO conversion,-9- butane conver-
sion); crushed sample of zeolite A coated Pt-Fe/SiO2 (-2- CO conversion,
-b- butane conversion).
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each macroscopic catalyst sphere. Although the coating was robust
enough to withstand repeated thermal cycling, we expected that
the diffusional control would be substantially reduced by deliber-
ately fracturing the coating. However, even after grinding the 3.2
mm spheres to a powder in the 250-800 µm particle size range,
the catalytic performance (Figure 1) did not revert to that of the
uncoated catalyst. The CO-oxidation profile was almost identical
in position and shape to that of the uncrushed material, with no
sign of a lowering in the onset temperature that would indicate a
measurable number (i.e., 1%) of uncovered metal sites. The
conversion of butane started at a lower temperature, but was still
consistent in shape with hydrocarbon-cracking (now on a larger
exposed area of zeolite) and not with combustion on the metal sites.

SEM analysis of deliberately broken spheres showed that zeolite
crystallites were present within the macropore structure of the
spheres. This was confirmed by EDAX (energy dispersive analysis
of X-rays) mapping, which showed deep penetration of aluminum-
containing species into the pores of the spheres. Collectively, the
results suggested that the zeolite crystallites form a coating over
all of the available external and internal surfaces of the spheres to
a depth of typically 10-20 µm. HRTEM revealed that, in addition
to the cuboid crystallites observed by SEM, zeolite A is also present
in the composite material as 70 nm wide needlelike crystals. These
needles appear to be present throughout the sample and are of
variable length, typically between 100 and 700 nm.

However, the most significant discovery made by HRTEM was
that the individual Pt-Fe particles (typically 4-10 nm in diameter)
are covered by an extended 50-70 nm thick membrane. The
interplanar spacing within the membrane is 0.354 nm, corresponding
to the 2,2,2 Bragg plane of zeolite A. The membrane is substantially
monocrystalline and can only be imaged by careful focusing above
the plane of the metal particles (Figure 2).

Our catalytic tests have demonstrated that using total surface
charge-reversal (i.e., without pore-screening) to apply zeolite A to
a Pt-Fe/SiO2 catalyst leads to impressive chemo-discrimination
between CO and excess butane. In the early part of this work, our
conceptual model of this composite material was based on the
assumption that the 2-3 µm cuboid crystallites, observed by SEM,
form a relatively thick coating over all of the external surfaces and,
hence, over the pore structure containing the catalytically active
sites. We have since revised this model in light of the HRTEM
evidence and propose that the cause of the molecular discrimination
lies much closer to the local environment of the active sites. Even
when the exterior macroscale coating is damaged, the active sites
(located on the dispersed metal particles) are protected by a thin
coherent layer of zeolite, which controls the entry and exit of gas-
phase species. Our preparative method has allowed the zeolite to
track the dispersed metal particles into the pore structure of the
support material. We believe that this is the first time this effect
has been demonstrated.
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Figure 2. TEM image of zeolite A membrane covering Pt-Fe particles
(size bar 2 nm).
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