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Abstract

Hydrocarbonaceous overlayers formed on a range of nickel alumina
and gold-doped nickel alumina catalysts during both the H,O and
CO; reforming of methane has been examined using a number of
techniques including thermal studies, XRD, TEM IR and Raman
spectroscopy. These techniques have allowed both qualitative and
quantitative analysis of the carbon and hydrogen components of coke
to be achieved. Both amorphous carbon and filamentous carbon has
been observed. Results show that changing the catalyst preparation
routine effects the morphology of the carbon in both the CO, and
H50 reforming reactions. The “dry” and steam reforming reactions
were also studied by inelastic neutron scattering. This technique has
permitted quantitative measurements of the extent of hydrogen re-
tention for the first time and has allowed elementary steps associated
with the reaction to be explored from a new perspective.

As well as determining the nature and quantity of the hydrocarbona-
ceous overlayers, the source of the coke has also been considered in
the CO, reforming reaction. Isotopic substitution reactions have been
employed to achieve this. Temperature programmed oxidation mea-
surements using a *CO, feedstream identify a clear role for the oxi-
dant in the carbon retention process.

The combination of techniques outlined above has permitted a series
of elementary reactions to be proposed for both reforming reactions.
Elementary surface reactions involving hydrogen are shown to be fast
and efficient compared to those involving carbon. Furthermore, oxi-
dation of carbon to CO is slower than that of carbon polymerisation.
These statements are true for both COy and HyO reforming and sug-

gest the CO4 reforming reaction has the potential to represent a en-



vironmentally friendly alternative to the industrially preferred steam
reforming process.

As well as increasing the understanding of these two highly relevant
reaction systems, a range of inelastic neutron scattering reactors have
been designed, built and tested under reforming conditions in order to
accomplish the quantitative hydrogen measurements. An evaluation
of these reactors, as well as a description of the development of the

INS technique as a quantitative tool is given.
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Chapter 1

Introduction

1.1 Reforming of Methane

The supply of oil is one of the most important factors to both the current and
future world order. This is not simply due to its use as a fuel, but also as a
precursor to fine chemicals and plastics. Its value really cannot be overstated. As
energy consumption in the developing world grows, so too does the demand for
oil. It is well known however, that stocks are dwindling and prices are increas-
ingly unstable. Currently, it is estimated that there is around 1.4 billion barrels
of oil proven - only enough to last between 45 and 50 years of consumption at
current rates [1]. Much of this includes non-traditional sources of oil such as tar
sands, and some care needs to be taken when discussing the supply in terms of
time as it does not take into account fluctuations in consumption or crude price
versus extraction price. Nonetheless, it has become vital to secure alternative
energy sources and chemical feed-stocks that do not rely on sources of oil. Possi-
ble candidates currently under investigation for replacing traditional oil include
Liquified Petroleum Gas (LPG), ethanol, biofuels and hydrogen [2].

The relative abundance of natural gas makes the reforming of methane into a
chemical feedstock and fuel a very interesting prospect [3][1][4]. Methane is a
greenhouse gas and is sometimes burned at the source as flare gas to make HyO
and COy (also a greenhouse gas but to a lesser extent). However, for methane

to be utilised to its fullest potential it can be converted to syngas (CO and H,),



which is then able to be reacted further to make more valuable compounds or
used as a direct energy source via the hydrogen produced [5]. Examples of these
further reactions are the polymerisation of CO to make C,H,, longer chain hy-
drocarbons either with the Fischer-Trgpsch reaction [6] or the Mobil process (via
methanol) [7]. Syngas can also be used in ammonia synthesis [8]. There are
a number of different ways to convert CH,4 to syngas including oxidation with
COy (“dry” reforming) or HoO (steam reforming) and catalytic partial oxidation
(CPOX). It is the first two examples that are the focus of this work.

1.1.1 CO; Reforming of Methane

Using CO, as the oxidant in methane reforming has environmental benefits as
both reactants are undesirable greenhouse gasses. Being able to react both of
these species on a commercial scale into something more valuable is a very in-
teresting prospect. Furthermore, the synthesis gas produced has a lower Hy:CO
ratio which is more suited to Fischer-Trgpsch synthesis [6][9]. Another possible
application of COy reforming is the production of hydrogen from biomass gasifi-
cation [10][11].

In principle, the chemical equation for the dry reforming reaction is inherently

simple (equation 1.1)
CHy+ COy — 200 +2Hy A+ 247k Jmol ™" (1.1)

In practice however, there are a large number of elementary reactions and com-
peting side reactions which can result in decreased syngas yields, varying CO :
H; ratios and catalyst deactivation over extended periods of time. Cui et al and

Froment are among those that have outlined the following side reactions [12][13]:

200 — CO, (1.2)
COQ+4H2—>CH4+2H2 (13)
CO +3Hy — CH, + HyO (1.4)



These include the Boudouard reaction (equation 1.2), methanation reactions
(equations 1.3 and 1.4), water-gas shift / reverse water-gas shift reactions (equa-
tions 1.6 and 1.5) and methane cracking (equation 1.7). As well as potential
side reactions, the reforming reaction itself can be broken down into a number
of elementary reactions, which again increases the level of complexity. Firstly,
methane has to dissociate in order to be able to recombine to form products.
The loss of the first hydrogen from methane to CHs and H (equation 1.9) is well
documented in the literature as rate limiting step [5]. Further dissociation of the
methane is then thought to occur either by complete stepwise loss of hydrogen to
Claa) and 4H,q) (equations 1.8 - 1.12), or possibly via an oxygen insertion step at
an intermediate point in the dissociation process (equations 1.13 and 1.14). If the
complete dissociation route occurs, then C,y will combine with adsorbed oxygen

from the oxidant to give CO (equations 1.15 - 1.26) (Surface sites are denoted by

")

CHy+ x5 CHy — x (1.8)
CHy—+«3 CHy—x+H (1.9)
CHs; — 83 CHy—x+ H (1.10)
CHy,— S CH — %+ H (1.11)



CH-—x"SC—x+H (1.12)

CHy — x4+ 0 —% — CHy0 — % (1.13)
CHO —x—CHO —x+H (1.14)
CHO —x—CO—-x+H (1.15)
CO —%— CO+x (1.16)

What the above equations highlight is the sheer complexity of the CO, reaction
that is not immediately apparent on first glance. When the dissociation of the
oxidant (CO) and its side reactions are also considered (equations 1.17 - 1.19,
1.2 1.6 and 1.5), the difficulty in understanding the surface chemistry increases

again.

002(9) — OOQ(ad) (1.17)
COQ(ad) — CO(ad) + O(ad) (1.18)
CO (at) =+ Clag) + Olaq) (1.19)

Finally, both formation of CO and Hs (via associative desorption) has to be

considered (equations 1.20-1.23):
k
2H (qq) 23 Hy (on) (1.20)

k
Hy(qa) = Ha(g) (1.21)



COs(g) + Cad 3 2C0 (o) (1.22)

CO(uay 3 CO, (1.23)

1.1.2 Steam Reforming of Methane
CH,+ HyO — CO +3Hy A+ 206kJmol ™ (1.24)

The steam reforming of hydrocarbons is industrially favoured over the CO, pro-
cess due to the high ratio of hydrogen produced which can then be used as a
primary fuel [2]. The reaction itself shares many of the complexities associated
with the COy reforming process including; dissociative adsorption of methane
(equations 1.8 - 1.12), oxidation of surface carbon (or carbonaceous intermedi-
ates) (equations 1.13 - 1.16), product forming steps (equations 1.15 - 1.26) and
competing side reactions (equations 1.2 - 1.7). However, rather than elementary
steps involving CO,, the oxidant is HyO [12][13]:

H50 (9) = Otagy + 2H(aa) (1.25)

These elementary reactions result in a more complicated system than is per-
haps first imagined, and a number of these steps contribute to the current prob-
lems associated with the steam reforming reaction on an industrial scale.

Although the overall reaction is less endothermic than CO, reforming [14]
it is an energetically expensive technology due to high reaction temperatures
and the corrosive nature of steam which makes maintaining reactor integrity and
catalyst performance challenging, however continued focus on this reaction and
its associated problems are only likely to increase as oil reserves decrease, and
gas reserves become exploited [4].

As well as high reaction temperatures and steam corrosion of reactors there
are other issues with this reaction that make it the focus of research. Although
a number of metals are catalytically active for this reaction such as Rh and Ru

[15; 16; 17] it is nickel that finds most application, due mainly to its low cost. The



)

problem with nickel catalysts in both the steam and “dry” reforming reactions
however, is that they suffer from serious coke build-up. The industrial significance
of this extensive coking is that it leads to the blocking of pores and halts access of
hydrocarbon to surface active sites [18]. Unchecked, this leads to serious pressure
drop in fixed bed reactors due to inter-particle growth and ultimately results in
reactor shut-down [19; 20; 21; 22]. This coke build-up may be mitigated through
careful management of the reaction conditions, for example in steam reforming
with control of the HyO:CH, ratio and/or temperature [19]. Doping the catalyst
with elements such as molybdenum [23], sulphur [5], gold [24], silver [25] or tin [26]
can also prove successful. Despite their benefits, these dopants have not generally
proved economically viable and running at high steam ratios is expensive [27]. It
would be beneficial therefore to find a process by which to operate the reaction
using nickel catalysts at low steam ratios, whilst still minimising the deposition

of carbon.

1.1.3 Carbon Deposition in Methane Reforming

It is perhaps surprising that more work has not gone into the characterisation of
coke and its methods of formation, considering the costs that dealing with it on
an industrial scale incurs. In addition to the deactivation of catalysts, it blocks

reactors, affects heat transfer and leads to other inefficiencies [22][21].

As well as attempting to better understand the elementary steps involved
in the reactant breakdown / product forming reactions, this project also aims
to better understand the elementary steps that result in carbon deposition and
subsequent polymerisation such as the dissociation of CH,q) equation 1.12, the
CO reduction reaction (equation 1.26) and the polymerisation reaction (equa-
tion 1.27) . These reactions result in substantial carbon laydown and lead to
significant problems with catalyst deactivation [21]. Characterising and better

understanding this carbon is another major theme of this study.



nC(ad) Ig Cn(s) (1.27)

As already mentioned, nickel catalysts are commonly used for both CO, -
and steam-reforming due to economic considerations, however they are known to
deactivate rapidly through coke formation [28][21]. An abundant literature exists
on describing the nature of this surface carbon that is formed during the reaction
[29; 30; 31; 32; 33; 34; 35]. Various broad classifications of carbon forms are used
for the carbon linked to deactivation [21][2]. Highly reactive monatomic carbon
has been suggested to function as a reaction intermediate, commonly denoted
Ca. In addition to CO production, this carbon may dissolve in nickel to form a
bulk carbide, C~, or polymerise to constructs of amorphous carbon, C3 (equation
1.28).

NC (ad) = Cr amorphous (1.28)

Further, the growth of filamentous carbon may cause physical damage to the

catalyst and generate pressure rises within the reactor (equation 1.29).
nC(ad) — Cnfilamentous (129)

However, this mechanical growth process does not inhibit chemical activity [36][27].
Chemical inhibition is caused by encapsulating carbon, which covers the nickel
surface and prevents reactants from accessing the active catalytic sites. At high
temperatures crystalline graphite (Cc) may form, which will also have a deac-
tivating effect. It is therefore important to examine and better understand the
nature and formation of the coke in order to improve the reforming reaction. In
any coke-forming reaction, a range of the carbon species mentioned above can be
formed and the conversion between materials and their morphology is complex but
irrespective of the type of carbon formed they all provide considerable challenges
in their characterisation. As a result, often the only effort made in quantifying
carbon is with thermal measurements, particularly temperature programmed ox-
idation (TPO) and thermo-gravimetric analysis (TGA) [2] [37]. These techniques
may however, misrepresent the materials true nature (for example by catalyti-

cally lowering the oxidation temperature of the coke being investigated [38]) and



large carbon motifs can mask minority species. Carbon NMR may be used in
some cases [39], but investigation of the deposits in-situ on a nickel catalyst is
difficult, due to its magnetic qualities which result in poor resolution and line-
broadening. Infrared spectroscopy is difficult due to their high absorbance [40],
Raman may have difficulty with fluorescence, and XRD is challenged by their lack
of long-range order. It has been shown however that with great care optical spec-
troscopy is possible on highly absorbing, coked, catalyst samples [41][42][43] and
vibrational spectroscopy with neutrons can also be used on completely absorbing
materials [44][45]. Characterisation methods combining vibrational spectroscopy
with thermal methods consequently promise a more complete investigation into
the materials deposited on catalyst surfaces.

This project will use a number of techniques including those mentioned above to
attempt to characterise the carbon forming during both the dry and steam re-
forming reactions. By using vibrational characterisation in conjunction with the
thermal methods, a more complete investigation into how and what materials are
deposited on catalysts can be attempted. By accurately characterising and quan-
tifying the coke deposited on the catalyst during the reaction, it may be possible
to suggest improvements to the system that reduce this carbon formation during
operation whilst still using economically favourable nickel catalysts (and at low

steam ratios in the case of the steam reforming reaction).

1.1.4 Gold Doping in Ni/Al,O3 Reforming Catalysts

As discussed earlier, this study focusses on nickel catalysts which is due to their
predominance in the industrial scene. Pioneering work from Clausen, Ngrskov
and co-workers has demonstrated that gold-doped nickel catalysts may be used
in the steam reforming of methane in order to minimise deactivation [24; 46]. If
the most active sites on nickel catalysts are those which are located at steps and
edges [47; 48], the gold atoms in the promoted catalysts are thought to block
these sites that are responsible for coking. However, it is not possible to exclu-
sively attribute this effect to improved coking resistance and an electronic effect
may need to be additionally invoked [48]. Model studies have shown that the ad-
dition of gold slightly decreases the ability of the catalyst to dissociate methane.



More importantly, however, the active monatomic carbon intermediate Ca is
destabilised, so that it is more likely to be oxidised (to CO) than to polymerise
into coke,[24]. Rostrup-Nielsen has demonstrated that a larger ensemble of ac-
tive metal sites is required to form coke than is needed for the desired reaction
[49]. Well dispersed metal groups or other interspersed dopants will therefore
disrupt the larger ensembles and thus improve catalyst longevity. The use of
sulphur in the SPARG (Sulfur PAssivated ReforminG) process is an example of
this effect [49]. In contrast to the steam reforming of methane, the use of gold-
modified catalysts in the “dry” reforming reaction is much less studied. In 1999
a patent was granted for the the synthesis and subsequent use of nickel catalysts
on zeolites for COy reforming, with promotion by, amongst other things, gold
[36]. Zhu has also reported on the use of a Ni/Au catalyst for “dry” reforming
[50]. Triantafyllopoulos and Neophytides have examined the doping of nickel with
gold for partial oxidation processes, with gold being hypothesised to increase the
lifetime, stability and concentration of CH, species [51]. Finally, Guczi et al.
have recently examined the COs reforming of methane on Ni/Au spinels. In this
communication, gold is thought to be inhibiting the conversion of monatomic
carbon to carbon nanotubes and graphite in much the same way as proposed
by Clausen above [47; 52]. The work of Triantafyllopoulos also agrees with this
conclusion. As well as studying reforming performance and carbon build-up on
Ni/Al,O3 catalysts,this thesis has examined the CO; reforming reaction over a
gold doped analogue in order to evaluate the generality of whether gold offers any

improvement in coke resistance or reaction performance.

1.2 Techniques

It has already been discussed that in order to achieve a more complete under-
standing of the the nature of the hydrocarbonaceous overlayers formed during
both the “dry” and steam reforming reactions that a wide range of analytical
probes and techniques will be required. This investigation employs a number of
tools including; vibrational spectroscopy, electron microscopy, and microreactor
techniques, in order to elucidate the chemistry occurring on the catalyst sur-

face. A brief description of these techniques and their application in the field of



heterogeneous catalysis is discussed presently.

1.2.1 Vibrational Spectroscopy
1.2.1.1 Infrared Spectroscopy

Vibrations in molecules or solid lattices can be excited by the absorption of pho-
tons. Infrared (IR) spectroscopy measures this interaction using light of wave-
length between about 700 nm and 1 mm (14000-10 cm™!). This range is divided
into three regions with respect to their relation to the visible spectrum; near- (>
4000 cm™!), mid- (4000-400 cm™!') and far-infrared (< 400 cm™!) [40][53]. The
energy of the radiation varies with frequency, thus each region is best suited for
the analysis of certain phenomena. The low energy of the far-infrared region is
suited to the analysis of the rotational structure of gases, mid-IR is most useful
in the study of fundamental molecular vibrations, whilst near-IR can excite vi-
brational overtones. Molecular vibrations have energies which correspond to the
energy of light in the mid-infrared region, and is the region we are most interested
in. Molecular vibrations occur when a molecule absorbs photons with a specific
energy causing transitions between vibrational levels. Each functional group has
its own discreet vibrational energy, so if a molecule or surface species is subject
to photons with a broad range of energy (i.e. the mid infrared range) a complete
picture of all the discreet functional groups is possible. This is a slight simpli-
fication however as infrared vibrations are subject to certain selection rules and
active modes are only those that involve a change in dipole moment [40]. There
is also the complication that, in practice, catalyst supports such as alumina ab-
sorb all energy below certain wavelengths. This results in an optical “cut-oft”
that makes it hard to study samples much below 1000 cm™!. The first studies of
adsorbed species was carried out by Terenin et al in the 1940s using near infrared
to study hydroxyl groups on oxides [54]. Mid-IR studies on catalysts was pio-
neered by Eischens and Pliskin [55] and has since developed into a powerful tool
for catalyst characterisation. Infrared is a highly popular tool and is excellent in
the identification of organic molecules. Amongst the reasons for its popularity
are its simplicity to run the experiment, the large quantities of data it can give

and the fact that it is relatively inexpensive to run. Samples can be easily run
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in solid liquid or gas phases. This also makes it highly versatile for a range of

experiments and especially good for viewing catalysis reactions.

1.2.1.2 Fourier Transform Spectrometry

Historically, infrared spectrometers tended to work via a grating system. Radia-
tion that enters the machine can be filtered using two gratings, so as to allow only
a small range of wavelengths go on to interact with the sample. Smaller gratings
give shorter wavelength ranges and so result in higher frequency resolution. A
large drawback of this though is the fact that most of the radiation hits the side
walls of the grating and so the total amount of energy getting through the sys-
tem is small. High resolution therefore equals low energy. In practical terms this
means that it is time consuming to build up a well resolved spectra especially
parts of the spectra with low baseline transmittance (as it is hard to separate
from the background noise) [53]. Current infrared spectrometers operate using
the Fourier transform (FTIR). The first FTIR measurement was carried out in
1949 by Fellgett [56][53]. Interferometry allows all the frequencies to be measured
simultaneously in the same experiment. The time saved in carrying out this type
of experiment over the traditional experiment is considerable and is known as
Felgett’s advantage.

Of central importance to a Fourier Transform spectrometer is the interferom-
eter, which is a piece of apparatus that splits and recombines a beam of radiation
to allow analysis of the beam. Figure 1.1 shows a schematic of an interferom-
eter. It consists of a beamsplitter, which transmits and reflects equal portions
of the radiation, and two planar mirrors aligned perpendicularly to each other.
One mirror is held in a fixed position, whilst the other can be moved to vary the
path length the radiation travels. The difference in path length between the two
beams is known as the retardation and is equal to double the difference between
the distances of the two mirrors from the beamsplitter. Figure 1.2 describes a
perfectly collimated monochromatic radiation source with wavelength A. When
the two mirrors are equidistant from the beamsplitter (zero retardation), the ra-
diation will take the same amount of time to travel along each path, and will

thus be in phase when the two beams are recombined. However, if the moving
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Figure 1.1: Schematic of an Interferometer [53]

mirror is displaced by a distance equivalent to a quarter of the wavelength of the
incoming radiation (one half-wavelength retardation), the beams will recombine
completely anti-phase and destructively interfere, resulting in no emitted signal.
On one complete wavelength retardation, the waves combine again to give totally
constructive interference. In practice, depending on where the moveable mirror is
placed, different patterns of constructive and destructive interference occur and
the resultant variation in the intensity of the beams reaching the detector is what
gives the spectral information in an FTIR spectrometer. By using a black-body
radiation source, a complete spectrum can be produced. There are a number
of ways that infrared light can interact with a sample. Figure 1.3 shows three
possible scenarios. in (a), the IR radiation does not interact with the sample and
all the energy is transmitted. Scenario (b) shows that the sample absorbs some
of the energy (corresponding to distinct molecular vibrations). The transmitted
beam’s energy is then weaker than the incident energy. Reflectance can also oc-
cur after absorption (c), and gives similar information to (b). Is is the latter two

scenarios that this project utilises.
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Figure 1.2: Constructive and destructive interference patterns that result from
varying path length. From top to bottom, Zero retardation, one half-wavelength
retardation and one complete wavelength retardation [53].
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Figure 1.3: Possible interactions between IR radiation and sample: (a), no in-
teraction, (b), sample absorbs energy and transmits, (c), sample absorbs energy
and reflects [53]
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Figure 1.4: Schematic of diffuse reflectance technique [53]

1.2.1.3 Transmission Infrared Spectroscopy

Probably the simplest form of IR spectroscopy to perform is transmission 1.3b.
The sample to be studied is first pressed into a disk (either self supporting or
mixed with an optically neutral compound such as KBr). The sample is then
supported in the path of the infrared beam. The light that is transmitted from
the sample will be different to that of the incident beam in that any photons that
have been absorbed by a vibrating species will have been at least partially lost.
The key benefit of transmission infrared spectroscopy is in its inherent simplicity
as very little technical apparatus other than the spectrometer is required. It has
some limitations however, one of which is that post reaction catalyst samples are
normally black, and it can be very difficult to press a disk sufficiently thin to
allow any light through at all.

1.2.1.4 Diffuse Reflectance Infrared Spectroscopy

Diffuse Reflectance spectra result from the scattering of light from a powdered

sample which has absorbed incident radiation 1.3c. Light is scattered by reflec-
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tion, refraction and diffraction and is collected by elliptical mirrors before being
focussed onto a detector 1.4. Most of the light beam is reflected so the angle
between the reflected beam and the sample is equal to the angle between the
incident beam and the sample. Light which is reflected in this manner, as would
happen with a mirror, is known as specular reflection and is likely to have in-
teracted little with the sample. The light which is diffusely reflected will exit in
every direction and will have transferred energy to the sample. The key to DRS
is to maximise the non-specular signal with respect to the specular and thus se-
lect the light which has strongly interacted with the sample being studied. The
drawback to this technique is that the the ratio of the non-specular reflection to
the incident beam is very low, and so a sensitive detector must be used. A Fourier
transform spectrometer is ideal for exploiting this technique which is known as
Diffuse Reflectance Infrared Fourier Transform Spectroscopy or DRIFTS [53]. As
diffuse reflector sample cells have become commercialised, so has the technique
grown in popularity. The major advantage of diffuse reflectance over the more
traditional transmission technique is that the sample is a self supported powder
and is not required to be pressed as a disk. Other benefits are that using a powder
sample allows gas to freely diffuse around the material and provides a greater sur-
face area for interaction with gases, and that by having less processing decreases
the likelihood of the introduction of artefacts or even changing the system being

analysed.

1.2.1.5 Raman Spectroscopy

Whilst infrared spectroscopy relies on the molecule adsorbing photons of the same
energy as its vibrations, Raman spectroscopy involves the inelastic scattering of
photons from the molecule being studied [40][57]. Figure 1.5 shows how photons
interacting with a sample can behave, while figure 1.6 shows the resultant spec-
trum [40]. When monochromatic light interacts with a sample, most of the light
is elastically scattered without loss or gain of energy - Rayleigh scattering (figures
1.5 and 1.6). Essentially this involves exciting the molecule from its ground state
to an unstable virtual excited state, before the molecule returns to its ground

state releasing the same energy as it took to excite it. If however, a molecule in
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Figure 1.5: Raman scattering energy diagram (a), Stokes band, (b), Rayleigh
band, (c), Anti-Stokes band. [40]
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Figure 1.6: Stokes, Rayleigh and Anti-Stokes Bands [40]
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its excited state returns to the first vibrational level the scattered photon has less
energy than it did initially with the resultant intensity = vy — v,;,. This gives a
Raman peak called a Stokes band (figures 1.5a and 1.6. It should be noted that
there is also the possibility of an anti-Stokes band, but this around 10% times less
intense than the stokes band (figures 1.5 ¢ and 1.6).

As in infrared spectroscopy, not all vibrations are observable, however the
selection rules are different to infrared in that only those vibrations which result
in a change of polarisability of the molecule are observable. A practical example
of this are Hy, Ng, O, stretching vibrations which are Raman active but infrared
inactive. These selection rules can often make infrared and Raman complemen-
tary and can be enlightening when used together. Raman spectroscopy has a
number of advantages over infrared spectroscopy. The first is that it is possible
to carry out measurements on black samples. Another is that due to the lack of
“windows” in the sample handling apparatus, it is possible to obtain spectra at
wavenumbers below 1000 cm™!. Lastly, due to the fact that Raman spectroscopy
is carried out using lasers, it is possible to obtain a spectrum from a significantly
smaller sample than infrared. This last advantage however, can also be a possible
shortcoming, in that samples can easily be overheated and decomposed. Finally,
sample fluorescence can have a huge bearing on the spectral background which

can make it difficult to achieve a suitable signal to noise ratio [40; 57; 58; 59].

1.2.1.6 Inelastic Neutron Scattering (INS)

Inelastic neutron scattering (INS) is analogous to that of Raman spectroscopy
and electron energy loss spectroscopy (EELS). Unlike infrared where a photon
excites a vibrational transition with resulting absorption or emission, INS and
Raman are measurements based on the collision of a particle with a nucleus of
a species of interest (e.g. a molecule on a surface). Raman is the collision of a
photon, whereas INS is the collision of a neutron. One of the major differences
between infrared, Raman and INS is that as a neutron has mass (1.009 amu), it
is possible to measure the change in energy and the change in momentum of the

neutron after the collision has occurred [40]. This gives rise to two interesting
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features of INS. Firstly, it results in a two-dimensional spectrum (energy transfer
(i.e. vibration) at a given momentum transfer) and also, it means that there are
no inherent selection rules in the technique. As there are no selection rules, all
vibrations are theoretically possible and visible [44][60]. However, the large cross
section of hydrogen (82.0 barn) compared to other atoms, e.g. carbon (5.55 barn)
means that in practice an INS spectrum for a carbonaceous species will be dom-
inated by vibrational modes involving hydrogen [45][44]. A good example of this
is the carbonyl stretch which although has a strong band in infrared spectroscopy,
is effectively invisible to INS. The two dimensional spectrum allows determina-
tion of whether a vibration is associated with a light atom (e.g. hydrogen) or a
heavy atom (e.g metal lattice modes) [44], and can also even be used to probe
magnetic modes [61]. Another interesting feature is that as atomic nuclei have a
size of around 0.1 % of the entire atom, neutrons are highly penetrating and can

therefore probe the bulk of a sample.

(QU;)*"

S(Q, nw;) a o cap [—(QUro)?] o (1.30)

Equation 3.1 shows the scattering law. The intensity (S) is related to both mo-
mentum (Q) and the frequency (w;). i is the mode at frequency w and n = 1,2 or
3 for a fundamental band, overtone (or binary combination) or secondary over-
tone (or tertiary combination) respectively. U; and Uy, are the root-mean square
displacements of the atoms in the particular vibration or of all the atoms in the
sample respectively. The exponential term is the Debye-Waller factor. This part
of the equation is critical from a practical perspective, and requires that measure-
ments are taken as close to 0 Kelvin as possible (typically below 30 K) [44; 60].
Lastly, o is the cross-sectional area of the atoms involved in the mode.

For this study, INS spectra were recorded using the TOSCA (fig 1.7) MAPS
(fig 1.8) and MERLIN spectrometers, located at the ISIS Facility, Rutherford
Appleton Laboratory, Oxfordshire, U.K. A brief description of each of the spec-

trometers is given presently.
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Figure 1.7: Schematic of the TOSCA spectrometer [62][63]

20



i Maderatar

S,
T i
e, -

' {'-«5 B niﬁund_Chcppir
et H:-"\:l ~" | Sample Pasition

Fermi Il-mpp t.'f' a

B e . —

| Pox libn Sanein e’
Datector Array
(!

Figure 1.8: Schematic of the MAPS spectrometer [64]

TOSCA is an indirect geometry instrument [62][63][65] and this has tradi-
tionally been the spectrometer design of choice when measuring catalyst samples
[44; 60; 66; 67; 68; 69]. This is mainly due to its simple design. All incident
neutrons are allowed to interact with the sample, and a simple beryllium filter
allows only neutrons with a specific final energy to reach the detectors. This
makes it very easy to collect data across the whole range of energy (40 cm™! up
to 4500 cm™!) but has the downside of loosing any momentum information and
also looses resolution towards higher wavenumbers.

More recently, studies have been carried out on the MAPS spectrometer at ISIS
[64][70]. MAPS is a direct geometry instrument and is almost the opposite to
TOSCA in how it functions. Neutrons entering the instrument do so with a wide
range of energies. Before interacting with the sample, a “chopper” is used to
select a discreet energy range (see figure 1.8). This can be tuned to highlight
specific areas across the spectrum from 40 ecm™! up to 4500 cm™t. Once the

neutrons have interacted with the sample, all energies of scattered neutrons are
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Figure 1.9: Schematic of the MERLIN spectrometer [71; 72; 73]

measured using a wide detector bank and so information on momentum transfer
as well as energy transfer can be measured. A larger detector bank is required on
MAPS compared to TOSCA in order to compensate from the loss of incident flux
due to the choppers. This coupled to the fact that different incident energies are
required to cover the full vibrational range, means that sample collection times
can be in the order of 24 hours or more for a single sample.

Finally, some measurements have also been carried out on the MERLIN spec-
trometer 1.9 [71; 72; 73]. Like MAPS it is a direct geometry instrument, which
uses a Fermi chopper to monochromate the incident neutron beam to give inci-
dent energies in the range 72 - 8060 cm~!. It does however differ from MAPS
in that it has a larger detector bank which allows it to have a higher count rate
and so better signal to noise ratios. The drawback of MERLIN is that it has an
inferior resolution to that of MAPS, which could be a major problem when trying

to separate vibrational modes (e.g. C-H and O-H stretches).

1.2.2 X-ray Diffraction

X-rays have a wavelength in the angstrom range. X-ray diffraction (XRD) allows
the investigation of the bulk phases (structural properties) of catalysts. XRD
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is a measure of the elastic scattering of x-ray photons by atoms in a periodic
lattice. When a powdered sample is analysed e.g. a supported metal catalyst,
a diffraction pattern occurs as a fraction of the the particles will be oriented in
such a way as a crystal plane is at an angle # to the incident energy giving rise
to scattered monochromatic x-rays that are in phase and so produce constructive
interference. The lattice spacing is defined by the Bragg equation (1.31) and
is characteristic for any given compound. This diffraction pattern is therefore
characteristic for any given compound and allows for determination of the phases
present in a sample.

nA = 2dsin® (1.31)

1.2.3 Transmission Electron Microscopy

Whereas XRD is a measure of the scattering of x-rays by electrons, Transmission
Electron Microscopy (TEM) is a measure of electron scattering by both electrons
and the nucleus. TEM allows the visualisation of catalyst surfaces due to to the
small de Broglie wavelength of electrons compared to that of visual light. When
an electron interacts with a sample a number of possibilities can result including
zero energy loss, electron diffraction, x-ray diffraction, backscattering, Auger and
energy loss amongst them.

In TEM transmitted and diffracted electrons are utilised. A primary beam
of electrons interacts with the sample. The transmitted electrons are attenuated
with respect to density and thickness which gives a two dimensional projection
of the sample (bright field imaging). The diffracted electrons give a dark field
image. It is well known that samples emit x-rays when they are subjected to
electron bombardment. X-ray fluorescence occurs when a core hole - formed due
to the loss of an electron - is filled with an electron from a higher shell. The
energy associated with this transition is characteristic of a specific compound.
Figure 1.10 describes how an electron from the L shell falls into the K shell hole
created by the loss of an electron. As the electron falls, an x-ray of energy Ka

is emitted. In practice this allows TEM images to be combined with information
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Figure 1.10: K-shell x-ray fluorescence

from backscattered x-rays. This makes it possible to generate an elemental map
- a 2-D image that can be colour coded to highlight the specific elements present
in a brightfield image.
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Chapter 2

Experimental and Development
of Inelastic Neutron Scattering
Technique for Analysis of

Heterogeneous Catalyst Samples

2.1 Experimental

Both the CO, and H;O methane reforming studies carried out in this study
use similar catalysts, reaction apparatus and reaction conditions. The resultant,
post-reaction samples were also studied in a similar manner. The following ex-
perimental details can be assumed to be the same for each section except where

explicitly stated.

2.1.1 Catalyst Preparation

Four catalysts were used in this study, two Ni/Al,Oj3 catalysts that either facili-
tate the formation of amorphous or graphitic carbon in both the “dry” and steam
reforming reactions and two Ni-Au/Al,O3 catalysts that also favour amorphous
or graphitic carbon deposition. A summary of the catalysts and what carbon is
deposited on their surface is presented in table 2.1. The catalysts were prepared

by colleagues at the University of Keele and the preparation routine is as follows:
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Catalyst Resultant Carbon Formed
45 wt % Ni/Aly,O3 Amorphous Carbon
5 wt % gold-doped 45 wt % Ni/Al,O3 | Amorphous Carbon
26 % (w/w) Ni/Al,O3 Filamentous Carbon
5 mol % Au 20 wt % Ni/Al,O3 Filamentous Carbon

Table 2.1: Summary of the catalysts used in this project and their resultant
carbon

2.1.1.1 Catalysts Resulting in Amorphous Carbon Formation

The following catalysts were prepared by colleagues at the University of Keele. A
45 wt % Ni/AlyO3 catalyst and a 5 wt % gold-doped 45 wt % Ni/Al,O3 catalyst
were prepared by wet impregnation of a-alumina (Sumitomo, lot no. YE6 Y01,
BET surface area 1.93 m? g~!) with nickel nitrate and hydrogen tetrachloroaurate,
followed by calcination at 1173 K. For the non-doped material, nickel nitrate
hexahydrate was dissolved in a minimal amount of water, to which alumina was
added subsequently. Water was driven off the suspension using a hot plate, before
drying in an oven at 393 K for 6 days. Finally, the material was calcined in static
air by heating to 773 K at 1 K min~!, then to 1173 K at 5 K min~!. The
temperature was maintained for one hour before cooling to room temperature.
This procedure resulted in a 45.1 wt% Ni/Aly,O3 catalyst. The doped material
followed the same synthesis, but used nickel nitrate hexahydrate with hydrogen
tetrachloroaurate (III) trihydrate and alumina to generate a catalyst 43.1 % Ni
and 4.77 % Au by mass. Hydrogen tetrachloroaurate(Ill) trihydrate (99.9 %
purity) was supplied by Acros Organics and nickel(II) nitrate hexahydrate (99.8
%) by BDH.
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2.1.1.2 Catalysts Resulting in Filamentous (Graphitic) Carbon For-

mation

As with the previous section, catalysts were synthesised by colleagues at the uni-
versity of Keele. The preparation of both the Ni and the Ni-Au is as follows:

A 26 % (w/w) Ni/Al,O3 catalyst was prepared by wet impregnation of -alumina
(Alfa Aesar, 99.98%, < 1 micron APS powder, surface area 10 m? g=!) with nickel
nitrate hexahydrate, Ni (NO3)2.6H,0, (Acros Organics, 99 %). The mixture was
stirred whilst heating at 353 K. Water was driven off the suspension using a hot
plate, before drying in an oven at 393 K for 6 days. The material was then cal-
cined in static air by heating in a furnace (Carbolite RHF 1600) to 773K at 1
K/min, then to 873K at 5 K/min. This temperature was maintained for one hour
before cooling the sample to room temperature at 10 K/min. Following calcina-
tion, the catalyst was ground using a pestle and mortar and sieved to a particle
size <106 pm using a stainless steel Laboratory Test Sieve (BS410/1986).
Similarly, 60 g of 5 mol % Au 20 wt % Ni/Al,O3 was prepared. 59.32 g of nickel
nitrate hexahydrate, Ni(NOj3),.6H5O, (Fischer Scientific) was dissolved into solu-
tion and 48 g of dried alpha aluminium oxide, a-AlyO3, (Alfa Aesar) was added,
as above. Gold was added in the form of gold chloride trihydrate, HAuCly.3H,0O,
(Acros Organics) to a level of 5 mol % with respect to the nickel content, which
equated to 4.06 g. This was suspended in a minimal amount of water and added
to the Ni(NOj3)y solution. The mixture was stirred whilst gently heating at ca.
353 K. All samples were dried in ceramic boats at 373 K overnight and then
activated by calcination. The material was calcined in static air by heating in
a furnace (Carbolite RHF 1600) to 773 K at 1 K min™!, then to 873 K at 5 K
min~!. This temperature was maintained for one hour before cooling the sample

1

to room temperature at 10 K min™". Following calcination, the catalysts were

ground using a pestle as with the Ni/Al,O3 sample above.

2.1.2 Microreactor Rig and Reactor Design

As part of this investigation, a reactor rig has been constructed in order to carry
out reforming reactions on a scale of 5-100 mg catalyst sample size. The schematic

of the microreactor used for reaction testing is shown in figure 2.1. This appara-
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Figure 2.1: Schematic of Microreactor Apparatus
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tus was designed to be flexible and allows both CO5 and HyO reforming reactions
to be studied simply by altering the direction of the He carrier gas. All reaction
testing and thermal measurements (TPO,TPH etc) were performed using this
apparatus with the exception of the samples that were prepared for inelastic neu-
tron scattering studies. These studies required construction of a second reaction
rig that will be discussed later.

Four mass flow controllers (Hastings HFC302 controlled by Teledyne THPS-
400) are connected with 1/8” stainless steel tube to a mixing volume containing
glass beads. The gasses connected to the apparatus were as follows: Hy (BOC,
99.999 %), He (BOC, 99.999 %), CH, (CK gas, 99.95 %), CO (CK gas, certified
4.872 % in Ar), 12CO, (CK gas, 99.995 %), ¥CO, Cambridge Isotope Laborato-
ries 99 % and 5% Oy/He mix (BOC). Helium is used as a diluent, and a portion
of its flow may be passed through a saturator filled with deionised water. This is
immersed in an oil bath on a stirrer-hotplate (IKA RCT basic with ETS-D5 con-
trol), set to a temperature not exceeding 353 K, depending upon the experiment.
The gas lines downstream of the saturator are heated to 353 K using heating
tape (Electrothermal engineering HT95508) controlled by a PID controller (Ero
Electronic LFS). The reactor itself is a quartz tube of 6 mm O.D. which passes
through a tube furnace (Carbolite MTF 10/15/30, max T 1000 °C) and is con-
nected to the steel tubing with 1/4” Cajon compression fittings. The catalyst
is held in the centre of the reactor using quartz wool. Two three-way taps ei-
ther side of the tube furnace allow the direction of the gas flow to bypass the
reactor. In-situ DRIFTS measurements are also possible (as is transmission IR)
via the environmental cell (Specac) and FTIR spectrometer (Bruker Vertex 70)
incorporated into the reaction rig. The spectrometer can also be bypassed via
two three-way taps. The exhaust line is also heated and has a T piece fitting
with one outlet attached to the heated quartz inlet capillary of a Hiden HPR20
quadrupole mass spectrometer and the other is attached to a K-type thermocou-
ple that can be pressed against the quartz wool inside the reactor to give a more
accurate measurement of the catalyst bed temperature. This thermocouple was
connected to the mass spectrometer the software of which automatically recorded
the temperature. Differential pumping allows this system to accept gas inputs at

above ambient pressures.
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2.1.3 Microreactor Conditions

Reaction testing for both CO, and HsO studies were performed in a quartz-
tube micro-reactor using the University of Glasgow microreactor arrangement
described above. The two different catalyst preparations (45 wt % and 26 wt %
inherently favoured different forms of carbon retention. The reaction conditions
below are presented as a general set-up, with any differences in the the specific

test regimes mentioned.

2.1.3.1 CO; Reforming

Approximately 5-20 mg of the 45 wt % Ni/Al,O3 catalyst or 5 mol % gold-doped
45 wt % Ni/Al,O3 catalysts were loaded into the reactor between quartz wool
plugs. Prior to reaction, the catalysts were reduced for 2 h at 1123 K under a flow
of 3 scem (standard cubic centimetres per minute) Hy in 40 scem He. Reactions
used 2 scem CHy4 with 1 scem COs diluted in 40 sccm He as before. The reaction
conditions provide a total gas hourly space velocity (GHSV, defined as the ratio of
the total volumetric flow at the inlet and the reactor bed volume) of 1.2 x 10* hr™*
and a space time (the volume of the catalyst bed divided by the flow) of 0.3 s [20]
Initial micro-reactor measurements were recorded in a temperature-programmed
mode (300-1150 K). The results from those runs were used to select a temper-
ature for isothermal measurements. The isothermal temperature selected (1073
K) used for the micro-reactor was selected due to constraints with the INS appa-
ratus. All reactions were performed at least twice, so that the results presented
here are representative of the trends observed. These conditions are those which

resulted in amorphous carbon laydown.

The 26 wt % Ni/AlyO3 catalyst favoured graphitic carbon formation. This
catalyst used 5.6 sccm CH, with either 5.6 sccm 2CO, or BCO, diluted in
40 sccm/min He. The reaction conditions provide a gas hourly space velocity
(GHSV) of 2.4 x 10* hr™* and a space time of 0.15 s [20]. Isothermal reactions

were performed at 898 K in both the microreactor and the INS experiments.

Post reaction temperature-programmed oxidation measurements of both regimes
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Figure 2.2: Calibration of mass spectrometer response (Mass 44) to known quan-
tities of graphite. The line is best fit to the data

were performed in-situ after reaction using 20 sccm of a 5% Os/He mix using a
temperature ramp of 10 K min~—! to 1223 K. Temperature-programmed hydro-
genation (TPH) experiments were also performed in-situ using 5 sccm Hy diluted
in 40 sccm He with a ramp to 1223 K at 10 K min~!. The raw data were
normalized against the total recorded pressure to remove the effects of pressure
variation and to give a percentage composition of the exhaust gases. The in-
strumental response was calibrated by oxidation of known masses of graphite
(Sigma-Aldrich, >99.5%), as well as the thermal decomposition of calcium car-
bonate (BDH, >98%). Figure 2.2 shows the calibration of the response of the
micro-reactor to known quantities of graphite. It can be seen from figure 2.2 that
the response is linear and will permit the quantification of unknown masses of

carbon that form on the surface during the reforming process.
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2.1.3.2 H,0 Reforming

In order to study amorphous carbon deposition in the methane steam reforming
reaction approximately 5-20 mg of the 45 wt % Ni/Al,O3 catalyst was reduced
in the same manner as the CO, reforming reaction. Flow of HyO was established
first by heating the oil bath to the desired temperature before passing helium
through the saturator. Once a steady mass 18 signal was observed on the mass
spectrometer, a methane flow rate was selected to give an HyO ratio of 3 to 1.8
CHy. Due to the inherent difficulties in controlling steam compared to gases, the
exact HyO flow rate varied from experiment to experiment, but was always in the
region of 3 £ 0.5 sccm. For graphitic steam reforming, reactions were performed
using a 1:1 ratio of reactant to oxidant. This ratio should accelerate deactivation
and provide a stronger INS signal for evaluation than the amorphous analogue.
Due to the inherent difficulties in controlling steam compared to gasses, the ex-
act HoO flow rate varied from experiment to experiment, but was always in the
region of 5 £+ 1 sccm. Temperature programmed reaction was performed using a
temperature ramp of 10 K/min to 1223 K. Isothermal measurement temperature
was 898 K for the low temperature studies and 1123 K for the high temperature
studies. Post-reaction TPO and TPH procedures were also analogous to the COq

reforming studies.

2.1.4 Inelastic Neutron Experiments

INS measurements were performed at the ISIS Facility of the STFC Rutherford
Appleton Laboratory using the TOSCA, MAPS and MERLIN spectrometers de-
scribed previously. In order to achieve reasonable resolution over a wide spectral
range (40 - 4000 cm™?), spectra on the MAPS spectrometer were measured at
4840, 2017 and 484 cm™!.

Due to sensitivity constraints, large catalyst masses (ca. 10 g) are typically
required for INS studies of heterogeneous catalysts, which is around 200 times
more sample than is normally used in conventional micro-reactor measurements.
In order to achieve this, reaction apparatus was constructed to accommodate

the larger catalyst masses. The following section details the construction of this
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apparatus as well as the development of the inelastic neutron scattering technique.
A brief experimental section detailing the reaction conditions for both the steam

and CO, reforming reactions are described presently.

2.1.4.1 CO; Reforming

2.1.4.1.1 Catalyst Favouring Retention of Amorphous Carbon

For amorphous carbon studies, a charge of approximately 20 g of the 45 wt
% Ni/Al,O3 catalyst or 5 mol % gold-doped 45 wt % Ni/Al,O3 catalysts was
loaded into the stainless steel u-tube reactor described later in this section. The
samples were reduced by heating to 1023 K at 5 K min~! in flowing hydrogen
(140 ml min~! Hy diluted with 1250 ml min~! He) and held at this temperature
until hydrogen consumption ceased. Maintaining the helium flow, the sample
temperature was increased to 1073 K and reaction commenced by flowing CO,
and CH,4 and He over the catalyst at respective flow rates of 35, 70 and 1250 sccm.
This resulted in a GHSV of 4.9 x 10® h~! and a space time of 0.72 s. Reaction was
maintained for 6 hours with methane conversions comparable to those observed
with the micro-reactor arrangement. It should be noted that it was not possible
to match the GHSV between the microreactor and the INS measurements. This
is solely due to is the increased mass of catalyst required for the INS experiments
coupled to the maximum output of the mass flow controllers that restricts the
maximum space velocities achievable. There is also a limitation on vented gas
emissions allowable within the ISIS experimental arrangement. The gasses used in
these experiments were as follows; research grade Hy, CO5 and CHy4 were supplied
by CK gases, with purities of 99.95 %, 99.995 %, and 99.999 % respectively. The
He diluent was UHP grade from Air Products (99.9992 %).

After 6 hours on-stream, the heating was stopped and the sample isolated
and allowed to cool to ambient temperature. The quartz reactor was transferred
to an indium-sealed gas tight aluminium sample cell inside an argon-filled glove
box (MBraun UniLab MB-20-G, [H2O] < 1 ppm, [O2] < 2 ppm). The cell was
then transferred to the INS spectrometer, for the recording of INS spectra at 20

K. Background measurements were also performed on the alumina used in the
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catalyst synthesis. A sample of the a-alumina was initially treated in flowing
hydrogen at 823 K for 2 hrs (140 ml min~! Hy diluted with 1250 ml min~! He);
subsequently CO, and CH, and He were passed over the sample at the same
temperature (respective flow rates of 70, 35 and 1250 scem) in order to provide
a blank control experiment. Methane conversion was not detected to any extent
under these conditions.

After these INS measurements, any radioactivity emerging from the INS cell
was allowed to decay to a safe level before the catalysts were recovered and fur-

ther analysed.
2.1.4.1.2 Catalyst Favouring Retention of Graphitic Carbon

For graphitic carbon studies, approximately 10 g of the 26 % (w/w) Ni/AlyO3
catalyst was loaded between quartz wool plugs in the Inconel ® reactor described
later. The sample was reduced at 883 K for 2 h in a flow of 50 sccm Hy (CK
gas, 99.999 %) in 1500 sccm He (Air products 99.9992 %). The Hy was then
purged from the system whilst cooling, before the catalyst was isolated under the
inert gas and transferred to the spectrometer for the background spectrum to be
recorded at 20 K.

After the background spectrum had been recorded, the cell was removed from
the spectrometer and reconnected to the gas handling system. This allows the
initial sample to be reacted without being disturbed - which should result in good
background subtractions. The methane reforming reaction was then initiated by
establishing flows of 80 scem CHy (CK gas, 99.95 %), 80 sccm CO, (CK gas,
99.995 %) and 1500 sccm He (GHSV = 1.2x10* h™!, space time = 0.3 s) and
heating the catalyst to 898 K. These conditions were maintained for 6 h, at
which point heating was stopped, the reactor purged, and isolated. The sample
is then quenched in liquid nitrogen before being analysed by INS [74; 75]. The
spectrum of the reduced catalyst was subtracted from the spectrum of the reacted
catalyst for background subtraction. In this way, spectra only relate to material

formed during the reaction stage. All INS spectra were recorded at 20 K.
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2.14.2 H,0 Reforming

2.1.4.2.1 Catalyst Favouring Retention of Amorphous Carbon

As before, larger samples in the region of 7 g had to be prepared for INS
measurements. In order to produce steam, a portion of He was passed through a
heated saturated which is described in the following chapter. Amorphous carbon
samples were prepared in the Inconel ® reactor using the 45 wt % Ni/Al,O3
catalyst. The sample was reduced at 898 K for 2 h in a flow of 50 sccm Hs
diluted in 1500 sccm He. The Hy was then purged from the system using He
whilst the sample cooled at which point it was transferred to the spectrometer
for a background spectrum to be recorded.

The reduced sample was then reconnected to the gas manifold. The saturator was
then run at 343 K with a flow of 150 sccm through it. This gave an unstable and
approximate flow of 30 sccm H5O. Two samples were prepared; the first reacted
5.85 sccm CH4 with the steam (around a 1 HoO : 1 CHy ratio) . The second
sample had a flow of 18 scem CH, (around a 1 H,O : 3 CHy ratio). The first
showed 100 % methane conversion, the second showed approximately 80 %. After
INS spectra were collected from the second sample it was subsequently heated to
773 K under a flow of 1500 sccm He and 50 scem Hsy, then held for over an hour.
Gas phase Hy was then purged as the system cooled, and the sample isolated
after 10 min. The mass spectrometer detected production of CHy, CO and O,
in this hydrogenation step. In subsequent sections, these samples are referred
to as INS6 and INS18, relating to the approximate methane flow rate used in
their preparation. INS18H refers to the sample post hydrogenation. It should be
noted that as INS18 was converted to INS18H, it was not available for further

characterisation.
2.1.4.2.2 Catalyst Favouring Retention of Graphitic Carbon
Graphitic carbon samples were prepared using the 26 % (w/w) Ni/AlyOs

catalyst. The sample was reduced at 898 K for 2 h in a flow of 50 sccm Hs
diluted in 1500 sccm He. The Hy was then purged from the system using He
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whilst the sample cooled at which point it was transferred to the spectrometer
for a background spectrum to be recorded.

The reduced sample was then reconnected to the gas manifold. The methane
reforming reaction was then initiated by establishing flows of 1500 sccm He (split
into 150 sccm through the bubbler and 1350 scem to act as diluent). Once a
stable mass 18 signal was detected, a flow rate of methane was established to
match the HoO at a 1:1 ratio (For this study, the methane flow rate was 78 sccm
The reaction was carried out at 898 K and was maintained for 6 h, at which
point heating was stopped, the reactor purged, and isolated. The sample is then
quenched in liquid nitrogen before being analysed by INS [74; 75].

For the high temperature graphitic reactions, the conditions had to be altered
to accommodate pressure constraints associated with the quartz u-tube reactor
described in the following chapter. Reduction temperatures and flow rates were
the same as the low temperature graphite studies however the isothermal reaction
flow rates were 10 sccm He (through saturator), 40 sccm (as diluent) and 5 sccm
CHy in order to keep the operating pressure below 2 bar. This pressure limit is
due to the inherent weakness between the joints that fuse the stainless steel to
the quartz. The INS sample was reacted for 6 hours before being isolated, cooled

and transferred into an aluminium sample can via the glovebox described earlier.

2.1.5 Post-reaction Analysis of Microreactor and INS Sam-

ples

Elemental analysis was carried out using an Exeter Analytical C440 Elemental
Analyser. Temperature-programmed oxidation and hydrogenation measurements
of post-reaction INS samples was undertaken by loading ca. 10 mg of reacted
sample into the quartz micro-reactor then performing comparable procedures to
those described for the in-situ TPO measurements. Visual inspection of the pre-
and post-TPO samples showed the samples had changed from black to green
indicating that the TPO runs had fully oxidised the residual carbon.

Raman scattering measurements were undertaken using two separate instru-
ments. For COy reforming resulting in amorphous carbon, a custom instrument

was used which utilises backscattering geometry, 532 nm excitation wavelength,
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spectral resolution of 6.5 cm™! and laser power at the sample of 20 mW so as not
to damage the sample[76]. Samples were ground with KBr in an approximately
15:1 ratio and the self supporting discs were held in the laser focus. Data were
collected for approximately two minutes. All other Raman measurements were
recorded on a Horiba Jobin Yvon LabRam HR confocal Raman microscope using
532 nm and 352nm laser excitation; taking care to ensure that no laser-induced
decomposition occurred. Temperature-programmed hydrogenation/Raman scat-
tering experiments were performed by loading ca. 5 mg of a post-reaction sample
into a Linkam CCR1000 environmental chamber interfaced to the Raman spec-
trometer. The cell was then heated at 10 K min~! to 700 K under a 10 sccm
Ny /Hy mix for 30 mins before re-recording the Raman spectrum.

Infrared absorption measurements were performed using a Bruker Vertex 70
FTIR spectrometer. Thin discs were pressed without diluent in a 13 mm diameter
die under 10 tonnes of applied pressure. Spectra were recorded using a high D*
MCT detector at 4 cm™! resolution and 512 scans were summed.

Powder X-ray diffraction measurements were carried out on a Siemens D5000
diffractometer with a Cu, source and beryllium detector. Approximately 200 mg
of sample were placed in a rotating sample holder. Measurements were taken
from 5 - 85 ° at 1.3 © min~ .

Transmission electron microscopy (TEM) measurements were undertaken us-
ing a Technai T20 microscope with an accelerating voltage of 200 keV. Samples
were dispersed in methanol before being deposited on holey carbon film (300 pm
mesh grid, Agar scientific) prior to inspection. Elemental mapping was performed
via energy filtered imaging of the nickel, carbon and oxygen K-edges (40, 20 and
35 eV slit widths for 855, 284 and 532 eV energy levels respectively) using the
three window technique with a a Gatan image filter. Powder X-ray diffraction
measurements were carried out on a Siemens D5000 diffractometer with a Cua
source and beryllium detector. Approximately 200 mg of sample were placed in
a rotating sample holder. Measurements were taken from 5 - 85 ¢ at 1.3 © min—!.

UV-vis measurements were performed using a Perkin-Elmer lambda 850. This
utilises tungsten-halogen and Dy lamps, coupled to an R6872 photomultiplier
detector to record spectra. Ca. 10 mg sample was diluted in 50 mg Barium

Sulphate (Fisher technical grade) and placed in the Harrick high temperature

37



diffuse reflectance sample chamber (with SiOs windows). Spectra were recorded
between 600-250 nm with a resolution of 0.1 nm. Barium sulphate was also used

as a reflectance standard.

2.2 INS Reaction Testing Apparatus

Although still in relative infancy compared to other spectroscopies, INS is increas-
ingly being used for the characterization of heterogeneous catalysts [77][69][78][60].
As already discussed, there are a number of reasons for this. Firstly, as it is a
non-optical technique, INS can characterise black samples (such as reacted cata-
lysts). It can also probe a wide wavenumber range (10-4500 cm™!) and finally, as
the technique is uniquely sensitive to hydrogen atoms, spectra can be obtained
that emphasise a hydrogenous component that has been adsorbed onto a catalyst.
Despite this upwards trend in research activity, there has been little work done
on addressing the issues with sample preparation associated with the handling
of relatively large quantities of the potentially hazardous chemicals that can be
present in catalytic systems. The inherent insensitivity of neutrons means that
samples have to be prepared on a scale of ca. 10 g. This in turn necessitates the
scale up of reactants such as helium, hydrogen and oxygen to flow rates of litres
per minute. This dearth of developmental work is no doubt in part due to the
fact that there are only a handful of neutron scattering facilities worldwide and
that there is not yet a sufficient user group requiring the apparatus to be con-
structed. Nevertheless, some literature does exist on the development of sample
cells and reactor systems. Nicol has described sample cells that are capable of
studying chemisorbed species (e.g. hydrogen) in a flow-though environment [79].
Mitchell et al. have also described cells that are able to carry out investigations
into adsorption systems [44] that include a combination of flow-through and batch
style reactors made from either aluminium or stainless steel. Lastly, Turner et
al. have described apparatus for studying catalysts and catalytic processes using
neutron scattering [80; 81]. The difference between this final body of work and
the previous two examples is that the systems designed are for neutron diffraction
measurements rather than inelastic neutron scattering measurements. Although

the apparatus is for different measurements, some of the sample handling issues
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Figure 2.3: Picture of ISIS gas handling system. Reactor and furnace can be seen
on the right of the fume hood and the gas manifold and mass spectrometer are
on the left of the picture.

are relevant to investigations of reactive catalytic systems generally.

The lack of established INS catalyst preparation hardware has necessitated that
an aspect of this project be focussed on the development of a suitable gas han-
dling arrangement and subsequent reactors that can handle these large sample
sizes and maintain steady-state reaction conditions for extended periods of time.
Other considerations for reactor design is that it should be capable of high tem-
peratures, pressures and be resistant towards hydrogen embrittlement. A reaction
system and a number of reactor configurations are hereby described that have en-
abled INS samples to be prepared. The performance of the reactors will also be
evaluated.

Inelastic neutron scattering reactions and measurements were carried out at the
ISIS spallation neutron source, Rutherford Appleton Laboratory, Oxfordshire.
The reaction system broadly comprises a gas manifold, reactor and furnace and
exhaust gas analyser. A picture of the gas control apparatus is given in figures
2.3 and the schematic of the reaction rig in 2.4. Components are connected
using 1/4” o.d. stainless steel tubing and Swagelok tube fittings. Gas flow is
controlled by four Hastings model HFC302 mass flow controllers attached to a
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Figure 2.4: Schematic of ISIS catalyst preparation arrangement
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Teledyne THPS-400 controller. These controllers have been calibrated for ni-
trogen use but use of gas correction factors allows other gases to be accurately
metered. One controller has a maximum flow rate of 1500 sccm to allow for the
larger flow rate of the carrier gas, one has 150 sccm, and two have 200 sccm
(all with respect to nitrogen). Pressure is controlled up to 20 bar using a back
pressure regulator (BPR, Parker Veriflo ABP-15T-43-PP-X4) which is positioned
after the mass flow controllers. Pressure relief valves (PRV, Parker HPRV S4A-
BN-K1-319) are present before and after a heated saturator vessel in order to
prevent over-pressurisation. The saturator itself provides the facility to force gas
through a liquid to provide a vapour pressure of liquid reactants, such as water
for the steam reforming of methane. The saturator can be filled without removal
and an overflow ensures that the liquid volume does not exceed safe limits. The
bubbler has a thermocouple (Trip-TC) in contact with its outer surface and is
wrapped in heating tape (Farnell, power 40 W/m, part no. 397-750) and insu-
lated. This is connected to an over-temperature trip (Eurotherm 2132i) set below
the boiling point of the liquid to prevent excessive pressurisation of the vessel.
A second thermocouple is immersed in the saturator liquid and is connected to
a PID controller (Eurotherm 3508) to control the heating on the saturator. A
mixing vessel, ensures turbulent flow by forcing the gas mixture to pass between
Ballotini glass spheres encased in a wide bore length of Swagelok. To prevent
condensation in the mixing volume, the output from the saturator joins the other
gases downstream. All lines carrying vapor from the saturator are trace-heated
with heating tape that is controlled with PID controllers (Eurotherm 3508) and
insulated. Other thermocouples are attached to components of large mass to
ensure they are maintained at the required elevated temperature. Overall, these
thermocouple and heating tape arrangements ensure the unit operates without
cold spots in the apparatus that would otherwise cause water vapour to condense
in the line. The entire line can be evacuated for leak-testing and to purge any
residual gases before or after reaction. The reactor is held inside a bucket fur-
nace (Instron SFL, model no: TF105/3/12/F controlled by Eurotherm 3508) and
can be isolated using high-temperature valves (Parker NV series, rated to 811
K) on the input and output connections. The valves sit above the furnace and

are shielded by the use of thin, circular, loose-fitting steel baffles and ceramic
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tiles that sit in and above the furnace bore to minimise heat loss. Depending
on the configuration of reactor used, the reactor can then be isolated from the
line and either (i) transferred to a glove-box (MBraun UniLab MB-20-G, [H2O]
< 1 ppm, [Os] < 2 ppm) for further processing of air sensitive samples (u-tube
configurations), or (ii) loaded directly into the neutron beam (Inconel ® in-situ
configuration). After the reactor, it is possible to install a cold-trap that could
be used to condense liquid products (e.g long chain Fischer-Trgpsch products) if
desired. Monitoring of the reaction is followed in real-time using a quadrupole
Mass Spectrometer (MS, Spectra Microvision plus) which samples the exhaust
line. Flow is controlled into the instrument by a needle valve. The mass spec-
trometer can be used as a qualitative and to an extent quantitative indicator of
the reaction progress. It would also be possible to install other analytical tech-

niques, such as GC, to provide fully quantitative reaction data if so desired.

2.3 Reactor Designs

As the project has progressed, limitations in the reactor cells have become appar-
ent and has resulted in the development of second and third generation reactors.

Their development, and relative strengths and weaknesses are discussed herein.

2.3.1 Stainless Steel U-Tube

The initial reactor was a simple design in the form of two 3/4 inch tubes con-
nected using reducing unions and a 1/4 inch tube bent into a U-shape. The
design for this reactor is shown in figure 2.5. Spot welded wire gauzes at the
lower end of the large tubes provided supports to hold quartz Raschig rings on
the inlet and the catalyst on the outlet. The inlet arm was designed to pre-heat
the gas before encountering the catalyst and the Raschig rings were used to en-
sure a convoluted flow path to achieve this objective as well as to allow for further
mixing of the gas. Shut-off valves were located directly above the reactor inlet
and outlet allowing the sample to be isolated under helium after reaction. This

allows the sample to be disconnected from the reaction rig and transferred to the
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Figure 2.5: Schematic of stainless steel U-tube reactor

glovebox without being subject to the atmosphere. The reactor was held inside a
bucket furnace (Instron) attached to a temperature controller (Eurotherm), with
a quartz wool plug inserted to minimise heat loss due to convection. This design
is capable of reacting around 10 g of catalyst and was rated up to 12 bar. The
U-tube arrangement is reasonably straight-forward and inexpensive to construct,
and can be easily applied to follow specific reaction treatments, e.g. acquisition
of INS spectrum of a catalyst after a timed exposure to a particular mixture of
gases at a specified temperature. However, there are limitations. Firstly, the
stainless steel has a maximum operating temperature of around 700 K especially
when using corrosive substances such as steam. This makes it impossible to use
for high temperature systems. This has quite specific implications for reforming
reactions as higher temperatures helps to negate influences from the water gas
shift reaction - a serious consideration at 700 K. The main flaw however, is in
handling treated samples. The reactor design is unsuitable for direct transfer
into the neutron beam line and therefore requires that the reacted catalysts and
resultant overlayers have to be externally transferred into a suitable isolatable

aluminium sample can which results in disturbance of the sample during the
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Figure 2.6: Schematic of Inconel ® yeactor cell

transfer. It is also a difficult exercise to consider subsequent sample treatments
on that sample, as it involves re-loading the material in to the U-tube reactor and
re-connecting the reactor to the gas handling facility. In addition to the challenge
of handling potentially pyrophoric materials and the possibility of induced radia-
tion in metal containing catalysts can add a further complication. It is with these

limitations in mind that the second generation of reactor cells were commissioned.

2.3.2 Inconel ® Reactor

One way round the sample handling difficulties mentioned above is to use a solid
cell that can be isolated and readily connected/disconnected to/from the gas
manifold whilst at the same time being of a design suitable for “in-situ” INS
measurements, thereby facilitating direct transfer between the gas handling line
and the spectrometer. Figure 2.6 presents drawings of the body of a reaction
cell suitable for this task whilst photographs of the assembled cell are shown

in figures 2.7 and 3.4. The cell is a variation on an aluminium sample cell
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Figure 2.8: Picture of assembled Inconel ® reactor mounted on an INS sample
stick prior to measurement
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described by Nicol [79] and is an elaboration on the stainless steel tubular reactor
designed, built and tested by Parker and co-workers [44]. In our case, the body of
the cell is manufactured from Inconel ® and has an approximately rectangular
section between two DN40 ConFlat (CF) flanges. Inconnel was selected because
it has a higher operating temperature than stainless steel. This specification is
necessary for the reforming of methane, which can require temperatures in excess
of 800 K over supported nickel catalysts [13] in order to minimise the water
gas shift reaction. High pressure operation is also desirable for certain reactions
for example the Fischer-Trgpsch process, therefore the INS “windows” through
which the neutrons will pass are 1.5 mm thick. These arrangements allow for
an upper operating pressure of 20 bar. The width of the internal sample cavity
is 13 mm, so that the total neutron path through the cell is therefore 16 mm.
CF sealing flanges are made of stainless steel and use standard copper gaskets.
1”7 o.d. stainless steel tubing passes through the flanges and is centrally welded
on the lower cap, but off-centre on the top to accommodate a threaded rod for
mounting onto a centre stick for placement in the neutron beam (see figure 3.4).
The openings are protected with steel gauze, allowing granulated catalysts to
be used directly in the reactor, whilst powdered samples are supported between
quartz wool plugs packed above and below the sample area to keep them out
of the beam path. Gas flows into the reactor body from below, exiting above,
thus providing a degree of pre-heating to the reactant gases. High temperature
valves (Parker NV series, rated to 811 K) are mounted above the cell to fit within
the 10 cm bore of a standard cryostat [82] and allow the cell to be sealed after
reaction. The sample volume is designed to over-fill the beam on the TOSCA
spectrometer [62] which has a cross section of 40 mm by 40 mm. The reactor is
formally certified by the ISIS environmental section for use at up to 898 K and
20 bar.

2.3.3 Quartz U-Tube Reactor

Whilst the Inconel ® reactors are designed to go to temperatures of 898 K (625
°C), during the course of the project it became clear that the water gas shift

reaction (equation 1.5) was still highly favoured at these maximum operating

46



Figure 2.9: Picture of high temperature quartz reactor(post steam reforming
reaction)

temperatures and so development of a reactor that could achieve operating tem-
peratures of up to 1000 K was commissioned. The design focussed on the use of
quartz as the reactor material as it can withstand the high temperatures and is
resistant to the corrosive nature of steam. Quartz was also deemed to be suitable
as higher pressures (such as those desired in Fischer-Trgpsch chemistry) are not
required for the methane reforming studies under consideration here. 1/2” 316
stainless steel tubing was fused to 30 cm long 12 mm diameter quartz tubing.
High temperature valves (Parker NV series, rated to 811 K) were situated imme-
diately above the reactor on both the inlet and the outlet allowing the sample to
be isolated under helium after reaction. A quartz frit was placed on the outlet
side of the reactor to support the catalyst and the two lengths were fused into
a “U” using 1/2” quartz. Quartz Raschig rings were located on the inlet before
the catalyst in order to create a turbulent flow which allows additional gas mix-
ing as well as preheating of the reactant gasses. The reactor was held inside a
bucket furnace (Instron) 2.10 attached to a temperature controller (Eurotherm),

with a quartz wool plug, ceramic tiles and stainless steel and ceramic baffles were
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Figure 2.10: Picture of quartz reactor in furnace (post steam reforming)

inserted in and placed on top of the furnace to minimise heat loss due to convec-
tion and to ensure the stainless steel components were kept below 800 K. Official

temperature ratings for the reactor were 1000 K and 2 bar respectively.

2.4 Performance Results

The three reactors described above have all been used in the methane reforming
studies. The relative performance of the reactors in terms of their ability to pre-
pare samples (i.e. reaction performance) will therefore be discussed within the
context of the two reforming reactions in later chapters. It is however, important
to discuss the results of the in-situ Inconel ® reactor in terms of its performance
in obtaining an INS spectrum compared to, for example, the traditional “ez-situ”
aluminium sample cans. Reactor performance was analysed by performing the
adsorption of methanol on n-alumina which has already been reported using the
standard alumina sample cans [83].

A known mass of n-alumina (22.9 g Ineos Chlor Ltd. Ref. 25867/19A) was loaded

into the Tnconel ® sample cell between quartz wool plugs ensuring that the alu-
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Figure 2.11: Medium energy INS spectra (2017cm™!) (a), alumina and reactor
after methanol adsorption, (b), activated alumina and reactor, (c¢) empty Inconel

reactor, (d) alumina post adsorption, (e) alumina pre- adsorption. (d) and (e)
are subtracted spectra

mina was all located within the cross section of the neutron beam. The alumina
was first activated by heating to 623 K under 100 sccm He for 90 min before the
collection of INS data. Subsequently, the sample was reattached to the rig, and
the same flow of helium was this time passed through the bubbler unit which con-
tained methanol (Aldrich > 99.9%) for an hour at room temperature. This was
then heated to 473 K, where a pure He flow was maintained for 60 min to remove
physisorbed material. Spectra were collected on the MERLIN spectrometer at
the ISIS Facility, Rutherford Appleton Laboratory. By selecting an incident en-
ergy close to the vibrational transitions of interest it is possible to achieve good
resolution around this vibrational region [60]. It is therefore necessary to perform

measurements at a number of different incident energies to achieve the full spec-
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tral range of 40-4500 cm™!. In this study, two incident energies were selected in
order to probe the adsorption of methanol.

Figures 2.11 and 2.12 show the spectra recorded with incident neutron energies
of 250 meV (2017 cm™!) and 600 meV (4840 cm™') respectively. (a), (b) and
(c) are raw spectra of alumina post methanol adsorption, activated alumina and

the empty reactor. (d) and (e) show the alumina post- and pre- adsorption, after

subtraction of the can, i.e. (d) = (a) (c) and (e) = (b) (c).

Figure 2.11 displays the spectra collected at the lower incident neutron energy
(Ei = 2017 cm™1). A number of features are worth mentioning. Firstly spectrum
(a) shows two peaks that are clearly visible at 1176 and 1466 cm~'. These peaks
become even more clear after subtraction (d). The 1176 cm™! band is assigned
to the methyl rock whilst the 1466 cm™! feature is assigned to the methyl defor-
mation of chemisorbed methoxy groups. The second of these is a result of the the
dissociative adsorption of methanol on the alumina surface [83] A weaker peak at
910 cm™!, present on the activated (Figure 6(e)) and methanol-adsorbed (Figure
6(d)) alumina is due to the deformation of surface hydroxyl groups present on
the alumina [83]. As mentioned in the introduction, infrared spectroscopy would
be unable to observe the 1176 cm™! peak due to the spectral “cut-off” of alu-
mina that occurs around 1200 cm™! [69; 83]. Figure 2.11 therefore highlights the
potential of INS to observe a wide range of spectral information that would not
otherwise be available with traditional optical spectroscopy. In fact, the vibra-
tional information available in figure 2.11 goes down to ca. 300 cm ™. Specifically,
although the methyl deformation mode is seen in infrared experiments, the im-
portant methyl rock is often not readily observable in the optical measurement.
Perhaps even more interesting is the observation of the hydroxyl deformation in
figure 2.11(e). Hydroxyl groups play an important part in the surface chemistry
of the alumina and so it is often desirable to study vibrations associated with this
functional group. The O-H deformation can however, complicate infrared spec-
tra, most notably in terms of the Evans hole phenomenon [84]. Essentially this
involves the primary overtone of a hydroxyl deformation mode overlapping with
the broad O-H stretching bands that are red-shifted by hydrogen bonding [84].

Understanding the actual energy of the alumina hydroxyl deformation mode by
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Wavenumber / cm™! | Assignment

3700 Alumina v(OH)

3200 Methoxy v(CH)

1466 Methyl deformation
1176 Methyl rock

910 Hydroxy deformation

Table 2.2: Summary of INS Vibrational Assignments Pre and Post Methanol
Adsorption

INS is highly beneficial as it can greatly assist in the understanding of the spec-
tral patterns sometimes encountered in the more routine infrared measurement

of metal oxide and zeolite surfaces.

In the high energy transfer region displayed in Figure 2.12, the reactor itself
shows a significant contribution to the overall spectrum (Figure 5(c)). This shown
by a long curve that tails out towards higher wavenumbers. (d) and (e) show how
subtraction results in a flatter baseline that enhances the appearance of spectral
features. A peak at 3700 cm™! is visible on the activated catalyst (figure 2.12(b)
and (e)) and is assigned as the stretching mode of surface hydroxyls associated
with the alumina [69]. This feature is less visible on the catalyst plus adsorbate
(Figure 2.12a and (d)) possibly due to overlapping contribution from the OH
group of the adsorbed alumina. (a) and (d) also show a broad feature centred
at around 3200 cm ™!, which can be assigned to CH stretching vibrations of the
methoxy species [83]. As previously mentioned, further resolution of these peaks
is not possible due to the constraints of MERLIN. Background subtraction is an
important part of obtaining useful INS spectra of heterogeneous catalysts [44] and
both figures 2.11 and 2.12 show this to be possible with the in-situ Inconel ®
cell. This is in no small part due to the consistency of the mounting of the sample
in the neutron beam path but is also due to the fact that the subtraction involves
the original catalyst sample and not a separate sample recorded previously, and
then manipulated in the glovebox as would have to be the case with the U-tube
reactor configuration. A summary of the vibrational assignments drawn from the

INS spectra is presented in table 2.2.
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2.5 Discussion of Performance and Challenges

This study has demonstrated that the gas handling system and the in-situ INS
cell constructed and described here is capable of reacting ca. 20 g alumina with
methanol. This is an important benchmark as it proves that quantities of catalyst
suitable for INS measurements will be able to be reacted in a single operation and
not require multiple batches of catalyst to be reacted and subsequently combined
for the measurement. It also demonstrates that the saturator works as expected.
The use of a combined reactor and sample holder considerably simplifies sample
handling, especially where volatile or air sensitive samples may be used. This
initial study has also shown that the in-situ sample cell has been able to repro-
duce the spectrum associated with a benchmark adsorption system [83] without
the need for external sample manipulation. Probably the biggest advantage of
the new experimental methodology is that it is a highly adaptable system that is
capable of examining a wide number of reaction systems such as reforming, and
Fischer-Trgpsch chemistry. The sample cells are robust and can be exposed to a
variety of reaction conditions including high pressures and reasonably high tem-
peratures. They are also able to be disconnected from the system thereby allowing
as near to in-situ INS measurements as is possible to be achieved. Good spectral
analysis has also been demonstrated with background subtraction routines that
yield the vibrational spectrum of the actual chemisorbed species being reliable
and fairly simple. As well as the simplicity of the subtraction, the removal of the
background is also greatly improved as the exact same sample, undisturbed, is
used before and after reaction. This method should therefore be considered the
intended standard for such measurements. It is noted however, that the use of In-
conel ® as the cell construction material does have one significant disadvantage.
Figure 2.11 shows spectral intensity to increase on decreasing wavenumber. This
intensity is the result of a bulk phonon mode from the Inconel ® that is centred
about 230 cm™!. In practice, this results in a spectral cut-off value of approx-

imately 300 cm™!.

Although this is restrictive, it is a significant improvement
on traditional infrared spectrometry and the intense elastic peak of the neutrons

makes measurements below ca. 100 cm™! difficult in practice anyway.
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Although the in-situ reactor is of great benefit in the study of working cata-
lysts there are other, more general problems associated with the technique. One
factor that needs to be considered is that of obtaining sufficient neutron spec-
trometer time. Studying small amounts of surface species on catalyst overlayers
requires long acquisition times, especially in the case of direct chopper instru-
ments where three separate measures need to made in order to achieve good
resolution across the entire spectral range. Furthermore, in order to cope with
high pressures, the in-situ cells are of considerable mass. As INS spectra are
typically acquired at cryogenic temperatures < 30 K, these cells can take a long
time to cool to these temperatures once removed from the flow apparatus (where
they may have been operating at up to 898 K. This represents a sizeable change
in temperature that a significant amount of time. One way of minimising this
dead time is to immerse the isolated cell in liquid nitrogen before it is inserted in
to the spectrometer cryostat but even then, the samples take hours of valuable
beam time to cool.

The second issue with large reactor mass is that of radiation. This problem
varies with different neutron spectrometers. As MERLIN and MAPS are chopper
spectrometers, the incident neutron flux is relatively low, which minimises the
induction of radioactivity in the Inconel ® cell so that, upon extraction from the
spectrometer, the sample holder is readily manageable, even after long acquisition
periods (e.g. 16 hours). In contrast, the incident neutron flux is considerably
increased on non-chopper inelastic spectrometers such as TOSCA and extended
spectral acquisition can lead to the induction of considerable radioactivity of the
cell body. Under these conditions, sample extraction procedures have to be more
carefully managed and further dead time can result.

One possible solution to these problems is the construction of cells designed
to operate at lower pressures and temperatures. Methane reforming catalysis is
at the extreme end of heterogeneous catalysis as is Fischer-Trgpsch chemistry.
Systems requiring more benign conditions could easily be carried out in similarly
designed in-situ cells to that described here but with a lot less reactor mass. If
the design were to be adapted for less arduous conditions, the reduced cell mass
would result in reduced cooling times and possible neutron activation problems.

New cell designs addressing these attributes have been commissioned and will be
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available from late 2013.

2.6 Calibration and Quantification of Hydrogen
Modes

The development of the inelastic neutron scattering technique can be broadly
discussed in two categories; 1. development of apparatus and 2. calibration of the
spectrometer with respect to hydrogen signals in order to allow quantification of
the hydrogen that is present in any given sample. The previous section dealt with
the former whilst this section will describe the procedures that will ultimately

lead to hydrogen quantification.

2.6.1 Development of Method and Calibration of INS Spec-

trometer

There are a number of means by which one can measure the quantity of carbon
retained by a catalyst during a reaction. One of the most common methods is
temperature programmed oxidation (TPO) in which surface carbon is oxidised
to COq at elevated temperatures which can then be quantified [37]. What is not
so well established, is how to quantify hydrogen retention. Low concentrations
of surface hydrogen can render elemental analysis inaccurate and side reactions
(such as water gas shift chemistry in the case of reforming [13]) can make hy-
drogen mass balance calculations difficult if not impossible. To be able to fully
quantify surface hydrogen would allow for a more complete analysis of the elemen-
tary reactions occurring on a catalyst surface and would also allow for comments
to be made on the relative kinetic rates of these steps. Spectroscopy could be a
powerful tool in quantifying surface hydrogen as the amount of hydrogen on a
surface will be proportional to the vibrational signal it produces. It is however,
not a straightforward task. One of the difficulties of using infrared spectroscopy
for quantitative analysis is that the extinction coefficient of any mode is specific
to a given molecule. This means that it is not possible to transfer<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>