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Evaluation of the molecular poisoning
phenomenon of W sites in ZSM-5 via synchrotron
X-ray powder diffraction†

Lin Ye,a Pu Zhao,a Molly Meng-Jung Li,a Benedict T. W. Lo,a Chiu Tangb and
Shik Chi Edman Tsang *a

The traditional investigation of complex catalyst poisoning pheno-

mena is in the operation level: poisonings commonly attributed to

macroscopic coke deposition and particle size change, etc. Here,

we demonstrate that high-resolution SXRD can reveal the structure

of the organic molecule–active site complex in a 3-D environment,

leading to an understanding of the poisoning mechanism at the

molecular level.

Microporous materials, such as zeolites, play a key role in product
distribution in petrochemicals due to their shape and size selective
molecular channels.1 The structure and function relationships
of various three-dimensional (3D) channels of zeolites and
immobilised active sites with respect to substrate molecules
in a stereospecific environment make the product distribution
controllable. For instance, for acid catalyzed hydrocarbon/
alcohol reforming reactions, ZSM-5 based catalysts with the MFI
topology are well known to give higher selectivity to aromatic
molecules,2 while Y based catalysts with the FAU topology favor
light alkanes and alkenes.3 In general, a zeolite is composed of the
corner sharing tetrahedral TO4 (T = Si). Different synthesis methods,
substrate compositions and reaction conditions bring the diversity
of the micropore structures with diameters ranging from 3 Å
(zeolite A) to 13 Å (zeolite Y).4 When tetravalent Si(IV) is substituted
with trivalent Al(III), charge imbalance is created and compensated
by cations (e.g. H+ and Na+). In the acidic H+ form, a H+ is close to the
O atoms bonded to the substituted Al atom, forming a Brønsted acid
site (BAS). This has been demonstrated in the early work by Haag
et al.5 When the H+ of the BAS is exchanged/hydrogen bonded with a
transition metal cation or a complex, it can serve as a catalytically

active site. In addition, zeolites are regarded as a kind of support that
can isolate catalytically active sites in their specific channels and the
size-defined pores, which can protect the active sites from poisoning
by toxic impurities on stream.6

Catalyst poisoning in zeolites represents one of the most
complicated deactivation mechanisms to understand, given the
wide range of potential poison molecules and the wide range of
reactions affected. Billions of dollars are lost every year due to reactor
shutdown and catalyst replacement as a result of deactivation
processes. The term ‘‘poison’’ actually only carries an operational
definition based on perceived negative interactions between specific
poison molecules, a catalytic system, and a set of reaction conditions
on catalytic performance. Despite acquiring extensive information
on catalyst characterization and mechanism elucidation,7–10 the
structure and function relationships between the molecular channel
of zeolites and the immobilised active site with respect to poison
molecules still remain obscure. It is because most conventional
spectroscopic (IR, Raman, and NMR) and thermal (TPD and TGA)
characterization methods only provide global information but
lack 3-D structural information of the active site being modified.
In addition, the industrial zeolite powder is difficult to be
monitored by single-crystallography.

X-ray powder diffraction is generally used to determine the
crystal structure of zeolites.11 Recently, the significant advance-
ment of modern diffraction facilities using a high brightness
synchrotron source has provided chemists with a powerful tool
to study porous but crystalline materials. In our previous works,
high-resolution synchrotron X-ray powder diffraction (SXRD)
combined with Rietveld refinement successfully elucidated the
spatial relationships between the immobilised active site and
the organic adsorbates in zeolites. The alteration in scattering
parameters of the zeolite framework by adsorbed molecules
enables the probing of adsorption geometries and molecular
interactions with the BAS in terms of atomic distances and
angles.12–15 W species is known to be active for the cross-
metathesis of ethene and 2-butene:16–18 an important reaction
to compensate for imbalance of supply and demand of propene
in the chemical industry. In this work, structures of W modified
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ZSM-5 with and without organic adsorbates are studied using
SXRD with Rietveld refinement to assist the evaluation of the
molecular poisoning phenomenon. Here, we identified for
the first time that there are three W species in ZSM-5: Wc in
the larger spatial cavity of the cross-channel region and two
species, Wa and Wb, in the narrow sinusoidal cavity. After
exposure of this catalyst to poisonous cis-stilbene, it is found
that bulky cis-stilbene binds only to Wc species, while the other
two W species in the sinusoidal channel are sterically protected
from binding with cis-stilbene. The observation of the molecular
poisoning phenomenon corresponds well to the decrease of ca. 1/3
activity in the catalyst operation level under a flow of 2-butene and
ethene blended with cis-stilbene.

A commercial ZSM-5 sample with the chemical formula
H4.74Al4.74Si91.26O192 (as determined by ICP-AES) was supplied
by SRIFT-Sinopec. This ZSM-5 was extensively characterized
using NMR spectroscopy, SEM, TEM, and BET.14 SXRD revealed
that 4.74 H+ of the BAS located on O5 or O18 linked by Al(T6).
The BET surface area of ZSM-5 is 330 m2 g�1. For the prepara-
tion of W/ZSM-5, ammonia metatungstate hydrate was wet-
impregnated into the ZSM-5 channel and calcined at 550 1C for
2 h in air. The conventional characterization and the catalytic
result are listed in the ESI,† Sections S2 and S5. There is no
evidence showing the W precursor aggregated to the WO3

crystal or polymer. Thus, the dehydrated W/ZSM-5 sample
was loaded into a borosilicate capillary for SXRD measurement.
High-resolution SXRD data were collected on Beamline I11 at
Diamond Light Source, UK (see ESI,† Section S3).19 Using the
TOPAS-Academic V5.0 software, the diffraction patterns were
analyzed via the Rietveld refinement.20,21 The crystallographic
data and refinement details are summarized in Tables S1–S5
(ESI†). Fig. 1(a) illustrates the good quality of the refinement fit
with Rwp 9.47% and gof 2.74, reflecting the reliability of the
atomic positions. From the derived structure (Fig. 1b), it is for
the first time revealed that there are three W species found to
locate in the internal cavities of ZSM-5. Two W species (Wa and
Wb species) locate in the sinusoidal channel, and one W species
(Wc species) locates in the sinusoidal-straight cross-channel
region. Without such 3-D structural characterization, active
sites such as the present W sites are commonly assumed to
be in the same stereochemical environment in the zeolite. All
three W species appear to dwell on the earlier identified BAS
sites (O5 or O18).

The terminal W–O group of WO4 in each W species is linked
with one of these surface BAS oxygens via hydrogen bonding,
giving OWO4

–OBAS distances of 2.75(1) Å, 2.40(4) Å and 2.85(4) Å,
respectively. Due to the low electron density of hydrogen atoms
it is not possible to directly identify them using SXRD. However,
the above distances fall within the ‘moderate’ or ‘strong’ hydro-
gen bonding with their bonding angles nearly 1801.22 Thus, the
distances of OWO4

–OBAS demonstrate the immobilization of these
W species with the BAS on the internal surface of the zeolite. The
statistical possibilities of Wa, for the occupancy (site occupancy
factor, SOF = 0.08), Wb (SOF = 0.09) and Wc (SOF = 0.09) over
these sites are given. Multiplying the total SOF of these W species
(Table S2, ESI†) by symmetry (8) gives a total of 2.16 W species

per unit cell in the W/ZSM-5 structure. This number of W species
derived from SXRD is close to the nominal 8.0 wt% W loading
(2.53 W per unit cell) according to the synthesis recipe. This
implies that most of the W precursors were successfully impregnated
onto the interior cavities of ZSM-5. However, it should be noted that
they may not be co-existed in the same segment as shown in Fig. 1 at
the same time due to their low SOF. In other words, one W species is
likely to be immobilized in one of these positions in the straight or
sinusoidal channels of ZSM-5 at a time.

EXAFS was used to determine the nature of the W–O
interaction(s). The Fourier transformed k3-weighted EXAFS data
of W/ZSM-5 were measured at the W L3-edge, using WO3 as a
standard (see ESI,† Section S4). A k1–k2–k3 fitting procedure in
K- and R-space was carried out to identify the presence of any W
and O interactions in the first shell. The fitting result in
Fig. 1(c) shows an average bond distance (R) and the coordina-
tion number (CN) of W/ZSM-5. Compared with the SXRD result,
it is clear that the average bond length of 1.77(1) Å corresponds
to the backscattering from the oxygen atoms as WQO. Further,
the average bond lengths of 1.89(1) and 1.91(1) Å correspond
to the backscattering from the oxygen atoms to singly-bonded
W–O. Thus, this implies that the WO4 species is in agreement
with the SXRD data. During the EXAFS data collection, the W/ZSM-5
was not in an air-tight environment. The moisture in the air may
have been taken up by the WO4 species, which led to the appearance
of additional longer interaction of W–O (water) (2.28(2) Å) that was
not seen from the SXRD data. Nevertheless, according to the CN of

Fig. 1 The SXRD data and the refined structures of W/ZSM-5. (a) Comparison
of the experimental data (black line) and Rietveld refinement data (red circle) and
the difference between them (grey line) for W/ZSM-5 at the room temperature
range of 3–551 (with a zoomed in view of the range of 20–551). (b) The refined
structure of W/ZSM-5 (straight channel view). The detailed structures (dotted line
circles) of W species are enlarged. (c) Comparison of parameters between
refined structural models from SXRD and best-fit EXAFS. Statistical errors are
displayed in brackets; CN stands for coordination number; R represents atomic
distance (see ESI,† Section S4).
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WQO and W–O, majority of W species appeared as tetrahedral
[(O)2QW–(O)2]2� or [(O)2QW–(OH)2] in the zeolite. As stated in the
SXRD refinement model, the immobilized [(O)2QW–(OH)2] is
believed to anchor onto BASs due to OWO4

–OBAS falling within the
hydrogen bonding distance. In addition, ammonia temperature
programmed desorption (NH3-TPD) was applied to determine
the numbers of BAS in H-ZSM-5 and W/ZSM-5, respectively, by
up-taking and then desorbing the corresponding NH3 molecules
in stoichiometry from room temperature to 400 1C. Accordingly,
there were 4.74 BAS/u.c. (in H-SZM-5) � 2.16 W species/u.c.
(in W/ZSM-5) = 2.58 BAS/u.c. that should remain in the structure.
The desorption experiment suggested 2.7 BAS/u.c. in W/ZSM-5,
which confirmed the immobilized structure to be [(O)2QW–(OH)2]
within the experimental error.

For catalytic olefin metathesis, the formation of W–carbene
(WQC(H)–CH3) from the WQO group of the [(O)2QW–(OH)2]
precursor is a crucial step to initiate the metallacyclobutane
catalytic cycle (Scheme 1).23 The existence of a W–carbene
intermediate as a solution species has been previously identified
using 13C NMR in the reports of Conley et al.,24 but it is not clear in
solid catalyst counterparts. To verify whether our immobilized WO4

species can form the corresponding W–carbene (WQC(H)–CH3)
intermediate, SXRD was applied to elucidate the entrapped
structure of W/ZSM-5 after reacting with 2-butene at 400 1C for
1 h. Comparing the SXRD patterns of W/ZSM-5 before and after
the reaction (Fig. 1(a) and 2(a)), the intensity of the peaks change
(the electron densities of the scattering atoms are altered), but
without significant peak broadening. During the refinement
procedure, C–C (half butene unit) was introduced one by one,
and an improvement of Rwp and gof values was observed, when
2 C–C bonds were placed. With references to Rwp and angle
analysis, grouping W and C–C with a WQC distance of around
2.0 Å to replace WQO with the remaining moieties as a tetra-
hedron rigid body represents the best improved fit. Fig. 2(a)
shows the good quality of the refinement with an Rwp value of
8.92% and a gof value of 3.43. The derived structure (Fig. 2(b)
and the detailed structures) shows that all the three W species had
indeed been converted to W–carbene catalytically active intermediate
species by 2-butene, and they all located in the previous three
locations. This clearly suggests that there is no shape or size
selectivity/diffusional issue to convert the encapsulated ‘WQO’

precursor to ‘W carbene’ in molecular channels towards the
small 2-butene molecule.

Catalytic olefin metathesis is very sensitive to trace amount
of impurities in the stream of olefin mixture from naphtha
reformate, which are able to bind to W carbene or its precursor
strongly and inhibit the catalytic cycle, leading to a rapid
poisoning of the catalyst. Typically, bulky organic compounds
(such as butadiene and stilbene)25 containing conjugate systems are
known to be able to poison the W active site at low concentration.
This catalyst poisoning phenomenon is anticipated to be more
pronounced for catalysts on an open surface, such as W/SiO2,
W/Al2O3, etc. As a result, instead of introducing an expensive
separation/isolation strategy to the impurities of concerns, an
alternative way is to place the catalyst in a porous solid host to
prevent the contact of the catalyst with the bulky impurities.
These molecular cavities may act as a benign host for the
immobilized catalysts but may not introduce much diffusional
problems to the olefin substrates. It is thus crucial to under-
stand the interaction between the specific impurities and the
spatially protected catalytically active sites. In this work, cis-
stilbene was chosen as the molecular poison to elucidate the
molecular deactivation of W/ZSM-5.

The rigid body of the cis-stilbene of minimised energy26 was
built by using the 3D chem software and MM2 calculations. The
good quality of the refinement is shown by the Rwp value of
9.99% and the gof value of 3.12 (Fig. 3(a)), reflecting the
reliability of the atomic positions and structure. Fig. 3(b)
illustrates the stilbene adsorbed W/ZSM-5 without showing
the W species. Due to the steric effect cis-stilbene is only found
in the large cross-section of the sinusoidal and straight channels.
The refined SOF of cis-stilbene is 0.66, which is equivalent to
5.3 cis-stilbene molecules in the channel of W/ZSM-5. Fig. 3(d)
also shows the complex of cis-stilbene–Wc from the sinusoidal

Scheme 1 The pseudo-Wittig initiation mechanism (1, 2) for the for-
mation of W carbene (WQCHCH3) from the reaction between terminal
WQO and trans-2-butene, and the following metallacyclobutane catalytic
cycle from trans-2-butene/ethene to form propene (Chauvin reaction
mechanism) (3–6).

Fig. 2 The SXRD data and the refined structures of W carbene/ZSM-5.
(a) Comparison of the experimental data (black line) and Rietveld refinement
(red circle) and the difference between them (grey line) for W carbene/
ZSM-5 at room temperature and 2y range 3–551 (with a zoomed in view at
the 2y range of 20–551). (b) The refined structure of W carbene/ZSM-5
(straight channel view). The detailed structures (dotted line circles) of
W carbene species are enlarged.
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channel view. Fig. 3(c and d) show the stable complex formation
when cis-stilbene binds to (O)2QW of the [(O)2QW–(OH)2]
species with the distance of OWO4

–Cstilbene 1.42(1) and 1.58(4) Å,
probably via [3+2] cycloaddition to inhibit pseudo-Wittig initiation.
Fig. S7 (ESI†) demonstrates the metathesis activity for the conver-
sion of 2-butene and ethene to propene.

The propene yield rapidly attenuates by 1/3, while 1/3 of the
W species located in large cross channels region are found to be
poisoned by the cis-stilbene (see ESI,† Section S5). Apparently,
Wa and Wb retain the activity without deactivation in the
narrow sinusoidal channels of ZSM-5.

In conclusion, the traditional investigation of poisoning
phenomena in zeolite catalysts is in the operation level focusing
on observations of poisoning under reaction conditions, often
through observing losses in catalytic activity, without correlating
to molecular modification of entrapped active species in zeolites.
Here, we demonstrate for the first time that modern high-
resolution SXRD can offer unique information to reveal organic
molecule–active site complexes in a 3-D environment that
encapsulated in the stereochemical channels of the zeolite.
Thus, this method can be used to investigate the structures of
catalytically active sites, intermediates and activated/deactivated

binders in the local specific environment. It is believed that
this method can provide an effective way to understand the
molecular structure–function relationships of size and shape
selectivity between the reactants/poisons/products with respect
to active sites and stereochemical channels of zeolites, which
facilitates the design of new poison-tolerant catalysts in future.
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Fig. 3 The SXRD data and refined structures of cis-stilbene adsorbed
W/ZSM-5. (a) Comparison of experimental data (black line) and Rietveld
refinement (red circle) and the difference between them (grey line) for
cis-stilbene adsorbed W/ZSM-5 in the range of 3–551 (a zoomed-in view
of the range of 20–551). (b) The refined structure of the cis-stilbene with
respect to channel positions (without showing the W species). cis-
Stilbene–Wc complex in ZSM-5 in (c) a straight channel view and (d) a
sinusoidal channel view.
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