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ABSTRACT

Solvothermal Synthesis and Supported Catalysis of Polyanion-derived Metal Oxide
N anoparticles

by
Nikolaos Soultanidis

Supported metal oxides (SMOs) are important catalytic materials that find
numerous applications in important industrial processes.

Improving the structural

properties of SMOs is a challenging objective due to material synthesis and
characterization limitations.

Recent developments in the characterization of SMOs,

specifically tungstated zirconia (WOJZr02), have revealed structural information that
renewed scientific interest in developing more sophisticated synthetic protocols for
SMOs.
The current work aims to provide a robust characterization of WOx/Zr0 2 by using
different characterization techniques and probe reactions. Conventional and nonconventional synthetic methods are investigated to cover the whole spectrum of
published methods in order to understand the properties and limitations of these
techniques. In the second part of this work, a new synthetic approach is presented that
successfully produces ultrasmall (smaller than 2 nm) tungsten oxide nanoparticles (WOx
NPs). By using conventional tungsten precursors and oleylamine, WOx NPs are
synthesized, characterized, and finally supported to test their propene metathesis activity.

111

Conventional WOx/Zr0 2 catalysts were prepared and extensively studied by
probing their n-pentane isomerization activity and methanol dehydration activity.
WOx/Zr0 2 prepared via incipient wetness impregnation shows maximum n-pentane
isomerization turnover rates (TOR) at intermediate surface densities (psurf). This method
delivers the most active n-pentane isomerization WOx/Zr02 catalysts since it maximizes
the number density of the active sub-nm slightly distorted Zr-WOx sites at Psurf between
5.2-6.2 W/nm2. By comparing the n-pentane isomerization activity with the methanol
dehydration activity of WOxfZr02, n-pentane isomerization is shown to be an excellent
probe reaction for qualitatively identifying the relative (to the other species) population
density of Zr-WOx clusters.

Bimolecular n-pentane isomerization is the prevailing

mechanism and requires a higher population density of Zr-WOx clusters than methanol
dehydration.
In the second part of this work, a new solvothermal synthesis route for the
preparation of ultrasmall tungsten oxide nanoparticles (WOx NPs) is introduced.

By

using ammonium polyanionic salts and oleylamine, high yields (92±5%) of oleylaminecoated WOx NPs were consistently synthesized. The co-addition of an organic oxidant
during the synthesis led to smaller WOx NPs thereby providing insight into the NP
synthesis mechanism. Deposition and activation of the NPs on Si02 support by removal
of oleylamine allows better control over the WOx domain size than conventional
methods. Oleylamine suppresses WOx NP sintering during calcination and prevents the
formation of larger polytungstates present in conventional catalysts. The supported WOx
NPs were found to be up to 3 times more selective for metathesis products than
conventionally prepared tungstated silica likely due to their controlled structure.
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Chapter 1
Background and research motivation

1.1 Nanoscience and nanotechology
Nanoscience and nanotechnology are two emergmg fields that deal with the
synthesis, characterization, and application of nanomaterials (substances with their
dimensions ::::;100 nm (1 nm

=

10-9 m) [1]). Nanoscience is the investigation of the

elemental properties of nanomaterials that appear to vary significantly from their
corresponding bulk structures [2-6]. Among the different properties investigated, optical
enhancement, ferromagnetic, and catalytic properties are only a few that have intrigued
the academic and industrial communities in pursuing aggressively advanced applications
of nanomaterials. Nanotechnology focuses on the applied side of nanomaterial research
and is one of the few modem scientific fields that attract epic business investments.
Automobile emissions, water remediation (such as removal or arsenic or other
cancerogenic compounds), and petrochemical refineries (hydrodesulfurization, catalytic
cracking of light naphtha, etc.) are areas that have been revolutionized by catalytic
nanomaterials in the last two decades. Even though significant progress has been made
to understand the properties of such materials, important fundamental questions
concerning their unique activity remain unanswered. The goal of this thesis is to provide
answers to these fundamental questions, in regards to supported metal oxide
nanocatalysts by rigorously analyzing the structure and activity of several representative
catalysts.

2
1.2 Nanotechnology and heterogeneous catalysis

Heterogeneous catalysis has been significantly improved by the introduction of
nanotechnology in the last two decades [7-9]. By heterogeneous catalysis, we describe
the reaction between chemical reactant(s) (usually in the gas or liquid phase) on a
catalytic surface (usually a solid or liquid) that is in a different state than the reactant(s).
These interfacial reactions were investigated for years with a focus on the physical and
chemical properties of the catalysts such as oxidation state, reducibility of the catalyst
etc.; however, in many cases such studies were unable to explain the catalytic behavior of
most materials. In recent years, catalytic research advanced to the point of studying the
molecular or even atomic structure on the catalytic surface, which contributed
significantly to the fundamental knowledge.

This approach has brought about an

improved understanding of reaction mechanisms but more importantly it identified
surface properties that led to the synthesis of improved heterogeneous catalysts for
numerous applications. New experimental techniques aim to control the size, shape, and
the surrounding environment of the active sites (defined as an atom or cluster of atoms
that are catalytically active) on a nanometer level [7, 10] which differs from previous
techniques that focused only on maintaining certain macroscale characteristics.
Before proceeding with this thesis, a short presentation of the three most
important examples in modem catalysis, which capture the essence of this new era of the
field, are presented here.
The best example that demonstrates the enormous impact of nanotechnology on
heterogeneous catalysis and the global catalysis and materials market is the synthesis of
zeolites [11-13]. Zeolites are crystalline aluminosilicate (Si-0-Al) materials that have a
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well-defined molecular structure. They exhibit strong Lewis acidity (defined as electron
acceptor active site) and Bmnsted acidity (defined as a proton donating active site), are
nanoporous (pore diameters < 2 nm), and have extremely high surface areas, which
makes them ideal for a great number of applications [14].

Catalytic cracking,

isomerization, metathesis, alkylation, aromatization, and polymerization are only a few of
the most important reactions catalyzed by zeolites which have significant industrial
application.
Another important discovery in nanocatalysis is that Au NPs catalyze olefin
hydrogenation [15] and oxidize CO [16] (Figure 1.1). Many new catalytic applications
for these Au NPs were subsequently developed, making Au nanoparticles one of the most
applied nanomaterials. The nanoscale size of these NPs is undoubtly important, since Au
is only active when it is in the form of nanoparticles (usually less than 50 nm) [17-25] for
every application tested. The importance of the Au particle size in CO oxidation by
titantia supported Au can be seen in Figure 1.1. Maximum activity is seen for Au clusters
of ~ 3 nm in the range 2-6 nm, which indicates the strong correlation between particle
size and catalytic activity. The discovery of this unknown property of nanogold initiated
"chain reactions" in the field of catalysis with more than 800 manuscripts studying the
effect and properties of Au NPs published solely in 2003 [26].
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a)
c)

0.
0.0

.0

'.0

1().

30. nm

Figure 1.1. Particle size effect on CO oxidation using titania supported Au NPs. a)
Scanning tunneling microscopy (STM) image, b) CO oxidation activity and c) Cluster
growth model. Modified from [ 16]

Finally, the most important example that demonstrates the significance of
studying the surface nanostructure is the identification of the active form of MoS 2 NPs
[27]. Supported MoS 2 is an excellent hydrodesulfurization (HDS) catalyst that has been
used in industry for decades [28,29]. Jaramillo et al. [27] discovered MoS 2 NPs are most
active when they have a polygon-shape and their activity is proportional to the number of
edge sites (Figure 1.2). As a result, a new approach for the synthesis of supported MoS 2
catalysts is applied today to form multifaceted particles that improve the overall
efficiency and at the same time lower the cost of HDS catalysis.
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[27].

From the different heterogeneous catalysts presented above, supported metal
oxides (SMOs) comprise the most important class of catalytic materials. Understanding
and controlling the size and shape of the supported metal oxide (MOx) phase is a great
challenge, since the size of the supported MOx phase is usually in the nanometer or even
sub-nanometer regime.

This requires cutting-edge characterization and until recently

such characterization was not available.
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1.3 Conventional supported metal oxide catalysts
Conventional SMOs are extensively studied and used in academia and industry.
Numerous methods have been developed to optimize properties such as: (1) dispersion of
the active metal oxide phase (supported phase), (2) thermal stability of the catalyst, and
(3) high surface area of the catalyst [30]. Incipient wetness impregnation (also known as

dry

impregnation),

coprecipitation,

sol-gel,

deposition-precipitation,

equilibrium

absorption and chemical vapor deposition are well-established methods that have been
employed for the synthesis of SMOs. Of these different techniques, dry impregnation is
the most widespread method in both academia and industry due to its simplicity and
hence low cost. Deposition-precipitation and coprecipitation methods are also used and
in many cases are superior techniques, but the reproducibility of these techniques is
questionable due to many more synthetic parameters (such as pH, type of precursor,
solubility, extensive washes) that need to be taken into account using these methods. All
the above synthesis techniques are used to make different SMOs for a range of
applications summarized in table 1.1.
Many SMOs find application in environmental remediation technologies, such as
(1) oxidation of harmful CO and other volatile organic compounds (VOCs) to C02 and
(2) reduction of pollutants such as NOx (N02, N20, NO) to N2; and other SMOs find uses
in important chemical production units such as (1) polymerization of ethylene to
polyethylene and (2) catalytic cracking of naptha to gasoline products.
Even though these technologies have been using conventional SMOs for decades,
stringent environmental regulations and global competition raise the performance and
purity requirements of SMOs. For this reason, the production of SMOs has evolved to
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incorporate the techniques of nanotechnology and this new union gave "birth" to new
synthetic approaches that attempt to resolve problems considered to be unsolvable by
conventional synthetic methods.

Table 1.1. Applications of supported metal oxide catalysts [31]

Type of reaction

Example

Application

Oxidationa

CO and VOCs to C02

Auto-catalytic converters

Reduction a

NOx reduction to N2

Industrial emission control

Ethylbenzene to Styrene

Polystyrene synthesis

Olefins to Maleic anhydride

Polyester resin synthesis

Ethylene to Polyethylene

Polymer synthesis

Paraffin isomerization

Fuel enrichment technology

Crackingb

Naphtha catalytic cracking

Gasoline synthesis

Oxidationb

Olefin to Acids & Aldehydes

Synthesis of chemicals

Dehydrationb

Paraffin to olefin

Synthesis of chemicals

Dehydrogenationb

Alcohols to esters

Food additives

Dehydrogenationa
Oxidationa
Polymerizationa
Isomerizationb

Metathesisb
Olefins to polymers
Polymer synthesis
6
a classified as reduction-oxidation catalysis, classified as acidic-basic catalysis

1.4 Heterogeneous catalysis using metal oxide nanoparticles
1.4.1 Metal oxide nanoparticles as support

Numerous MOx have been used as supports for dispersing metal and metal oxide
active phases, since increased surface coverage (metal atom/surface area) increases the
number of available surface sites. Smaller clusters of metals or metal oxides of about 1
nm in diameter are required for achieving a complete 2-dimensional monatomic surface
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coverage [32]; something that is almost impossible to achieve at higher loadings by
conventional methods.
The use of MOx NPs for the production of high surface area and thermostable
supports has been investigated extensively. The general role of a metal oxide support is
to: (1) provide high surface area and therefore improve the dispersion of the active sites,
(2) maintain the structural and chemical integrity of the active sites at elevated
temperatures, (3) participate directly or indirectly in the formation ofthe active sites, and
(4) prevent catalytic poisoning ofthe active sites [32,33].
The most sophisticated approach for the synthesis of novel supports is called NPsurfactant templating synthesis (NPST) [34] and is derived from the traditional surfactant
templating synthesis where molecular precursors are used to create well-defined
structures [35-41].

In NPST the molecular precursors are replaced by MOx NPs

providing a solution to the previous difficulties of synthesizing similar structures [42-44].
By selecting the desired MOx NP-precursor and the appropriate surfactant, a variety of
MOx mesoporous NP-supports can be synthesized with narrow and customized pore size

distributions and exceptional thermomechanical stability.

1.4.2 Metal oxide nanoparticles as supported/active phase

When the supported phase is a metal oxide, high dispersion is theoretically
achieved and complete surface coverage is defined as monolayer (ML) coverage. ML
coverage is achieved at a specific number of metal atoms per nm2 , which depends on both
the supported phase and the support. By definition at ML coverage no crystalline species
are expected and the surface is theoretically covered by polymeric MOx species that are
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considered to be the active sites. The deposition and activation of these species has been
of great interest in previous years and limited improvements have been made towards
successfully synthesizing samples that can adjust the size and properties of these species.
This was, in most cases, of secondary importance since the only classes of species that
were considered were monomers, oligomers, polymers, and crystals and the transition
between those species was considered to occur almost linearly at a specific loading. The
need for developing a method that controls the size of the supported MOx phase was not
an important task until recently when the complexity of the supported phase was
discovered by studying tungstated zirconia (WOx/Zr02) catalysts for methanol
dehydration applications.

1.5 Tungstated zirconia
Tungstated zirconia (WOx/Zr02) is a model solid acid catalyst that has been
studied for over 20 years. The pioneers, Hino and Arata [45], discovered that WOx/Zr02
is an active alkane isomerization catalyst at relatively low reaction temperatures, which is
a characteristic of strong solid acid catalysts. Opposite to chlorinated platinum/alumina
(Cl-Pt/AhOJ) [46-48] and sulfated zirconia (S04/Zr0 2) [49-62] that are susceptible to
leaching (forming HCl and H2S, respectively) [63], WOx/Zr0 2 [58,64-70] catalysts are
stable and can be regenerated easily.

Massive interest in the catalytic properties of

WOx/Zr02 has been shown by manufacturing sectors that rushed to claim intellectual
property [71-93] of this promising catalyst. Concomitantly academia [34,63,94-128]
focused on identifying (1) the active species responsible for the catalytic activity and (2)
the parameters that optimize the formation of these species.
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Several distinguished groups have investigated the structure-activity correlations
of WOx/Zr02 for reactions such as methanol dehydration, 2-butanol dehydration, axylene isomerization, and n-pentane isomerization. Santiesteban and coworkers
[101,114,119], Knozinger and coworkers [106,107,125], Iglesia and coworkers
[104,111,115,126,129-132], and Wachs and coworkers [133-137], have all contributed
significantly in identifying the structure and properties of the desired active sites.
A summary of the models developed by these groups that inspired the work
presented in this thesis is presented here.

1.5.1 Iglesia and coworkers: polytungstate model

Iglesia and coworkers at the University of California-Berkeley have contributed
significantly in characterizing the surface structure of dry-impregnated WOJZr02
catalysts. Using numerous techniques such as X-ray absorption near-edge spectroscopy
(XANES), UV-vis diffuse reflectance spectroscopy (DRS), and Raman spectroscopy
[63,104,111,115,126,129-132], they identified the different tungsten oxide (WOx) species
that are schematically presented in Figure 1.3.
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a)

b)

-

Bare support

c)

Monotungstates

Polytungstates

d)

Bulk W0 3 crystals

Figure 1.3.
Surface tungsten oxide species identified by the Iglesia group
[104,111 ,115,126,129-132]. A) Bare support, b) isolated monomeric species
(monotungstates), c) polymerized species (polytungsates) and d) bulk crystalline species
(Bulk W03 crystals).

The three different species identified by UV-vis DRS [ 111] were assigned to
monotungstate species (Figure 1.3b) formed at high concentrations at surface densities
(psurf) less than 4 W atoms/nm2 , polytungstate species (Figure 1.3c) that have maximum

concentration at 4-8 W atoms/nm2 , and W0 3 crystals (Figure 1.3d) that co-exist with
polytungstates at >8 W atoms/nm2 .
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The group proposed that polytungstates are the most active species after studying
o-xylene isomerization [112] and 2-butanol dehydration [129], since maximum catalytic
activity was observed at surface densities of ~9.5 W/nm2 and ~7.5 W/nm2 respectively.
Irrespective of the calcination temperature the Iglesia group suggested that maximum
activity is only a parameter of Psurf

Using in situ XANES it was shown that these

polytungstate networks are octahedrally coordinated (W0 6) clusters [104].

It was

proposed that polytungstates have the ability to delocalize protons (H+) that are formed
by (1) dissociation of H2 or (2) as a dehydrogenation product by terminal C-H bonds of
different reactants. The ability of these (W6+03)n polytungstate species (Lewis sites) to
partially reduce into (H+)(W6+)n- 1(W5+)0 3n [94] active Bmnsted sites (Figure 1.4) defines
the increased catalytic activity of these species over monotungstates and W03 crystals. It
was suggested that an ideal size of the polytungstates

(psurf

~7.0-10 W/nm2) must exist,

which promotes the proton stabilization mechanism and prevents its diffusion through the
WOx lattice to reduce the cluster (Hy WOx-y). No further investigation or characterization

was performed to support this argument.

Moreover, the UV -vis DRS experiments

suggested that H2 did not reduce the WOx surface at a Psurf< 5 W/nm2 and the role of Zr4+
atoms in the formation of these active polytungstates was not discussed.
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Figure 1.4. Iglesia proposed model of in situ Bmnsted acid site formation via partial
reduction of W6+ Lewis acid centers in polytungstate domains and subsequent
stabilization of delocalized H8+. Modified from [63].

1.5.2 Knozinger and coworkers: Zr4+ heteropoly-tungstate model
Knozinger and coworkers at the University of Munich studied WOJZr02
prepared by equilibrium adsorption [106,107,125] parallel to the Iglesia group. Using insitu low temperature CO-FTIR spectroscopy, they identified that the active sites are 6fold coordinated (W06) species with Bmnsted acidity very similar to the Iglesia model.
The group studied the n-pentane isomerization activity of WO)Zr02 and reported that
catalysts with moderate metal loadings exhibited maximum catalytic activity.

Even

though they did not report Psurf values, using their published results, [138] it was
estimated that their samples withPsurf~ 5 W/nm2 exhibited maximum activity.
The major differences Knozinger and coworkers' work from the Iglesia model are
that (1) they considered the role of Zr4+ in the formation of the active site (without
proposing a specific mechanism); (2) they claimed that the partial reduction of the WOx
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polytungstates is not a requirement for the formation of Bmnsted sites, (3) they reported
that crystallization occurs at 2:5 W/nm2 and (4) they reported that samples calcined at 923
K are more active than samples calcined at 1098 K, which suggests that calcination
temperature has a secondary role in forming active sites, (5) they reported the presence of
mono-oxo terminal W=O bonds at higher W loadings which suggested that
monotungstates, polytungstates, and W03 bulk crystals may coexist.

1.5.3 Santiesteban and coworkers: Bronsted and Lewis acidity

Santiesteban and coworkers from Exxon Mobil focused on the chemical
properties ofWOJZr02 prepared via impregnation and coprecipitation [65,70-74]. Using
X-ray photoelectron spectroscopy (XPS) they performed a series of titration experiments
using pyridine and the sterically-hindered 2,6-dimethylpyridine to identify the ratio
between Lewis and Bmnsted sites. The 1:1 ratio of strong Bmnsted-to-Lewis acid sites
was identified as the ideal combination for maximum n-pentane isomerization activity
that was observed at

~16

wt% W

(~20

wt% W03) [65]. No claim was made about the

nature and properties of the active sites.

1.5.4 Wachs and coworkers: 3-D sub-nm Zr-WOx clusters

Wachs and coworkers [133-137] from Lehigh University, Rice University, and
the University of Virginia have investigated for the first time the actual surface structure
and composition of all WOx species. By using high-angle annular dark-field imaging in
an aberration corrected scanning transmission electron microscopy (HAADF -STEM) and
in-situ optical Raman spectroscopy, a new type of species was identified to be the
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dominant species at moderate Psurf Three-dimensional sub-nm distorted Zr-WOx clusters
(Zr-WOx) (Figure 1.5) were for the first time identified as distinct species, different from
2-dimensional polymers (polytungstates).

Sub-nm Zr-WOx cluster

Figure 1.5. Schematic of 3-dimensional sub-nm distorted Zr-WOx cluster.

The Wachs model identified that these distorted Zr-WOx clusters are only formed
v1a impregnation of a W -precursor into an amorphous Zr0 2 support followed by
calcination [135] or by applying a post impregnation stage using both a W- and Zrprecursor [137].

For the first time it was demonstrated that below ML coverage all

species coexist and above ML coverage the specie distribution shifts to larger aggregates,
Zr-WOx clusters, and eventually W03 bulk crystals.

The incorporation of Zr- atoms

within the WOx cluster domain was directly seen by matching the atomic contrasts within
a single cluster with simulated contrast profiles. By studying the methanol dehydration
activity of WOx/Zr0 2 it was noticed that maximum concentration of the Zr-WOx clusters
at P sur} 6.7 W/nm2 corresponds to maximum catalytic activity.

16
The main differences from the Iglesia model are that this model ( 1) identifies the
actual size and approximates the composition of the active site, (2) reports that maximum
concentration of active sites is reached at Psurf~ 5-7 W/nm2 (in close agreement with the
Knozinger model) vs.

Psurf

~ 7-10 W/nm2 that was proposed by Iglesia, (3) claims that

WOx species are not activated (reduced) by the presence of H2, which supports the
Knozinger model and (4) shows for the first time that different species coexist at a wide
range of Psurf
Overall, the Wachs model could be considered as a more accurate model that
completes the fundamental contributions of the previous models. Its major weaknesses
derive (1) from using methanol dehydration as a probe reaction, a relatively weak acidic
reaction and (2) from not being able to discriminate between the role of polytungstates
and Zr-WOx clusters, since at Psurf ~ 5-7 W/nm2 where the maximum activity is observed,
both species coexist in significant quantities.

1.6 Research motivation
The overall goal of this thesis is to understand the formation of and control the
surface species of SMOs, specifically WOx/Zr02, so that highly active catalysts may be
synthesized.

In the first part of this work, conventional synthesis techniques were

investigated to establish an understanding of the limitations imposed by each method.
In the second part of this thesis, a new synthesis technique that successfully
produces MOx NPs such as WOx is presented.

The WOx NPs were characterized,

supported onto two different supports and were tested for their n-pentane isomerization
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and propylene metathesis activity. An outline of what it is presented in this thesis is
given here.
In Chapter 2, WOx/ZrOz was synthesized using amorphous and crystalline ZrOz.
The n-pentane isomerization activity and selectivity as a function of tungsten surface
density, catalyst support type, and calcination temperature was reported for each catalyst,
providing structure-activity correlations that were not reported before. The results of this
work were published as Soultanidis N., Zhou W., Psarras A.C., Gonzalez A.J., Iliopoulou
E.F., Kiely C.J., Wachs I.E., and Wong M.S. "Relating n-Pentane Isomerization Activity
to the Tungsten Surface Density ofWOxfZr02". J. Am. Chern. Soc. 2010, 132, 1346213471 [67].
In Chapter 3, four types of WOx/ZrOz catalysts were synthesized (via incipient
wetness impregnation, coprecipitation, sol-gel, and a surfactant templating synthesis) and
extensively characterized after calcination through in situ Raman spectroscopy and x-ray
diffraction. The ideal synthesis technique and parameters were identified for mazimizing
the concentrations of active Zr-WOx clusters. This chapter is an extension of the work by
Dr.

Knowles' PhD thesis titled "New Insights Into Supported Metal Oxides for

Heterogeneous Catalysis".
In Chapter 4, n-pentane isomerization in the presence of different olefins was
investigated using WOxfZr02 • This study was performed to identify the conditions that
promote the n-pentane bimolecular isomerization mechanism.
In Chapter 5, supported phosphotungstic acid (PWA) catalysts were investigated
for their n-pentane isomerization activity. The effect of the support in the overall activity
and the regeneration ability of WOx/Zr0 2 vs. supported PWA are presented.
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In Chapter 6, the solvothermal synthesis of ultra-small WOx NPs is introduced.
The method was optimized to produce high yields of NPs and the size of the particles was
adjusted by controlling the nucleation-growth mechanism. This method was successfully
applied for the synthesis of other metal oxides,namely molybdenum oxide and vanadium
oxide. Results from this study were published in a provisional patent that is currently
pending (Patent title: Synthesis ofultrasmall metal oxide nanoparticles).
In Chapter 7, the reactivity of ultrasmall WOx NPs supported on silica support is
compared with conventional and WOxfSi02. Si02 supported WOx NPs were found to be 3
times more active than conventional WOxfSi02. Finally in chapter 8, a summary of the
work presented in this thesis and future recommendations are discussed.
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Chapter 2
Relating n-pentane isomerization activity to the tungsten surface density of
WOx/Zr02

2.1 Introduction

Supported metal oxide catalysts comprise an important class of industrial catalytic
materials, with tungstated zirconia (WOx/Zr0 2) representing an important model for an
acid catalytic material [1-5].

It is strongly acidic and structurally more stable than

sulfated zirconia and chlorided Pt/Alz0 3 , which can release H2 S and HCl during reaction
and regeneration conditions [5-7].
Structure-activity correlations for WOx/Zr0 2 have been studied actively by
several research groups. Santiesteban and coworkers attributed the balance between in

situ strong Bmnsted and Lewis sites to the high n-pentane isomerization activity observed
at intermediate tungsten oxide loadings [8-1 0]. Knozinger and coworkers proposed that
Zr4+-exposed WOx polytungstates generated strong Bmnsted acidity for structures similar
to that of heteropolyacids [11-13]. a-xylene isomerization and 2-butanol dehydration
activity was investigated by Iglesia and coworkers, who proposed that the slight
reduction of surface polytungstate species formed in situ Bmnsted acid sites, of which
maximum activity was found at ~7-8 W/nm2 [5,14-18]. Most recently, Ross-Medgaarden

et al. proposed a model in which maximum methanol dehydration activity observed at
surface densities between of 6-7 W/nm2 was attributed to high concentrations of 0.8-1.0
nm Zr-containing WOx 3-dimensional ("Zr-WOx") clusters [4], which was later
confirmed by Zhou et al.

via direct imaging of all the surface WOx species using

aberration-corrected STEM high-angle annular dark-field (HAADF) imaging [19]. The
surface acid sites active for this reaction are presumably weaker than those required for
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more acid-demanding reactions like alkane isomerization and cracking [20,21].
However, systematic investigation of WOxfZr0 2 catalysts for n-pentane isomerization, a
more acid-demanding reaction, as a function of WOx surface density has not been
reported before.
In this work (published as Soultanidis N., Zhou W., Psarras A.C., Gonzalez A.J.,
Iliopoulou E.F., Kiely C.J., Wachs I.E., Wong M.S. "Relating n-Pentane Isomerization
Activity to the Tungsten Surface Density of WOx/Zr0 2". J. Am. Chern. Soc. 2010, 132,
13462-13471 [22]), we report the catalytic properties as a function of tungsten surface
density and deduce the structure-activity relationship in supported WOx/Zr0 2 solid acid
catalysts for n-pentane isomerization. Amorphous and crystalline zirconia materials were
used as support to prepare the WOx/Zr02 catalysts through incipient wetness
impregnation, which allowed us to investigate the effect of the support material on the
nature of the active sites. The atomic structure of various surface WOx species was
characterized by aberration-corrected STEM-HAADF imaging.

We assessed surface

acidity through pyridine adsorption FTIR studies. The purpose of this chapter is to test
the n-pentane isomerization activity of the Zr-WOx clusters formed on WOx/Zr02, and to
identify the conditions that maximize the concentration of these species.

2.2 Experimental methods
2.2.1 Chemicals
Ammonium metatungstate ((NH4) 10W 12 04t·SH20, AMT) was purchased by
Sigma-Aldrich, zirconium oxyhydroxide (Zr0x(OH)4-2x, MEl XZO 880/01) was provided
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by MEl and model crystalline z1rcomum oxide (Zr02, Degussa) was provided by
Degussa. All chemicals were used without further purification.

2.2.2 Catalyst preparation
All catalysts were synthesized by incipient wetness impregnation of an aqueous
solution of AMT into (1) Zr0x(OH)4-2x and (2) Zr02 support. These two supports were
initially sieved (-170 mesh) and mixed overnight using an automated VWR rocking
platform. The amorphous Zr0x(OH)4- 2x was found to have a specific surface area (SSA)
of330 m2/g and pore volume of0.33 cm3/g; while the crystalline Zr02 support was found
to have a specific surface area of 58 m2/g and pore volume of 0.15 cm3/g, as determined
from nitrogen physisorption analysis of three different batches of each support type.
Prior to impregnation, the support was degassed in a vacuum oven overnight at a
moderate temperature (343 K) in order to remove the excess moisture without causing
any significant structural changes. Aqueous solutions of AMT (Aldrich), with different
tungsten oxide loadings were impregnated up to 95% of the pore volume of the support.
A correction to the calculated aqueous AMT solution volume was applied prior to
impregnation according to previously reported observations [23] to assure accuracy.
After impregnation, all samples were hand mixed and dried at 343 K overnight in static
air. Samples were then crushed, sieved and finally heated up at a ramp rate of 3.0 K/min
under flowing air (1 OOcc/min) and calcined at the desired calcination temperature for 3
hr.

Crushing and sieving were repeated once more to acquire a fine powder with a

catalyst particle size of 150 Jlm or less (-170 mesh).
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The following sample notations are employed in this paper. PsurJ-WZrOH(z,T)
refers to AMT-impregnated amorphous ZrOx(OH) 4-2x ,where Psurf is the surface density
calculated using the surface area of the catalyst after calcination (W-atoms/nm2
[4,23,24]), z is the tungsten oxide weight loading (wt% of W0 3) and T the calcination
temperature (K). For the samples supported on model crystalline Zr02 the nomenclature
used was Psurf- WZr02(z, T). A simplified notation is used when referring to specific series
of samples, namely WZrOH(T) and WZr02(T). Bulk W0 3 powder (Sigma) was used
without further purification as a control sample. To determine the proper catalyst particle
sizes to avoid diffusion limitations [25,26], three different particle size ranges were
studied. More information about the procedure can be found in Appendix A.

2.3 Characterization
2.3.1 Nitrogen physisorption

Nitrogen physisorption studies were performed on Micromeritics ASAP 201 0
using Matheson ultra high purity (UHP) nitrogen.

All synthesized samples with the

exception of the amorphous support were evacuated for more than 4 hours at 523 K until
the degas rate was less than 4x10-3 mmHg/min. For Zrx(OH) 4- 2x the temperature was
kept at 343 K for about 2 days.

The instrument was calibrated weekly by using a

Si02/Ah03 reference standard provided by Micromeritics.

Instrument accuracy 1s

approximately ±1.5% (relative standard deviation, n=60) of measured value.
N2 adsorption-desorption isotherms were obtained for representative samples (not
presented) by a 91-point analysis [27]. The isotherms in all cases were of type IV, which
was indicative of a mesoporous structure. The t-plot analysis of the isotherms indicated
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the absence of micropores. For the rest of the samples, the specific surface area (SSA)
was calculated using a 5-point BET analysis (P/P 0 = 0.06, 0.08, 0.12, 0.16, 0.20) and the
pore volume (Vp) was measured at relative pressure P/P0= 0.985. BET C values were in
the range 50 - 150, which verified the validity of the results and also the absence of
micro pores for all samples [24,28].

2.3.2 X-ray diffraction
X-ray diffraction (XRD) patterns were acquired on a Rigak:u D/Max-2100PC
using a continuous scanning mode with 0.02° step size and a scan rate of 2.5 s/step [4,
22].

The instrument is configured with a vertical theta/theta goniometer and uses a

graphite monochromator instead of conventional filters. The diffractometer works at 40
kV and 40mA using monochromatic Cu Ka radiation (A-=1.5406 A). The XRD patterns
were compared to tetragonal Zr02 (JCPDS 79-1769), monoclinic Zr0 2 (JCPDS 37-1484)
and monoclinic W03 (JCPDS 72-0677).

2.3.3 Electron microscopy
The microstructure of a subset of the WZrOH catalysts was studied by various
electron microscopy techniques. Samples suitable for transmission electron microscopy
(TEM) and scanning transmission electron microscopy (STEM) analysis were prepared
by dipping a 300 mesh copper TEM grid, coated with a lacy carbon film, into the dry
catalyst powder and then shaking off any loosely bound residue.

Bright field (BF)

images and selective area diffraction (SAD) of the samples were obtained using a JEOL
2000FX TEM operating at 200kV.

Chemical analyses by X-ray energy dispersive
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spectroscopy (XEDS) were also carried out on the same instrument. High resolution
TEM (HRTEM) imaging and high-angle annular dark field (HAADF) imaging [29] were
performed on a 200 kV JEOL 2200FS (S)TEM equipped with a CEOS probe C5-corrector
at Lehigh University.

The HAADF images presented have been low-pass filtered to

reduce background noise. The catalyst samples were also characterized by secondary
electron (SE) imaging and backscattered electron (BSE) imaging on a Hitachi 4300LV
scanning electron microscope (SEM). Samples suitable for SEM analysis were made by
directly dispersing the catalyst powder onto carbon tape and coated with iridium (lr) to
mitigate charging effects.

2.3.4 Pyridine FTIR
Qualitative and quantitative acid site measurements were performed on a Nicolet
5700 FTIR spectrometer using a MCT-A detector and a homemade stainless steel,
vacuum cell, with CaF2 windows [30]. Lewis (L) and Bmnsted (B) site concentrations
were calculated according to the Beer-Lambert law corrected with the normalized weight
of the wafers, with a radius of 0.405 em and thickness

of~

1 mm. The molar extinction

coefficients of 1.67 and 2.22 cm/J..Lmol for the Land B sites, respectively, were used [31].
Sample preparation consisted of forming fine self-supporting wafers that were
pretreated in situ at 723 K under high vacuum (10"6 mbar) for 1 hr in order to remove any
moisture and impurities from the pores of the catalysts. After cooling down to 423 K,
pyridine was introduced to the system periodically in pulses within 1 hr to assure
complete surface titration. Transmission spectra collection occurred systematically until
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no intensity difference was observed and were transformed to absorption spectra as
reported in literature [32].
The weak and moderate acid sites were quantified by the amount of pyridine
desorbed in the ranges of 423-523 K and 523-723 K; the amount ofun-desorbed pyridine
quantified the amount of strong acid sites. For each temperature, the sample was cooled
down and spectra were collected at 423 K to avoid inconsistencies caused by band
broadening and intensity amplification at elevated temperatures.
The following band assignments were considered for the different interactions of
pyridine with LIB acid sites: 1445 cm" 1 and 1610 cm· 1 for pyridine coordinated to Lewis
sites; 1545 cm· 1 and 1640 cm· 1 for pyridinium cations formed on Bmnsted sites; 1575 em·
1

for hydrogen bonded and physisorbed pyridine; and 1488 cm· 1 as an overlapping band

for both L-bound and B-bound pyridine. Among these, the L-bound pyridine band at
~1445 cm" 1 and the B-bound pyridine band at ~1545 cm· 1 were used for quantification

purposes [30,31]. Land B acid site concentrations were expressed in two ways: (1) in
J..lmol chemisorbed Pyper gram-catalyst and (2) in sites per W atom [9, 14, 29, 31].

2.3.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to evaluate the post-reaction (after
10 hours) coke content for three selected samples (2.5-WZrOH (7.0, 973), 5.2-WZrOH
(18.5, 973) and 11.0-WZrOH (32.4, 973)) on a SDT 2960 Simultaneous DSC-TGA TA
instrument. The samples were initially degassed at 473 K for 45 min under continuous
N2 flow (1 OOcc/min) and further heated at a rate of 20 K/min up to 873 K. At this
temperature they were heated isothermally for 45 min before switching to air
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(lOOcc/min). Total coke content ranged between 1.2 and 1.9% of the catalyst weight
(Wcat) (Table 2.1).

Table 2.1. Coke content of selected spent WZrOH determined by TGA
Coke content
Catalyst Sample
{% Wcatj
2.5-WZrOH (7.0, 973)
1.2
5.2-WZrOH (18.5, 973)
1.9
11.0-WZrOH (32.4, 973)
1.4

2.3.6 Catalytic studies

The catalytic studies were performed on an isothermal downflow reactor at 523
K, with internal diameter (ID) of 6.26 mm, packed with ~0.33 g of catalyst. The catalyst
bed length was fixed to be 2.22 em long by adjusting the catalyst loading ±0.02 gin order
to assure a constant gas-hourly space velocity (GHSV

=

68). GHSV is equal to ut/V,

where uo= 0. 78 mL/min is the volumetric flow rate measured at standard temperature and
pressure (STP) and V= 0.68 mL is the volume of the catalytic bed. The temperature was
measured with two thermocouples, an internal and an external one, and the system was
insulated to minimize heat losses.

The temperature along the catalytic bed was

successfully controlled with minor temperature fluctuations ±1 K using Labview. The
preheating zone was selected to be 15 em long at 523 K and the downflow line leading to
the GC was kept at 343 K to prevent any condensation of heavier hydrocarbon fractions
(>C 6). Two pressure transducers placed at the entrance and exit of the quartz reactor
indicated that the reaction took place at 1.04 atm, almost atmospheric conditions, with no
pressure drop observed along the catalytic bed.
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A flame ionization detector with a capillary column (ResTek #19703) and a
thermal conductivity detector with a packed column (ResTek PC 3533) were used
simultaneously to quantify the hydrocarbon and non-hydrocarbon (argon internal
standard) concentrations of the reactor effluent stream.

Prior to each reaction run,

samples were pre-treated in situ at 673 K under continuous flow (100cc/min) of ultra high
purity (UHP) air for 1 hr. Then, the reactor was cooled down to 523 K under flowing
UHP He (1 OOcc/min) in order to remove any physisorbed oxygen. The reactor feed gas
was a blend of 1% n-pentane and 1% argon in helium (prepared by gravimetric blending).
Before the start of a reaction, the bypass line was purged with the feed gas and
gas chromatograms were collected until minor changes in the n-pentane concentration
were observed (±3ppm). The reaction was initiated by switching the feed gas to the
reactor zone and the first chromatogram was collected at t

=

5 min. The duration of all

runs presented in this paper was 10 hr, during which a chromatogram was collected every
23 minutes. For calculating the partial n-pentane conversion to the various products, a
carbon mass balance approach was used and detailed information can be found in
appendix B.

2.4 Results and discussion
2.4.1 Catalyst structure

The SSA and V P for the catalyst samples are summarized in Table 2.2. Surface
tungsten oxide density values were calculated in two ways: (1) using the measured SSA
of the catalysts after calcination, to give units of W/nm2 and (2) using the SSA of the
support materials (Zr0x(OH)4-2x or Zr02) after calcination, to give units of W/nmsupp2
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(Table 2.2). These calculations gave similar values for low tungsten oxide content, and
differed significantly at high tungsten oxide content [4,23].

Table 2.2. BET surface area, pore volume, and calculated tungsten surface density values
ofvarious suEEorted WOx/Zr02 catalyst.
Pore
Catalyst sample
BET
Surface density Psurf
(W03 wt%, calcination
S.S.A.
volume
2
[W/nm2]
[W/nmsupp]
[m2/g]
tem(!erature K)
[cm3/g]
2.5-WZrOH (7.0, 973)
0.185
2.5
2.8
72.0
3.6-WZrOH (13.2, 973)
0.183
3.6
5.2
92.3
5.2-WZrOH (18.5, 973)
93.0
0.199
5.2
7.6
6.0-WZrOH (21.7, 973)
95.5
0.210
6.0
8.8
8.5-WZrOH (30.0, 973)
92.0
0.204
8.5
12.0
11.0-WZrOH (32.4, 973)
76.0
0.168
11.0
13.0
2.2-WZrOH (9.2, 773)
109.0
0.230
2.2
2.9
3.5-WZrOH (18.5, 773)
138.0
0.218
3.5
6.0
4.4-WZrOH (21.7, 773)
128.0
0.206
7.1
4.4
8.0-WZrOH (30.0, 7732
98
0.185
8.0
9.5
2.2-WZr0 2 (4.8, 773)
56.0
0.195
2.2
2.2
3.5-WZr02 (7.0, 773)
53.0
0.165
3.5
3.2
4.4-WZr02 (8.8, 773)
52.0
0.163
4.4
4.0
6.1-WZr02 (12.2, 773)
52.0
0.147
6.1
5.5

The SSA of WZrOH samples increased to a maximum before decreasing with
tungsten oxide loading, which is consistent with the reported thermal stabilizing role of
WOx on the amorphous Zr0x(OH)4-2x support during calcination [13,16,24]. The SSA of
the model WZr02 materials, however, was not affected much by the calcination.
The XRD patterns for the WZrOH(973) material are presented in Figure 2.1. All
samples calcined at 973 K were crystalline with both tetragonal ("t-Zr02") and
monoclinic ("m-Zr0 2") zirconia phases. Monoclinic W0 3 ("m-W0 3") crystals were also
detected at higher

Psurf.

The observed trends were in agreement with published reports

that indicated the ability of WOx to retard the phase transformation of t-Zr02 to the
thermodynamically more stable m-Zr0 2 phase [4,5,13]. XRD peaks for m-W03 crystal
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phase was seen to emerge at a surface density between 3.6 and 5.2 W/nm2, which was
lower than 7-8 W/nm2 observed by others [4, 18]. Bulk W0 3 formed at a lower surface
density than expected, perhaps due to incomplete spreading of the metatungstate salt
solution over the Zr0x(OH)4- 2x support during the impregnation process [24] .
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Figure 2.1. Powder XRD patterns of WZrOH and Zrx(OH) 4- 2x calcined at 973 K, and
bulk W03. Crystalline phases marked as (T) m-W03, (e) m-Zr0 2 and(.) t-Zr0 2.

In contrast to the observations made for the WZrOH samples calcined at 973 K,
the WZrOH samples calcined at 773 K appeared to be mostly amorphous at low Psurf, and
no m-Zr02 was formed in samples with W surface densities below 8.0 W/nm2; W03
crystals were not detected in any of the WZrOH(773) catalysts (Figure 2.2). The WOx
species in these samples were therefore expected to be monotungstates and
polytungstates species [24,33-35].
The crystal structure of the Zr02 support in the WZr02 catalysts remained similar
at all the investigated WOx surface densities, and a small fraction of W0 3 crystals were
observed in the 6.1 WZr02 ( 12.2, 773) catalyst.
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Figure 2.2. Powder XRD patterns ofWZr02(773) and WZrOH(773). Crystalline phases
marked as (T) m-W03, (e) m-ZrOz and(.) t-ZrOz.

2.4.2 Electron microscopy analysis
Catalyst with low WOx loading below monolayer coverage. Bright field (BF) TEM

imaging was used to characterize the morphology of the catalyst samples. As shown in
Figure 2.3a, two distinct morphologies were observed in the 2.5-WZrOH (7.0, 973)
catalyst: agglomerates of smaller (5-12nm) Zr02 particles (labeled X), and agglomerates
of larger (15-40nm) Zr02 particles (labeled Y). The HRTEM image of a typical larger
Zr02 particle (Figure 2.3b) shows clear lattice fringes extending right out to the surface
of the grain, indicating a loading below surface WOx monolayer coverage. In contrast,
some dark speckles can be seen (Figure 2.3c) at the boundaries and surface of the
aggregates of the smaller Zr02 particles, which can either be caused by amorphous
interfacial films or clusters on the surface.
The structure and distribution of WOx surface species were investigated using
HAADF-STEM imaging, which provides z-contrast information.

In Figure 2.3d, the
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heavier W atoms show up as very bright spots while the Zr02 crystals show fainter lattice
fringe contrast. Features corresponding to surface mono-tungstate (i.e. isolated W atoms
as circled in blue), and surface polytungstate (i.e., interconnected two-dimensional WOx
species with W atoms linked by oxygen bridging bonds as circled in green) are visible on
both Zr02 morphologies. The surface W atoms were found to sit preferentially above the
Zr atom columns; this phenomenon becomes clearer when the Zr02 crystal is oriented
along a major zone axis as in the upper right hand side particle in Figure 2.3d. This
preferential location of W atoms has been proposed [19] to be a consequence of the
strong interaction between WOx species and surface defect sites on the Zr0 2 support.
Although the nominal WOx surface coverage of this catalyst was below the ML,
occasional sub-nm clusters were still found (circled in red in Figure 2.3d) especially at
the intersections of adjacent small Zr02 support particles and at the edge of surface pits.
The formation of such WOx clusters at particle boundaries is presumably due to capillary
effects; while the edge of surface pits provides lots of step edge sites for trapping WOx
species. It is important to note that these sub-nm clusters were exclusively found to be
associated with the agglomerates of smaller Zr02 particles (i.e., X morphology) with very
low number density.

Thus, the larger particles (i.e., Y morphology) were possibly

formed as a consequence of local inhomogeneities in the WOx distribution and
calcination conditions.
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Figure 2.3. Representative (a) TEM BF image, (b, c) HRTEM images and (d) HAADFSTEM image of the supported 2.5-WZrOH (7.0, 973) catalyst. Blue circles: surface
monotungstate species; Green circles: surface polytungstate species; Red circles: sub-run
Zr-WOx clusters.

Catalyst with WOx loading close to monolayer coverage.

Three different

morphologies were found in 5.2-WZrOH (18.5, 973) (Figure 2.4a).

The first

morphology (labeled X) consists of agglomerates of small (5-12 nm) Zr0 2 support
particles; the second morphology (labeled Y) consists of clumps of larger (15-50 run)
Zr0 2 support particles; the third distinct morphology (labeled Z) is comprised large
isolated single crystalline particles up to a few hundred nm in size.

The X and Y

43

morphologies are similar to those found in the low loading catalyst, but with a smaller
volume fraction of morphology Y, which is consistent with the slight peak broadening
noted in the corresponding XRD spectrum. Evidence of internal voids and/or surface pits
due to the loss of water from the Zr0x(OH) 4 _2x precursor material during calcination of
the support could be seen in both Zr02 morphologies, which again serve as preferential
sites for WOx cluster nucleation.
Sub-nm dark flecks can be seen in both Zr0 2 morphologies in HRTEM images
(Figure 2.4b ). However, an accurate evaluation of the size and number density of these
clusters is only possible from lower magnification HAADF-STEM images (Figure 2.4c)
which shows a high number density of 0.8-1 nm clusters. The high resolution HAADF
image (Figure 2.4d) shows the WOx clusters having a considerably higher image contrast
as compared with the monotungstate and polytungstate species, confirming their threedimensional nature. A rough estimate, based on the size of the clusters, suggests that
each cluster should contain between 10 and 15 WOx units. Subtle contrast variations in a
single cluster are noticeable in such images, and Zhou et a!. [19] recently showed that
these were Zr-WOx clusters, which were the most active for methanol dehydration. The
grain boundary grooves between intersecting Zr02 particles again served as preferential
sites for WOx clustering, but the overall increase in WOx loading saturated the Zr02
surface and formed a high number density of these Zr-WOx clusters.

The Zr-WOx

clusters found in this more highly loaded sample had a larger average domain size
(Figure 2.4d) compared to those found in the lower loaded 2.5- WZrOH (7.0, 973)
sample.
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Figure 2.4. Representative (a) TEM BF image, (b) HRTEM image and (c, d) HAADFSTEM images of the supported 5.2-WZrOH (18.5, 973) catalyst. Blue circles: surface
monotungstate species; Green circles: surface polytungstate species; Red circles: sub-nm
Zr-WOx clusters.

The much larger particles (labeled Z in Figure2.4a) were identified using EDS
and electron diffraction techniques to be

wo3

crystals, which were identified to be the

monoclinic phase via XRD (Figure 2.1). Backscattered electron (BSE) imaging in SEM
also contains z-contrast information, and can be used to locate the W0 3 crystals in the
W0 3/Zr0 2 catalysts due to their higher atomic number. SEM BSE images from the 5.2WZrOH (18 .5, 973) catalyst sample (Figure 2.5a) clearly reveal the distribution of 200-
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600 nm W03 crystals in the sample. These bulk W0 3 crystals are known to possess very
low activity for methanol dehydration [4,36].

Figure 2.5. Representative (a) SEM BSE images of 5.2-WZrOH (18.5, 973) and (b) 8.5WZrOH (30.0, 973). Hundred-run size W0 3 crystals are circled.

Catalyst with WOx loading above monolayer coverage. Similar to the 5.2-WZrOH

(18.5, 973) sample, the three distinct morphologies (X, Y and Z) were also observed in
the 8.5-WZrOH (30.0, 973) catalyst. The two Zr02 morphologies (X andY) are shown
in Figure 2.6a. The larger Y-type Zr0 2 particles appeared even less frequently when
compared with the two samples discussed previously.

The increase in WOx loading

tended to inhibit the sintering of the Zr0 2 support particles, and stabilized the smaller
metastable tetragonal Zr0 2 polymorphs, as indicated by the peak broadening and increase
in signals for the tetragonal Zr02 phase in the XRD spectrum.
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a

5nm
Figure 2.6. Representative (a) TEM BF image, (b) HRTEM image and (c, d) HAADFSTEM images of the supported 8.5-WZrOH (30.0, 973) catalyst. Blue circles: surface
monotungstate species; Green circles: surface polytungstate species; Red circles: sub-nm
Zr-WOx clusters.

A high number density of sub-nm Zr-WOx clusters were also observed in this
sample using both HRTEM and HAADF-STEM imaging (Figure 2.6b, c and d). The
BSE-SEM image (Figure 2.5b) shows a higher volume fraction of bulk W03 crystals in
this catalyst sample as compared with 5.2-WZrOH (18.5, 973) catalyst. The average size
of the wo3 particles also increased as the nominal tungsten surface density increased
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from 5.2 to 8.5 W/nm?. The significant intensity increase of the m-W03 XRD peaks
indicated an increased amount of wo3 crystals.

Catalyst calcined at lower temperature with WOx loading close to monolayer
coverage. One of the WOx/Zr0 2 catalysts calcined at a lower temperature of 773K was
also characterized for comparative purposes. The major morphology found in the 4.4WZrOH (21.7, 773) catalyst were aggregates of small (5-15 nm) Zr02 particles.
However, they differed from the catalysts calcined at 973K, in that the Zr02 was largely
amorphous, according to electron diffraction (Figure 2.7a) and x-ray diffraction (Figure
2.2). The Zr02 support structure is more clearly shown in the HRTEM image in Figure
2. 7b, where only a very small fraction of the Zr02 particles are crystalline in nature as
revealed by the occasional localized lattice fringes. HAADF-STEM images were taken
from both the amorphous (Figure 2.7c) and crystalline (Figure 2.7d) regions of the Zr02
support, respectively. Although the speckle contrast from the amorphous Zr02 made it
slightly more difficult to definitively locate the W atom positions, the WOx species were
seen in Figure 2.7c to be highly dispersed on the amorphous Zr0 2 support surface as
isolated WOx units and probably as some polytungstate species.

In contrast, surface

polytungstate was the dominant species found on the crystalline portion of Zr0 2 (Figure
2.7d), with occasional sub-nm Zr-WOx clusters also found.
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Figure 2.7. Representative (a) TEM BF image, (b) HRTEM image and (c, d) HAADFSTEM images of the supported 4.4-WZrOH (21.7, 773) catalyst. Blue circles: surface
monotungstate species; Green circles: surface polytungstate species; Red circles: sub-run
Zr-WOx clusters.

As noted previously [19,37] and also in the present study, the W atoms have a
tendency to sit directly above Zr sites on the Zr0 2 surface. Thus, the lack of structural
order in the amorphous Zr0 2 support reduced the ability of adjacent W atoms to form a
polytungstate network or Zr-WOx clusters. Previous reports [4,19,37] have suggested
that Zr-WOx clusters and polytungstate species are much more catalytically active than
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monotungstate species.

Therefore, the predominance of the highly dispersed mono-

tungstate WOx species on the amorphous Zr02 surface could be the underlying reason for
the extremely low catalytic activity exhibited by this sample. A more crystallized sample
with a similar W surface density was found to be more active as a result of the formation
of Zr-WOx clusters and/or polytungstates.

2.4.3 Surface acidity
Pyridine FTIR experiments were performed under ultrahigh vacuum conditions
and the acquired results represented surface acidity, i.e., the acidic state of the catalyst
assessed under non-reaction conditions.

The total acidity of the WZrOH(773) and

WZrOH(973) series are presented in Table 2.3.

Table 2.3. Br0nsted and Lewis acidity of supported WOx/Zr0 2 catalysts determined by
12~ridine FTIR
Brons ted

Catalyst Sample

Lewis

[~mollgcat]

Brons ted

Lewis

[sites/Watom]

ZrOH (0, 973)
29.4
2.5-WZrOH (7.0, 973)
54.7
0.035
10.3
3.6-WZrOH (13.2, 973)
0.035
20.1
68.0
5.2-WZrOH (18.5, 973)
23.7
64.2
0.027
6.0-WZrOH (21.7, 973)
69.5
0.025
23.7
8.5-WZrOH (30.0, 973)
24.7
72.9
0.019
52.2
0.019
11.0-WZrOH (32.4, 973)
28.8
61.0
0.016
12.3
SJ2ent 5.2-WZrOH {18.5, 973t
4.4-WZrOH (21.7, 773)
29.5
168.3
0.031
0.023
8.0-WZrOH (30.0, 773)
30.3
147.7
a Post-reaction sample collected after 10 hr. Reaction conditions: 523
nC 5 in He. Overall nC 5 conversion < 3%.

B:L
ratio

0.183
0.19
0.29
0.117
0.34
0.080
0.34
0.073
0.34
0.056
0.033
0.58
0.20
0.080
0.175
0.18
0.21
0.113
K, 1.04 atm, 1%

Surface Br0nsted acidity of the WZrOH(973) catalysts, on a per-gram-catalyst
basis, increased with

Psurf,

correlating to the increasing WOx content (Figure 2.8).
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However, on a per-W-atom basis, the number of B sites was constant at ""'0.035
sites/Watom below ML coverage

(psurf""'

4.5 W/nm2 [4,8,18,38]), and decreased gradually

above ML coverage; this apparent decrease in acidity resulted from the presence of W03
crystals above ML coverage. The B sites to which the pyridine molecule chemisorbed
were likely hydroxyl groups (W-0-W-OH or Zr-0-W-OH) associated with W 6+ and W 5+
atoms [39,40] depending on the individual cluster size [41]. In fact, the formation of B
sites has been directly correlated to the existence of surface polytungstate

spec1es

[5,8,12-18]. Calcination at a lower temperature (773K) slightly increased the number of
B acid sites for comparable surface densities in the WZrOH catalysts.
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Our observations of B site density compared favorably with results reported by
others. Scheithauer et al. [12,13] studied the B acid site amount and strength using lowtemperature CO-IR spectroscopy. Based on the carbonyl stretching frequency, B site
density reached maximum above~ 6.0 W/nm2 (which we calculated using the SSA and
the W0 3 loading values reported for each sample), and remained unchanged by further
increasing

Psurf·

Baertsch et al.

NH3-IR spectroscopy

[16] studied the acidity of WOx/Zr02 catalysts using

combined with temperature-programmed desorption TPD

measurements, and concluded that the maximum B site density per W atom was found at
an intermediate

Psurf

of ~ 5.5 W/nm2, which differs from the maximum a-xylene

isomerization activity observed at

Psurf

~ 10.0 W/nm2.

The same group [15] also

investigated the in situ acidity of WOx/Zr02 by studying its kinetics during 2-butanol
dehydration at reaction temperature of 373 Kin the presence of pyridine (Py) or 2,6-di-

tert-butyl-Py. The maximum site density was
L sites/Watom at
density

(~0.033

Psurf

estimated~

0.04 B sites!Watom

and~

0.04

~ 6.0 W/nm2. These results agreed well with the in situ B site

sites/Watom) measured by Santiesteban et al. during nC 5 isomerization in

the presence of Py or 2,6-di-tert-butyl-Py [8], but were much lower than those reported
by Baertsch et al. using NH3-IR, i.e., 0.2 B sites/Watom

and~

0.08 L sites/Watom at 5.5

W/nm2 [16]. The maximum 2-butanol dehydration rate was similarly observed at Psurf~
9.0 W·nm-2, which again did not correspond to maximum B site density.
Lewis acidity of WZrOH(973), normalized per gram catalyst, increased
significantly with

Psurf

up to 8.5 W/nm2 and dropped by 37% at 11.0 W/nm2. This

follows a similar pattern as the specific surface area of the catalysts (Table 2.2). This can
be well explained by the fact that the sintering of the parent Zr0x(OH)4-2x support
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structure was hindered by a high W03 content, yielding more coordinatively unsaturated
Zr4+ cations that are accessible as L acid surface sites. A lower calcination temperature
also led to higher L acid content due to reduced sintering of the support [5,38].
When normalized to the WOx surface density, L acid content decreased with
increasing Psurfi which is consistent with previous reports [12,13,15,16]. Whereas B site
content decreased slowly with increasing W surface density above 3.6 W/nm2 , L site
content decreased more rapidly. Considered in a different way, per W atom, the number
of acidic hydroxyl groups decreases more than the number of open Zr sites does, as W
content increases.
The B:L ratios were measured to be less than 1 for all samples with the ratio
remaining identical between 5.2-8.5 W/nm2 . For comparison, Santiesteban et al.

[8]

reported a "strong" B:L ratio of 1:1 for co-precipitated WOx/Zr02 catalysts and Baertsch
et al. [15] reported an in situ B:L ratio of 1.75:1 for impregnated WOx/Zr02 materials.

The difference in B:L ratio could be due (1) to the difference in catalyst surface
environments under reaction or non-reaction conditions; (2) to the difference in material
preparation, in which coprecipitated samples have a higher B site density than
impregnated ones [8]; (3) to the stronger basicity of 2,6-di-tert-butyl-Py than Py in the
gas phase [42,43]; and (4) to the in situ transformation of L to B sites as shown by
Baertsch et al.

for WOx/Zr02 [16].

In addition, during in situ characterization the

reactant molecule is co-fed with the probe molecule, which leads to a competitive
chemisorption mechanism that may underestimate the exact number of B and/or L sites.
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2.4.4. n-pentane isomerization catalytic activity
Dependence on surface density. Steady-state turnover rates (TOR) for all materials are

presented in Figure 2.9. All the WZrOH catalysts demonstrated cracking, isomerization
and oligomerization activity with a TOR maxima at Psurf~ 5.2 W/nm2 . In contrast, even
though the WZr0 2 samples calcined at 773 K were reported to possess mild activity for
methanol dehydration [4], they were found to be almost inactive for nC 5 isomerization
due to the more demanding acid nature of the nC 5 isomerization reaction. Similarly, bulk
W03 crystals that are active for methanol dehydration [4] were also found to be inactive
for nC 5 isomerization.
For the WZrOH(973) senes, both the overall activity (Figure 2.9a) and
isomerization activity (Figure 2.9b) reached a maximum at 5.2 W/nm2 , correlating well to
the large population of Zr-WOx clusters in this sample as discussed in previous sections.
The stronger dependence of isomerization rates on surface density suggested that these
clusters favored the isomerization of n-pentane over other acid-catalyzed pathways.
The WZrOH catalysts calcined at 773 K were found to be less active (Figure 2.9a)
and less selective for isopentane (iC 5) formation (Figure 2.9b).

While calcination

temperature was not found to impact the activity of WOx/Zr0 2 for methanol dehydration
[4], 2-butanol dehydration [15] and a-xylene isomerization [5], it affected WOx/ZrOz
catalytic activity for other reactions.
WOx/Zr0 2 calcined at 923 K was
calcined at 1098 K [12].

~5

For example, Scheithauer et al.

reported that

times more active for nC 5 isomerization than those

Lopez et al.

reported up to

~5

times higher acetic acid

esterification activity for samples calcined at 1073 K in the range 673 - 1173 K [44].
With our results, such observations show a clear calcination temperature effect, for which
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the optimum temperature promotes the formation of highly active Zr-WOx clusters
[4,19].
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The selectivity profiles at different surface densities indicate cracking (C1-C4),
isomerization (iC 5) and oligomerization (>C6) hydrocarbon products (Figure 2.1 0).
Carbon mass balances closed at 95-98%, with the remaining carbon mass in the forms of
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coke precursor (which are more volatile and therefore more easily removable) and hard
coke (which are harder to remove, after formed from further dehydrogenation of the coke
precursors) [45]. No H2 was detected, indicating that any H 2 released from cracking
reactions was consumed in situ.
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A monomolecular mechanism was previously proposed for nC 5 isomerization
over WOx/Zr02 catalysts under similar reaction conditions [11]. The reaction is initiated
via the formation of a carbenium (C 5+) cation [46] followed by its skeletal isomerization
or

~-scission

[4 7] to produce iC 5 or C 1-C4 respectively, similar to what has been reported

for zeolite catalysts. The detection of ethane and ethylene (C 2) and traces of methane
(C 1) in this study was evidence for a monomolecular cracking mechanism [48].
Hexane and hexenes (C 6) and traces of higher molecular-weight hydrocarbons
were detected in this study also, in accordance with similar studies performed on paraffin
cracking over zeolites [47-51] , WOxfZr0 2 [9] and sulfated zirconia (S04/Zr02) [52,53].
The detection of species larger than pentane indicates intermolecular transformations
were occurring, suggesting that nC 5 isotnerization could also occur through a bimolecular
reaction pathway. C 6 can be produced from the combination of methyl cation (CH3+,
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generated from D3 P-scission ofnC 5 [47]) with nC 5 • It can also come from a C10 surface
intermediate formed from the coupling of pentane and pentene molecules, which then
cracks into C6's and C4's, similar to what has been proposed for S04/Zr02 [52-55]. The
same C10 intermediate could undergo skeletal isomerization and cracking to generate iC 5 •
nC 5 isomerization is likely to occur via a bimolecular reaction mechanism for WOx/Zr02
but this point has not been established in literature yet. We are currently studying this in
more detail by analyzing the effect of adding alkenes as co-feed.
Selectivity to iC 5 increased from 38% for Psurf= 2.5 W/nm2 to a maximum of 4648% for

Psurf

between 5.2 and 8.5 W/nm2 for the WZrOH catalysts calcined at 973 K

(Figure 2.1 Oa), where the number density of Zr-WOx clusters also reached a maximum.
The isobutane (iC4) percentage remained constant (-27%) at the surface densities studied.
Propane/propylene (C3 ) percentages were relatively low at all surface densities except at
2.5 and 3.6 W/nm2, where their relative concentration increased to 14-20%. C6 were
detected in low amounts at all surface densities except at 11.0 W/nm2, where its
percentage increased to 14%. Small amounts of C1 and Cz were detected, with n-butane
(nC4) detected in trace amounts (not shown).
The WZrOH samples calcined at 773 K were found to greatly favor cracking over
isomerization of nC 5, with iC 5 selectivities remaining below 20% between 2.2 and 8.0
W/nm2 (Figure 2.10b). iC4 and C3 were the main cracking byproducts with their relative
concentrations remaining unchanged (-30% and -25% respectively) at all surface
densities. C6 products were also detected at all surface densities.
WZrOH samples calcined at 973 K were at least twice as good as samples
calcined at 773 K as nC 5 isomerization catalysts. We suggest that surface monotungstate
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species- found in large amounts in the 773 K-calcined WZrOH samples (Figure 2.7) but
only in small amounts in the 973 K-calcined samples near or above WOx monolayer
coverage (Figures 2.4 and 2.6)- promotes monomolecular cracking reaction. We further
suggest that the 0.8-1 nm Zr-WOx clusters found in the 973 K-calcined samples, with the
highest presence near W monolayer coverage, are responsible for bimolecular
isomerization activity.

Correlation to surface acidity. The concentrations of weak, moderate and strong B

sites were comparable for the WZrOH(973) series up to 5.2 W/nm2 (Figure 2.8). A
minor increase in weak B acidity and a small decrease in strong B acidity were noticed in
this range, with moderate sites remaining unchanged. High Psurf decreased moderate and
strong B acidity, which corresponded to higher molecular-weight reaction products
(Figure 2.10a). The total B site content ofWZrOH(773) material was in line with that of
WZrOH(973), on a W surface density basis. No pattern could be discerned from the
different B acid strength concentrations (Figure 2.8a and b) to explain how WZrOH(773)
were at least two times less active.

As noted earlier, the 773 K-calcined samples

contained moreL sites per W than 973 K samples (Table 2, cf. 3.6 and 4.0 W/nm2, and
8.5 and 8.0 W/nm2). No pattern could be discerned from the different L acid strength
concentrations either to explain the differences in catalytic activity (Figure 2.8c and d).
Recognizing that coke deposition occurred during the reaction that could impact
the acid site amount and strengths, we assessed the surface acidity of 5.2-WZrOH (18.5,
973) after 10 hr under reaction conditions. Pyridine adsorption FTIR results indicated
that the total B acidity decreased from 0.028 to 0.016 sites/Watom, the amounts of strong,
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medium, and weak acid sites proportionally decreased, and total L acidity remained the
same at 0.08 sites/Watom (Figure 2.11 ).

These observation pointed to the direct

participation of B sites during nC 5 isomerization reaction, in agreement with previous
reports [8, 15] and suggested that L sites did not participate as active sites.
That the measured Band L site concentrations did not correlate with the observed
catalytic activity trends suggested that the catalytically active sites are most likely to form
in situ, and that the surface tungstate species sites likely generate these active sites during
the reaction.

This latter point has been considered by several research groups in the

context of an observed induction period during flow reactor studies. For WOx/Zr0 2 , the
induction period was proposed to result from the in situ generation of B sites from L sites
[5, 14-16]. For the related material S0 4/Zr0 2 , the induction period found in n-butane
skeletal isomerization was attributed to the formation of an oligomeric intermediate via a
bimolecular reaction pathway [52-55].
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Time-dependent catalytic behavior. Reaction rates and product concentrations were

quantified and monitored over 10 hr for WOx/Zr0 2 samples at different surface densities
(2.5- WZrOH (7.0, 973), 5.2- WZrOH (18.5 , 973) and 11.0-WZrOH (32.4, 973)). In
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agreement with other reports [12,55-57], an induction period was observed in all cases,
during which the TOR reached a maximum (Figure 2.12a,b). 5.2-WZrOH (18.5, 973)
showed the highest TOR at ~5.5x10- 7 s- 1 at 1 hr, which decreased to a stable value of
~2.0x10- 7 s- 1 after 7 hr. The rapid drop in TOR corresponded with the rapid decrease in

iC4 and C3 formation (Figure 2.12c), presumably due to the deactivation of the most
active acid sites which favored cracking [57].

C3 is exclusively produced via a

monomolecular mechanism as indicates the absence of C7 in the product stream. On the
other hand iC4 can be formed both via a monomolecular and a bimolecular mechanism.
The initial high concentration of iC 4 that declines similar to C3 suggests they share a
common monomolecular cracking pathway. The fact that the C3 concentration drops to
the minimum faster (within ~ 1 hr) opposite to iC4 that gradually decreases within
implies a secondary reaction pathway contributing to the formation of iC4.

~5

hr

This

bimolecular mechanism generates among other iC 4 that reaches a steady state
concentration within the same time the concentration of C6 maximizes.
During the 10-hr period, TORic5 dropped to ~l.Ox10- 7 s- 1 (Figure 2.12b) but the
iC 5 selectivity increased from 14% to 46% for the most active 5.2-WZrOH(18.5, 973)
catalyst (Figure 2.12c), indicating that the acid sites responsible for isomerization were
deactivated to a lesser extent.

C6 followed the same trend as iCs (Figure 2.12c),

supporting the idea ofa common reaction pathway (via a C1o intermediate) for these two
products and, more specifically, the bimolecular mechanism model for Cs isomerization.
We speculate that the 5.2-WZrOH(18.5, 973) catalyst, which contains
comparable an10unts of polytungstate and Zr-WOx clusters, catalyze the cracking and
isomerization of nC 5 • Whereas the polytungstates deactivate immediately with time on
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stream , the clusters undergo an activation process (through partial reduction [54,58]) to
form the iC 5 -forming B sites.
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These sites catalyze the bimolecular pathway, leading to the co-formation of the
observed C6's, and deactivate with time as the result of C 10 deposition or oligomerization.
For 2.5~WZrOH and 11.0-WZrOH, the TOR did not increase to the same extent,
almost reaching a maximum of2.0x10"7 s- 1• This may be due to the smaller populations
ofpolytungstates and Zr-WOx clusters compared to that of5.2-WZrOH; the 2.5-WZrOH
sample had relatively more monotungstates, and the 11.0-WZrOH had more W03
crystals. Whereas the 11.0-WZrOH reached maximum TOR in the same time as 5.2WZrOH, the lower surface density sample took twice as long to reach maximum TOR
(Figure 2.12a).

This observation suggested that the Zr-WOx clusters took longer to

become activated, perhaps due to their being located at the interstices of adjacent small
Zr02 particles and defect sites. (Figure 2.3d).

2.5 Summary and conclusions

Pentane isomerization activity of WOx/Zr02 is strongly affected by the nature of
the support, calcination temperature and tungsten oxide surface density.

WZrOH

samples demonstrated a volcano-shape dependence on tungsten surface density with
maximum activity at 5.2 W/nm2, above ML coverage and at the onset of the W03
crystallization, in contrast to model WZr02 that were inactive.

The calcination

temperature of 973 K, not 773 K, favored the formation of sub-nm Zr-WOx clusters and
in the overall activity of WZrOH, without promoting their surface acidic properties. The
induction period which is critical for the activation of the highly selective Zr-VlOx
clusters is responsible for the increased catalytic activity and selectivity seen at
intermediate Psurf • The reducible nature of the Zr-WOx clusters results to the formation
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of very active and selective sites in situ.

The bimolecular isomerization mechanism,

which plays a significant role and requires further investigation, appears to be promoted
by the in situ activated Zr-WOx sites.
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Chapter3
Influence of synthesis on nature of WOx species in WOx1Zr02

3.1 Introduction
Acidic solid catalysts comprised of highly dispersed oxyanions of tungsten on a
zirconia support have received enormous interest from both manufacturing [1-23] and
academic sectors [24-60] since the first report of its low temperature activity for light
alkane isomerization twenty years ago [61]. Fuel enrichment applications such as nparaffin isomerization for increasing the gasoline octane number [5,12,13,15,17,20,22],
the catalytic reduction of NOx pollutants to N 2 [2,8] and the removal of sulfur- and
nitrogen- contaminants from gasoline and diesel streams on Pt supported on WOx/Zr0 2
[7] attracted significant industrial interest.
Recent studies into .zirconium oxide-supported tungsten oxide acid catalysts have
illuminated the nature of the catalytic active sites that are present in the WOxfZr02 mixed
oxide system. Consensus is gathering that the catalytic active site(s) responsible for the
high acidic activity for multiple reactions forms concomitantly with a maximum in
polytungstate ("WOx" amorphous, polymerized species adjoined by metal-oxygen-metallinkages) surface concentration. Santiesteban et al. [31] and Scheithauer et al. [36] both
discovered activity maxima for n-pentane isomerization in the intermediate region of

wo3

loading of 10-20 wt%, corresponding a tungsten surface density

(psurj)

of 5-6

W/nm2 [62], Based on UV-vis and Raman spectroscopies and steady-state reaction results
[34,42,45,47], Iglesia and co-workers correlated maximum reactivity to intermediate Psurf
values(- 7-10 W/nm2) at which the population of WOx surface polytungstates was at a
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maximum with respect to isolated amorphous monomeric species and crystalline W03
domains [41].
Recent molecular level characterization and catalytic findings allowed for
distinguishing between amorphous WOx (monotungstates and polytungstates surface
species), sub-nm Zr-containing WOx 3-dimensional clusters ("Zr-WOx") and crystalline
W03 nanoparticles [63-65]. Based on the more recent in situ UV-vis spectroscopy, in
situ Raman spectroscopy and aberration-corrected STEM high-angle annular dark-field
(HAADF) imaging findings, a new fundamental structure-property model was developed
that attributes the maxima in solid acid catalyzed reaction to the presence of Zr-WOx
clusters (methanol dehydration activity maximum in the region of 6-7 W/nm2 [63] and npentane isomerization activity maximum in the region of 5-6 W/nm2 [64]). These -1 nm
Zr-WOx clusters were only formed when using an amorphous support [63-65] and their
concentration maximizes just above monolayer (ML) coverage, with monolayer coverage
corresponding to Psurf -4.5 W/nm2 [31,57,63,66].
In this chapter, we extend this understanding of WOxfZrOz synthesized via
incipient wetness impregnation ("iwiWZr") to materials prepared through coprecipitation
("co WZr"), sol-gel synthesis ("sgWZr"), and a surfactant templating synthesis
("stsWZr") that generates samples with high concentrations of amorphous WOx
polytungstate surface species and Zr-WOx clusters. Detailed analysis through in situ
Raman spectroscopy studies led to clearer identification of transitions between the
various molecular surface tungstate structures (i.e., surface monotungstate, surface
polytungstate, Zr-WOx clusters, W03 crystals) as a function of tungsten surface density
on the zirconia support and their relationships to the activity of acid catalyzed reactions.
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The samples presented in this chapter have been synthesized characterized by Dr.
Knowles in his PhD Thesis "New insights into supported metal oxides for heterogeneous
catalysis".

Analysis of the data and additional characterization and catalytic testing

studies were performed that concluded this work and the results are presented here. The
purpose of this chapter is to test the efficiency in forming Zr-WOx clusters on WOx1Zr02
via each synthesis method.

3.2 Experimental methods
3.2.1 Chemicals

Ammonium metatungstate ((NH4)IOW1204t·SH20, AMT), ZrOCh·8H20 (98%),
silver nitrate (AgN03), propanol, ascorbic acid and hafnium chloride were purchased by
Sigma-Aldrich, ammonium hydroxide (NH40H) and potassium chromate indicator
(K2Cr04) by Fisher, nonionic triblock copolymer (ethylene oxide)20(propylene
oxide)7o(ethylene oxide)2o (Pluronic P123) was purchase by BASF and zirconia NPs
(Zr1 0/20) by Nyacol Nanotechnologies.

The commercial supports were the same

reported in the previous chapter: zirconium oxyhydroxide (Zr0x(OH)4-2x, MEl XZO
880/01) was provided by MEl and crystalline Zr02 by Degussa. All chemicals were used
without further purification.

3.2.2 Incipient wetness impregnation method

Amorphous zirconium oxyhydroxide (Zr0x(OH)4-2x) support was prepared at
room temperature (RT) by completely dissolving 313.3 g ZrOCh·8H20 into 0.7 L
deionized water, solution pH

~1

[63]. The solution was added dropwise into 600 mL
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deionized water with 15.8 M NH40H causing the pH to increase

~10

and resulting in

immediate precipitation of white powder. The precipitate was dried at 343 K and was
crushed, sieved (<170 mesh) and washed until supernatant chloride ion concentration was
minimized as verified by AgN03, titration with K2Cr04 (Mohr method [67,68]). A
description of the Mohr method is presented here:

Mohr method for calculating the Cl- concentration

The procedure for verifying that the samples were free of [Cll is as follows:
1) The sample was initially repeatedly washed (5 times) to remove any [Cll
2) 5 ml of the supernatant (last wash) was acquired and an indicator solution of0.25
M K2Cr04 was added to the solution
3) 0.01 M AgN03 was added drop-wise until a color change was observed
4) Color ofthe final solution was compared to 5 ml of deionized water
5) The procedure was repeated until the supernatant was free of [Cll as indicated by
comparing with deionized water

The powder was finally dried at 398 K followed by crushing and sieving (<170
mesh) [63]. This "lab-made" support was found to have a specific surface area (SSA) of
253 m2/gand pore volume (Vp) of0.17 cm3/gr. The iwiWZr samples were prepared via
incipient wetness impregnation of aqueous solutions of AMT and were hand-mixed, dried
and calcined as described in Chapter 2.
The following nomenclature is used for the impregnated samples.
iwiWZr(z,T)" refers to AMT-impregnated Zr0x(OH)4-2x, where

Psurf

"Psurj

is the surface
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density normalized to the surface area of the catalyst after calcination (with units of Watoms/nm2 [63]), z is the tungsten weight loading calculated in the form of wo3 (wt%W03), and T is the calcination temperature (K). Two commercial sources of support
were used for comparison, Zr0x(OH)4-2x and crystalline Zr02, yielding WOx/Zr02
materials with notations "commercial Psur_riwiWZr(z,T)", which was denoted as PswfWZrOH(z,T) and "crystalline Psur.riwiWZr02(z,T)", which was denoted as PsurfWZr02(z,T) in chapter 2 . Both those sample series were presented in Chapter 2. The
relative error for calculating Psurf was primarily due to the mass balance and N2physisorption instrument limitations and was estimated to be :S 5%.
Hafnium doped samples were also synthesized by the following procedure. An
aqueous solution of HFCl4 was impregnated into the "lab-made" Zr0x(OH)4-2x· The
support dried at RT and was washed with H20 until it was free of [Cr] as described
above. After drying at 343 K overnight, the samples were impregnated with and aqueous
solutions of AMT (15.0 wt%-W0 3). All Hf-doped samples were calcined at 973 K and
they are denoted as% Hf-Psur_riwiWZr(15.0,973).

3.2.3 Co-precipitation method
An aqueous (0.05 L deionized water) solution of 5.4 g AMT and 26.3 g NH40H
at pH ~ 11 was added drop-wise over 45 minutes to a stirring solution of 50.1 g
Zr0Cb·8H20 in 0.7 L water at RT and pH ~1; addition was stopped after final solution
pH ~ 10. The precipitate formed, was repeatedly washed to remove chloride ions and the
supernatant titrated with 0.01 M AgN0 3 until the [Cll leveled near that of the
background deionized water; an indicator solution of 0.25 M K2Cr04 was used to help
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identify the titration point (Mohr method [67,68] described above). The aqueous solution
was refluxed for 72 hr at atmospheric pressure, decanted, and the filter cake dried
overnight in static air at 398 K before crashing, sieving and calcining. The nomenclature
used for these samples was "PsurrcoWZr(z,T)."

3.2.4 Sol-gel synthesis
The sol-gel synthesis method is initiated by preparation of Zr02 nanoparticles (NPs)
[69,70]. 105 g of zirconium n-propoxide was transferred to a beaker quickly and under
argon purge to prevent quick oxidation. 74.7 g propanol and 31.0 g nitric acid (Fisher, 70
wt% in H2 0) was added to the alkoxide and was quickly stirred for 1.5 minutes at room
temperature.

74.7 g propanol was added along with 6.2 g deionized water and the

solution stirred for another ~ 11 minutes at constant rate until the gelation point in a 600
mL beaker. The gel acquired had a transparent golden yellow color. The gel was aged
for 1 hr followed by pulverization with a spatula and the master batch was divided into
multiple sub-batches. The AMT aqueous solution (2.17 g of 0.13 7 g/mL) was stirred into
an 18.2 g ofthe original gel for 5 min and an ascorbic acid solution (2.72 g of26.5 wt%
aqueous solution) was added and stirred into the mixture for 5 min. Finally, the mixture
was dried at 343 K in static air for 20 hours and the acquired powder was treated similar
to the supports used for impregnation. The nomenclature used for these samples was

"Psur:rsgWZr(z,T)."
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3.2.5 Surfactant templating synthesis

As a modification to a synthesis method published previously [71], 20 g
ammonium metatungstate and 200 g of a 10 wt% solution of Pluronic P123 were mixed
at RT until dissolution. The pH of this mixture was measured to be
the

~5

~6.

To this mixture

nm zirconia NPs were added (200 g of a 20 wt% colloidal sol) along with 10 wt%

nitric acid, which resulted to pH drop to~ 0.5. At final solution pH ~2 a white precipitate
was formed and the mixture was aged for 1 day at R T after stirring for 1 hr. Triple
filtration and centrifugation followed and the final residue was dried at R T followed by
grinding and calcination as reported for the impregnated samples. The nomenclature
used for these samples was "PsurjStsWZr(z,T)."

3.3 Characterization
3.3.1 Elemental analysis

Elemental analysis was performed at Lehigh Testing Laboratories, Inc. (New
Castle, DE) [63] to confirm the mass balance methodology for calculating wt%-W03
loadings. All measured values matched within 3% of the expected content. The thermal
decomposition of the Pluronic P123 surfactant resulted in no detectible carbon on the
stsWZr samples. For the iwiWZr samples, Hf impurities were detected in all cases at a
concentration of< 2 wt %.

3.3.2 Nitrogen physisorption

Nitrogen physisorption studies were performed on a Micromeritics ASAP 201 0
[63,64,72,73]. The procedure is described in detail in Chapter 2.
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3.3.3 X-ray diffraction

X-ray diffraction (XRD) patterns were collected using a Rigaku D/Max-2100PC
diffractometer [64] as reported in Chapter 2. For estimating the relative volume fractions
of the two crystalline forms of Zr02, monoclinic and tetragonal, an empirical relationship
was used [63,74,75] by comparing the integrated areas ofthe (lll) and (111) reflections
for m-Zr02 and the (101) reflection for t-Zr02 [63].
Crystallite diameters were estimated from the Scherrer equation [76] corrected for
instrumental peak broadening according to equation (3 .1):

D

=

KJ..
( ) (3.1)
Bcos B

Where K=0.9 is the shape factor of the average crystallite, 8 is the peak position, and B is
the full-width, half-max (FWHM) of the peak after correcting for instrument broadening
according to equation (3.2)

Bobs

is the FWHM of the measured peak and

Binst

is calculated from the FWHM

instrument broadening curve as based on a LaB6 powder standard (NIST 660a). The
accuracy of the Scherrer equation for calculating crystallite size is limited by the
accuracy of the instrument; a crystallite size

of~ 100

instrumental broadening on our instrument

(Binst

nm leads to broadening equal to the

= 0.085° at 28 = 20°), thereby

representing the upper limit of meaningful estimates. Peaks were profile-fitted with the
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Pearson-VII model on Jade v6.1.3 software after subtraction of the Ka2 contribution.
Crystallite sizes were estimated from the (002) reflection of m-W0 3, (1 01) reflection oftZr02, and (111) reflection of m-Zr02.

3.3.4 In Situ Raman spectroscopy

Raman spectra were collected on a UV-vis Raman spectrometer (Jobin YvonHoriba LabRam HR). The laser excitation source employed was 532 nm from a He-Ne
laser (Kimmon). The in situ Raman spectra of all dehydrated samples, in loose powder
form, were recorded at 298 K after 0 2 oxidation at 873 K for 1 hr in an environmental
reactor cell (Linkam Scientific Instruments T1500) [63]. The y-axis was enhanced for
this study to investigate the different WOx species present in the W03/Zr0 2 catalysts.
The Raman bands of the amorphous WOx phases supported on Zr02 are
dominated by the much stronger Raman bands of the Zr0 2 support below 650 cm- 1
[25,37,63].

The Zr02 crystalline phases (t- and m-Zr02), however, do not exhibit

Raman-active bands above 700 cm- 1, thereby, making this range of the vibrational
spectrum available for characterization of the amorphous WOx and crystalline W03
phases present in the WOx/Zr0 2 samples. The areas under the Raman bands were not
deconvoluted to its components in this study due to significant overlap and broadness of
the individual bands. The following ranges were used for Raman band assignments:
805, 715 and 270 cm- 1: well-ordered, crystalline W03 NPs (vas of W-0-W)

[63,66].
810-885 cm- 1: slightly distorted Zr-WOx clusters (vas of W-0-W and possibly Vs

ofW-0-Zr bonds) [63,77] with higher ZrOx content.
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885-975 cm" 1: highly distorted Zr-WOx clusters with relatively lower ZrOx
content (vas of W-0-W and possibly Vs of W-0-Zr bonds) [63,77]. A distinct band seen
at ~760 cm- 1 corresponds also to the Zr-WOx clusters, but it was not considered for this
study due to possible overlap with the well-ordered W03 NP band at 715cm" 1 [63].

1000-1025 cm- 1: mono-oxo surface W0 5 species (vs of the terminal W=O bond
from square-pyramidal surface monotungstate and polytungstate W0 5 species - band
shifts to higher wavenumber with extent of surface W0 5 polymerization [66, 77].
Isolated dioxo surface W04 species are not seen in this study [78].
Monotungstates coexist with other species at all surface densities [63-65] but their
relative concentration is much lower than other WOx species for Psurf> 2.0 W/nm2 •

3.3.5 Catalytic studies
Steady-state CH30H dehydration experiments were conducted in an ambient
pressure reactor consisting of a single-pass downflow reactor at 573 K and 1 atm.
Pretreatment consisted of calcining each catalyst at 623 K in 86 seem dry flowing gas for
30 min. The gas mixture consisted of ultra-high purity (UHP) oxygen and UHP helium
controlled at a molar 02:He ratio of 13:73 by two independent Coriolis mass flow
controllers. The reactor was then cooled to 573 K and the feed gases were bubbled
through a liquid methanol saturator (Alfa Aesar, ACS grade). The gas phase methanol
concentration was controlled by the temperature of an overhead condenser, operated at
290 K for these experiments. The final composition of the reactor feed stream was 6%
CH30H, 12% 0 2 in He at 97 seem total flow (STP = 273.15 K, 1 atm). Reactor effluent
gases were analyzed by an online GC, operated in split mode with a 10-port valve
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diverting two samples in parallel as a capillary column to the FID and a packed column to
the TCD.

Steady-state CH30H dehydration performance was expressed in CH30H

dehydration turnover rate TOR; [s- 1] [63] (CH30H converted to DME per W-atom per
unit time) (calculation details in Appendix C) and was determined by averaging 3-4 gas
chromatograph (GC) cycles.

No time-on-stream (TOS) deactivation studies were

performed, but inspection of the GC data suggested no observable die-off after ~2 h timeon-stream. No systematic deactivation as a function of TOS was observed for CH30H
dehydration, unlike n-pentane [36,55,64] and n-butane [51,79] isomerization.
The n-pentane isomerization activity and selectivity of WOx/Zr02 catalysts was
tested on an isothermal downflow reactor at 523 K and 1.04 atm.

During nC 5

isomerization, a preliminary induction period was necessary to reach highest activities in
accordance with previous observations [36,55,64]. The steady state catalytic activity and
selectivity was expressed in terms of nC 5 isomerization turnover rate TOR;c5 [s- 1] (nCs
molecules isomerized per W-atom per unit time) and was collected at t

=

10 hr, as

described in Chapter 2.

3.4 Results
3.4.1 Nitrogen adsorption analysis of textural properties

Figure 3.1a shows the BET SSA as a function of Psurfand calcination temperature
for the iwiWZr samples.

The positive effect of amorphous WOx polytungstates in

preventing structural collapse upon calcination was clearly seen for the samples calcined
at 773-973 K.

Increasing

Psurf

at constant calcination temperature led initially to an

increase and then to a decrease in SSA. The maximum SSA for each sample series
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increased with calcination temperature in the range 773-973 K from ~4-7 W/nm2. In
general, the surface areas for samples calcined at the same temperature shifted to lower
values and higher surface densities with increasing calcination temperatures. The shifting
of maximum SSA was (1) due to the variations in the tungsten oxide species population
and (2) due to structural collapse of the zirconia tungsten oxide phases, both influenced
by increasing calcination temperature. At temperatures > 1073 K, no significant changes
in the SSA were seen due to the sintering of the underlying amorphous support and
formation of bulk W03 [37,47,53,63]. Detailed nitrogen physisorption results for all
materials are presented in Table 3.1.

Table 3.1. Nitrogen physisorption results and calculated tungsten surface density values
of WOx/Zr02 samEles.
Pore
BET
Psurf
BETC
2
Catalyst Sample
S.S.A.
volume
2 W/nm su
value
W/nm
(m2/g)
(cm3 /g)
1.7-iwiWZr (5.1, 773)a
2.8
85
0.107
1.7
76
0.100
2.9
5.5
89
79
2.9-iwiWZr (10.1, 773)
8.4
4.1-iwiWZr (15.0, 773)
80
0.091
4.1
96
10.7
123
90
0.103
4.1
4.1-iwiWZr (19.5, 773)
5.4
12.9
5.4-iwiWZr (23.3, 773)
113
89
0.095
14.8
83
0.085
7.1
7.1-iwiWZr (26.6, 773)
98
4.5
102
0.099
2.6
51
2.6-iwiWZr (5.1, 873)
8.6
0.094
3.9
66
78
3.9-iwiWZr (10.1, 873)
13.1
0.090
4.9
72
4.9-iwiWZr (15.0, 873)
80
16.7
0.096
5.5
91
70
5.5-iwiWZr (19.5, 873)
20.3
0.089
7.1
70
7.1-iwiWZr (23.3, 873)
86
23.0
0.081
9.0
70
9.0-iwiWZr (26.6, 873)
77
8.2
0.098
3.5
104
37
3.5-iwiWZr (5.1, 973)
16.4
0.087
5.2
87
50
5.2-iwiWZr (10.1, 973)
24.4
6.2
0.095
73
63
6.2-iwiWZr (15.0, 973)
31.4
0.094
6.7
68
75
6.7-iwiWZr (19.5, 973)
37.7
0.093
9.5
75
64
9.5-iwiWZr (23.3, 973)
12.0
43.1
0.089
76
57
12.0-iwiWZr (26.6, 973)
12.0
4.3
0.100
31
99
4.3-iwiWZr (5.1, 1073)
23.8
6.2
0.100
88
42
6.2-iwiWZr (10.1, 1073)
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Table 3.1. (continued)
Catalyst Sample
8.4-iwiWZr (15.0, 1073)
10.6-iwiWZr (19.5, 1073)
14.0-iwiWZr (23.3, 1073)
17.1-iwiWZr (26.6, 1073)
5.9-iwiWZr (5.1, 1173)
9.8-iwiWZr(10.1, 1173)
15.8-iwiWZr (15.0, 1173)
20.2-iwiWZr (19.5, 1173)
24.1-iwiWZr(23.3, 1173)
29.4-iwiWZr (26.6, 1173)
8.6-coWZr (18.3, 873)
15.2-coWZr (18.3, 973)
15.4-coWZr (18.3, 1073)
22.0-coWZr (18.3, 1173)
3.9-sgWZr (11.9, 873)
5.5-sgWZr (11.9, 973)
9.5-sgWZr (11.9, 1073)
15.9-sgWZr (11.9. 1173)
9.4-stsWZr (50.7, 773)
12.1-stsWZr (50.7, 873)
42.5-stsWZr (50.7, 973)
52.7-stsWZr (50.7, 1073)
6% Hf-6.7-iwiWZr(15.0, 973)
10% Hf-7.1-iwiWZr(15.0, 973)
20% Hf-7.8-iwiWZr(15.0, 973)
iwiWZr et al. [63].

BET
S.S.A.
(m2/g)
46
48
43
40
23
27
25
25
25
23
55
31
31
22
80
56
33
20
140
109
31
25
58
55
50

BETC
value
88
86
89
88
111
101
123
116
111
104
77
101
101
99
86
94
87
121
98
104
123
113
82
91
85

Pore
volume
(cm3/g)
0.100
0.104
0.095
0.090
0.097
0.096
0.090
0.090
0.098
0.089
0.060
0.090
0.080
0.080
0.100
0.090
0.080
0.060
0.150
0.138
0.130
0.130
0.082
0.076
0.072

Psurf

W/nm2
8.4
10.6
14.0
17.1
5.9
9.8
15.8
20.2
24.1
29.4
8.6
15.2
15.4
22.0
3.9
5.5
9.5
15.9
9.4
12.1
42.5
52.7
6.2
7.1
7.8

W/nm2su
35.4
46.0
54.8
62.9
22.3
43.7
65.0
84.4
101
115
10.6
15.2
18.9
27.0
4.4
6.3
10.7
18.1
19.0
24.6
86.0
107
26.0
28.2
29.9
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Figure 3.1. Specific surface area and W surface density as functions of (a) calcination
temperature and W03 weight content of iwiWZr and (b) synthesis method for stsWZr
(50.7,T), iwiWZr (19.5,T), coWZr (18.3,T) and sgWZr (11.9,T). Calcination temperature
for each sample series increases (from left to right) from 773 to 1173 K.

Samples with different WOx loadings and calcination temperatures can have
similar

Psurf

values, e.g., 6.2-iwiWZr(15.0,973) with a SSA of 63 m 2/g and 6.2-

iwiWZr(10.1,1073) with a SSA of 42m2/g. Further, two samples with different WOx
loadings calcined at the same temperature can have similar

Psurf

values, e.g., 4.1-

iwiWZr(15.0,773) with a SSA of96 m2/g and 4.1-iwiWZr(19.5,773) with a SSA of 123
m2/g. This phenomenon can be explained by considering that at low WOx loadings,
exposed zirconia is not directly titrated by tungstate anions, allowing sintering to occur to
a greater extent. At higher WOx loadings the decrease in SSA is generally associated
with pore blockage primarily due to WOx crystallization.
Hf-doping reduces the SSA of WOx/Zr02; even a 2% doping reduces the SSA
from 63 to 58 m 2/g. This indicates that Hf interacts differently with W atoms during
calcination. At the highest loading the SSA drops from 63 to 50 m 2/g causing the WOx
PsurftO

increase from 6.3 to 7.8 W/nm2 •
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The surface area as a function of Psurf at constant WOx loadings and different
calcination temperatures for materials prepared via different synthesis methods is shown
in Figure 3.1 b. The surfactant-templated materials had the highest SSA of all materials,
even at very high WOx loadings, which was unusual for WOxfZr02 catalysts and
significantly exceeded those ofiwiWZr, coWZr or sgWZr materials.

3.4.2 X-ray diffraction analysis
The XRD patterns for all material are presented in Figure 3.2 and the observed
trends are generally consistent with published results [37,42,43].

The commercial

iwiWZr and crystalline iwiWZr02 material [63] can be found in Chapter 2, and their
trends are similar to the iwiWZr samples presented here.
Every iwiWZr sample possessed some fraction oft-Zr02 and at least a trace ofmZr02. Higher calcination temperatures and WOx surface loading promote the formation
ofm-Zr02 similar to what has been previously reported [63]. Just as WOx delays the loss
of SSA with calcination temperature, it also delays the phase transformation of
metastable t-Zr0 2 to the thermodynamically stable phase of m-Zr02.

The volume

fraction of m-Zr02 was observed to increase with decreasing WOx loading at constant
calcination temperature. The iwiWZr (773 K) and (873 K) samples that have high SSA
had high concentrations of XRD-amorphous WOx at all

Psurf

(Figure 3.2a,b) [63]. At

higher calcination temperatures (> 873 K), the formation of crystalline W03 was
unavoidable atpsurf?. 8.0 W/nm2 (Figure 3.2c-e).
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Figure 3.2. Powder XRD patterns of iwiWZr series calcined at a) 773 K, b) 873 K, c)
973 K, d) 1073 K, e) 1173 K, f) coWZr (18.3, T), g) stsWZr (50.7, T) and h) sgWZr
(11.9, T). Crystalline phases marked as (T) m-W03, (e) m-ZrOz and(.) t-ZrOz.

Coprecipitated samples (Figure 3.t) had similar XRD patterns to the iwiWZr
senes [31].

8.6-coWZr(18.3,873) was free of W03 crystals, similar to 9.0-

iwiWZr(26.6,873).

sgWZr materials were free of W03 crystals at calcination
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temperatures up to 973 K, with t-Zr0 2 phase being observed at all calcination
temperatures. In contrast to all the other WOx/Zr02 catalysts examined, the stsWZr
samples (Figure 3.2g) remained completely XRD amorphous up to calcination
temperatures of at least 873 K [71]. This observation was consistent with investigations
showing that zirconia supports exhibit greater stability against sintering with increasing
WOx surface density [36,38,42,53], but the absence of t-Zr02 was nevertheless unusual
for WOx/Zr0 2 materials calcined at 873 K. The 12.1-stsWZr(50.7,873) sample had the
highest

Psurf

of the samples calcined at 873 K for this study, and to the best of our

knowledge, there are no published examples ofWOx/Zr02 materials at comparable Psurfin
which both zirconia and tungsten oxide phases remain XRD-amorphous at 873 K.
The presence of Hf has a drastic effect on the crystal structure of Zr02 (Figure
3.3). A significant decrease in the metastable t-Zr02 phase is noticed even at the lowest
Hf loading. m-Zr0 2 is the dominant phase at Hf loadings 2: 10 % and the formation of

wo3 nanocrystals is promoted (smaller crystals are formed)

due to (1) the reduction in

SSA and (2) the poor interaction between WOx-Zr02 that stabilizes the t-Zr02 phase and
prevents the crystallization of WOx species.
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•
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Figure 3.3. Powder XRD patterns of iwiWZr (15.0, 973) with different Hf-doping
loadings, (e) m-ZrOz and(.) t-ZrOz.

The crystallite diameters of all crystalline phases were estimated from the
Scherrer equation. The m- and t-Zr02 crystallite diameters varied from ~ 13-23 nm with
W surface density and calcination temperature. Calcination temperature does not have a
significant effect on the t-Zr02 diameter but have an effect on the size of the m-ZrOz.
The size of the m-Zr02 crystals reaches a maximum at moderate Psurf and then decreases
similar to the activity plots reported [42,49,63]. That effect is not seen with t-ZrOz
crystals.
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Figure 3.4. a) m-Zr02 and b) t-Zr0 2 crystallite diameters in iwiWZr materials as
estimated by the Scherrer equation applied to the (101) and (111) reflections of t-Zr0 2
and m-Zr02, respectively, as a function of Psurf

Estimates for XRD-detectable W03 (monoclinic phase) crystallite diameters are
listed in Table 3.2. The combination of low temperature and low WOx concentration
yielded only XRD-undetectable amorphous tungsta species.

Consistent with the

literature, high calcination temperature led to the formation of XRD-detectable crystalline
W03 nanoparticles. The onset of XRD-detectable W03 nanocrystallites was observed at
a calcination temperature of 873 K with diameters > 5 nm. Much larger W03 crystallites
(size

~

50 nm) were formed at calcination temperatures

~

973 K.

Compared to the

iwiWZr at similar W surface densities, the co-precipitated samples had comparable W03
crystal sizes and the sol-gel samples had smaller W0 3 crystal sizes. StsWZr had no
detectible W03 crystals at similar W surface densities. Only at high enough calcination
temperatures to significantly sinter the material (which gave W surface densities > 40
W/nm2) were W03 crystals observed, and even these crystals were smaller than those of
incipient wetness impregnated samples of20-30 W/nm2 surface density.

Table 3.2. W03 crystallite diameters (run) estimated from (002) XRD reflection of m-W03 and listed with W surface density values.
iwiWZr
coWZr
sgWZr
stsWZr
Teale.

5.1 wt%/

10.1 wt%
>52 run

15.0 wt%
>100 run 6

19.5wt%
>lOOrun

23.3 wt%
>100 run

26.6wt%
>100 run

18.3 wt%
100run

11.9 wt%
34run

1173K

(5.9
W/nm 2)

(9.8
W/nm2)

1073K

(4.3
W/nm2)

(20.2
W/nm2)
97run
(10.6
'j//n_m2)

973K

(3.5
W/nm 2)

(5.2
_Wftlm2)

(6.2
_ _W/nm 2)

(6.7
W/nm2)

(3.9
(4.9
W!p.m_j __W/nm2)

(5.5
W/nm2)

(29.4
W/nm2)
86run
(17.1
W/nm2)
84run
(12.0
W/nm2)
nla
(9.0
W/nm2)
nla
(7.1
W/nm2)

(22.0
W/nm2)
97run
(15.4
W/nm2)
nla
(15.2
W/nm2)

(2.6
W/nm 2)

(24.1
W/nm2)
99run
(14.0
W/nm2)
100run
(9.5
W/nm2)
nlac
(7.1
Fln_!I12)_

(15.9
W/nm2)

(6.2
W/nm 2)

(15.8
W/nm2)
50 run
(8.4
W/nm 2}

(8.6
W/nm2)
nlae

(3.9
W/nm2l_
nlae

873K
773K

_

32run

50.7wt%
nlae

52 run

(9.5
W/nm2)

(52.7
W/nm2)
50 run
(5.5
(42.5
W/nm_1_ _ W/nm2)
(12.1
W/nm 2)

(2.9
(4.1
(4.1
(5.4
(1.7
(9.4
W/nm2)
W/nm2)
W/nm2)
W/nm2)
W/nm2)
W/nm2)
a W0 3-equivalent WOx loading (wt%)
b Limited by the accuracy of the instrument to ~1 00 run.
c W0 3 crystallites not detectible by XRD. 7.1-iwiWZr (23.3, 873)) were the only one in the study with Raman-detectible W0 3
crystallites which were below the XRD detection limit. This indicates W03 grain sizes were in the 1-4 run range.
d W0 3 crystallites were observed, but were too small to reproducibly estimate their diameter using the Scherrer equation
e Sample not calcined at this temperature.
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3.4.3 In situ Raman spectroscopy analysis of WOx species

Analysis of the samples under dehydrated conditions with in situ Raman
spectroscopy corroborated the XRD results and provided additional molecular structural
information about the XRD-undetectable phases.

The Raman spectra of dehydrated

WOx/Zr02 samples prepared using the different methods are grouped and analyzed
together based on similar surface density values, and presented with Raman regions
colored for particular WOx species (Figure 3.5 and 3.6). The Raman bands characteristic
of crystalline ternary ZrW20s phases or heteropolyacids (H4ZrW1204o) are not present,
indicating all samples consisted of only WOx overlayers on the Zr02 support.
At

Psurf ~

4.0 W/nm2, all spectra shared similar features (Figure 3.5a) with high

concentrations of polytungstates, slightly and highly distorted Zr-WOx clusters.

The

band assigned to the slightly distorted Zr-WOx clusters (~815-860 cm- 1) appeared to shift
to lower wavenumber with increasing calcination temperature. At the same time the band
attributed to the slightly distorted Zr-WOx clusters at ~760 cm- 1 appears only for the
samples calcined at higher temperatures > 773 K. The highly distorted Zr-WOx band
(~890-975 cm- 1) appears to split into two by increasing the calcination temperature, i.e.

from ~900 cm- 1 at 773 K to 880 cm· 1 and 975 cm- 1 to 873 K. Differences were seen with
4.3-iwiWZr (5.1, 1073), which has two additional unidentified bands between 815-975
cm- 1.
The lowest Psurf samples (1.7-2.6 W/nm2) [63] showed mono-oxo W=O bands at
~1006 cm- 1 and shifts to ~1012 cm" 1 (psur/~4.0 W/nm2) due to vibational coupling of

adjacent terminal W=O bonds in surface WOx polytungstates reflecting the
polymerization of surface WOx species with W surface density in the sub-monolayer

88
region [77]. For samples with 5.2 W/nm2 < Psurf< 7.0 W/nm2 , the mono-oxo W=O band
for the polytungstate surface species and the W -0-W band of two different types of ZrWOx clusters are observed in all the Raman spectra. Similar features with the samples
with

Psurf

~ 4.0 W/nm2 are noticed in this case also.

At 973 K, the WOx amorphous

species aggregate to form slightly distorted Zr-WOx clusters and at 1073 K multiple
unknown bands are detected possibly due to the stronger interaction of WOx with the
support. At 773 K (Figure 3.5b), a broad band is detected between 745-945 cm- 1 that is
characteristic of catalysts with high concentration of highly distorted Zr-WOx.
For samples with

Psurf

> 7.1 W/nm2 , the Raman spectra exhibit similar features

(Figure 3.5c). The terminal mono-oxo W=O bands shifts to slightly higher wavenumbers
(1018-1020 cm- 1) because of further polymerization of the surface WOx species,
consistent with larger polytungstate domains. Evidence of only highly distorted Zr-WOx
nanoclusters was seen from the band ~ 900 cm- 1 for 9.5-iwiWZr(23.3,973), with the
samples calcined< 873 K having a broad band in the region 910-980 cm- 1 due to high
concentrations of highly distorted Zr-WOx nanoclusters.

No evidence of slightly

distorted Zr-WOx nanoclusters is seen due to substantial formation of W03 crystals seen
by the band at ~807 cm- 1• Highly distroted Zr-WOx species and polytungstates were only
detected in coWZr, stsWZr and sgWZr catalysts at all calcination temperatures (Figure
3.6a). Slightly distorted Zr-WOx nanoclusters are not detected for the samples prepared
here and W03 nanocrystals are formed at higher calcination temperatures (2: 973 K).
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Figure 3.5. Raman spectra of dehydrated iwiWZr samples with P surf (a) below 4.5
2
W/nm2 , (b) between 5.2 and 7.0 W/nm2 , and (c) above 7.1 W/nm . Vas of W-0-W of
crystalline wo3 (dark gray), Vas of W-0-W and Vs of W-0-Zr bonds of slightly distorted
Zr-stabilized WOx clusters (blue), Vas of W -0-W and Vs of W -0-Zr bonds of highly
distorted Zr-stabilized WOx clusters (gray), Vs of the terminal W=O bond from squarepyramidal surface monotungstate and polytungstate W0 5 species (red). Dehydrated
Raman spectra of iwiWZr collected at 298 K, adapted from eta!. [63].
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Figure 3.6. Raman spectra of dehydrated (a) coWZr, (b) sgWZr and (c) stsWZr samples.
The color scheme is the same as that used in Figure 3.5.

Since highly distorted Zr-WOx nanoclusters comprise surface W0 5 species, their
domain size could be assessed very qualitatively by the band area for internal W -0
stretches. A WOxiZr02 with small domain of highly distorted Zr-WOx nanocluster would
have a relatively small gray band, whereas one with large domains would have a
relatively large gray band. Thus, the co-precipitated sample calcined at 873 K at a 8.6
W/nm2, the sol-gel-derived sample calcined at 973 K at 5.5 W/nm2 and the surfactanttemplated samples calcined at 773 and 873 K at 9.4 and 12.1 W/nm2 respectively had
"large" domains (Figure 3.6).
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3.4.4 Reaction rate studies
An overlay of the nCs isomerization and CH3 0H dehydration activity curves for

the iwiWZr(973) catalyst is presented in Figure 3.7a. The two curves exhibit maxima at
Psurf of

6.2 and 6. 7 W/nm2 for nCs isomerization and CH30H dehydration, respectively,

similar to previous reports [42,49]. This small difference in surface density values for
maxima activities for different reactions has previously not been pointed out or discussed.
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Figure 3.7. (a) Steady-state nC 5 isomerization and CH30H dehydration activity of
iwiWZr (973). (a) Steady-state nC 5 isomerization activity comparison between iwiWZr
(973), commercial iwiWZr (973) and crystalline iwiWZr02 (773) (results adapted from
Soultanidis et a/. [64 ]). (c) Steady-state nC 5 isomerization turnover rates and (d) steadystate CH30H dehydration activity as a function of tungsten surface density for iwiWZr
calcined at different temperatures (adapted from Ross et al. [63]). Steady-state nC 5
isomerization reaction conditions: 523 K, 1.04 atm, 1% nC 5 in He. Overall nC 5
conversion< 3%. Steady-state CH3 0H dehydration reaction conditions: 573 K, 1 atm,
6% CH30H, 12%02 in He andoverall CH30H conversion< 10%.
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The nCs isomerization activity for the iwiWZr(973 K), "commercial iwiWZr(973
K)" and "crystalline iwiWZr02(773 K)" series [64] are compared in Figure 3.7b. The
"commercial iwiWZr(973 K)" catalyst reached its maximum isomerization activity at 5.2
W/nm2 and the iwiWZr(973 K) catalyst reached its maximum activity at 6.2 W/nm2.
Compared to the latter, the commercial samples were ~ 3 times less active and ~ 15% less
selective to isopentane (cf. ~48% [64] vs. 55%, Table 3.3). Thus, using a commercial
source of zirconium oxyhydroxide in place of the lab-made source led to a less active
isomerization catalyst at a given surface density, which is consistent with the formation
of less-active wo3 nanocrystals at lower surface densities, as previously reported [62].
That the onset of W03 crystallization did not occur at the same surface density is
attributed to some subtle difference in the zirconium oxyhydroxide nanostructures present
in the home and commercial starting materials. The "crystalline iwiWZr02" catalysts
were nearly inactive for nC 5 isomerization [64], though they are active for CH30H
dehydration [63], indicating the formed active sites did not satisfy the surface acidity
requirements for these two reactions.

. Is
Table 3.3. ReactiOn rate and product seIect1v1ty resuIts ofWO X /Zr0 2 matena
Steady-state CH30H
Steady-state nCs
.
•
.
b
dehydrationa
tsomenzatwn
Sample
Selectivity
TOR
Selectivity
TOR;c5
(x10-2 s-1)
(x10-7 s-1)
DME(%)
iCs (%)
1.7-iwiWZr (5.1, 773)
100
1.07
10
0.02
2.9-iwiWZr (10.1, 773)
100
1.37
4.1-iwiWZr (15.0, 773)
100
1.91
11
0.01
4.1-iwiWZr (19.5, 773)
100
2.00
0.02
5.4-iwiWZr (23.3, 773)
100
2.90
12
7.1-iwiWZr (26.6, 773)
100
1.93
2.6-iwiWZr (5.1, 873)
29
0.09
100
1.38
3.9-iwiWZr (10.1, 873)
100
2.03
4.38
4.9-iwiWZr (15.0, 873)
100
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Table 3.3. (continued)
Sample

Steady-state CH30H
dehydrationa
Selectivity
TOR
(x 1o-2 s- 1)
DME(%)
100
25.90
100
16.50
100
5.00
100
1.36
100
4.42
100
11.90
100
21.20
100
9.10
100
12.80
100
1.72
100
26.70
100
10.10
100
4.58
100
1.76
100
1.45
2.67
100

Steady-state nCs
isomerizationb
Selectivity
TOR;cs
(xlo-7 s- 1)
iCs (%)
26
0.22
0.37
32
34
0.32
51
0.34
55
2.67
54
2.76
47
1.63
48
1.31
0.94
49
43
0.83
42
1.19
43
0.89
45
0.87

5.5-iwiWZr (19.5, 873)
7.1-iwiWZr (23.3, 873)
9.0-iwiWZr (26.6, 873)
3.5-iwiWZr (5.1, 973)
5.2-iwiWZr (10.1, 973)
6.2-iwiWZr (15.0, 973)
6.7-iwiWZr (19.5, 973)
9.5-iwiWZr (23.3, 973)
12.0-iwiWZr (26.6, 973)
4.3-iwiWZr (5.1, 1073)
6.2-iwiWZr (10.1, 1073)
8.4-iwiWZr (15.0, 1073)
10.6-iwiWZr (19.5, 1073)
14.0-iwiWZr (23.3, 1073)
17.1-iwiWZr (26.6, 1073)
~o
~o
5.9-iwiWZr (5.1, 1173)
~o
~o
9.8-iwiWZr (10.1, 1173)
~o
~o
15.8-iwiWZr (15.0, 1173)
100
1.48
~o
~o
20.2-iwiWZr (19.5, 1173)
100
1.18
~o
~o
1.12
24.1-iwiWZr (23.3, 1173)
100
~o
~o
100
1.07
29.4-iwiWZr (26.6, 1173)
0.56
8.6-coWZr (18.3, 873)
100
0.43
15.2-coWZr (18.3, 973)
100
~o
98d
~o
0.86
15.4-coWZr (18.3, 1073)
0.37
22.0-coWZr (18.3, 1173)
100
~o
~o
0.12
100
3.9-sgWZr (11.9, 873)
~o
~o
0.70
5.5-sgWZr (11.9, 973)
100
2.02
100
9.5-sgWZr (11.9, 1073)
1.84
100
15.9-sgWZr (11.9. 1173)
~o
~o
0.27
100
9.4-stsWZr (50.7,773)
~o
73e
~o
0.29
12.1-stsWZr (50.7,873)
42.5-stsWZr (50.7, 973)
0.35
100
52.7-stsWZr (50.7,1073)
aSteady-state CH30H dehydration reaction conditions: 573 K, 1 atm, 6% CH30H, 12%
02 in He. Overall CH30H conversion < 10%.
bSteady-state nC 5 isomerization reaction conditions: 523 K, 1.04 atm, 1% nCs in He.
Overall nC 5 conversion< 3%.
cLow activity samples, results within the error range
dDimethoxy methane trace was detected
eco2 was detected.
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The iwiWZr catalyst series calcined from 873-1073 K possess both nC 5
isomerization (Figure 3.7c) and CH30H dehydration activity (Figure 3.7d) with TOR
maxima at

Psurf

~ 6 W/nm2 and ~ 7 W/nm2 respectively, consistent with activity

dependences of o-xylene [42] atpsurf~ 10 W/nm2 and 2-butanol dehydration [49] atpsurf~
7-8 W/nm2. For nC 5 isomerization, catalysts calcined at 973 K are~ 2 times more active
than catalysts calcined at 1073 K and ~ 10 times more active than catalysts calcined at
873 K. The nCs isomerization rate-surface density curves for these samples does not fall
onto a common curve, unlike the CH30H dehydration-surface curves for the same
samples. Both the iwiWZr(773 K) and iwiWZr(1173 K) catalyst series are slightly active
for CH30H dehydration and only iwiWZr(773 K) shows low activity for nC 5
isomerization.
The coWZr, sgWZr, and stsWZr catalysts have no nC 5 isomerization activity and
exhibited low CH30H dehydration activity (Table 3.3). The coWZr catalysts studied
here, possessed low methanol dehydration activity and no nC 5 isomerization activity,
though it was reported to be active for nC 5 isomerization carried out at 350 psig and 210

oc under H2 co-feed [31 ].

The sol-gel-derived catalysts shared similar structural features

to the stsWZr catalysts and consisted only ofpolytungstates and highly distorted Zr-WOx
clusters at moderate

Psurf

These material possessed low methanol dehydration activity

and no nC 5 isomerization activity, similar to iwiWZr calcined at 773 K and 1173 K.
Every catalyst was 100% selective for CH30H conversion to dimethyl ether
(DME) (Table 3.3). The 15.4-coWZr (18.3,1073) and 12.1-stsWZr(50.7,873) catalysts
surprisingly produced small amounts of dimethoxymethane (2%) and C02 (27%)
suggesting the presence of some redox and basic sites, respectively [80].

For nCs
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isomerization to isopentane (iC 5), the most selective catalysts, 45-55% selectivity,
associated with the iwiWZr series calcined at 973 K. The next most selective catalysts
were the iwiWZr (1 073 K) and iwiWZr (873 K) catalyst series with 43-45% and 26-34%,
respectively. The iwiWZr (773 K) catalysts exhibited lowest isomerization selectivity
(-10%), favoring the formation of cracking products C2-C4 as previously observed [64].
The iwiWZr (1173 K) catalysts were inactive at all Psurffor n-pentane isomerization.
In Figure 3.8 the effect of Hf in the nC 5 isomerization activity of iwiWZr is
presented. It is noticed that Hf-doping has a drastic negative effect on nC 5 isomerization.
An addition of 6% Hf drops activity to less than 10-7 s-1, similar to the commercial
iwiWZr samples. 10 % Hf is enough to complete deactivate the catalyst with activities
remaining below 1o-8 s-I similar to the WZr0 2 presented in Chapter 2.
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Figure 3.8. Hf loading effect on nC 5 isomerization activity of 6.2-iwiWZr (15.0, 973)
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3.5 Discussion
3.5.1 Comparison of XRD and in situ Raman spectroscopy
The intensity of both the XRD peaks and Raman bands generally increase with
the dimension of the structure (e.g., larger wo3 crystallites > smaller crystallites) [63].
XRD can only detect crystalline domains with long-range order at least as long as the
coherent scattering length of the x-ray source, which is typically 4-5 nm [81]. The
volume averaging aspect of XRD means that larger crystals disproportionately contribute
to the overall XRD signal. Thus, XRD cannot detect structures with small domain size
and favors large crystalline domains (W03 nanocrystals in the 34-1 OOnm range and Zr02
nanocrystals in the

~13-23nm

range). Raman spectroscopy, however, can detect both

nanocrystal domains smaller than 4-5 nm and amorphous phases (surface species and
clusters). Polytungstates, Zr-WOx clusters, and W03 crystals are identified in agreement
with recent optical microscopy studies [63-65]. High resolution analysis of the Raman
spectra allows the identification of two distinct Zr-WOx clusters (slightly and highly
distorted). A combination of XRD and Raman spectroscopy allows mapping of all the
different species from amorphous WOx species to larger W03 crystals.

3.5.2 Influence of synthesis methods on the WOx structure
The synthesis method and the different parameters (calcination temperature and
Psurf)

play a significant role in WOx species distribution.

The most diverse iwiWZr

catalysts show high concentrations of polytungstates, two types of distorted Zr-WOx
clusters and W03 crystals at moderate and higher Psurf Slightly and highly distorted ZrWOx clusters are detected at Psurf?. 3.9 W/nm2 and their concentration reaches maximum
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at ~6-7 W/nm?. By increasing the calcination temperature at a constant Psurfi high order
within the domain of the slightly and highly distorted Zr-WOx cluster is achieved as
captured by the Raman band shift to lower wavenumbers. Overall, higher calcination
temperatures (higher than the W03 Tammann temperature (~ 873 K) [82]) allow
thermodynamic forces to erase the structural advantages engineered at lower
temperatures, ultimately reorganizing all frameworks toward a thermodynamically
equivalent structure.

The samples calcined between 873-1173 K have qualitatively

similar Raman features. At 773K, polytungstates and highly distorted Zr-WOx clusters
are the dominant species.

Activated diffusion along grain boundaries, dislocations,

pinholes and voids [83] does not take place to great extent at the lower calcination
temperatures, resulting to lower concentration of slightly distorted Zr-WOx. At 1173 K
two new unidentified bands appear, possibly due to two distinct Zr-WOx species.
coWZr, stsWZr and sgWZr share similar surface properties. High concentrations
of polytungstates and highly distorted Zr-WOx clusters at moderate and higher

Psurf

are

detected, with the absence of slightly distorted Zr-WOx clusters indicating a strong
interaction between the Zr02 support and the WOx species. For these materials, W03
crystals are formed at much higher Psurf- The stsWZr catalysts possess the largest amount
of highly distorted Zr-WOx clusters in this study and no W03 crystals are detected up to
12.1 W/nm2 .

3.5.3 CH30H dehydration and nC 5 isomerization

Two different probe molecules were used to study the structure-activity
relationship of WOxiZr02. iwiWZr catalysts calcined from 873-1173 K display similar
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features; very high concentrations of slightly distorted Zr-WOx clusters, high
concentrations of highly distorted Zr-WOx clusters and lower concentrations of
polytungstates.

At a specific

Psurf

the distribution of the species shifts from the

amorphous polytungstates to the slightly distorted Zr-WOx clusters by increasing
calcination temperature. At lower calcination temperatures (773 K), the sample surface is
covered by polytungstates and highly distorted Zr-WOx clusters.
iwiWZr are very active CH3 0H dehydration and nC 5 isomerization catalysts only
when calcined from 873-1073 K, with the catalytic activity strongly correlated to the
concentration of the slightly distorted Zr-WOx clusters.

At 1173 K, the significant

decrease in SSA suggests that even though the samples have high concentrations of the
slightly distorted Zr-WOx clusters, they are probably inaccessible to the CH3 0H and nC 5
molecules. iwiWZr calcined at 973K possess high activity for nC 5 isomerization, and are
much more active than the catalysts calcined at 873 K and 1073 K (Figure 3.7c, Table
3.3).

Similar observations about WOJZr0 2 were reported for nC 5 isomerization by

Scheithauer et a/.[36] and for acetic acid esterification by Lopez eta!. [84]. This effect is
strongly correlated to a bimolecular mechanism where the formation of an intermediate
surface species (C 10 for nC 5 isomerization) is critical. Between 973-1073 K the slightly
distorted Zr-WOx cluster density (defined as the number of slightly distorted Zr-WOx
cluster sites per nm2) possibly promotes the formation of such an intermediate. This is
not a requirement for CH30H dehydration[63], 2-butanol dehydration [49] and a-xylene
isomerization[42], which explains sole activity dependence to Psurf
The iwi catalysts calcined at 773 K were slightly active for dehydration and nonactive for isomerization, indicating that the dehydration reaction was catalyzed by the
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acidic active sites associated with slightly distorted Zr-WOx clusters and other WOx
surface species [63]. The curve relating surface density to methanol dehydration activity
was similar in shape but different in maximum position. This is consistent with CH30H
dehydration being a less acid demanding reaction compared to nC 5 isomerization,
allowing a larger population of WOx surface species (possibly highly distorted Zr-WOx
clusters) to catalyze this reaction. Beyond this conclusion, it was difficult to be more
definitive about structural differences as there were not enough data points collected
between 6 and 7 W/nm2 for the samples calcined at 873 K and 1073 K.

3.5.4 Hafnium doping effect on the formation of Zr-WOx sites
Maximizing the concentration of the sub-nm Zr-WOx clusters is achieved by
controlling the WOx loading and calcination temperature and by selecting the appropriate
support. Low concentrations of Hf-impurities in the amorphous supports are desired to
increase the catalytic activity of WOJZr02. The hafnium concentration had an adverse
impact on the metastable tetragonal Zr02 (t-Zr02) crystal phase accompanied with an
exponential decrease of the n-pentane isomerization activity of WOx/Zr02. Even though
the t-Zr0 2 is not directly correlated to the catalytic activity of WOJZr02 it appears to be
the preferred nucleation phase of the sub-nm Zr-WOx species.

Hafnium impurities

prevent the WOx-precursor to form sub-nm Zr-WOx clusters and promote the growth of
monoclinic Zr02 that appears to promote aggregation of the amorphous WOx species to
XRD-detectable W03 crystals. The difference in Hf concentrations could be a reason
why the commercial and "lab-made" amorphous support generated samples with different
catalytic activity.
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3.6 Summary and conclusions
WOxfZr02 catalysts were synthesized in four different manners. Coprecipitation,
sol-gel, and surfactant-templating methods led to WOxiZr02 materials that, after
calcination, had only highly distorted Zr-WOx nanoclusters and polytungtates.

In

comparison, incipient wetness impregnation led to WOxfZr0 2 materials with populations
of polytungstates, slightly and highly distorted Zr-WOx clusters that were adjustable by
W03 weight content, calcination temperature, and support precursor. The appearance of
W03 nanocrystallites (which were detectible through x-ray diffraction and Raman
spectroscopy) in these samples coincided with the maximum concentration of slightly
distorted Zr-WOx clusters (which are Raman detectible but not XRD detectible).
Essentially all WOxfZr0 2 types were catalytically active for methanol dehydration. As
the only type to be active for n-pentane isomerization, the impregnated WOx/Zr02
material had volcano-shape catalytic activity for both reactions as a function of W surface
density. n-pentane isomerization activity is more sensitive than methanol dehydration to
the presence and relative density of slightly distorted Zr-WOx clusters. Hf-doping has
negative effect on the formation of slightly distorted Zr-WOx clusters that possibly
emerge on metastable t-Zr02.
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Chapter4
Bimolecular n-pentane isomerization mechanism over WOx/Zr02
4.1 Introduction
4.1.1 Paraffin isomerization studies
Paraffin isomerization is an important catalytic reaction that requires very strong
acid catalytic material.

Super acid catalysts, such as chlorinated Pt/Ah03 [1-3] and

heteropoly acids (HPAs) [4-9], have the ability to isomerize light alkanes such as nbutane (nC4) and n-pentane(nCs), and heavier ones such as n-hexane (nC6) and n-heptane
(nC7) via a monomolecular reaction pathway. S04/Zr0 2 [10-23], WOxfZr02 [5,19,2429], and zeolites [3,5,30-34], even though less acidic [35-37] than the former, have been
also classified as super acid catalysts [23,37-40] and isomerize lighter alkanes primarily
via a bimolecular mechanism.
A monomolecular mechanism is highly desired [5,28], smce very few
byproducts are formed, which means isomerization selectivities are usually very high
(usually > 80%). Super acids achieve high activities and selectivities but are in many
cases chemically and thermally unstable, meaning that continuous regeneration or even
complete replacement of the catalyst is required.

Chlorinated Pt/Ah03 has been

successfully used in petroleum industry but fails to meet the chemical stability standards
(continuous chlorination is required [8,41] due to losses of cr that forms of HCl). HCl is
corrosive [8] and harmful and therefore imposes a further purification step that increases
the overall production cost. HP As are very active but thermally unstable since they
decompose at low temperatures (usually lower than 773 K), which makes their
regeneration virtually impossible in industrial applications. SOJZr02 has been studied
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extensively [10-18,20,22,23,28,42-48] for replacing current catalysts, especially for the
isomerization of nC4. Even though they are more stable than Pt/Alz0 3 and HP As, severe
deactivation caused by coke deposition [20] and the formation of the undesired H2 S
[47,49] in the presence of HzO [49,50] are two important problems. Zeolites are stable
material [41] but less selective [31,51], since they require higher reaction temperatures
[5,8,26,30,41], which promote cracking over isomerization.
WOx/ZrOz [19,24-27,29,52-55] catalysts have been proposed as a promising
catalyst that satisfies the industrial requirements in terms of chemical and thermal
stability. To our knowledge, no studies have identified the prevailing nC 5 isomerization
mechanism over unpromoted WOx/Zr0 2 catalysts.

In this study, we report the nC 5

isomerization activity and selectivity of a WOx/Zr0 2 catalyst calcined at 973 K with
moderate surface density (5.2 W/nm2 ).

Two different olefin molecules were co-fed

(propylene (C 3=) and 1-pentene (1-C 5=)) separately along with nC 5 to investigate if the
reaction proceeds via a monomolecular or a bimolecular mechanism.

The optimum

concentration of 1-C 5=, which is the best isomerization promoter, was studied by
adjusting the concentration of 1-C 5= in the nC 5 stream. The purpose of this chapter is to
verify if n-pentane isomerization proceeds on WOx/ZrOz via a bimolecular mechanism on
Zr-WOx sites.

4.1.2 Paraffin isomerization mechanism

The isomerization mechanism of alkanes is generally accepted to be initiated via
their transformation to a carbocation [5,10-29]. This model was established by Whitmore
[56] in 1932 for the dehydration of alcohols and later for hydrocarbon cracking [57,58]
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using liquid acids. Using various spectroscopic techniques the existence and stability of
carbocations was studied on solid acid catalysts that were able to stabilize the formation
of cations on their catalytic surface [17,19,24,29,52,53,55,59-63].

Carbocations are

classified as carbenium and carbonium ions depending on the coordination of the
positively charged carbon atom.

Carbenium ions contain a three-coordinated carbon

atom that is formed upon hydride abstraction (Figure 4.1a) on Lewis acid sites and
carbonium ion intermediates contain a five-coordinated carbon atom that is formed upon
protonation ofthe carbon atom (Figure 4.1b) by a Bmnsted acid at elevated temperatures,
low pressures and low conversions. Carbonium intermediates cannot be detected. They
decompose readily to carbenium ions giving a trivalent carbenium ion and Hz.

a)

H

I
I HI
H

+

R-C-C-R'

H

H

I I
I HI
H

R-C-C-R'

b)

Figure 4.1. a) Carbenium ion formation via hydride abstraction of alkanes on Lewis acid
sites and b) carbonium ion formation via protanation of alkanes on Bmnsted acid sites

The stable carbenium ion can undergo cracking, alkylation or isomerization via
different mechanisms.

Two possible isomerization mechanisms are considered in
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literature: a monomolecular isomerization mechanism that proceeds via cyclization of the
carbenium ion followed by ring opening and a bimolecular isomerization mechanism that
proceeds via the formation of higher molecular weight intermediate (usually composed
by a carbenium ion and another molecule. Finally, cracking generates isomerization or
other byprodcuts.

4.1.3 n-pentane isomerization mechanism
S04/Zr02 has been the model catalyst for studying monomolecular and the
bimolecular alkane isomerization.

nC 5 isomerization was found to proceed via both

mechanisms on SOJZrOz [21,61], with the latter being activated by the in situ formation
of unsaturated surface species. Pt-promoted SOJZr02 [17,59-61] studies revealed that
nC 5 isomerization proceeds via a monomolecular (intra-molecular) mechanism on Lewis
acid sites and a bimolecular mechanism (inter-molecular) mechanism on Bmnsted acid
sites, only after a substantial amount of surface alkene-species are formed.
Using UV-vis spectroscopy, Kuba et al. [29] detected unsaturated intermediates
forming during the induction period over WOxiZr02. Scheithauer et al. [24] verified the
existence of the species using in-situ Raman and UV-vis spectroscopy, and suggested
they are of alkenic or possibly aromatic nature of higher molecular weight 2:C 10 . Both
authors concluded that the intermediate species crack on acid sites to generate the
products (C3-C 5). No Cz and C6 were detected, opposite to other studies [26,27], which
led the authors to propose that the reaction does not proceed via a classic monomolecular
or bimolecular mechanism. Alkane isomerization over Pt-WOxfZr02, has been
extensively studied [19,29,52,53,55,62,63] because of their increased isomerization
activity. By using

13 C-labeled

nC 5 NMR, Knozinger and coworkers [29,62] proposed
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that nCs isomerization proceeds via a monomolecular mechanism at the beginning of the
reaction followed by a bimolecular mechanism. The improved isomerization activity of
Pt-promoted WOx/Zr02 was suggested to be either due to a possible in situ formation of
Bmnsted acid sites or to the dehydrogenation activity ofPt, also supported by others [55].
Bifunctional Pt-WOx/Zr02 converts alkanes to alkenes that isomerize on Bmnsted acid
sites via a monomolecular or bimolecular mechanism. A discrimination between the two
mechanisms is not trivial on bifunctional catalysts, since it is complicated to determine if
the increased isomerization activity is due to promoting the monomolecular isomerization
mechanism.

4.2 Experimental methods
4.2.1 Chemicals

Ammonium metatungstate ((NH4)IOW1204t·5H20, AMT) was purchased by
Sigma-Aldrich, zirconium oxyhydroxide (Zr0x(OH)4-2x, MEl XZO 880/01) was provided
by MEl and model crystalline zirconium oxide (Zr02, Degussa) was provided by
Degussa. All chemicals were used without further purification.

4.2.2 Catalyst preparation

The catalyst was synthesized by incipient wetness impregnation of an aqueous
solution of AMT into amorphous zirconium oxyhydroxide Zr0x(OH)4-2x, as described in
previous chapters. Calcination was performed by heating at a rate of 3.0 K/min up to 973
K, followed by isothermal heating for 3 hr under flowing air (1 OOcc/min). Crushing,
sieving and mixing were performed to acquire a fine powder. The tungsten oxide weight
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loading (wt% of W03) was 18.5 % and the surface density

(psurf)

calculated using the

surface area of the catalyst after calcination (W-atoms/nm2) was 5.2 W/nm2.

The

nomenclature for the sample studied here is 5.2-WZrOH (18.5, 973) and it is the same
sample that was presented in Chapter 2.

4.3 Characterization
Nitrogen physisorption studies were performed on Micromeritics ASAP 201 0
using Matheson ultra high purity (UHP) nitrogen. The specific surface area (SSA) of the
catalyst and the pore volume (Vp) were found to be 93 m 2/g and 0.199 cm3/g [27]. X-ray
diffraction (XRD) patterns were acquired on a Rigaku D/Max-2100PC and the results
were presented previously [27]. The support was completely crystalline with both
tetragonal (JCPDS 79-1769) and monoclinic Zr02 (JCPDS 37-1484). Monoclinic W03
(JCPDS 72-0677) was also detected but the crystals were too small to estimate from the
Scherrer equation.

High resolution TEM imaging and high-angle annular dark field

(HAADF) imaging was performed on a 200 kV JEOL 2200FS (S)TEM equipped with a
CEOS probe Cs-corrector at Lehigh University. Monotungstates, polytungstates, Zr-WOx
clusters and W0 3 crystals were detected on the catalytic surface of the catalyst. At the
Psurf and

calcination temperature tested here, 1 run Zr-WOx clusters were found at a very

high number density relative to the other species [27].

4.4 Catalytic studies
The n-pentane isomerization studies were performed on a downflow packed-bed
reactor [27] at 523 K and atmospheric pressure. The feed-gas reference composition
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contained 1% n-pentane (nC 5) and 1% argon (helium balance) prepared by gravimetric
blending. The four olefin-added feeds studied here contained the reference composition
and additional 0.01% 1-pentene (1-Ct), 0.1% 1-Ct, 0.5% 1-Ct, or 0.08% propylene
(C3 ). The equations used to calculate the conversion, selectivity and turnover rate were
adjusted from Soultanidis et a/. [27] to include the total Csin, where Csin is the moles of
nCs and 1-Cs= or C3 = fed to the reactor. Both the transient consumption turnover rate
(TOR) and the isomerization TOR are reported in this study.

4.5 Results and discussion
4.5.1 Olefin co-addition effect on n-pentane conversion

The transient TOR in the absence and presence of olefin co-feeds are presented in
Figure 4.2a. When 1% nC 5 is co-fed with 0.08% c 3=, the TOR increases over 10 times in
the first 1 h followed by fast deactivation (TOR drops 65%). With 0.5% 1-C5= co-fed, no
induction period is noticed and the TOR remains high (over 5 times higher than without
olefin) in the 10 h period.

In this case, the TOR drops 20 % after 7 h.

A lower

concentration of 0.1% 1-C5= increases the transient TOR over 2 times and no change is
seen in 10 h. Lower concentration of0.01% 1-Ct has no effect on the overall catalytic
activity. In all cases, 1-C5= was consumed completely during the reaction and C3= was
only consumed completely in the first 2 h (Appendix D, Figure D.1). It is important to
notice that only in the presence ofO.l% or 0.5% of 1-C 5=, nC 5 is at least 7-8 times more
reactive at all times as seen in Figure 4.2b.
The transient isomerization TOR in the absence and presence of olefin co-feeds
(Figure 4.2c) show significant differences from the TOR. With only exception the 0.01%
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1-C 5=, catalytic activity increased in the 10 hour period in the presence of 1-C 5= or C3 =.
In the presence of the 0.1% l-C 5= isomerization activity increases up to 10 hr opposite to
what is noticed in all other cases. This seems to be the optimum concentration in our
study at which severe deactivation does not take place. When 1% nCs is co-fed with
0.5% 1-C 5=, isomerization activity increases up to 8 times within the first 4 h and then
drops ~ 20%.

This effect is seen more severely in the presence of 0.08% C3=,

isomerization TOR increases by 5 fold within 2 h followed by a 70% deactivation.
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Figure 4.2. a) Transient consumption TOR, b) percentage of nC 5 reacted during reaction
in the absence and presence of different olefins and c) transient isomerization turnover
rates (TOR) of 5.2-WZrOH (18.5, 973) in the presence of olefins (l-C 5= and c 3=) at
different concentrations. Reaction conditions: 523 K, 1.04 atm, feed-gas reference
composition: 1% nC 5 in He. Olefin added blends included the composition shown here.
No-olefin data were reported by Soultanidies eta!. [27]
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The effect of olefin "impurities" during paraffin isomerization has been reported
for nC4 isomerization over S04/Zr02 catalysts [11-13,15,64-66]. Lohitharn et a/. [13]
reported that the addition of C3=, 1-butene (1-C4=) and 1-Ct had a non-specific positive
effect on the maximum nC4 isomerization activity of S04/Zr02 catalysts and also reduced
the activation period time to almost half.

nC 5 isomerization appears to be a more

demanding acidic reaction over WOxiZr0 2 because the type of olefin modifies the
product selectivity. Both 1-Cs= and C3= react readily due to lower required activation
energies associated with carbenium and carbonium ion formation.

4.5.2 Olefin co-addition effect on product selectivity

The product distribution profiles are presented in Figure 4.3. The selectivity to
isopentane (iCs) increases during the reaction due to activation of the Zr-WOx clusters.
At the same time the concentrations of isobutene (iC4), propane and propylene (C 3)
follows an opposite trend as a result of the deactivation of the more acidic sites[27]
(Figure 4.3a). The byproduct concentrations remain low with hexane and C6 olefins (C6)
increasing with time similar to what is noticed for iC 5 .
The addition of 1-Ct has a positive effect and increases the iC 5 selectivity, from
48% to 59% when 0.5% 1-C 5= is co-fed. At the same time there is a significant increase
of the initial iC4 concentration that seems to be stable for 0.1 % 1-Ct (from 40% at t= 0
hr to 35% at t= 10 hr) but not for 0.5% 1-C 5= (from 52% at t= 0 hr to 12% at t= 10 hr).
The presence of 1-C5= also reduces the formation of C3, with selectivities remaining
below 10% at the highest 0.5% 1-C 5=. The exact opposite effect is noticed for C6, with
their concentration increasing significantly in the presence of 1-C 5=, from 5 % without
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any olefin to 9% and 19% with 0.1% and 0.5% 1-Cs= respectively. When 0.8 % C3 = is
co-fed the product distribution profiles change radically with iC 4 being the main product
(selectivity of 52o/o at t= 0 hr to 31% at t= 10 hr) and only 20% iC 5 detected all times. C6
concentration increase in the product stream as the reaction progresses to reach from 0 to
30% within 10 hr.
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Figure 4.3. Transient product distribution profiles of 1% nC 5 and a) no olefin, b) 0.01%
1-Cs=, c) 0.1% 1-Cs=, d) 0.5% 1-Cs=, e) 0.8% C3=, in He. No-olefin selectivities were
reported by Soultanidies eta!. [27]
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The steady-state (after 10 hr) concentration profiles are summarized in Figure 4.4.
The lower concentrations of 1-C 5= do not have as significant effect on the isomerization
selectivity. At 0.5% 1-C 5=, nC 5 :1-C 5= molar ratio of2:1, selectivity to iCs increases from
48% (no olefin) to 59%. iC 4 and C3 concentrations were low and a noticeable increase on
C6 is observed.

When 0.8 % C 3= is used, the steady-state profile shows significant

concentrations of C 6 and iC 4, with only 14 % iC 5 being formed. The mass-balance did
not close in this case due (Appendix D) because (1) the high concentrations of C7-C9 that
were not accounted but were detected in the product stream and (2) significant
condensation noticed in the down-flow line before the GC.
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Figure 4.4: Steady-state product distribution profiles of results presented in Figure 4.2.

It was demonstrated that 1-Cs= activates the isomerization mechanism when a

minimum of 10:1 nC 5 :1-C 5= ratio is used. The formation of both iC 5 and C 6 is promoted
in the presence of l-C 5=, which suggests a common reaction pathway for the two
products. A C10 intermediate is expected to generate nCs and iCs or C6 and iC4 among
other byproducs and explains the observed distributions.

In the case of 0.5% 1-Cs=,
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drastic disappearance of iC4 is possibly due to a reaction between the protonated iC4+
species and 1-C5= to form intermediate long chain species that further crack to give C6
and C3+ that easily form C6.
Cracking products dominate m the presence of C3= with the iC 5 selectivity
remaining very low while c6 and > c6 (not shown here) species are formed in high
yields. The high concentration of iC 4 strongly supports the model of a bimolecular
disproportionation mechanism similar to SOJZr02 [61]. The high concentrations of iC4
and not nC4 suggest that the reaction proceeds via a carbenium ion formation, carbenium
ion rearrangement (isomerization) and chain propagation to form the Cs intermediate that
cracks to iC4 and C6. The severe coking noticed is due to the strong chemisorptions
between C3= and the Bmnsted acid sites (Lewis sites are not directly associated to nCs
isomerization over WOxfZr02 [27]). C3= easily dimerizes on weaker Bmnsted sites to
form C6, which explains the high concentration of these species later in the reaction when
the most acidic cracking and isomerization sites are deactivated.

4.6 Summary and conclusions

n-Pentane isomerization is a demanding acidic reaction that proceeds primarily
via a bimolecular mechanism on tungstated zirconia. When 1-pentene is co-fed with npentane, higher isomerization activity is achieved and n-pentane conversion increases by
a sevenfold due to activation of the bimolecular pathway. An opposite effect is noticed
when propylene is used as the olefin source, with isobutene being the main reaction
product suggesting a prevailing bimolecular disproportionation mechanism.
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Chapter 5
n-Pentane isomerization activity of supported phosphotungstic acid

5.1 Introduction

Heteropolyacids (HP As) such as phosphotungstic acid (PWA) are polyanionic
compounds with useful properties in the field of acidic and reduction-oxidation (redox)
catalysis [1-10].

The PWA molecule (H3PW1204o) has a Keggin structure [8,11,12]

named after J.F. Keggin who discovered the morphology of this structure [13]. It is
composed of a central tetrahedron (P04) surrounded by 12 edge- and comer-sharing W06
octahedra (Figure 5.1 ). The structural and electronic configuration of this anionic Keggin
core allows it to stabilize one or more counter-cations (such asH+, H30+ and HsOt) in a
way that they remain very mobile opposite to what is seen in zeolites [4,14,15]. As a
result PWA is a strong Bmnsted acid with an acidity similar to H-modemite [16,17], but
is characterized as a pseudoliquid [18,19] due to its high cation mobility similar to what
real liquid acids. This property can find many applications in heterogeneous catalysis [13,6,9,12,18-23] such as methacrolein oxidation and olefin hydration [4,6] and light alkane

isomerization [24-30]. The low specific surface area (SSA) [8,11,12] and the relative low
thermal stability of HP As [4,31] compile the two most important challenges that prevent
their use in many heterogeneous catalysis applications.
The properties of supported PWA are investigated in this chapter. In order to
increase the dispersion of PWA, which has extremely low surface area (less than 5 m2/g
[4, 18]), metal oxide supports such as Ah03, Si02, Zr02 were used. Si02 is reported
[32,33] to be the best support because it enhances good dispersion ofPWA up to 20 wt%

by retaining its acidity at all loadings opposite to AhOJ. Among the different supports
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used, Si02 has strong Br0nsted acidity and very weak Lewis acidity (usually counterbalanced by basic sites on the support) [4, 16, 17] opposite to WOx/Zr0 2 and it can
therefore be used as model catalyst to identify Br0nsted activated reactions. The thermal
stability of PWA/Si02 was investigated by regenerating the spent catalyst (calcination
under air flow at 873 K).

Figure 5.1. 3-D ball and spoke structure of tungstophosphoric acid. 12 edge- and comersharing W0 6 octahedra (green planes) and one cental P04 tetrahedron (P0 4) consist the
Keggin structure. (Orange atom: Phosphorus, Red atom: oxygen)

The purpose of this chapter is to explore an alternative strong acid catalyst such as
PWA/Si0 2 and to compare it to WOx/Zr0 2 in terms of activity and stability.

5.2 Experimental methods and characterization

5.2.1 Chemicals
Phosphotungstic acid (PWA) hydrate was purchased by Sigma-Aldrich, colloidal
Si0 2 (VP Aeroperl ® Pharma) was provided by Degussa, Ah03 was purchases by
Engelhard-BASF and amorphous zirconium oxyhydroxide (Zr0x(OH)4-2x XZO 880/01 ))
by MEL All chemicals were used without further purification.
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5.2.2 Catalyst preparation

The catalyst was synthesized by incipient wetness impregnation of an aqueous
solution of PWA into (1) amorphous zirconium oxyhydroxide Zr0x(OH)4-2x (specific
surface area (SSA) of330 m2/g and pore volume (Vp) of0.33 cm3/gr), (2) colloidal Si02
(SSA of270 m 2/g and Vp of 1.44 cm3/g) and (3) Ah03 (SSA of 171 m2/g and Vp of0.74
cm3/g).

Calcination was performed by heating at a rate of 3.0 K/min up to 553 K,

followed by isothermal heating for 3 hr under flowing air (1 OOcc/min). This temperature
is lower than what is presented in the previous chapters because HP A decomposes at
higher calcination temperatures. Crushing, sieving and mixing were performed similar to
previous chapters and the nomenclature used is PWA/Support (z, 553), where z is the
tungsten oxide weight loading (wt% ofW03).

5.2.3 Catalyst characterization

Nitrogen physisorption studies were performed on Micromeritics ASAP 201 0
usmg Matheson ultra high purity (UHP) nitrogen only for the supports prior to
impregnation. High resolution TEM (HRTEM) imaging and high-angle annular dark field
(HAADF) imaging was performed on a 200 kV JEOL 2200FS (S)TEM equipped with a
CEOS probe Cs-corrector at Lehigh University. The TEM results presented here were
discussed in detail by Dr. Wu Zhou in his thesis "Nanostructural and Chemical
Characterization of Supported Metal Oxide Catalysts by Aberration Corrected Analytical
Electron Microscopy" and a brief presentation ofthese results is included in this chapter.
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5.2.4 Catalytic studies

The n-pentane isomerization activity and selectivity of supported PWA catalysts
was tested on an isothermal downflow reactor at 523 K similar to what was reported in
previous chapters. Prior to each reaction run, samples were pre-treated in situ at 553 K
under continuous flow (100cc/min) of ultra high purity (UHP) air for 1 hr. The
pretreatment temperature was selected to 553 K vs. 673 K that was chosen for WOx/ZrOz
to avoid any possible decomposition of PWA. The activity reported in this chapter is
expressed as nCs isomerization rate opposite to turnover rate in the previous chapters.
The nCs isomerization rates for iwiWZr (973) and commercial iwiWZr (973) from
Chapter 3 are reported here for comparison.

5.3 Results and discussion
5.3.1 Structure of supported phosphotungstic acid

The surface structure of PWA/Zr02 (14, 553) is presented in Figure 5.2. Both
amorphous and crystalline ZrOz is noticed in agreement with what was reported in
Chapter 2 for WOJZr02 at similar calcination temperatures. Highly dispersed
monotungstate and polytungstate species are the only species observed. This indicates
that the PWA molecules decompose upon calcination at 553 K on Zr02 surface.
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Figure 5.2. Representative STEM-HAADF images ofPWA/Zr0 2 (14, 553) showing high
concentration of monotungstate species on both a) amorphous and b) crystalline Zr0 2

The surface structure ofPWA/Ah03 (14, 553) is presented in Figure 5.3, showing
variety of species, monotungstate, polytungstate and sub-num WOx cluster species. Ah0 3
is a weak Lewis acid support, opposite to Zr0 2 , which means that a weak attraction
between the PWA and the Ah0 3 Lewis acid sites results to formation of larger
aggregates. Similar to Zr0 2 the PWA Keggin structure is not retained as indicated by the
presence of the monotungstates and smaller polytungstates.

Figure 5.3. Representative STEM-HAADF images of PWA/Ah0 3 (14, 553) showing a)
high concentration of polytungstate species and lower of 3-D WOx clusters and b) higher
concentration of monotungstate species
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Opposite to PWA/Zr0 2 (14, 553) and PWA/Ah03 (14, 553) the surface structure
of PWA/Si0 2 (14, 553) demonstrates significantly different features (Figure 5.4). High
number density of 0.8-2 run WOx clusters is observed on the amorphous Si02 surface
along with some larger agglomerates.

Si0 2 appears to be an excellent candidate for

possibly sustaining the PWA Keggin molecule [34,35] due to its amphoteric surface.
Both weak acid and basic sites on the catalytic surface facilitate a weak interaction
between WOx and Si02 as it was demonstrated by others [36,37]. Two types of species
are expected to be found on the catalytic : (type A) intact Keggin H 3PW 12 0 40 molecules

that are usually detected at lower PWA loadings.

Figure 5.4. Representative STEM-HAADF images ofPWA/Si0 2 (14, 553) showing
concentrations of WOx clusters

5.3.2 Steady staten-pentane isomerization activity

The steady-state nC 5 isomerization rates of the supported PWA samples are
presented in Figure 5.5. PWA/Si0 2 samples are at least 9 times more active than iwiWZr
and commercial iwiWZr opposite to PWA/Zr0 2 and PWAIAh0 3 that are at least 10
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times less active than iwiWZr and commercial iwiWZr. The low activity of PWAIZr0 2
and PWAIAh03 suggests that the PWA Keggin structure on the Zr02 and Ah0 3 surface
was destroyed upon calcination as verified by STEM-HAADF. The enhanced catalytic
activity of PWAISi0 2 over WOxfZr0 2 suggests that Si02 prevents the complete
decomposition of the PWA Keggin structure [36,37]. Activity reaches a maximum for
PWAISi0 2 at a PWA loading of 26 wt%, which is possibly due to the change in the
species distribution (from type B to type A). Further investigations would provide more
information about the species concentrations and how it correlates to their nCs
isomerization activity.

100

10

commercial iwiWZr (973)
PWA/Zr0 2 (553)

0 .1

0.01
0

10

20

30

40

50

60

70

W0 3 (wt %)

Figure 5.5. Steady-state nC 5 isomerization rates as a function of tungsten oxide loading.
Sample series include PWAISi0 2, PWAIAh0 3, PWAIZr02, iwiWZr and commercial
iwiWZr from Chapter 3. Reaction conditions: 523 K, 1.04 atm, 1% nCs in He. Overall
nC 5 conversion was< 3% for all samples except the PWA/Si02.
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5.3.3 Regeneration of silica supported phosphotungstic acid

After regeneration, the isomerization activity of PWA/Si0 2 drops by ~ 100 times
opposite to what is noticed for WOx/Zr0 2 (Figure 5.6). Regeneration by calcination at>
823 K (which is the minimum temperature required for burning off coke) destroys the
PWA Keggin structure and generates regular WOx species, similar to WOx/Zr0 2. It is
expected that such an effect would decrease the overall Br0nsted acidity as proven by the
low nCs isomerization activity. The catalytic activity of regenerated PWA/Si0 2 is similar
to the crystalline WZr0 2 samples presented in Chapter 2.
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Figure 5.6. Steady-state nC 5 isomerization rates as a function of tungsten oxide loading
of PWA/Si02 and commercial iwiWZr from Chapter 3, before and after regeneration.
Regeneration took place at 823 K under air flow. Reaction conditions: 523 K, 1.04 atm,
1% nC 5 in He. Overall nC 5 conversion was < 3% for all samples except the PW A/Si02.

5.3.4 Transient activity of silica supported phosphotungstic acid

No activation period is noticed over PWA/Si02 (Figure 5.7a) opposite to
WOx/Zr0 2 and PWA/Ah0 3 (Figure 5.7b). Independent to the PWA loading, activity
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starts at a maximum and declines with time due to coking for PWA/Si0 2. PWA/Si02 (26,
553) is the most active sample, followed by PW A/Si0 2 (44, 553), PWA/Si0 2 (14, 553)
and finally PW A/Si02 (63, 553). All samples are resistant to coking as seen by the slope
(::; 20% deactivation) with a single exception PWA/Si0 2 (14, 553) that appears to lose,.....,
80% of its initial isomerization activity within 10 h. It is possible that this effect is
associated with the low coverage of the Si0 2 support which is not promoting the
bimolecular mechanism based on the model presented in Chapter 3. Strongly
chemisorbed species that cannot further react tend to block the active sites and eventually
get dehydrogenated to form coke precursors on the catalytic surface.
b)

a) 13o

11 0

><.

8

90

6

',

X
\

.::-

~

70

\

. . ......

--.\:~""-------

Pw41Sio., (26, ss3J

','
----------P••·
,
... ______
~v'41Sio

so

'

________..

' X-

30
. "'lll.· . - ..

PWN .

_.f~ 4 •

553)

·------.

---- s,o., (14

PWNZr0 2 (26 ,553)

5 --·------..
53

)
- - - -·* .- ..PWNSi0
- .. - ..-A(63· -, 553)
. . - . . - .. - . . -.~-:::..-:-:~
2

10
10

10

Time(h)

Time(h)

Figure 5.7. Transient nC 5 isomerization rates as a function of tungsten oxide loading of
a) PWA/Si0 2 series and b) 5.2-WZrOH (18.5, 973) from chapter 2, PWA/Zr02 (26,553)
and PWA/Ah0 3 (26,553). Reaction conditions: 523 K, 1.04 atm, 1% nCs in He.

A completely different behavior is seen for the 5.2-WZrOH (18.5, 973) where the
activation of Zr-WOx sites requires,....., 1h to reach maximum activity. PWA/Zr02 (26,553)
shows a small activation period similar to the low activity samples presented in chapter 2.
This is an indication that Zr-WOx sites may have been formed upon decomposition of the
PWA molecule. PWAIAh0 3 (26,553) has very low activity and no activation period is
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noticed, which supports the mechanism proposed in Chapter 2. Same trends are noticed
for all PWA/Zr02 and PWAIAh03 (only representative samples shown here).
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Figure 5.8. Transient product distributions for a) PW A/Si02 (14,553), b) PWA/Si02
(26,553), c) PWA/Si0 2 (44,553) and d) PW A/Si0 2 (63,553). iC 5 transient selectivity
profile ofPWA/Si0 2 (26.553) and 5.2-WZrOH (18.5, 973) (from Chapter 2).

To identify the dominant reaction mechanism, the transient nC 5 isomerization
product distribution profiles of PWA/Si02 are presented in Figure 5.8. No significant
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difference is noticed between PWA/Si0 2 and WOx/ZrOz (Chapter 2). The presence of C6
suggests that a bimolecular mechanism via a C 10 intermediate is an important reaction
mechanism. This excludes the possibility of a monomolecular mechanisms and suggests
that the lack of an activation period (Figure 5.7) is due to (1) the super strong Bmnsted
sites of PWA/Si0 2 [39,40] that are already protonated and to (2) the strong acidity of
PWA/Si0 2 vs. WOx/Zr0 2 that promotes more easily the formation of the Cw
intermediate.

5.4 Summary and conclusions
Silica supported PWA catalysts exhibit superior n-pentane isomerization activity.
The PWA Keggin acid sites have the ability to promote the bimolecular mechanism
similar to WOxiZrOz without an active site activation required. Si02 is the best support
for retaining the PWA Keggin acid sites (Bmnsted sites) opposite to Ah03 and ZrOz. A
critical problem is the poor thermal stability of PWA/Si0 2 , which results to destruction of
the PWA Keggin structure after regeneration ofthe catalyst. Similar to WOx/Zr0 2 there is
an optimum concentration of PWA for synthesizing an active catalyst PWA/Si0 2 , which
corresponds to the presence of two types of species, an intact type A HP A Keggin
structure and a modified type B acidic structure that retains the enhanced acidity of HP A.
Further investigation would provide a more specific surface species-activity correlation.
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Chapter 6
Solvothermal synthesis of ultrasmall metal oxide nanoparticles

6.1 Introduction
Efficient structural control in the low limits ofthe nanometer scale(< 10 nm) is of
increasing interest in the synthesis of MOx NPs that have exceptional physical and
chemical properties with applications in the field of energy storage [1-4] and conversion
[1,5], gas sensing [6-10], and catalysis [11-13]. Thermodynamic as well as experimental
limitations pose significant difficulties towards the controlled synthesis of ultra-small
MOx NPs. With the majority of the transition metal atoms having Vander Waals atomic
radii in the range of 0.15-0.20 nm, it is realized that a MOx cluster of :S 2 nm would
comprise 10-20 metal atoms, depending on its oxidation state and conformation. The
synthesis of and deposition of such clusters onto supports are expected to contribute
significantly to the fundamental study of supported heterogeneous catalysts.
Especially for early transition metals, such as W [14-18], Mo [19-23], and V [2429], the synthesis of small NPs is a difficult procedure and usually results in the
formation rod- or wire- shaped nanoparticles. Tungsten oxide (WOx) nanowires [14,16]
and nanorods [15,17,18] have been successfully synthesized by a wide range of methods
from electrochemical etching [ 17] to organometallic synthetic methods using various
surfactants [18]. Similar to WOx, the synthesis of vanadium oxide (VOx) nanowires
[24,25] and nanotubes [26-29] and molybdenum oxide (MoOx) nanowires [19-21,23]
have been reported with dimensions above 20 nm.
There are several methods that can be used to synthesize a variety of MOx
materials with 0-D to 3-D complex structures. Before proceeding with presenting and

139
explaining the method chosen, a synoptic presentation of the most critical synthetic
approaches is presented here. The purpose of this chapter is to investigate a novel
synthesis technique of WOx NPs that can be used for the preparation of supported
tungsten oxide catalysts.

6.2 Synthesis of metal oxide nanoparticles
6.2.1 Hydrothermal methods

Hydrothermal synthesis

IS

the most extensively studied technique in MOx

synthesis. As the name implies, the formation of metal oxide or mixed oxides takes place
in aqueous solutions at high temperatures and pressures that benefit the hydrolysis,
precipitation, and, finally, crystal growth rate. The whole process takes place usually in
sealed vessels, called bombs or autoclaves that can withstand high temperatures and
pressures. Under supercritical conditions that usually far exceed the boiling point of
water, highly insoluble to water MOx precursors dissolve to form a wide range of MOx
nanomaterials. Major advantages of the method include not only the low cost of the
material and instrumentation required, but also the simplistic synthetic procedures that
allow excellent reproducibility. On the other hand, the limited available precursors and
the high-pressure procedure requirements impose significant obstacles.
The most common MOx precursors used are metal nitrates (M(NOJ)x), hydroxides
(M(OH)x), and chlorides (M(Cl)x). Different modes as isothermal, non-isothermal can be
used for synthesizing a variety of pure or mixed MOx NPs.
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6.2.2 Solvothermal methods
Similar to hydrothermal methods, solvothermal methods involve the heating of
solvents and metal coordination compounds in the presence of an organic capping agent
at high temperatures. A major difference from the hydrothermal methods is that due to
the higher boiling point of the solvent, solvothermal synthesis takes place usually in a
regular stainless steel or glass reactor under atmospheric pressure.

The solvothermal

method is comprised of three stages: (1) heating of the solution or slurry suspension at
which dissociation of the metal-precursor occurs (usually above 523 K); (2) aging of the
solution at the desired temperature for further particle nucleation and growth that
finalizes the size and surface properties of the particles; and (3) particle acquisition and
separation from the un-reacted material and the solvent. The most important advantage
of this method is that it can be used to synthesize a wide range of materials; however
related to the multiple steps can lead to poor reproducibility. The most important MOx
precursors used include metal-acetylacetonates (M(C 5H 80 2 )x) also known as M(acac)x,
metal carbonyls (M(CO)x), and metal chlorides M(Cl)x. Various organic ligands have
been used in such processes with the most popular ones being oleic acid and oleylamine.
Oxidizing or reducing agents can also be used for synthesizing the desired metal oxide or
zero-valent metallic NPs.

6.2.3 Aqueous Sol-Gel methods
Gels are cross-linked networks of polymers and/or particles held together by
physical or chemical bonding and can be classified as aquagels, alcogels (discussed in
following section), xerogels, and aerogels, depending on the medium contained within
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the gel's network of particles. The synthesis of gels proceeds via a polymerization step
between the precursor and the ligands to create the 3-D network of particles. These
particles operate as nuclei for further growth until depletion ofthe available precursor.
Further aging of the gel contributes to more polycondensation and solvent
extraction from the gel pores.

Ostwald ripening and phase transformations are two

mechanisms occurring during the polymerization step which constitute the particle
growth mechanism. During the growth stages, smaller and highly soluble particles are
consumed by larger ones until no difference between the particle solubility exists. The
final dried gel contains no solvent within its pores and is classified as a xerogel when the
solvent is removed by drying at moderate temperatures or as an aerogel when the drying
process takes place under supercritical conditions.
In aqueous sol-gel synthesis, the precursor consists of a metal salt; in other words,
a metal or metalloid element chemically bound to inorganic ligands, which serve as
cross-linking agents. Sol-gel methods are efficient and cost-effective since they can be
done at low temperatures and pressures. This method has been usedto generate a wide
number of MOx cross-linked networks of NPs with good thermomechanical stability and
structural homogeneity. The main drawback of the sol-gel technique is that variation in
particle morphology, specifically size, can occur due to pH variations during the
synthesis procedure. Due to the final cross-linked structure, sol-gel methods are often
used for the synthesis of catalytic supports and not for the synthesis and deposition of
MOx NPs using conventional techniques.
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6.2.4 Non-aqueous Sol-Gel methods

Non-aqueous sol-gel methods are similar to aqueous sol-gel techniques with the
notable exception that organic solvents are used for the purpose of enhancing particle
homogeneity. Akin to aqueous sol-gel methods, non-aqueous sol-gel methods use metal
precursors, typically alkoxides (M(OR)x in combination with a linking agent, usually an
alcohol, to form MOx cross-linked particles. Basic advantages of the non-aqueous sol-gel
method include (1) synthesis of a broader range of metal oxide materials and (2) higher
reproducibility due to lower pH sensitivity.

6.3 Tungsten oxide nanoparticles
WOx NPs have been successfully synthesized via chemical vapor deposition
[30,31 ], sonochemical [32], combustion [33], and solvothermal techniques with a focus
on !-dimensional WOx nanorods [4,15,18,34-36] or nanowires [10,14,30,37] and 2dimensional

films

[31,38-41]

due

to

their

interesting

optical

semiconducting [33,38], and photocatalytic [41] properties.

[15,31,39,40],

Ultrasmall WOx

nanoparticles with diameters < 2 nm are considered to have interesting catalytic
properties [42-45] and have not been synthesized or proposed for catalytic applications.
In this chapter, the novel synthesis of 1.6 ± 0.3 nm WOx NPs using a polyanionic
salt (ammonium metatungstate hydrate) and a cationic organic amine (oleylamine) is
presented. Ultrasmall WOx NPs (WOxNPs) (1.0 ± 0.35 nm) were successfully prepared
by using an oxidation agent (trimethylamine N-oxide (TANO)). Larger rod-shaped WOx
nanorods (WOx NRs) were successfully produced by replacing TANO with 1,12-
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dodecandiol. The method was further applied for the synthesis of molybdenum oxide
(MoOx) and vanadium oxide (VOx) nanoparticles.

6.4 Experimental methods
6.4.1 Chemicals

Ammonium metatungstate hydrate (AMT, (NH3)HsW1204o·xH20), ammonium
metamolybdate tetrahydrate (AMM, (NH4)6Mo 7024•4H20), ammonium metavanadate
(AMV, NH4V0 3), oleylamine, pyridine, acetone, toluene, trimethyl-amine n-oxide, and
1,2-dodecanediol were purchased by Sigma-Aldrich. All chemicals were used without
further purification.

6.4.2 Solvothermal synthesis of tungsten oxide nanoparticles

The synthesis of WOx NPs consists of 3 steps (synthesis, nanoparticle separation,
and redispersion in organic solvent). A slurry solution of the ammonium salt (0.1 mmol)
and 20 ml of oleylamine is introduced into a 4-neck batch reactor, which is slowly heated
up to 523 Kat a controlled rate of 2.0 K/min under continuous flowing argon (lOcc/min).
A reflux condenser was used to prevent any oleylamine losses due to evaporation. The
solution is left to soak for 2 h at 523 K and then cooled down to room temperature.
Particle collection consists of washing with acetone (20 ml) and centrifuging at 4000 rpm
for 2 h. After removing the supernatant (oleylamine and acetone), the acquired WOx NPs
are dried at room temperature and are finally redispersed in toluene. Before any further
characterization the toluene suspension of the WOx NPs is centrifuged to remove any
large aggregates.
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Another series of synthesis experiments was performed by adding 5 mmol of
trimethyl aminie N-oxide (TANO) or 5 mmol of 1,12-dodecanediol to the initial slurry
solution.

MoOx and VOx NPs were synthesized by replacing AMT with AMM and

AMV, respectively.
Pyridine ligand-exchange experiments were performed to replace oleylamine. 5
ml of pyridine was mixed with a 40 ml toluene suspension of WOx NPs and they were
rigorously stirred in a fumehood under argon flow (1 0 cc/min) at (1) 323 K resulting in
complete evaporation of toluene in 1 day (with the resulting sample labeled "Py-1 ") and
(2) at room temperature resulting in complete evaporation of toluene in 3 days (with the
resulting sample labeled "Py-3 ").

523 K

(D 0.1 mmol of ammonium salt
20 ml oleylamine

{2)

{ID Cool down RT

Soaked at 523 K for 2 hours

@

Treatment with acetone (20 ml)

@

Centrifugation (2hr at 4000 rpm)
:r~j
~

" , ;r!

~

: ·"'~f. "·~t{':tl ~
'

J

I~ •

Ar

@

Drying at room temperature

({)

Redispersion into toluene

Figure 6.1. WOx NP synthesis scheme.

145
6.5 Characterization
6.5.1 Electron microscopy

TEM samples of the as-synthesized WOx NPs were prepared by pipetting a drop
of the suspension of the WOx NPs onto a continuous ultra-thin carbon film supported on
a copper mesh TEM grid. The TEM samples were left under ambient conditions until the
solvent had completely evaporated.

Bright field (BF) and high resolution TEM

(HRTEM) images ofthe samples were obtained using a JEOL 2100FX TEM operating at
200kV. Aberration-corrected high-angle annular dark field (HAADF) Z-contrast imaging
were performed on a 200 kV JEOL 2200FS (S)TEM equipped with a CEOS probe C5corrector located at Lehigh University.
For STEM-HAADF imaging, typically a ~lA (FWHM) coherent electron beam
with

~30pA

probe current was used.

Dwell times between 48-62f.ts per pixel were

typically employed. The TEM samples for the as-synthesized WOx NPs were pre-treated
with an "electron beam shower" in order to reduce the carbon contamination during high
magnification STEM-HAADF imaging. This "electron beam shower" treatment entailed
by allowing a broad intense electron probe to illuminate a large area of the sample for a
short time, which can in principle reduce the mobility of any surface hydrocarbon
molecules.

The HAADF images presented have been low-pass filtered to reduce

background noise. The particle size was estimated using Image J software [46].
Using a standard Au NP sample as a reference, an estimation of the d spacing was
made using the following equation [47]:

Rd=A.L (6.1)
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where A. is the wavelength of the electron beam, L is the camera length, and R is the
distance between the incident beam and the diffracted beam (diffracted rings). Under the
same magnification a direct relationship between the tested sample and the standard Au
NP can be made using equation 2.2 [47].

The first diffraction ring of a Au NP corresponds to the (111) plane of a cubic
conformation (dAu = 0.236 nm). An estimation of the d spacing for the synthesized NPs
can be made by measuring RAu and RNP·

6.5.2 Atomic force microscopy

Atomic force microscopy (AFM) measurements were performed on a digital
instrument (Nanoscope IliA). Toluene dispersed NPs were deposited and spin-coated
onto high ordered pyrolytic graphite (HOPG) for optimal dispersion properties. The
HOPG surface was completely flat with variations < 1 nm along the vertical z-axis
(Figure 6.2). All scans were performed on a tapping-mode using gold coated AFM-tips.
Image analysis was performed using the WSXM software [48] and the particle size
distribution was calculated using Origin (OriginLab, Northampton, MA).
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Figure 6.2. a) Atomic force microscopy image of high ordered pyrolytic graphite
(HOPG), b) profile lines along different HOPG planes and c) Height profile along
different planes.

6.5.3 Dynamic light scattering

Dynamic light scattering studies were used to identify the WOx NP size when
dissolved in toluene using a ZetaP ALS (Brookhaven Instruments Corporation) instrument
equipped with a He-Ne laser (!=656 nm), a detector set at 90° and a BI-9000AT digital
autocorrelator that records scattered light. The toluene suspension of the WOx NPs was
transferred into 4 mL quartz cuvettes at room temperature and analyzed in triplicates over
intervals of 3 minutes to ensure reproducibility. The laser was stabilized for 15 min prior
to each measurement and the instrument was calibrated using a colloidal polystyrene
standard (diameter: 92±3 nm). The diffusion coefficient of toluene was estimated using a
built-in routine and the particle diameter was calculated using the Stokes-Einstein
relationship. Nonlinear least square (NNLS) and CONTIN fitting routines were used to
size the particle diameters by the instrument software (9KDLSW) [49].

148

6.5.4 Small-angle X-ray scattering
Small-angle X-ray scattering studies were performed on a Rigaku SmartLab Xray diffractometer using a Cu Ka radiation source (1..=1.54 A). A toluene suspension of

WOx NPs was sealed in borosilicate glass capillaries and analyzed in transmission mode
at 40 kV and 44 rnA. Average particle size distributions were determined by simulating
the profile from

2(}

values of 0.2-4.0° using Nanosolver (Rigaku software) [50].

A

core/shell model was applied for all calculations and the shell (oleylamine) thickness was
set to 2 nm. Experimental and simulated data (fitted data) matched completely for

2(}

>

0.04° (R-factor < 2 %).

6.5.5 Thermogravimetric analysis
Thermogravimetric analysis was performed on a Q600 T A instrument that so that
the organic content of the particles could be calculated. All samples were dried prior to
analysis at room temperature overnight and were heated to 1073 Kat a ramp rate of 3.0
K/min under flowing air (100cc/min). Combined TGA-FTIR analysis was performed to
study the decomposition of AMT in the presence of oleylamine. Similar to the synthesis
conditions, the sample was heated under continuous flowing argon and the outgas line
was passed to a Nicolet FTIR. The downstream gas exhaust-line between the TGA and
the FTIR was heated at (393 K) to prevent any condensation. In this case, the sample
was prepared by drying at room temperature overnight and heating to 523 K at a ramp
rate of 2.0 K/min under flowing argon (50cc/min). It is noted that the system is not
operated under vacuum conditions; hence, C02 is observed in the obtained IR-spectra.
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Since no reflux condenser is used in this case, partial decomposition and incomplete
combustion of oleylamine was unavoidable.

6.5.6 X-ray diffraction

X-ray diffraction (XRD) patterns were acquired on a Rigaku D/Max-2100PC
using a continuous scanning mode with 0.02° step size [45] and a scan rate of 2.5 s/step.
The XRD pattern ofWOx NRs was matched to W 180 49 (PDF 00-005-0392).

6.6 Results and discussion
6.6.1 Tungsten oxide nanoparticle structure

DLS analysis verified the formation of WOx NPs; both NNLS and CONTIN
routines fitted a number weighted average diameter of 1.1 ± 0.2 nm, which demonstrates
that the particles were very small for acquiring accurate hydrodynamic diameter
measurements. SAXS estimated the size of the NP core to be ~ 1. 7 nm by considering a
core-shell model where the size of the shell was set to 2 nm (full length of oleylamine
molecule).
Representative BF-TEM and HRTEM images of the as-synthesized WOx NPs are
shown in Figures 6.3a and 6.3b. These WOx NPs were found to have very small average
diameter (1.6 nm) and a rather narrow relative size distribution (relative size distribution;
RSD

=

standard deviation

+

mean

of~

12.5%) (Figure 6.3A). The HRTEM image

presented in Figure 6.3b suggests that these WOx NPs have irregular spherical shapes,
and some of them (highlighted in red) are crystalline in nature as revealed by the
presence of lattice fringes.
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Structural deformation of the WOx NPs could in principle occur as the oleylamine
molecules were disrupted or modified on the NP surface during the "electron beam
shower" procedure, although no significant particle size distribution change is noticed by
comparing the DLS and SAXS results with the HAADF images. This observation
suggests that when WOx NPs are supported on a carbon film they do not agglomerate
under intense electron beam shower to form larger particles.
STEM-HAADF imaging provided Z-contrast information and was also applied in
order to directly image the WOx structures present and estimate the number of WOx
structural units within each WOx NP. Each atomic column can be clearly resolved in
Figures 6.3c and 6.3d, and the intensity variations between different atomic columns are
directly related to the number of W atoms in the columns along the z direction. By
directly counting the number of W atoms of each bright spot associated with a cluster, it
is found that most of the WOx NPs found in this sample contain between 20 and 36 W
atoms (or WOx structural units) and about 80% ofthe W atoms are on the surface.
STEM-HAADF imaging revealed that that the WOx NPs were not highly
crystalline (Fig. 6.3c), which could be due to either an inherent semi-crystalline nature of
the WOx NPs or slight structural damage induced by the "electron beam shower" pretreatment. The presence of single W atoms (highlighted by yellow circles in Figure 6.3c),
presumably in the form of isolated WOx structural units, could be partially due to a severe
reduction of the polyoxometalate core during synthesis or partially by structural damage
induced by the electron beam.
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Figure 6.3: a) TEM, b) HR-TEM and c,d) HAADF STEM and e) AFM images ofWOx
NPs, f) AFM particle height distribution . Inset: Toluene suspension of WOx NPs.

The average WOx NP height and associated distribution was accurately estimated
using AFM. In Figure 6.3 e and f, \Ve observed that the HOPG surface is covered by
WOx NPs with a narrow particle size distribution of 1.6 nm and a standard deviation of
0.3 nm (Figure 6.3f) or a relative standard deviation (RSD) of 19 %.
Studying the crystallinity of the synthesized NPs is challenging due to the small
particle diameter. The XRD patterns presented were acquired after drying the NPs at
room temperature for 4 days (Figure 6.4a). Two broad XRD peaks are noticed at 28 ---
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27° and 50° (Figure 6.4a) that do not match with any crystal plane of W0 3 . Even though
the results were

reproducible(~

2 nm estimated diameter), an accurate estimation of the

grain size cannot be considered using this approach due to method limitations. Scherrer's
formula (discussed in chapter 3, section 3. 3. 3, equation 3 .1) does not provide an accurate
measurement since the particles are < 4 nm, which is the lowest XRD detection limit.
Low signal to noise ratio and limitations concerning Scherrer's formula make it difficult
to estimate grain sizes outside the range of 4 - 100 nm.
From the electron diffraction image presented in Figure 6.4b, no clear assignment
can be made since the diffraction rings are rather diffused, a characteristic of very small
NPs.

Nevertheless using equation 6.1, the d-spacing for the first diffused ring was

estimated to be ~0 .25 nm.
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Figure 6.4. a) Powder x-ray diffraction pattern and b) electron diffraction pattern of
WOxNPs

6.6.2 Oxidant co-addition effect

Two major color transitions were observed during the actual synthesis procedure.
The first transition occurs at

~

4 73 K resulting in a clear blue suspension while the
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second occurs at ~ 523 K into a dark brown suspension. The color change corresponds to
the reduction and decomposition of the WOx keggin-core of AMT by NH3 and/or by
oleylamine. The final color changes from light yellow to dark brown indicates the
formation of the WOx NPs.

Similar studies by Pope and coworkers concerning

heteropoly blues [51-55] and by Ressler and coworkers about ammonium paratungstate
(APT) under different reducing atmospheres [56], reported the color change to be
associated with a reduction of the oxometallate core.
When the synthesis takes place in the presence of 5 mmol of trimethylamine Noxide (TANO), the suspension color does not change to blue, but instead remain
stransparent until changing to yellow at 473 K and finally dark brown at 523 K. The
particle size in this case is reduced to 1.0 nm with a standard deviation of 0.40 nm (RSD
= 40%) as identified by HAADF STEM and AFM (Figure 6.5). TANO is an oxidation
agent (57-59] and therefore prevents the intense reduction that takes place during the
synthesis process, resulting in the formation of clusters of 18-24 W atoms. TANO was
preferred over bubbling with 0 2 to prevent any premature combustion of oleylamine. By
doubling the amount ofTANO, no particles are made which suggests that nucleation does
not occur. WOx NPs made in the presence of TANO will be referred to as WOx small
(WOx sNPs).
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Figure 6.5. a,b) HAADF STEM of WOx sNPs,c) AFM images of WOx sNPs, and d)
AFM particle height distribution.

6.6.3 Reductant co-addition effect

To test the hypothesis that a reduction mechanism is primarily responsible for the
particle growth, 5 mmol of 1, 12-dodecanediol (which is used as a reduction promoter)
[59]) was used instead ofTANO. In this case, the suspension turned blue

at~

473 K and

remained blue until completion of the reaction. The particles synthesized in this case are
WOx nanorods (NRs) (4±1 nm

X

20±5 nm) (Figure 6.6a and 6.6b) and their structure

was identified to be W 180 49 [15] with preferred crystal growth along the (010) direction
(Figure 6.6c). The absorption of red-infrared light by the WOx NRs (Figure 6.6d) is not
observed for the WOx NPs and WOx sNPs.

This is due to the presence of oxygen
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deficiency sites, which correspond to increased numbers of W 5+ similar to what has been
suggested for W03 colloids [60-63] and WOx NRs [15,18,35,36,64].
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Figure 6.6. a) TEM and b) HAADF STEM of WOx NRs, c) XRD of WOx NRs and d)
Uv-vis absorption spectra of WOx NRs, NPs, and sNPs normalized to the same NP
concentration. Inset: Toluene suspension of WOx NRs.

6.6.4 Tungsten oxide nanoparticle yield calculation

In Figure 6. 7 the TGA data for WOx NPs, sNPs, NRs, oleylamine, and AMT are
presented. AMT appears to lose ""' 8% of its initial weight due to complete evaporation of
H20 and NH3. It is noticed that complete removal of oleylamine was achieved at ""' 773
K, similar to what is noticed for WOx NPs and sNPs. Organics present in the WOx NRs
sample continued to decompose up to ""' 873 K, possibly due to a stronger interaction
between oleylamine and the WOx core. Each sample was analyzed four times using a
constant ramp rate and the average organic content of each sample was determined to be
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-48% for NPs, -65% for the sNPs, and -27% for the NRs. Based on these results, the
remaining 52%, 35%, and 73% of the samples, respectively, corresponds to the inorganic
sample content which was used to perform the following yield calculations for 30
different batches (average values shown in Table 6.1). The overall NP yield was found to
be 92 ± 5% (relative standard deviation, n=30) for the NPs, 89± 4% (relative standard
deviation, n=l5) for the sNPs and 95± 3% (relative standard deviation, n=3) for the NRs.
The offset corresponds to minor yield differences in different batches. All TGA plots are
qualitatively identical which suggests that neither TANO nor 1, 12-dodecanediol attach to
the WOx surface. An estimation of the ratio of oleylamine-molecules to W atoms is
presented for the different particles in Table 6.1. A ratio of 0.1, 0.7, and 0.9 and was
found for the WOx NRs, NPs, and sNPs, respectively. This ratio increases as the size of
the particles decreases and reaches 0.9 for the sNPs that are expected to have almost all
W atoms exposed to the -NH2 groups of oleylamine.
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Figure 6.7. TGA of WOx sNPs, NPs, NRs, oleylamine, and AMT. Ramp rate of 3.0
K/min under flowing air (lOOcc/min).
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Table 6.1. Size, com_Qositionc and NP ~ield of WOx NPs, sNPsc and NRs
WOx sNPs
WOxNPs
WOxNRs
AFM size (nm)

1.0±0.4

1.6 ± 0.3

TEM size (nm)

1.0 ± 0.3

1.6 ± 0.2

Hydrodynamic diameter (nm)

4±1 X20±5

1.3 ± 0.2

Organic content (%)

65

48

27

Inorganic content (%)

35

52

73

Nanoparticle yield(%)

89± 4

92 ± 5

95 ± 3

0.9

0.7

0.1

Oleylamine molecules per W atom

6.6.5 Pyridine ligand exchange of oleylamine
Pyridine ligand experiments were performed to study the ligand-exchange
properties of the WOx NPs. The color of the suspended particles did not change after
performing the experiments and the size of the particles did not change (not shown). The
TGA/DSC plots of the pyridine exchanged samples are presented in Figure 6.8. By
assuming that the dominant mechanism during this ligand exchange experiment is the
ligand replacement and not a ligand addition to the particle, we can estimate the
percentage of oleylamine molecules replaced by pyridine after one day and after three
days. Based on molecular weight calculations, a complete ligand exchange would
decrease the total weight by ~70%. In one day, the organic content decreases by 9% and
in three days by 14%. Complete ligand exchange was not achieved in any case because
pyridine is a weaker base than oleylamine as indicated by the pKa values (5.2 for
pyridine vs. 10.4 for oleylamine).
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Figure 6.8. TGA/DSC of pyridine exchanged WOx NPs.
exchange completed in 1-day and Py-3 in 3 days.

Py-1 represents ligand

6.6.6 Tungsten oxide nanoparticle synthesis mechanism.

The synthesis of the WOx NPs proceeds via solvothermal decomposition of the
water soluble AMT in the presence of oleylamine that operates as capping ligand in the
final organometallic complex.

The synthesized core-shell structures are soluble in

organic solvents like toluene and hexane unlike their ammonium precursors. In our
synthesis an excess of oleylamine was used to ensure (1) stabilization and thereby avoid
aggregation of the WOx NPs and (2) good mixing and heat transfer properties within the
4-neck batch reactor. It was also noticed that by using a non-reacting solvent such as 1-
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octadecene, rapid growth of the synthesized particles generated larger rod-shaped
structures.
In Figure 6.9 the TGA/FTIR decomposition results of AMT and oleylamine under
argon atmosphere are presented. The weight loss noticed

at~

373-473 K corresponds to

the appearance of two absorption regions (figure 6.9b and 6.9c) assigned to (1) the N-H
stretching vibrations ~ 3000-3300 cm- 1 and (2) to the 0-H stretching vibrations ~ 36003700 cm- 1 due to water and NH3 respectively, generated upon decomposition of the AMT
precursor. The strong band observed at~ 2350 cm- 1 and~ 540 cm- 1 correspond to the
asymmetric stretching and the bending mode of C02 , respectively. The band noticed

at~

900 cm- 1 appears at~ 473 K and corresponds to the bending vibration modes of =C-H.
At the same temperature the color of the suspension turned blue and remained unchanged
only in the presence of 1, 12-dodecanediol. The detection of the =C-H band is a result of
incomplete decomposition of oleylamine. It signifies that an activation of oleylamine is
required for the decomposition of the AMT core to take place via a reduction mechanism.
Based on this observation, we propose a particle formation model that progresses
via the following steps: a) a dehydration of the AMT molecule, b) dissociation of the
NH3+ groups from the AMT core, c) a reduction of the oxometallate core by oleylamine
and NH3 , d) nucleation of the WOx NPs, and e) formation of the WOx NPs via growth
and termination by protonated -NH3+ groups of oleylamine (proposed reaction scheme
presented in Figure 6.10).
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Figure 6.9. TGA/FTIR of AMT and oleylamine. Ramp rate of 2.0 K/min under flowing
argon (50cc/min).

The redox mechanism between W6+ that act as nucleation sites and W 5+ [ 61] that
is responsible for the particle growth. W5+ atoms are only detected in WOx NRs due to
increased oxygen defected sites at the surface of rod-shaped structures [15, 18,35,36,64] .
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a}

c)

AMT molecule

t t

oleylamine

CH 3 (CH2)~H=CH(CH2) 8NH2

e)

d)

CH3(CH2)~H=CH(CH2)gNH2)

f)

Figure 6.10. Proposed reaction mechanism of the WOx NPS. The reaction steps are a)
dehydration of the AMT core, b) dissociation of amine groups from the AMT core, c)
reduction of the AMT core by oleylamine and NH3, d) association between oleylamine
and decomposed WOx to initiate nucleation, and e) composition between at least 12 WOx
units for the synthesis ofWOx NPs

6.6. 7 Molybdenum and vanadium oxide nanoparticle synthesis

The synthesis of MoOx and VOx nanoparticles was successful using the same
basic synthesis procedure (no TANO or 1, 12-dodecanediol was used). Similar to WOx
NPs, toluene suspensions of MoOx NPs were stable and their hydrodynamic radius was
found to be 1.2 ± 0.2 nm by DLS and -2.2 nm by SAXS. HAADF images presented in
Figure 6.11a and 6.11 b show that the MoOx are of irregular spherical shape, similar to
WOx NPs. AFM (Figure 6.11c) shows that the particles are approximately 1.7 nm with
astandard deviation of0.33 nm (RSD = 20%) (Figure 6.13d).
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Figure 6.11. a,b) HAADF STEM of MoOx NPs, c) AFM images of MoOx sNPs, and d)
AFM particle height distribution.

VOx NPs were less stable; aggregation resulted in complete particle settling
within 48 h. Their hydrodynamic radius was estimated by DLS to be 2 ± 0.2 nm and
SAXS failed to give any reproducible results. In Figure 6.12a, a single VOx NP is seen,
with the distances between the V atoms being greater as in WOx and MoOx NPs. This
shows that the assembled particles are very unstable and decompose easily upon the
electron beam shower pretreatn1ent. In Figure 6.12b, linear wire-like VOx patterns are
noticed on the carbon film, suggesting that under the basic synthesis procedure presented
in this work the synthesis and deposition of VOx NPs is not possible.
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Figure 6.12. a) HAADF STEM of a single VOx NP and b) self assembly of VOx NPs

6. 7 Summary and conclusions

The synthesis of metal oxide (MOx) nanoparticles (NPs), such as WOx, MoOx,
and VOx, is of great significance in materials chemistry due to their widespread use as
catalysts, semiconductors, and gas sensors..

WOx nanoparticles were efficiently

synthesized using a solvothermal reaction between ammonium metatungstate and
oleylamine.

The size of the particles was modified by controlling the redox/particle

growth mechanism. By using an oxidation agent smaller nanoparticles were formed and
in the presence of a reduction agent rod-shaped nanoparticles were synthesized.
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Chapter 7
Propene metathesis of silica supported tungsten oxide nanoparticles
7.1. Introduction
7.1.1 Olefin metathesis in industry
Olefin metathesis is an important reaction in the field of (1) synthetic organic
chemistry, (2) petrochemicals and (3) polymer industry [1-4]. The three distinct groups
of olefin metathesis reactions are (1) exchange metathesis (double bond exchange
between two linear olefins), (2) ring-opening metathesis polymerization (opening of the
closed ring of a cyclo-olefin followed by polymerization and (3) ring-closing metathesis
(opposite to ring-opening metathesis).
For petrochemical applications, exchange metathesis has been utilized in most
cases for diversifying the linear olefin products by using one type of olefin (known as
productive metathesis) for the production of two different ones (for example propene
metathesis for the synthesis of ethane and 2-butene) or for increasing the concentration of
a specific olefin by performing the reverse reaction (non-productive metathesis).
The first industrial application of olefin metathesis [2] is the Phillips triolefin
process for the production of ethene and 2-butene from propene via productive exchange
metathesis (Figure 7.1). The technology was developed by Phillips Petroleum C., USA
and achieved near equilibrium conversions and high selectivities using sodium doped
WOxfSi0 2 at 623-698 K.

The reverse non-productive reaction for the production of

propene was the focus of Lyondell Petrochemical Co., which used ethene and 2-butene
(as dimerization products of ethene), via the reverse triolefin process.

Other

technologies, such as the one developed by Francais du Petrole (IFP) and the Chinese
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petroleum corporation, focus on low temperature, high pressure liquid phase reactions
that are very efficient but require intense separation and purification post-treatment.
Propene

ethene

Non-productive

Productive
L

Propene
2-butene
Figure 7.1. Phillips triolefin process, productive (produces two different molecules)
metathesis of propene to ethane and 2-butene and non-productive metathesis (reverse
reaction)

With increasing market demands for low molecular weight olefins such as
propene, ethane and 2-butene, new methods for synthesizing efficient supported catalysts
are necessary. Supported metal oxide catalysts (SMOs), such as WOx/Si02 , are excellent
candidates for gas phase olefin metathesis reactions such as propene metathesis and they
are investigated in this chapter.
The purpose of this chapter is to test the catalytic activity of the supported WOx
NPs synthesized in Chapter 6.

7.1.2 Propene metathesis using WOx/SiOz
One of the active metals in all three types of olefin metathesis is supported and
unsupported tungsten (W), where W is in various chemical forms (metallic, metal oxide,
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organometallic). WOx/Si02 is a SMO that has been extensively investigated [5-19] and
used in numerous industrial catalytic units [2] due to its metathesis selectivity, resistance
to poisoning [5,14] and easy regeneration [5,14,20]. Higher loadings(~ 20% W03) are
required for achieving maximum activity as opposed to lower loadings (< 10% W03) that
are necessary for high selectivity.

This indicates a strong structure-activity and

selectivity correlation for olefin metathesis using WOx/Si02.
High concentrations of tetrahedrally coordinated WOx species, seen m
monotugstates and smaller oligomers [21] (Lewis acid sites [22]), are associated to high
metathesis activity [23] and they are highly desired.

These very active species are

usually found in low concentrations and widely spread on the catalytic surface resulting
to localized interphase diffusional limitations [2] that are undesired for industrial
applications.

Their concentration maximizes at very low WOx loadings and below

monolayer (ML) coverages (0.5 W-atom/nm2) [24] due to weak interaction between Si02
and the WOx species during calcination. Crystalline W03 species (not active for
metathesis) are for example detected on Si02 support at loadings as low as 10 wt% [2],
which suggests that most of the WOx deposited at higher loadings is not in its most active
phase ..
A number of experimental methods have been investigated for improving the
catalytic activity and selectivity ofWOxiSi02 catalysts [2]. In most cases the approach is
to dope the catalysts with NH3, Na, S, Mg among others to reduce the oxidation state of
bulk W03 from W 6+ to W 5+ and W+, or to form a mechanical mixture with MgO that
promotes the formation of intermediate allyl radicals. To our knowledge, there have been
no studies that report a new synthetic approach for improving the catalytic activity and
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selectivity of WOxfSi02. Our focus in this chapter is to explore an alternative synthesis
route that promotes the formation of smaller WOx clusters in the form of monotungstates
and smaller polytungstates that would eventually allow achieving higher WOx loadings
without significant aggregation and crystallization to occur.

7.1.3 Metal carbene/metallacycle mechanism
Propene metathesis (Figure 7.1) is an endothermic reaction (LJH = 1. 7 kJ/mol at
298 K) with the equilibrium conversion increasing from~ 34% to~ 43% with an increase
in the reaction temperature from 298 K to 598 K [2]. The reaction mechanism is known
as metal carbene/metallacycle mechanism and it was first proposed by Herisson and
Chauvin in 1971 [2].
As seen in Figure 7.2, the reaction is initiated by the formation of transition metalcarbene (compound 1) that coordinates with the incoming propene molecule to form an
unstable metallacycle (compound 2). The metallacycle decomposes to give ethene and a
new metal-carbene (compound 3) and the cycle is repeated once more for a new
metallacyclobutane (compound 4) to be formed that decomposes to generate 2-butene.
Even though this model was established for complicated organometallic
complexes used in liquid phase metathesis, it is the prevailing model for SMOs such as
WOx/Si02. There have been no studies that report a mechanism to convert a M=O bond
to M=C for WOxfSi02. It is generally considered that the metathesis mechanism is
promoted on monotungstates and smaller polytungsates as opposed to larger polymeric
species that demonstrated strong Bmnsted acidity [2].
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[M]=CH2
1

Figure 7.2. Propene metathesis via metal carbene/ metallacycle mechanism, where M is
a metal atom. The mechanism precedes via 4 steps (also known as 2+2 reactions), (1,3)
the formation of the metal carbene and (2,4) the formation of a metallacycle intermediate.

After successfully synthesizing and characterizing the WOx NPs in chapter 6, the
catalytic activity of supported WOx NPs is investigated here. Different supports have
been used for the preparation of various supported WOx NPs, preliminary results of
which are presented in the final chapter.

The focus in this chapter is on the

characterization of Si02 supported WOx NPs, on their propene metathesis performance
and how that compares to conventional WOx/Si02 catalysts.

7.2. Experimental methods
7.2.1 Chemicals

Ammonium metatungstate hydrate (AMT, (NH3)HsW1204o·xH20), oleylamine,
acetone, toluene, trimethyl-amine n-oxide, 1,2-dodecanediol were purchased by Sigma-
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Aldrich and colloidal Si02 (VP Aeroperl ® Pharma) was provided by Degussa. All
chemicals were used without further purification.

7.2.2 Synthesis of supported tungsten oxide nanoparticles

The synthesis of WOx NPs was described previously (Chapter 6, Section 6.4.2).
The acquired WOx NPs were dissolved in toluene to a total volume of 40 ml and were
placed in a 200 ml beaker. 1 g of the selected support (Zr02, Ah03, Si02 or C) was
added in the beaker and the slurry was stirred in a vacuum hood at 313 K overnight. The
characteristics of all the supports were reported previously (Chapter 5, Section 5.2.1).
The resulting gel-like material was further heated overnight at 353 K followed by
calcination up to 573 K- 873 K for 3 hours at a rate of 3.0 K/min. The process scheme
of the Si02 supported WOx NPs is shown in Figure 7.3.
The following nomenclature is used for the samples prepared in this chapter: For
the Si02 supported WOx NPs samples, NP PsurjWOxiSi02(z,T); for the samples
synthesized without an oxidation agent, sNP Psurf WOx/Si02(z,T); for the samples using
an oxidation agent and WOx NPs, NP PsurjWOx1Zr02(z,T). Psurfis the surface density, z
is the tungsten weight loading calculated in the form of W03 (wt%-W03), and T is the
calcination temperature (K) similar to previous chapters (Chapter 2, Section 2.2.2). The
W03 (wt%-W03) content for the NP PsurjWOxiSi02(z,T) was verified by estimating the
organic content of each catalyst (Figure 7.4) and by using the calculations presented in
chapter 6 section 6.6.4.
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0

G) 40 ml toluene
(WOx NPs)

Slow evaporation of
toluene at 313 K

WOxfSi0 2 gel

G) Drying at 353 K
y

Figure 7.3. Synthesis scheme ofSi0 2 supported WOx NPs. The four steps include (1)
mixing of support with toluene suspension of WOx NPs, (2) slow evaporation of toluene
at 313 K, (3) drying of the WOx/Si0 2 gel at 353 K and (4) calcination at the desired
temperature. Residual oleylamine is detected up to 773 K.
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Figure 7.4: TGA plots of NP-WOx/Si0 2 show the different concentration of organic
content for different loadings.
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For comparison a series of dry impregnated samples with notation

Psurf

WOx/SiOz(z,T) were prepared using the protocol presented in previous chapters [25-27]
(Chapter 2, Section 2.2.2). Lehigh WOx1Si02 (z,T) prepared via a previously published
technique by dry impregnation into Si02 support, with high dispersion of WOx
amorphous species were provided by Wachs and coworkers [24]. An oleylamine-AMT
co-impregnated control sample was also prepared to verify the effect of unreacted
oleylamine. This sample is denoted as OA 0.5-WOxfSi02 (5,873).

7.3 Characterization
High resolution TEM (HRTEM) imaging and high-angle annular dark field
(HAADF) imaging were performed on a 200 kV JEOL 2200FS (S)TEM. Ah03, Zr02
and MgO supported WOx NP samples have been extensively discussed by Dr. Wu Zhou
in his thesis "Nanostructural and Chemical Characterization of Supported Metal Oxide
Catalysts by Aberration Corrected Analytical Electron Micrscopy" and a brief
presentation of these results is included in this chapter. Thermogravimetric analysis, Nzphysisorption and x-ray diffraction were performed using the same methodology
presented earlier. Temperature programmed reduction (TPR) experiments were
performed using a blend of 10% H2 in Ar at a constant flow rate of 50 mL/min and
temperature ramp rate of 3.0 K/min using a fully automated catalyst characterization and
chemisorption unit (Autochem II 2920, Micromeritics).
Raman spectroscopy studies were also investigated following the previous
protocol (Chapter 3, Section 3.3.4) and the following ranges were used for the Raman
band assignments [24,28,29]:
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1019-1030 cm- 1: monotungstates, isolated W04/W0 5 species (vs of the terminal

O=W(-O-Si)4 bond from surface monotungstates) [24,29].
972-998 cm- 1: polytungstates (vs at 998 and Vas at 972 dioxo surface of the

terminal (0=)2W(-O-Si)2 bond from surface polytungstates) [24,29].
715-725, 809-816 cm- 1: crystalline W03 NPs (vas ofW-0-W) [24,29].

The spectra were normalized using the Si02 vibration band at 487 cm- 1•

7.4 Catalytic studies

The propene metathesis activity of Si02 supported WOx NPs was tested using an
isothermal down:flow reactor at 573 K and 1.06 atm. Each catalyst was pretreated with
air for 1 hr at 573 K and was purged with ultra high purity (UHP) He to remove any
physisorbed 02 prior to the reaction. A blend of 1% propene and 1% argon (internal
standard) in helium was passed through the reactor after establishing constant propene
concentration.
The outflow stream was kept at 343 K and the reaction products were analyzed
using a flame ionization detector (FID) normalized with the concentration of the internal
standard that was detected using a thermal conductivity detector (TCD). No induction
period was noticed in this reaction opposite to n-pentane isomerization [26]. The propene
conversion turnover rate TOR (s- 1) (propene molecules converted to products per W-atom
per unit time) were collected at t = 5 min.

The propene metathesis TOR (s- 1) (propene

molecules converted to metathesis products per W-atom per unit time) is defined as
(metathesis TOR)= (nCtlnc 4=)XTOR, where nCt/nc4= is defined as the molar ratio
ethene (C2=): 2-butene (Ct). The selectivities in this work were calculated on a molar
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mass balance (i.e. 2 propene molecules produce 1 molecule of ethene and 1 molecule of
2-butene).

7.5 Results and discussion
7.5.1 Structure of silica supported tungsten oxide nanoparticles

The Nz-physiroption results ofthe NP-WOxfSi02 samples are summarized in table
7.1. It is noticed that specific surface area (SSA) decreases with Psurfopposite to trends
noticed in WOxfZr02 [25-27] (Chapter 2, section 2.4.1, table 2.2). Weak interactions
between WOx and Si02 lead to the continuous decrease of SSA with increasing Psurfi
which is a result of sintering and pore blockage. A comparison between the impregnated
WOx/SiOz, NP-WOxfSiOz and sNP-WOxfSi02 reveals that the last two have significantly
higher SSA at Psurf > 1.1 W/nm2. The improved structural stability is an effect of the
WOx (core)-oleylamine (shell) that appears to stabilize the Si02 framework and prevents
severe sintering. The control sample OA 0.5- WOxfSi02 (5,600) has low SSA, which
proves that any oleylamine not attached to WOx NPs has a negative effect on SSA and
does not prevent structural collapse.
Both NP-WOx/Si02 and WOx/Si02 are completely amorphous up to 1 W/nm2
(Figure 7.5a and 7.5b). At a surface density of2.2 W/nm2, XRD-detectable W03 crystals
are present in both catalysts. sNP-WOxfSiOz is similar to NP-WOx/SiOz (not shown
here) which suggests that the size of the particles does not have a significant effect on the
crystallization ofWOx species to W03.
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Table 7.1. N2-physisorption results and tungsten surface density of WOxfSi02 samples
calcined at 873 K.
BET
wo3 content
Psurf
Catalyst Sample
S.S.A.
(m2/g)
0.5 WOx/Si02
262
5
0.5
1.1 WOx/Si02
220
9
1.1
2.2 WOxfSi02
167
14
2.2
Lehigh 0.4-WOxfSi02
332
4
0.4
Lehigh 0.6-WOx/Si02
310
6
0.6
Lehigh l.l-WOxfSi02
10
267
1.1
NP 0.5-WOxfSi02
265
5
0.5
NP l.O-WOxfSi02
241
9
1.0
NP 2.2-WOxfSi02
234
19
2.2
270
sNP 0.6-WOxfSi02
5
0.5
264
sNP 1.1-WOxfSi02
1.1
9
240
20
2.2
sNP 2.2-WOxfSi02
OA* 0.5- WOxiSi02
5
173
*Oleylamine-treated control sample, 7 wt% of oleylamine was used similar to the
weight loss ofNP-0.5- WOx/Si02(5,873) after calcination (Figure 7.2).

To study the nature of the WOx species at both lower and higher loadings, the
TPR profiles of NP-WOxfSi02 and WOx/Si02 are presented in Figure 7.6. Si02 is not
expected to be reduced at the temperature range studied here [13,30,31]. It is noticed at
low surface density (0.5 W/nm2), a broad reduction band from 373 K-1373 K is observed
for both series.

This indicates that the WOx species is amorphous and in strong

coordination with the Si-OH surface groups, resulting in the formation of a W-0-Si
species [22,23,32,33] that prevents facile reduction.

When NP loadings exceed ML

coverages, the TPR profiles show small a H2-consumption peak at 600-750 K, a distinct
H2-consumption peak at 773-973 K and finally a broad peak at 973 - 1373 K. These
transitions correspond to the reduction of wo3- wo2.9- wo2- wo [13,30,31] and
are shifted to slightly lower temperatures when compared to pure wo3 due to the
interaction with the support.

Figure 7.5. Powder XRD patterns of a) NP-WOx/Si0 2 and b) WOxfSi02 .

It is very interesting to notice that the Hz-consumption for NP-0.5-WOxfSiOz (5,
873) starts at the beginning of each run at 373 K as opposed to 0.5-WOx/Si02(5,873) that
consumes Hz only at 2: 773 K.
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Figure 7.6. Temperature programmed reduction profiles of a) NP-WOx/Si02 and b)
WOxfSiOz.

7.3.2 In situ Raman spectroscopy
The dehydrated Raman spectra of impregnated WOx/SiOz are presented in Figure
7.7. The WOx/Si02 material is similar to Lehigh WOx1Si0 2 that were characterized by
Lee eta/. [24]. The Wachs group reported that the highest WOx dispersion achieved
without the formation ofW03 crystals is 6% (0.5 W/nm2). In Figure 7.7a, a weak band at
~ 1000 cm- 1 is seen for

PsurfOf

0.5 and 1.1 W/nm2,that corresponds to the existence of

polytungstate species. Weak bands of monotungstates are present as indicated by the
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bands at 1030 and 1025 cm- 1 for 1.1 and 2.2 W/nm? respectively. The formation ofW03
crystals is dominant atpsurf?:. 1.1 W/nm2.
Two NP WOx/Si02 samples were successfully characterized as shown in Figure
7.7b. At the lowestpsurfof0.5 W/nm2, intense fluorescence prevented the acquisition of a
Raman spectrum.
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Figure 7. 7. Raman spectra of dehydrated a) WOx/Si02, b) NP WOxfSi02 and c) sNP
WOx/Si02.
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Both NP

WOx/Si02 samples

appear to

have

high concentrations of

monotungstates and polytungstates as indicated by the broad band at 995-1020 cm- 1• The
shifting of the band to higher wave numbers on increasing Psurf from 1.0 to 2.2 W/nm2
indicates an increase in the size of these species.. The intensity of the

wo3 crystal band

is clearly weaker for the NP synthesis than the impregnated WOx/Si02 at ~ 1.0 W/nm2,
but it is the same at a

Psurf

of 2.2 W/nm2, which suggests that better dispersion was

achieved only at the lower Psurf
When smaller NPs are deposited on Si02, the dispersion of the WOx amorphous
species improves as demonstrated by the Raman spectra of sNP WOx/Si02 (Figure 7.7c).
Significant concentrations of monotungstates and polytungstates are detected even at the
highest Psurf of 2.2 W/nm2, unlike in the previous samples, and crystallization of WOx to

wo3 is also significantly retarded.
7.3.3 Electron microscopy
All impregnated WOx/Si02 samples consist of various WOx species similar to
what was reported for WOx/Zr02 in chapter 2.

The synthesis effect on the species

distribution was investigated by electron microscopy for catalysts withPsurf~l.O W/nm2.
In Figure 7.8a and Figure 7.8b representative HAADF-STEM images of 1.1-WOx/Si02
(9,873) are shown.

> 2 nm

wo3

crystals are the the dominant species along with

monotungstates, polytungstates and distorted WOx clusters.

The distribution profiles

shift to smaller species for the NP WOx/Si02 (Figure 7.8c and Figure 7.8d) and even
smaller for the sNP WOx/Si02 NP WOx/Si02 (Figure 7.8e and Figure 7.8f).
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Figure 7.8. Representative HAADF-STEM images of a,b) 1.1-WOx/Si02(9, 873), c,d)
NP 1.0-WOx/Si02 (9, 873) and e,f) sNP 1.1-WOx/Si02 (9, 873). Blue (small) circles:
surface monotungstate species; Green circles (medium): surface polytungstate species;
Yellow circles (large): distorted WOx clusters; Purple circles (larger): W03 crystals.
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This observation verifies that there is a higher concentration of smaller WOx
clusters using the proposed synthetic method.

Nevertheless, the size of the clusters

differs from the synthesized particles as shown in the previous chapter.

N2-

physisorption results

We

show that

higher SSAs are achieved after calcinations.

propose that the WOx NPs decompose upon calcination similar to the impregnated
catalysts, but remain significantly confined by the attached oleylamine. As a result an
extended aggregation is prevented and the species distribution is shifted towards smaller
species such as monotungstates and polytungstates.

7.3.4 Propene metathesis activity

sNP WOxfSiOz is clearly the most active catalyst as noticed in Figure 7.9. At Psurf
of 0.5 W/nm2, they are ~ 100% more active than WOxiSi02, 75% more active than
Lehigh WOxfSi02 and 35% more active than NP WOx/SiOz. In terms of metathesis
selectivity (Figure 7.9b), the molar ratio ofnCz=/nC4= appears to be
NP WOxfSiOz and sNP WOxiSi02 at

Psurf

similar(~

1) for both

~ 0.5 W/nm2, higher than the 0.85 of

WOxfSi02. Figure 7.9c shows that the metathesis TOR of sNP WOxfSiOz is the best in
the propene metathesis series; up to 60% better than NP WOxfSiOz and up to 150% better
than conventional WOxfSiOz.
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Figure 7.9. a) Steady state propene TOR as function of as a function of tungsten surface
density, b) metathesis selectivity expressed as the ratio c2=:c4= and c) steady state
metathesis TOR of Lehigh WOx/Si02, WOx/Si02 (873), NP WOJSi02 (873) and SNP
WOJSi02 (873).

By Raman spectroscopy and electron microscopy (Section 7.4.2 and 7.4.3) it was
noticed that sNP WOJSi02 have the highest concentration of monotungstates and
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polytungstates. Monotungstates are known to be tetrahedrally coordinated (W+) [10]
and smaller polytungstates [21] are expected to have higher concentrations ofW+ (weak
Lewis sites [22]) that promote the metathesis mechanism.

Opposite to n-pentane

isomerization, lower acidity is required for methathesis reactions and the synthetic
procedure presented here generates higher concentrations of these sites. Oleylaminecapped WOx NPs are constrained during calcination as opposed to WOx free species in
impregnated WOxiSi02 that are very mobile as noticed by their crystallization to bulk
W03 at low Psurf The presence of oleylamine that is attached to the WOx core retards
agglomeration of the most active monomers and small oligomers.

7.4 Summary and conclusions
Si02 supported WOx NPs prepared by using our WOx NPs formed very active
propene metathesis catalysts, up to 3 times more active than conventional impregnated
samples. The increased catalytic activity of the SiOz supported WOx NPs correlates to
better dispersion of WOx species in the form of monomers and oligomers on SiOz
support. The oleylamine-capped WOx NPs stabilize Si02 during calcination resulting in
a material with higher SSA than impregnated WOx/SiOz.
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ChapterS
Summary and recommendations for future research

8.1 Thesis summary
The discovery of methanol dehydration active Zr-WOx species on Zr02 surface
inspired the work presented in this thesis. These super active sub-nm Zr-WOx clusters
were investigated for their intrinsic properties in a more demanding reaction such as npentane isomerization and structure-activity correlations were presented in chapter 2.
High concentrations of Zr-WOx clusters were shown to correlate to maximum n-pentane
isomerization activity and selectivity. Due to its high sensitivity to concentration and
relative density of the Zr-WOx clusters, n-pentane isomerization is a model probe
reaction as opposed to methanol dehydration where even bulk W03 is active. Driven by
the need to develop a more efficient synthetic strategy that delivers higher concentrations
of Zr-WOx clusters, four types of WOx/Zr02 (impregnated, coprecipitated, sol-gel and
surfactant templated WOJZr02) were studied in chapter 3.

For the first time, the

discrimination between two unique Zr-WOx species, highly and slightly distorted ZrWOx, was successful by Raman spectroscopy.

Impregnated catalysts were found to

consist primarily of slightly distorted Zr-WOx species and were the only type of
WOJZr02 catalysts that were active for n-pentane isomerization. Calcination temperature
was found to play a crucial role in controlling the relative Zr-WOx cluster density, an
important parameter for biomolecular reaction mechanisms.
The bimolecular reaction mechanism was studied in chapter 4 by performing a
series of experiments using two olefins (1-pentene and propylene) that were co-fed with
n-pentane. The olefin type and concentration plays a key role in promoting the n-pentane
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bimolecular isomerization mechanism. Only 1-pentene increased the catalytic activity
and isomerization selectivity, while the presence of propylene promoted the formation of
isobutene. This observation suggests that the bimolecular mechanism proceeds via the
formation of a C10 intermediate that cracks to form isopentane and pentane or other
undesired byproducts.
To verify if the proposed mechanism is explicit to WOx/Zr02, the n-pentane
isomerization activity of supported phosphotungstic acids (PWA) was investigated in
chapter 5. Si02 supported PWA were found to be more active than WOx/Zr02 due to the
intrinsically strong acidic character of the Keggin PWA.

The product distribution

profiles suggest that a bimolecular mechanism prevails in strong solid acids.

More

active, Si02 supported PWA catalysts lose their catalytic activity upon regeneration
opposite to WOxiZr02 that remain very active.
The second part of this thesis is focusing on developing a new material synthesis
strategy that aims to control the supported metal oxide domain size. A synthesis method
that uses oleylamine and ammonium salt and produces ultrasmall metal oxide
nanoparticles was established and the results were described in chapter 6. Tungsten
oxide (WOx) nanoparticles (NPs) were successfully characterized and the size and shape
of the NPs was controlled after understanding and controlling the particle formation
mechanism. The synthesis of WOx NPs with a diameter less than 2 nm has never been
reported before and the results of this work led to a provisional patent application.
Two probe reactions were selected for testing the catalytic properties of the
supported WOx NPs. The propylene metathesis and n-pentane isomerization activity of
Si02 supported and Zr02 supported WOx NPs respectively were discussed in chapter 7.
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The interaction between the support and supported phase was found to play a significant
role. For Zr0 2 supported WOx NP, the NP disassembly after calcination resulted in a
material that had low n-pentane isomerization activity, but a similar effect was beneficial
for Si02 supported WOx NPs that formed a very active propylene metathesis material.
The presence of oleylamine attached to the WOx core prevented an extended surface area
loss and promoted the formation of smaller WOx species such as monotungstates and
polytungstates after calcination. These catalysts were at least 3 times more active than
conventional impregnated WOx/Si02 .

8.2 Recommendations for future work
8.2.1 Support/Supported phase interaction

Studying the structure of the supported WOx NPs is very important to derive
structure-activity correlations. The preliminary results presented here show that the
nature of the support has a critical effect on the WOx NP size.
The WOx species are found to be highly dispersed on the surface of NPWOx/MgO (14, 873) presented in Figure 8.1. High concentrations of polytungstates are
seen when W cations are absorbed directly onto the Mg atomic column suggesting that
there is strong interaction between the support and the WOx species. This support is
known for its basic properties and it cannot be used for acidic reactions since all WOx
acid sites are deactivated.
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Figure 8.1. STEM-HAADF images ofNP-WOx/MgO (14, 873) shows high dispersion of
monotungstates and polytungstates on the MgO surface.

The sub-run WOx clusters (Figure 8.2) were smaller than 1 run containing 5 to 15
W atoms, which suggested that the decomposition of the WOx NPs did not proceed to the
same extend as in NP-WOx/Zr0 2 (14, 773). Ah0 3 is a weaker acid than Zr02 and the
particles formed are larger suggesting a possible relationship between surface acidity
WOx NP decomposition that generates the different WOx species.

Figure 8.2. STEM-HAADF images of NP-WOx/Ah03 (14, 873) shows high dispersion
of a) sub-run WOx clusters and b) monotungstates and polytungstates on the Ah03
surface.
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Representative HAADF-STEM images of NP 4.3-WOx/Zr0 2 (13.5, 773) are
presented in Figure 8.3. This sample was calcined at 773 K to compare it with 4.4WZrOH (21.7, 773) from Chapter 2, section 2.4.1, table 2.2. As reported previously for
commercial WZrOH (773), the support of NP 4.3-WOx/Zr0 2 (13.5, 773) remained
mostly amorphous due to the lower calcination temperature. High concentrations of
monotungstates and polytungstates are detected, which suggests that the structure ofWOx
NPs collapsed upon deposition and during calcination. The WOx NPs appear to have a
strong tendency to wet the Zr0 2 surface and oleylamine cannot prevent the complete
decomposition of the WOx NPs. The sample appeared to contain residual oleylamine
(brown color) that was not completely removed by calcination.

2 run

Figure 8.3. Representative STEM-HAADF images of NP-WOx/Zr02 (11.2, 773) shows
high dispersion of monotungstates (blue circles) and polytungstates (green circles) on the
Zr02 surface.

8.2.2 Ligand modification/removal
The synthesis of ultrasmall metal oxide nanoparticles of known or customizable
composition offers significant advantages in the field of material synthesis and
heterogeneous catalysis. The synthesis of WOx, VOx and MoOx NPs is only the first step
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m selectively synthesizing supported metal oxide catalysts with features that can be
modified depending on the reaction requirements.
Replacement and/or removal of the oleylamine attached to the WOx core plays a
crucial role for the preparation of heterogeneous catalysts. The following example
demonstrates that even a partial replacement of oleylamine by pyridine has a positive
effect on then-pentane isomerization activity ofNP WOx/Zr02.
As seen Figure 8.4, NP WOx/Zr02 calcined at 773 and 973 K are less active than
the corresponding WZrOH due the structural properties seen in Figure 8.3. It appears that
the presence of oleylamine prevents the interaction of WOx with Zr02 that generates the
Zr-WOx clusters responsible for the increased isomerization activity seen in previous
chapters. Oleylamine is removed at temperatures 2: 873 K which means that
crystallization of Zr02 has occurred before the complete removal of oleylamine, and
therefore minimum incorporation of Zr atoms within the WOx cluster domains is
expected. The presence of oleylamine does not only prevent the formation of Zr-WOx but
also retards the agglomeration of the smaller WOx species to larger 3-D sub-nm clusters
that have the desired acidity.
In order to identify if the ligand presence is responsible for the observed lower
activity, a ligand-exchange experiment was employed as described earlier (Chapter 6,
Section 6.6.5). Py WOx/Zr02 samples differ only in the number of oleylamine molecules
exchanged by pyridine, 9% for 1 Py and 14% for 3 Py, respectively. It is noticed that both
samples are significantly more active than the corresponding NP 4.4- WOx/Zr02 (11.2,
973) sample.
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Figure 8.4. Steady state turnover rates (TOR) as a function of tungsten surface density.
Sample series include WZrOH(z,973), WZr02(z,773), NP-ZrOH(z,973), NPZrOH(z,773) and Py-ZrOH(11.2,973). Steady state turnover rates for the WZrOH
materials (taken from Chapter 2, Section 2.4.4, Figure 2.9)
Py WOx/Zr02 (973) samples are more active because pyridine is removed at
lower temperatures, allowing easier decomposition of the WOx NPs. 14% replacement of
oleylamine molecules results in a 50% increase in n-pentane isomerization activity,
which is still lower than the activity of impregnated WOxiZr02. Zr atom addition to the
WOx NPs during synthesis and a controlled removal or replacement of oleylamine could
resolve the low activity problem noticed here.
Ligands with different functional groups such as thiols and carboxylic acids failed
to synthesize nanoparticles. Nucleation occurred in the presence of 1-dodecanethiol, but
severe uncontrolled reduction resulted to the formation of unidentified blue powder that
visually had physical characteristics similar to the WOx NRs (Chapter 6, section 6.6.3).
Oleic acid did not initiate any nucleation and WOx NPs were not formed up to 573 K.
Further investigation of different amines could determine a better ligand that can improve
the synthesis of more robust and well defined NP structures. A combination of amines

198

and thiols could possibly generate WOx NPs with interesting properties before or after
partial ligand removal.
Calcination is one way to remove the ligands but it causes severe structural
modifications that destroy the WOx NP structure. Alternative methods that can be used
for removing oleylamine is the use of a dilute acid [1 ], the use of organic solvents such as
CH2Ch [2], or the oxidation using 0 3 [2]. These techniques have been successfully
applied for coke extraction from spent catalysts.

8.2.3 Metal oxide nanoparticle doping

Modification of the WOx NP composition by doping with different metal atoms
could improve the properties and the structural stability of the nanoparticles. The low
activity of Zr02 supported WOx NPs was due to the structural decomposition of the WOx
NPs but also due to the absence of Zr-atoms within the WOx cluster domain. The acidic
enhancement of H3 PW 120 40 by alteration of the surface structure using Zr atoms is
currently studied [3] and simulation results show a significant increase in Bmnsted
acidity (decrease in the deprotonation energies) by adding surface Zr02 species.

A

similar effect is expected for WOx clusters, with the addition of Zr-atoms on the outer
surface and probably cluster comers to be highly desired (Figure 8.5) for the formation of
active Zr-WOx sites.
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a)

b)

0.5 nm

Figure 8.5. Schematic of a) WOx sub-nm species on Zr0 2 surface that are not expected
to be very active acidic sites and b) desired super active sub-nm Zr- WOx clusters. The
addition of Zr-atoms increases the acidic strength of the cluster [3-5]

Zr-atom addition by us1ng an organometallic precursor such as z1rcon1um
acetylacetonate (acac) has been tested in this work and preliminary XPS results (not
presented) verify the presence of Zr-atoms in the final WOx NPs. Further investigation of
the synthesis conditions (concentration of Zr-acac, hot injection vs. solvothermal
decomposition, different Zr-precursors, concentration of oxidation or reduction agents)
and extensive characterization is required to extract useful conclusions.

8.2.4 Encapsulation using Si02 microcapsules

Encapsulation of the WOx NPs using Si0 2 microcapsules could improve the
thermal and structural stability of these structures. Batch-like concentration gradients
that can be adjusted by controlling the porous structure of the nanocapsules, could
improve the overall yield and selectivity of reactions such as propylene metathesis. The
microcapsules could work like microreactors and in the case of a gas-phase reaction
\Vhere the product volume is different from the reactant volu1ne; local pressure gradients
can increase conversion and selectivity.
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The Si02 nanoparticle synthesis scheme (published by the Wong and coworkers
[6]) is presented in Figure 8.6. Initially using polyallylamine hydrochloride (PAH) and
trisodium citrate a polymer-salt aggregate is formed. The addition of Si02 NPs results to
the formation of a silica/polymer nanoparticle assembled capsule (NAC) that can be
transformed into hollow microcapsules after calcination. Considering the non-covalent
interactions that drive the formation of the polymer-salt aggregate, a modification of the
WOx NP synthesis method should generate an analogous organometallic aggregate. The
major challenge is that this procedure is an aqueous phase synthesis method and the
nucleation of the WOx NPs has only been successful using non-aqueous solvothermal
decomposition.

Salt (Trisodium cUrate)

Polymer-salt
aggregate

+

~

·.·

Si0 2
NPs

Sill calpolymer
nanoparticle-assembled
capsule (NAC)

Figure 8.6. Schematic of two NP assembly of silica-polymer microcapsules. Results
published by Kadali et al. [6].
Using (1) a hydrothermal method under high pressure could possibly form the
WOx NPs or (2) replacing oleylamine with a diamine or another amine that has more than
one functional amine groups/molecule, the initial composition of the WOx NPs could be
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modified to meet the requirement in having a hydrophilic surface. By replacing Si02
NPs with Zr02 NPs, Zr-WOx NPs can also be synthesized to study their n-pentane
isomerization activity.

8.2.5 Sulfidation of metal oxide nanoparticles

Preliminary studies indicate that sulfidation of the synthesized WOx NPs was
successful by flowing a mixture of 5% H2S in argon instead of pure argon. Conventional
sulfidation methods require high calcination temperatures> 1273 K under pure H 2S flow
and they lack surface structure control since severe aggregation and pore collapse cannot
be prevented. Metal sulfides and especially MoS2 and WS2 and doped variations of them
are very active supported phases for the hydrodesulfurization (HDS) of crude oil.
Considering the increasing industrial interest in crude oil purification technologies, this
project could contribute significantly in the fundamentals ofHDS catalysis.
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Appendix A
Selection of catalytic particle size for gas-phase reactions

The procedure followed to select the catalyst pellet size for this study is presented
here. Particles with diameters between (A) 600-1200, (B) 300-600 and (C) 150-300 Jlm
(US Standard Series ATM) of one active catalyst, 6.0-WZrOH(21.7,973), were prepared
by pelletizing, crushing, and sieving. The catalytic activity, in terms of steady-state nC 5
consumption turnover rate (TOR) values was recorded (Table 1). It was noticed that
activity increased with decreasing particle size, specifically by 19% from A to B but only
2% from B to C. Negligible pressure drop was noticed along the catalytic bed for A and
B (~PA= 0.2 psi, ~Pa= 0.3 psi), in contrast to C (~Pc= 3.7 psi) where pressure decreased
~25%. Assuming a 151-order reaction and spherical particle morphology, the Weisz-Prater

parameters for the three size ranges were estimated using a nonlinear equation solver
(Polymath). Particles in range A were not chosen since Cwp > 1. Particles in ranges B and
C had Cwp < 1 (indicating that internal diffusion was negligible), but the latter was not
chosen due to the significant pressure drop. Thus, particle sizes in the 300-600 11m were
chosen for all subsequent catalyst experiments.

Table A.l. Selection of.earticle size rans;e for 6.0-WZrOH (21.7, 973)
Particle size
TOR
Isopentane
Thiele
Internal
Weisz-Prater
(xto-7)
[Jtm]
selectivity
modulus effectiveness
criterion
[s-•]
{label}
{%}
CWP
~
!I
1.62
45
1.71
0.85
2.48
600- 1200 (A)
44
1.93
0.86
0.96
0.70
300-600 (B)
1.97
46
0.43
0.99
0.18
150-300 (C)
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AppendixB
n-pentane isomerization turnover rate calculations

To compare catalysts on the basis of n-pentane isomerization performance, the
integrated GC peak areas were converted to moles of product i. All calculations were
performed similar to the methodology presented by Kuba et al. [1] (equation B.1)
x.

= (i/5)C;

c
n

I.

(B. 1)

Sin

where i =1-6 is the number of carbon atoms of each product from methane to C6 olefins
and hexane, C; is the moles of each product and nC5;n is the moles of n-pentane (nCs) fed
to the reactor. After normalizing with respect to the internal standard concentration, the
total conversion X [(mol n-pentane converted)·(mol n-pentane fed)" 1] was calculated by
using equation B.2.
6

~)i!5)C;
X=

(B.2)

H

nCs;n
Selectivity for each product is defined: S; [(conversion of i product)·(Total conversion)" 1]

=

S;

i

(B.3)

Since the total conversion remained low (:::S3%) for all runs, the conditions were
considered to be differential and therefore the total conversion rate ofnCs, Rnc5 [(mol nCs
converted)·(g-catalyst·s)" 1]: could be expressed as:

R

-

nCs-

FncX
s
(B.4)
W
cat
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where Fnc5 [(mol nCs)·s- 1] is the steady-state molar flow rate of nC 5 and

Wcat

[g] is the

amount of catalyst used for each run.
In comparing the activity for the catalyst samples, the nC 5 consumption turnover
rate TOR [s- 1] and the isomerization turnover rate TOR;c5 [s- 1] were used, which
respectively represented the number of nC 5 molecules reacted per tungsten atom·per
second (equation B.S) and the number nCs molecules isomerized into isopentane (iC 5)
per tungsten atom·per second (equation B.6).

where NA is Avogadro's number, SSA is the BET specific surface area, and Ns [sites·nm-2]
is the active site surface density [2, 3]. Ns was assumed to be numerically equivalent to
Psurf.

However, it should be noted that TOR would not represent a true turnover frequency

above WOx monolayer (ML) coverage, i.e., Psurf> 4.5 W·nm-2 [4-7], because the tungsten
oxide content would not be 100% accessible for reaction. For the rest of the products,
cracking and oligomerization selectivities were calculated using i=1-4 and i>S,
respectively. Steady-state TOR's and selectivities were collected at t = 10 hours.
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Appendix C
Methanol dehydration turnover rate calculations

To compare catalysts on the basis of methanol dehydration performance, the
integrated GC peak areas were converted to moles of product i. Gas phase product yield,

Y; [(mol product i formed)·(mol CH30H fedr 1], is defined as

:r; =

n;

(C.l)

n(CH 3 0H)0

Where n; is moles of product i and

n(cH3oH)o

is moles of methanol at to.

Catalyst

discoloration was not observed, nor was an induction period or deactivation observed for
steady state rates, suggesting negligible surface carbon generation (e.g., coke) and
supporting its omission from the mass balance.

Total methanol conversion,

XcHpH

[(mol CH30H converted)·(mol CH30H fedr 1], is calculated from the sum ofthe product
yields rather than from the change in methanol concentration between to and the steady
state value:

Selectivity for product i, S; [(mol product i formed)·(mol CH30H convertedr 1], is defined
in the traditional manner:

Y;

S =
I

(C.3)

XCH:!OH

The activity of each catalyst is expressed as the rate of methanol conversion,
[(mol CH30H converted)·(g catalyst· sr 1]:

RcHJOH
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where

FCHPH

[(mol CH30H)·s" 1] is the steady state molar flow rate of methanol to the

reactor and Wear [g] is the amount of catalyst used for each respective run. Finally, the
turnover rate TORi [s- 1] represents the number of methoxy molecules converted per Watom per unit time to product i:

with Avogadro's number (NA), the surface active site density (Ns), and the overall
composite catalyst BET surface area (SBET). Instead of calculating turnover frequency
(TOFi) which represents the rate of methoxy turnovers per exposed surface site (and
requires lengthy measurements), we follow convention for supported metal oxides by
calculating TOR assuming 100% exposure of all W -atoms:
Ns

=

Psurf

(C.6)

VSTOICHa

Here, Ns [sites·nm-2] is equivalent to the tungsten surface density (Psurf [Watom·nm-2]) because a is only a simple unit conversion factor [(1 CH30ads molecule)·(!
site)" 1] and

VsTOICH

[W-atoms·(l CH30ads molecule)" 1] is taken to be 1. Although VsTOICH

has been shown ~3 for many monolayer-loaded supported metal oxides via due to lateral
methoxy interactions in the chemisorbed adsorbate layer, we assign vsm1cn = 1 because
(1) lateral methoxy interactions are assumed weak at sub-monolayer WOx loadings, (2)
the presence of steric methoxy interactions have not yet been experimentally verified on
monolayer WOx/Zr02 materials, and (3) the infrared transmittance cell used for
quantifying VsTOICH was inoperable during data collection for this work.
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AppendixD
Mass balance and olefm consumption during n-pentane isomerization
Table D.l. Carbon mass balance durmg
· 10hrrunfor 1%nC5 •
Time (h)

Carbon balance (%)

0.07
0.46
0.82
1.22
2.02
3.19
4.35
5.91
7.47
10.0

98
97
98
97
96
97
98
97
96
97

. 10 hr run Dor 0 01% 1-Ct, 1% nC 5•
Table D.2. Carbon mass balance dunng
Time (h)

Carbon balance (%)

0.75
0.45
0.83
1.24
2.02
3.17
4.36
5.89
7.48
9.95

97
98
97
98
97
98
98
97
98
97

durmg
· 10 hr run Dor 0.1% 1-Cs=, 1% nCs.
Table D.3. Carbon mass baance
1
Time (h}

Carbon balance (%)

0.05
0.45
0.83
1.22
2.00
3.16
4.33
5.85
7.44
9.95

92
93
92
93
94
95
96
98
97
98

. 10hr run Dor 0.5%1-Cs=,1%nCs.
Table D.4. Carbon mass bal ance dunng
Time (h)

Carbon balance (%)

0.05
0.44
0.83

90
93
95
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Table D.4 continued)
Carbon balance (%)
Time(h)
97
98
97
97
97
99
97

1.21
1.66
2.81
3.98
5.53
7.10
9.9

. 10 hr run fior 0.8% C3 =, 1% nCs.
Table D.5. Carbon mass ba1ance dunn_g
Time (h)
Carbon balance (%)
0.07
0.45
0.82
1.25
2.02
3.20
4.38
5.92
7.47
10.0

86
93
94
95
98
95
93
92
88
86
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Figure D.l. Percentage of olefin reacting as a function oftime.

