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Abstract

The hydrogenation of nitrobenzene to form aniline is a large-scale industrial process per-
formed using a variety of heterogeneous catalysts. One variant of the process involves
the application of alumina-supported Pd catalysts. Although several 0.3 wt% Pd/Al;O3
formulations exhibit high aniline selectivity (ca. 98%), different grades of these catalysts
favour different impurities. It is observed that the impurities arise from different reaction
pathways depending on the provenance of the catalyst. In order to investigate whether the
origins of impurity formation are connected to catalyst structure, a series of Pd catalysts
active for this reaction have been characterised by a variety of techniques: chemisorp-
tion measurements, X-Ray Diffraction, Transmission Electron Microscopy, Temperature-
Programmed Desorption and Infrared spectroscopy. The low metal loading industrial
grade catalysts are challenging to characterise and required a degree of analytical refine-
ment. Temperature-programmed infrared measurements of the probe molecule carbon
monoxide revealed morphological and energetic information that could be correlated with
catalytic performance. This information constitutes part of a valuable feedback loop that
enables specifications for the next generation of ultra-selective nitrobenzene hydrogenation

catalysts to be determined.
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Glossary

AAS - atomic absorption spectroscopy

AN - aniline

AZO - azobenzene

AZOXY - azoxybenzene

BET surface area - Brunauer, Emmett and Teller surface area
BJH pore size distribution - Barrett-Joyner-Halenda pore size distribution
C - carbon

CHA - cyclohexylamine

CHAN - N-cyclohexylaniline

CO - carbon monoxide

CO-TPIR - CO temperature-programmed infrared
CO-IR - CO chemisorption followed by infrared
CHO - cyclohexanone

CHOL - cyclohexanol

CHOX - cyclohexanone oxime

Cu - copper

DICHA - dicyclohexylamine

DRIFT - diffuse reflectance spectroscopy

FTIR - Fourier transform infrared spectroscopy
GC - gas chromatography

H; - hydrogen

He - Helium

HREELS - High resolution electron energy loss spectroscopy
HYDRAZO - hydrazobenzene

IR - infrared

MDI - methyl diisocyanate

MgO - magnesium oxide

NB - nitrobenzene

NEXAFS - X-ray absorption near edge structure
Ni - Nickel

OH group - hydroxyl group

Pd - palladium

Ph-NOH - phenylhydroxylamine

Pt - platinum

TEM - transmission electron microscopy

WHSYV - weight hourly space velocity

XPS - X-ray photoelectron spectroscopy



XRD - X-Ray diffraction
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Chapter 1

Introduction

1.1 Aniline Applications

Aniline is a capital chemical building block used massively in many different industries
especially for the manufacture of polymers. The most famous industrial outputs include
methyl diphenyl diisocyanate (MDI) synthesis as shown in Figure 1.1 and Scheme 1.1,
which can then be used for polyurethane applications (Figure 1.2) such as polyaniline
(PANI) polymers used to provide semiconductor manufacturers [2]. The aniline demand
as a feedstock for these industries is constantly growing, especially as the Chinese market

increases [3].

Global Aniline Consumption by End Use Sectorin 2013

" Other
applications
23%

Methylene di-p-
phenylene
isocyanate
(MDI) 77%

Figure 1.1: Aniline uses distribution in 2013 [3].
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Figure 1.2: Polyurethane applications’ distribution in 2010 [4]
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1.2 Synthesis of Aniline

Several starting products are available to synthesise aniline at a large scale and nitroben-

zene is at the moment the most favorable and most frequently used. Most of the nitroben-



zene produced worldwide goes straight in to aniline production [4], which is used in the
methyl diisocyanate (MDI) process as described in Scheme 1.1. MDI is then used in
conjunction with diols to produce the polyurethane polymer as shown in Scheme 1.2.
The initial aniline production process was named after his creator and is called the
Bechamp reaction. Antoine Bechamp used this reaction to reduce nitronaphthalene and
nitrobenzene in 1854 [6]. The reaction was previously used to produce large amounts of
aniline by reducing the nitro aromatic group. This reaction involves mixing iron and wa-
ter in the presence of hydrochloric acid in order to reduce the nitro group into an amine.
The common yield obtained is 90% to 95%. As a means of producing aniline, this reaction
has been replaced by the catalytic nitrobenzene hydrogenation but the Bechamp reaction
is still used by Bayer in West Virginia as a way to produce iron oxide pigment from the
iron oxide sludge [7].

The catalytic nitrobenzene hydrogenation is used by the majority of the chemical compa-
nies where the selectivity to aniline, under mild conditions with a three molar equivalent
hydrogen supply in presence of a suitable catalyst, is around 98-99%. Many different met-
als can be used effectively as a catalyst so that this reaction has now become a standard
test for hydrogenation catalysts [8].

Despite the fact that nitrobenzene hydrogenation is seen as the most efficient technique
to get highly pure aniline in large quantities, a few other methods have also been used by

industry.

1.2.1 Ammonolysis of Phenol

This Halcon /Scientific design has been operated by Mitsui Petrochemicals since the 1970’s
to produce aniline. This process operates at 200 bar and 425°C with a catalyst (which can
sometimes be supported on a zeolite) and combined with different metallic co-catalysts
[6]. As shown in Scheme 1.3, a large ammonia excess gives 98% conversion and 87-90%

selectivity towards aniline.

[catalyst]
OH + NH3 _— NHo + HQO

Scheme 1.3: Amination of Phenol

1.2.2 Ammonolysis of Chlorobenzene

Dow chemicals operated the Kanto Electrochemical Co. process for aniline until 1966.
This involved reacting chlorobenzene with two equivalents of ammonia at 180-220°C under
60-75 bar in the presence of CuCl and NH,ClI (also called ‘Niewland catalyst) [6].
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[CuCl]
Cl 4+ 2NHy.ag — = NH,  +  NH,CI

Scheme 1.4: Amination of Chlorobenzene

The aniline selectivity obtained was 91%.

1.2.3 Ammonolysis of Benzene

This reaction has been designed and used by Du Pont to avoid the nitrobenzene production
step by reacting benzene and ammonia together under severe conditions. Indeed, the
reaction temperature is 350°C and the pressure is set up at 300 bar to obtain a low
conversion (13%), but it proved to be a highly aniline selective process (97%) [6]. However,

catalyst regeneration and low conversion appear to stop further large scale production.

[catalyst]
4+  NH; — = NH; + H,

Scheme 1.5: Amination of Benzene

1.3 The Catalytic Nitrobenzene Hydrogenation

1.3.1 Recent considerations related to industrial nitrobenzene

hydrogenation

The hydrogenation of nitrobenzene to produce aniline is a high value business for the
worldwide manufacture of MDI [5]. Aniline has been produced quantitatively and suc-
cessfully via different catalytic processes in the last few decades, but the rise of energy
costs has forced changes in plant design [9, 10]. As a result, an alumina-supported cat-
alyst used in a trickled bed reactor was introduced recently by Huntsman Polyurethanes
in order to take advantage of the high exothermicity of the nitrobenzene hydrogenation
(AH= -443 kJ/mol) [11]. They designed the new reactor to additionally obtain high
pressure steam during the reaction. In parallel, Abo-Ghander et al. [12, 13] and Rahim-
pour et al. [14, 15] have shown interest in novel integrated thermally fluidized bed which
couples with the dehydrogenation of ethylbenzene to styrene with the hydrogenation of ni-
trobenzene to aniline. This coupled reactor was designed to overcome the thermodynamic
limitation on the dehydrogenation of ethylbenzene to styrene. As a result, the enhance-

ment in conversion of ethylbenzene and yield of styrene were considerable. These studies



showed that nitrobenzene hydrogenation could be used to produce high value chemicals
and when operated in optimum conditions, it will also generate considerable amounts of
heat. Indeed, Maria et al. have studied the variability of operating conditions within a
fixed-bed catalytic reactor for vapour-phase nitrobenzene hydrogenation [16] where they
reported the parametrical effect on the temperature sensitivity inside the reactor for dif-
ferent inlet and cooling agent temperature. They found that above a certain temperature,

the system was sustainable and that heat transfer could be used efficiently.

NO, NH,

[catalyst]

A

+ 3H; + 2H0 AH = -443 kJ/mol

\

Scheme 1.6: Catalytic Nitrobenzene Hydrogenation [11]

Industrially, steam is commonly used to transfer heat and drive turbines to produce a
considerable amount of electricity [17]. As a consequence of the increase in energy cost, the
production of electricity via steam propelled turbines has soared in the last decade, where
it is now more common to see new plants feature self-sufficient processes, or where they
provide heat to other unit operations. To avoid corrosion and other significant problems
related to saturated steam, superheated steam can be used for the steam inflow. Where
saturated steam has a high heat transfer capacity (U = 1160 W/m?.K) and can cause
problems due to the presence of water, superheated steam has a significantly lower heat
capacity (U = 92 W/m? K) because it is dry. It also has a high internal energy which can
be used through mechanical expansion against turbine blades. As opposed to superheated
steam, saturated steam is incompressible due to the presence of the water droplets; but
to avoid any mechanical fault, the gas used needs to remain compressible hence the use of
superheated steam. The Rankine cycle is a thermodynamic concept based on the Carnot
heat engine principle that predicts the performance of steam engines. The model was
developed using mechanical work generated or consumed by the turbine and the pump,
and the heat given and taken out the system. As a result, a temperature vs entropy
diagram can be generated and the superheated Rankine cycle indicates what temperature
the inlet flow must be (just below 400°C) to operate with superheated stream. It is our
understanding that economical and design reasons dictate the nitrobenzene hydrogenation

conditions nowadays.



1.3.2 Mechanism

A reaction mechanism for nitrobenzene hydrogenation was first introduced by Haber in
1898 [18]. This mechanism agreed that the nitrogroup was first reduced to aniline through
nitrosobenzene and hydroxylamine intermediates. The formation of the latter compound
is thought to constitute the rate determining the step. Phenylhydroxylamine (Ph-NHOH)
is a reactive compound and quite unstable, so it is able to form either aniline or produce
azoxybenzene and azobenzene, which can then ultimately lead on to aniline as well. The

Haber Mechanism is shown here in Figure 1.3.
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Figure 1.3: Haber mechanism for the reduction of aromatic nitrogroups to aniline [18]



Other mechanistic pathways have been also highlighted. Indeed, Makaryan and Savchenko
[19] have reached a different conclusion for the reduction of nitro-compound on Ir, Pt
and Pd supported on carbon. They stated that the step from hydroxylamine to amine
(aniline) proceeds through a dismutation of hydroxylamine on the catalyst instead of the

classic hydrogenation demonstrated by the Haber mechanism.

NO, NO NHOH
H,
—_— —> Phenylhydroxylamine
Nitrobenzene Nitrosobenzene \

Nitrosobenzene Aniline

Figure 1.4: Reaction pathway for the reduction of nitrobenzene through dismutation of
hydroxylamine[19]

Visentin et al.[20] studied the nitrobenzene hydrogenation using FTIR, calorimetric mea-
surements and gas uptake signal. The catalyst used was Pd/C and their results showed
a direct hydrogenation route where phenylhydroxylamine (Ph-NHOH) was accumulated
through the reaction.

NO, NHOH NH,
H, Ho

—_— —_—

Nitrobenzene Phenylhydroxylamine Aniline

Figure 1.5: Direct hydrogenation route proposed by Visentin et al.[20]

Corma et al.[21] studied the same reaction using nanoparticles of gold supported on
titanium oxide and observed a different trend. They reported using IR that phenyl-
hydroxylamine is formed as both a primary product (via nitrobenzene) and a secondary
product (via nitrosobenzene) at the surface of the catalyst. The rate determining the step
is the accumulation of phenylhydroxylamine on the surface. Corma stated the strength of
azoxybenzene and phenylhydroxylamine adsorption to the surface explained the further
hydrogenation to aniline compound.

Until then, studies concerning nitrobenzene hydrogenation generally used the Haber mech-
anism to explain the reactivity of their systems. Gelder et al. [23, 24| studied the hy-

drogenation of nitrobenzene at the surface of metal supported catalyst, in particular, Pd
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Figure 1.6: Proposed pathway for the hydrogenation of nitrobenzene to aniline on
Au/TiO, [22]

supported on carbon or alumina. From their study, they proposed a renewed detailed
reaction pathway concerning the hydrogenation of nitrobenzene to aniline. The study
suggested that the formation of an adsorbed species, named Ph-NOH, which permits fur-
ther hydrogenation with adsorbed hydrogen to lead to aniline, or a hydrogenolysis route
which leads to the formation of azoxybenzene. Nitrosobenzene was introduced as a reac-
tant and the rate to aniline formation dropped when compared to nitrobenzene on the
Pd/C catalyst; hence nitrosobenzene was ruled out being an intermediate.

When Haber proposed the mechanism for the hydrogenation of nitro aromatics, he also
suggested that aniline could be further reduced to cyclohexylamine and other derivatives
[18]. The reactivity of aniline hydrogenation over platinum group metals particles was
studied by Freifelder et al. in 1962 and Greenfield in 1964 [25, 26]. Of the rhodium,
ruthenium, platinum and palladium tested, ruthenium was seen to be the most active
metal to carry out the hydrogenation of aromatic amines to alicyclic amines [27, 28].
Cobalt could also be used to hydrogenate aniline as reported by Winans in 1940 [29]. He
found that the ring hydrogenation occurs at temperature of 200-300°C depending on the
activity of the catalyst to give cyclohexylamine, which was then followed by the autoalky-

lation to give dicyclohexylamine.
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The work by Pitara et al. in 1996 highlighted the influence of the pH while reacting
nitrobenzene with hydrogen over Pt/C catalyst in the liquid phase [30]. In a neutral
solution, the reaction is totally selective to aniline, whereas, when the reaction mixture is
acidic, the selectivity towards aniline drops to 30%. The latter can be explained by a fur-
ther hydrogenation of aniline to cyclohexylamine and dicyclohexylamine. This behaviour
can be explained by the difference between the modes of adsorption at the surface of the
catalyst.

Narayanan et al. studied the hydrogenation of aniline over alumina-supported cobalt and
nickel catalysts [31, 32]. Both catalysts produced cyclohexylamine, N-phenylcyclohexyalamine
and dicyclohexylamine, although the Ni catalyst was found to be more active when using
similar metal loading.

Mink et al. studied the reactivity of gas phase aniline over a nickel catalyst as well [33].
The primary product obtained was cyclohexylamine, which adsorbed strongly onto the
catalytic surface and lead to the formation of dicylohexylamine and the hydrogenolysis re-
action. More recently, Kim et al. looked at synthesizing alicyclic amines from nitroarenes
using ruthenium catalysts. They reported different selectivities depending on the reaction
conditions and formulations of catalysts used. All reactions underwent the following steps:

Nitro reduction, ring hydrogenation, which sometimes continued on to N-alkylation.

1.3.3 Adsorption of Nitrobenzene and Aniline

Early work on nitro-compound adsorption on catalyst surfaces was published in 1967 by
Nelson et al [34]. They studied the adsorption on the surface of MgO powder using elec-
tron spin resonance and reflectance spectrophotometry. Adsorption of nitrobenzene at the
surface was performed under air conditions and heated to 200°C, after their first attempt
failed at room temperature. Nelson et al. suggested that the nitrobenzene ion must lie
flat on the surface and to avoid hindered rotation. Furthermore, rotation decreased with
low temperature, and/or by adding a nitrobenzene group to the aromatic ring. Electron
spin resonance data suggest that the MgO electron donor support induced a distortion to
the adsorbed molecule which could then increases the planarity.

Adsorption of nitrobenzene and aniline on different materials was investigated further in
the 1990s. Meijers et al. studied the adsorption of nitro and amino compounds on cobalt
oxide in 1994 using IR spectroscopy [35]. The cobalt catalyst sample was placed into
an IR cell under vacuum and dosed with nitrobenzene aliquots. Spectrum was obtained
after adsorption and with any increase in temperature. The reactivity of the three cobalt
oxides was enhanced by their surface hydroxyl groups. Some Lewis acid sites are believed
to play a role as well, but possibly the most interesting observation is the pure cobalt
oxide sample, where part of the hydrogen used during activation remained stored on the

surface. This enabled reduction of the nitro group and further ring reduction to give
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aniline and cyclohexylamine respectively [36]. Ponec et al. concluded that nitrobenzene
was bound through the phenyl ring which lies parallel to the surface, and that aniline
is bound by hydrogen bonding between the amino group and a surface OH group. This
suggestion leaves the phenyl ring pointing away from the surface. Chen et al. investi-
gated the adsorption of nitrobenzene on a Cu (110) surface using FTIR [37]. Adsorption
of nitrobenzene was first carried out at low temperature which was then heated to 28°C.
The IR results showed strong NOy modes compared with the phenyl ring because of the
related parallel adsorption of the ring towards the surface of the adsorbent [38]. Thereby,
adsorption of nitrobenzene at low temperature is believed to happen through adsorption
of nitro group preferentially. In parallel, Near Edge X-ray Absorption Fine Structure
(NEXAFS) studies of phenyl adsorption on Cu (111) showed that the aromatic ring was
aligned away from the surface plane by an angle of 43 4+ 5°C [39]. Other studies using
High Resolution Electron Energy Loss Spectroscopy (HREELS) estimated this angle to be
approximately 30 degrees [40]. At higher temperatures, they suggested a decomposition
of the adsorbed nitrobenzene into a nitro free molecule, 7.e. benzene. This emphasises
the fact that the C-N bond must weaken enough to be ruptured before further reduction
of the aromatic ring.

Aniline adsorption on Cu(110) has been investigated by Davies et al. for the oxidation
of aniline [41, 42]. The nitro group is a better electron donor compared to the amino
group, this could explain why they stated and observed that aniline and its derivatives
were adsorbed through the pi bonding occurring from the phenyl aromatic ring. Huang
et al. studied the kinetics and adsorption of aniline and derivatives on Ni(111) using
XPS, NEXAFS, and fluorescence spectroscopy [43, 44, 45, 46, 47, 48, 49]. Experiments
were performed using gas phase aniline where several analytical techniques were carried
out to provide an understanding of aniline adsorption process and hydrogenation to cy-
clohexylamine, N-cyclohexylaniline and dicyclohexylamine. The data obtained showed
that aniline adsorption underwent the same process shown previously, where the aniline
is found to bond to the nickel surface through nitrogen’s lone electron pair at low temper-
atures. In addition, at the same temperature, NEXAFS data indicated that aniline was
tilted away 55 degrees from the surface plane. This is consistent with the fact that lone
pair donation is the dominant adsorption mode. At 365 K, adsorbed hydrogen is believed
to play an important role because it keeps the C-N bond in a favorable orientation for
the reaction by stabilizing the amino hydrogens and hydrogenating the ring.

Huang et al. investigated aniline hydrogenation on the Pt(111) surface where they at-
tempted to correlate the surface configuration to the selectivity/activity [50]. This study
showed the same tendency, namely the aniline adsorption pattern at low temperature is
nearly parallel to the surface. Whereas, increasing temperature showed that this pattern

is no longer stable and that the ring was found to be tilted away from the surface. For
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Pt(111), calculations using NEXAFS estimated an angle around 30 degrees for the maxi-
mum tilt possible. Whatever the adsorption pattern is, these results showed that aniline

adsorption is believed to be weaker than the nitrobenzene.

1.3.4 The Under and Over-Reduction Concepts in Nitrobenzene
Hydrogenation

Following Gelder’s work [51], with industrial testing and the understanding of the ni-
trobenzene hydrogenation mechanism (Section 1.3.2), Huntsman Polyurethanes pro-
vided an extensive scheme composed of two parts which are presented in Schemes 1.7
and 1.8 [11].

The "under-reduction’ scheme, Scheme 1.7 includes the understanding of the nitroben-
zene hydrogenation as reported by Haber [18] and Gelder [24]. It includes all products
obtained between the reduction of nitrobenzene to the production of aniline. Note the
adsorbed intermediate discussed by Gelder et al.

The ‘over-reduction’ scheme, Scheme 1.8 reports the over-hydrogenation steps of aniline
in the catalytic reactor. It provides an understanding of the different species such as
dicyclohexylamine and N-cyclohexyalaniline, but also note that the scheme accounts for
results obtained in liquid phase in the presence of aniline and water, which should be

dealt with cautiously.
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Scheme 1.7: Reaction mechanism pathway proposed by Huntsman as the "under-reduction” branch of the catalytic nitrobenzene hydrogenation
[11].
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1.3.5 Activation Energy of Nitrobenzene Hydrogenation

Other studies were performed on non-metallic surfaces such as TiOs, kaolin and silver sup-
ported on TiO, at room temperature and ambient pressure using successively Pd/Rh,
colloidal Pt and Ni. They observed an activation energy of 50-62 kJ/mol for an order
of reaction of 0 and 1. But the activation energy dropped to 0-6 kJ/mol when hydrogen
diffusion through the solvent determined the rate [52, 53, 54, 55]. Still in the liquid phase,
Metcalfe and Rowden worked on a Pd-Ag alloy using butanol as a solvent. They observed
an activation energy from 21 to 105 kJ/mol [56]. Rihani et al. considered the hydro-
genated nitrobenzene in the gas phase between 275 and 350°C, over Ni and Cu catalysts
[57]. A comparable study was also performed by Gharda and found an activation energy
of 69 kJ/mol [58].

On the other hand, Stoessel studied the hydrogenation of aromatic nitro compounds and
established an enthalpy of reaction around 560 kJ/mol [59]. Yeong et al. calculated
an enthalpy of reaction value of 545 kJ/mol [60]. Nitrobenzene hydrogenation is an
exothermic reaction with a low activation energy which therefore makes this reaction

feasible at low temperature and atmospheric pressure.

1.4 Infrared Spectroscopy used in

Heterogenous Catalysis

Infrared Spectroscopy uses infrared light which has a higher wavelength and a lower
frequency than visible light as shown in Figure 1.8. An infrared beam consists of photons
that are able to excite structure, molecules, lattices, bonds. Indeed, if the frequency (v)
and the energy (F) of the photon matches a fundamental vibration of the molecule and
cause resonance, the molecule can absorb energy from the photon [61]. This interaction
results in an infrared absorption band.

The infrared section of the electromagnetic spectrum is usually divided into three regions:
the high energy Near-IR from 14000 to 4000 cm™!,
the Mid-IR from 4000 to 400 cm™*,

the Far-IR from 400 to 10 ecm™!.

Each region has a different discreet wavenumber range which results in discreet energy

bands as shown in Equation 1.1.

E=hy =" = hev (1.1)
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Figure 1.8: Infrared as part of the electromagnetic spectrum [62]

As stated earlier, molecular vibrations using infrared is possible when the energy and
frequency of the beam matches one of the fundamental vibrations of the functional group
present on a sample. However, this is not the unique condition to obtain a vibration with
IR. Indeed, infrared is useful when a functional group has a dynamic dipole moment. For
example, nitrogen is IR inactive while carbon monoxide is IR active [63]. IR spectroscopy
can be used to analyse a wide variety of molecules and materials in liquid, solid and gas
phase. This technique has become one of the most popular techniques used in heteroge-
neous catalysis, as first used by Eischens in 1958 [64]. Additionally, there is an extensive
database of information available regarding the type of vibrations possible as seen in
Figure 1.9. It therefore allows for a better understanding of complex systems such as:
liquid batch reactions and co-adsorption of gases at the surface of a catalyst. Although
infrared spectroscopy is a powerful technique, the real breakthrough came with the use of
Fourier transform spectrometers using an interferometer which replaced monochromatic

spectrometers which were deemed too long to operate [63].
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1.4.1 Fourier Transform Infrared Spectroscopy

The use of Fourier Transform IR Spectroscopy is well established but before the introduc-
tion of the Michelson interferometer in the spectrometer, monochromators were used to
select a narrow range of wavelengths useful to the experiment as shown in Figure 1.10.
The monochromator used is known as a grating. A diffraction grating for infrared consists
of a series of close, evenly spaced lines positioned on an optical flat aluminised glass. For
coverage of the mid-IR spectra region at least two gratings are required [61, 63]. Therefore
the loss of energy due to radiation hitting side of the grating walls was considerable and
the total of energy allowed through the sample was attenuated. As a consequence, it was

therefore very time-consuming to obtain a well-resolved spectra.

source

D grating mirrors

————— /
detector:H /

Figure 1.10: Schematic representation of a Spectrometer using a grating to select wave-
length.
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Figure 1.11: Schematic representation of a Michelson Interferometer [66].

IR spectrometers nowadays use Fourier Transform spectrometry which enables an acqui-
sition of all the frequencies simultaneously [63]. This revolution was possible due to the
development of the Michelson’s interferometer represented schematically in Figure 1.11.
The interferometer is a piece of apparatus which consists of a beamsplitter, a fixed mirror
and a translating mirror positioned perpendicular to each other.

The beamsplitter transmits and reflects the beam into two equal beams. As shown in
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Figure 1.11, one half of the signal (Ss) if reflected to the fixed mirror and the other
half (S;) is transmitted to the translating mirror. As a consequence, the path of S, is
unchanged whereas the S; pathlength can be altered by moving the mirror. The resulting
difference of pathlength between the two beams S; and S is known as the retardation
and is calculated with Equation 1.2 .

Lol

retardation = 2 X (5 — 5) (1.2)

Three different combinations of resulting interferences are displayed in Figure 1.12.
When the beamsplitter is equidistant from both the moving and fixed mirror, both signals
are in-phase and constructive interference occurs, as shown in Figure 1.12a. Figure
1.12c demonstrates the opposite phenomenon called deconstructive interference. In this
case, the retardation is equal to a full wavelength and the resulted signal is a flat 0
line. When the retardation is equal to half a wavelength as shown in Figure 1.12b, the
resultant signal in blue is obtained. This enables to scan from 400 to 4000 cm~! in a few

seconds.
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Of the four techniques shown in Figure 1.13 reproduced from the paper from Zaera[1],
two of the techniques are commonly used in heterogeneous catalysis. Transmission-IR
and DRIFT have been used extensively to monitor catalytic surfaces under different con-
ditions. Transmission-IR cells usually require the catalyst to be pressed into a wafer-disc
or sprayed onto an infrared transparent surface or mesh. The deposition of catalyst onto
a IR-transparent surface can be non-reproducible because of the preparation process and
the uncertainty in the exact sample mass deposited. Where pressing a disc of a known
mass of catalyst into a circular wafer can be seen to be reproducible, one needs to ensure
that the mass is kept as low as possible to avoid blocking the transmission of the signal.

2 can be quite dramatic for a cat-

Moreover, pressing a disc to a couple of tonnes per cm
alyst where the pressure could lead to collapse of the structure (i.e. zeolites) or cause a
phase change of the support (i.e. mixed oxide support). Finally, the transmission setup is
qualitative for high loading catalysts (ie. > Metal 1% w/w) but fails to detect important

features in lower loads [67].

Diffuse Reflectance Infrared Fourier Transform (DRIFT) cells are much easier to use
because the catalyst is usually placed in a ceramic cup at the bottom of the cell and
the IR-beam is directed towards the cup and signal collected using multiple mirrors.
The beam is usually transmitted to the catalyst, absorbed, then reflected back to the
collecting mirrors, which focus the signal to the IR detector. The extended path length of
the beam through the sample is advantageous because it enables the study of low metal
loading catalysts and allow for monitoring of a low concentrated chemisorbed species at
the surface of the material. However, in certain cases, a specular reflectance can occur
(mirror effect) and has been reported to distort the signal. Another advantage of using
DRIFT cells is that it is possible to optimise the optical arrangement of the cell to increase
the detection limit thus improving the focus of the reflected signal. The choice of DRIFT
cells used for our catalysts seems appropriate and will be discussed further in Chapter

3.
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Carbon monoxide is IR active because of its strong dipole moment which results in an
intense band at 2143 cm™! [68, 69]. The chemisorption of CO at the surface of metal
particles was first reported by Eischens in 1958 and opened a new era in understanding
the behaviour of such particles. He reported that the different bands observed described
two types of chemisorption. Above 2000 cm™!, the CO is linearly chemisorbed to the
metal surface, whereas below 2000 cm ™!, the CO is found to be chemisorbed to 2 or 3 Pd
atoms. These assumptions were based on previous calibrations carried out on Fey(CO)g
complexes that matched the wavenumbers observed at the surface of metal such as Ni,
Cu, Pd, Pt [70].

The shift in wavenumber between the gas and chemisorbed CO can be better explained
using the Blyholder model [71]. It describes the adsorption onto a metal surface using
the sigma and pi bonding concepts. First, the sigma interaction occurs due to an overlap
of a filled sigma orbital of the carbon atom with an empty sigma orbital from the metal,
which then triggers a transfer of an electron from the CO molecule to the metal centre.
Secondly, the partially-filled d-orbital of the metal interact with the empty pi-antibonding
orbital of the CO which results in pi back-donating transfer of an electron. However, the
transfer of an electron towards the antibonding orbital of the CO leads to a reduction
of the CO bond strength, which explains the shift observed between CO gas phase and
chemisorbed CO.

This model accounts for the linearly chemisorbed CO as it considers that only one metal
atom binds to the CO, nevertheless, many studies state the threefold and two-fold pattern
chemisorption for wavenumbers below 2000 cm ™! [72, 73]. Different metal low index planes
lead to different atom arrangements, thus different chemisorption patterns. It is believed

that the packing in fce (111) plane results in different chemisorbed species [74].

Q.
MEDc-0
& bonding interaction b’ .

7 bonding interaction

(2) (b)

Figure 1.15: Blyholder CO-Metal bonding model representation [75]

)

Although CO has been used for decades to probe catalyst morphology [77, 78, 79, 72],
initially, only one type of bonding on the surface could be identified, i.e. bridged or linear

[78]. However after the pioneering work of Bradshaw and Hoffmann on single crystal
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Figure 1.16: Representation of the three adsorption modes of CO over Pd(111) low index
plane. The palladium is represented by the grey spheres, oxygen by the red and carbon
by the blue ones [76].

surfaces in 1978 [80], a more detailed analysis of the metal crystallites could be made. Not
only could the type of bonding be identified, but the particular surface planes could also
be determined. Until the work of Freund et al, all the assignments for CO on palladium
crystallites were relatively undisputed, however recent work has suggested that the band at
1970-1982 cm ™! was not solely due to bridge bonded CO on Pd(100), but that it could be
due to bridge bonded CO on particle edges [81]. Although the evidence is well presented,
care must be taken when comparing real catalysts with model catalysts as (i) the spectra
are taken in a different way and (ii) they can also be taken at different temperatures and
CO bonds in a different way at different temperatures on different single crystal faces
[74, 82]. Thus CO chemisorption followed by infrared spectroscopy is an extremely useful
probe of surface morphology, but one must be aware of the experimental conditions under

which the spectra were acquired.

1.5 Aims of the project

A number of alumina-supported Pd catalyst samples have been selected to rationalise the
range of pathways accesible in this transformation. Catalyst samples 2-6 were provided
by Huntsman Polyurethanes. Sample 1 (5 wt% Pd/Al,O3) is a commercial grade catalyst
that was used as a reference material in this work. These are listed below:

A new industrial trickle-bed reactor has been designed to take advantage of the high
exothermicity of the nitrobenzene hydrogenation [11]. In fact, the new process is capable
of generating high pressure steam as a side reaction, which can then be used to provide

heat or feed turbines, which can be used to generate electricity for the industrial complex.

Historically at the plant, the nitrobenzene hydrogenation has been performed in a lig-
uid slurry with a nickel catalyst but the re-design of the reactor has forced the use of a
new catalyst. Huntsman Polyurethanes have recently supplemented an aniline production
facility with a Pd/AlyO3 catalyst which is intended to react in a liquid-gas-solid triple
phase reactor at high temperatures (240-260°C). Pd catalysts are extensively used for hy-
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Catalyst Provenance Code

Sample 1 5 wt % Pd/Al,O3 Alfa Aesar 11713
Sample 2 0.3 wt % Pd/Al,O4 Johnson Matthey 310/2
Sample 3 0.3 wt % Pd/Al,O3 BASF 143 500

Sample 4 0.3 wt % Pd/Al,O3 - 30% SiO2  Johnson Matthey M11572
Sample 5 0.4 wt % Pd/Al,O3 - 1% SiOy  Johnson Matthey 764

Sample 6 0.3 wt % Pd/Al,O3 - 1% SiOs  Johnson Matthey M12340

Table 1.1: List of catalyst used during the project

drogenation reactions [83], and it is not surprising that Hunstman is capable of operating
their reactor in a high conversion and high selectivity (above 99%). However, few ppm
of by-products are being generated during the reaction, and although it is common in
industrial processes to produce impurities in low amounts alongside the main reaction,
these by-products seem to be produced differently with the use of similar catalyst formu-
lations as shown in Figure 1.17. The concepts of over-reduction and under-reduction are
introduced in Section 1.3.4. It therefore becomes impossible to predict the outcome of

the reaction and design an appropriate setup which is able to purify the product mixture.
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Figure 1.17: Impurities profile from Huntsman reaction testing on Sample 2 (310/2) and Sample 3 (143 500) obtained in a trickle bed reactor

with 20-30 bar pressure and at a temperature of 215-260°C. Over-reduction and under-reduction were previsouly discussed in Section 1.3.4
[11]



It is of high importance to study the structure/activity relationship of nitrobenzene hy-
drogenation over representative alumina-supported Pd catalysts in order to understand
the morphological aspect of the catalyst which governs the impurity production. In de-
veloping a deep understanding of this relationship, it may be possible to optimise the

preparation of the catalyst used in order to meet the industrial requirements.

The project is therefore aimed at developing the structure/activity relationships of ni-
trobenzene hydrogenation over Pd/alumina catalysts. In order to do so, the project will

be divided into three main components:

1. Reaction testing (gas-phase in tubular-reactor) of the catalysts,
2. Physical characterisation (BET, TEM, CO isotherm and XRD),
3. Morphological study using CO chemisorption followed by IR spectroscopy,

4. Correlation of reactor performance with Pd crystallite morphology.

In summary, this project seeks to determine the product distribution in the hydrogena-
tion of nitrobenzene to form aniline over a range of supported Pd catalysts operating at
elevated temperatures (30-200°C). Two prototype catalysts (Samples 2 and 3) are studied
in particular detail. Temperature-programmed infrared spectroscopy of chemisorbed CO
adsorbed onto the catalyst surfaces is used to determine the morphology of the Pd crys-
tallites. Hence the correlation of the product distribution with catalyst morphology can
be determined with respect to the structure/activity relationship concerning by-product
selectivity. This model is under consideration at the industrial complex as part of a pro-
cess intensification initiative for the large scale manufacture of aniline as a feedstock for

isocyanate synthesis.
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Chapter 2

Experimental

2.1 Catalyst Characterisation Line

In order to assess Pd particle size and dispersion of the Pd/Al;O3 samples, a characterisa-
tion line was used to perform CO adsorption isotherms. The line was set to pulse known
aliquots of pure CO at the surface of an activated Pd/alumina catalyst. The set-up is

shown in Figure 2.1.

2.2 Reaction testing

2.2.1 Gas Phase hydrogenation reactor

Catalysts will be tested for nitrobenzene hydrogenation reaction using a tubular fixed bed
reactor feed with nitrobenzene and/or aniline in a gas phase using helium as a carrier gas,
as illustrated in Figure 2.2. The unit is composed of Swagelok 1/g stainless tubing to
avoid any oxidation or undesired side reactions, moreover those lines are trace-heated to
maintain a constant vapour pressure of nitrobenzene all the way to the GLC gas sampling
valve as shown here in Figure 2.2. The reaction-testing unit is composed of a tubular
reactor, a split tube furnace, a temperature control box, two thermocouples, a bubbler
(dreschel bottle, hotplate and oil bath), a helium dilution line and, finally, a gas-liquid

chromatograph which characteristics will be discussed in Section 2.2.2.
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The tubular reactor consisted of a 50 mm long 316-stainless steel tube, fitted with
Swagelok connections at the top and bottom to fix it into place and assure correct sealing.
A stainless steel mesh disc is positioned nearly at the middle of the tubular reactor to
position the catalyst at the centre of the reactor. The catalyst is placed into the tube
using a bed of carborundum (silicon carbide) both above and below the catalyst sample to
position the catalyst bed at the middle of the furnace and close to the thermocouple. This
thermocouple enables controlling and monitoring the reaction temperature profile using
a control box (DMG controls). The single zone split tube furnace is from LCP Elements
Ltd. With an internal diameter of 25 mm and a length of 418 mm to encase the entire
length of the tube, the diameter permits use of 1/4 and 1/2 inch tubing as reactor. Tests
concerning which reactor is most efficient for performing this reaction will be established.
During operation, quartz wool (Fisher Scientific) is placed at the top and bottom of the
furnace cavity to prevent heat loss and ensure effective heat distribution throughout the
whole reactor. It is noteworthy to say that carborundum is really important to improve
heat exchange in the reactor and avoid any condensation before the catalytic bed. Brooks
mass flow controllers (5850 TR seires) are used to supply gas through the reactor. The
reactor is also equipped with a by-pass, which allows analysis of the feed prior any ex-
periment without being in contact with the catalyst. Baseline values (Ag) were obtained
flowing the mixture He/Hs/nitrobenzene through this by-pass. The oven is capable of
heating from room temperature to 1200°C, and is controlled by a PID controller (WEST
6400).

2.2.2 Gas Liquid Chromatography

Identification of the reaction products were obtained by gas liquid chromatography (GLC)
by comparison of their retention time against known standards. Analysis will be per-
formed considering the same apparatus as used by Huntsman Polyurethanes. An Agilent
GC 6850 series II fitted with a flame ionization detector (FID), which was controlled by
chemstation software provided by Agilent. The column used for analysis is Durabond
DB-17 capillary column (30 m, 0.250 mm, 0.5 pm). A calibration of the entire reac-
tion product involved in nitrobenzene hydrogenation was performed to ensure that any

retention peak would have a response factor.

2.3 Calibration of Plug-flow reactor system

The gas/liquid feed was calibrated before reaction was carried out. Mass flow controllers
connected to an analogue controlbox (Brooks model 5878) were calibrated using either
hydrogen or helium gas flowing through a burette equipped with a soapy solution. Cali-

bration of the GC was performed injecting manually known standard solutions diluted in
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cyclohexane or acetone depending on the product solubility in those solvents.
The bubbler temperature was set at 45°C for the reaction. By using Antoine’s law Equa-
tion 2.1 below, we were able to assess the concentration expected and prepare the solu-

tions accordingly.

B

log(Ppary) = A — ———
0g(Ppar)) T,

(2.1)

The three constants A, B and C have been determined experimentally [84]. Values for

nitrobenzene and aniline are tabulated in Table 2.1 below.

Nitrobenzene  Aniline

A 4.21553 4.34541
B 1727.592 1661.858
C -73.438 -74.048

Table 2.1: Antoine’s coefficients for nitrobenzene and aniline [84].

Using Equation 2.1 and the values in table 2.1, we obtain the plot observed here,
figure 2.3.
The calibration plots for the different for the reactant and products observed during the

reaction can be seen in Appendix A.
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2.4 Characterisation

2.4.1 Infrared Spectroscopy

The majority of the infrared experiments were performed using a Nicolet Nexus FTIR
spectrometer (model number: 470/670/870) fitted with a high D* MCT detector. Experi-
ments were carried out in absorbance mode, using a SpectraTech Smart diffuse reflectance
cell and environmental chamber, using a typical sample size of ca. 50 mg. The optical
set-up of the cell is shown in Figure 1.14b. The sample cell is connected to a gas man-
ifold that provides control of flow gases into the infrared cell and allows aliquots of gas
molecules to be passed over the catalyst. The catalyst sample stands in a ceramic cup
fitted with a temperature controller in order to set up variable temperature experiments
up to 1173 K. The catalyst were activated in-situ under a He/Hy flow (35/15 ml/min).
Temperature was first maintained at 110°C for 30 min, then at 200°C for 30 min before
hydrogen was switched off. Hydrogen was allowed to desorb for 30 min at 200°C before
cooling down to 25°C. A background spectrum was recorded post-activation at 25°C. Pure
CO (CK gas 99%) was then sampled and a few Torr were passed through the IR cell [85].
The cell was then purged using helium for at least 10 min, which corresponds to the period
needed to expel of any non-chemisorbed CO from the chamber. Spectra were recorded
(512 scans, resolution 4 cm™!) at 25°C and took approximately 10 minutes. All spectra
were background subtracted, which means than the sample spectra is subtracted with the
post-activation spectra recorded before CO was introduced. No other signal treatment
was performed. For desorption experiments, the cell containing the catalyst was heated
under He flow. Each temperature was maintained for 10 minutes before cooling down to
room temperature where a spectrum was recorded.

The same experiment was perfomed using a different spectrometer (Bruker Vertex 70
FTIR) and two other infrared cells.

The Bruker spectrometer was also fitted with a high D*MCT detector. Of the two cells
used with this device, one was a IR transmission cell (Harrick Scientific), which enabled
measurements up to 450°C and one a DRIFT cell (Harrick, Praying Mantis reaction
chamber). The optical setup for the transmission cell is straightforward; the catalyst is
pressed into a disc of 13 mm diameter, which represents a mass of around 20 mg using a
press. The thin wafer is then placed at the centre of the transmission , which is equipped
with two KBr windows. Hence the IR beam goes through the wafer at a 90° angle and is
transmitted directly to the detector. A picture of the cell is shown in Figure 2.4.

The Harrick DRIFT cell used on the Vertex system differs from the Spectra tech cell
presented above. Although the sample is contained in a ceramic cup containing approxi-
mately 50 mg as well, the optic is rather different as shown in Figures 2.5 and 1.14b.
In the Praying Mantis setup, the IR beam is reflected on three mirrors before hitting the
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Figure 2.4: Picture of the Harrick High Temperature transmission IR cell

sample surface and three times again before being analysed by the detector - as seen in
Figure 2.5. The Spectra Tech DRIFT cell allows a much simpler beam pathway as seen
in Figure 1.14b; indeed, the beam is reflected once before the sample and once after.
Added to that, the IR chamber cell of the Spectra Tech cell is much more confined than
the Harrick DRIF'T cell as seen in Figures 1.14a and 1.14b; the resulting differences
observed during the CO temperature-programmed infrared carried out on these three cells

will be discussed in Chapters 3 and 6.

2.4.2 Temperature-Programmed Desorption

Temperature-Programmed Desorption (TPD) experiments were performed using 0.5g of
catalyst contained in a quartz reactor (500 mm length, 1/4 inch diameter) packed with
quartz wool. The reactor was located in a single zone split tube furnace (LPC Elements,
DMG Controls). A mass spectrometer (MKS microvision plus) was used to analyse the
outlet gases through pulses and desorption of CO via a capillary line and metal-sintered
precision leak. The catalyst samples were activated using a 35:15 ml/min mixture of
He:H, and the temperature was allowed to ramp by 3°C/min from RT to 200°C. After 30
min at 200°C, Hy was shut off and the temperature was kept for another 60 min before

cooling down to room temperature. Saturation of samples with CO were performed via
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Figure 2.5: Picture of the Harrick Praying Mantis IR setup

1-2 torr CO pulses (V = 6.8ml, 1.05 torr, 3.43x10~7 mol). Desorption was then carried

out using the a temperature ramp of 15°C/min [86].

2.4.3 X-ray Powder Diffraction

Diffractograms were recorded with a Siemens D5000 diffractometer using Cuk, (1.5418
A) radiation in Bragg-Brentano geometry in the range 20 5-80°. The source has an
accelerating voltage of 40 kV with an intensity of 40 mA. XRD patterns were monitored
by a scan rate of 0.02°/s.

2.4.4 Transmission Electron Microscopy

More and more, literature related to characterisation of catalysts show that use of TEM is
really a breakthrough in correlating structure to some assumption like crystal face orien-
tation, dispersion, metal particle size and element mapping of the surface. In general, the
detection and resolution of the metal particles is possible provided that there is sufficient
contrast between metal and support. This contrast depends on how electrons are scat-
tered by each elements and materials, thereby; resolution can be improved using proper
sample thickness and knowing previously which elements is analysed.

The microstructure of the catalyst samples were studied by a Tecnai T20 microscope,
with an accelerating voltage of 220 keV, fitted with a Gagan image filter. TEM samples
of Pd/alumina catalysts are prepared first by grounding in a mortar and pestle before

being dispersed in methanol. This suspension was then dropped on a micron scale carbon
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grid (300 pm mesh grid, Agar scientific) and dried to obtain a sample thinner than 100
microns capable of fitting in the TEM for further analysis.

2.4.5 Atomic Absorption Spectroscopy

Standard Pd Absorbance

(mg.L™")
0 0
5 0.240
10 0.383
15 0.465

Table 2.2: Absorbance recorded for different Pd standard solution analysed.

In catalysis, Atomic Absorption Spectrometry (AAS) is often used post-preparation to
ensure the loading of the metal supported on a given catalyst. The catalyst is dissolved
in a strong acid solution, then atomized. Nowadays, samples are atomized using flames
or graphite tubes. Next, a lamp that emits the spectrum of the analyte is shone through
and absorbance is recorded via a detector [87]. Palladium loading was measured by
AAS using a Perkin Elmer Analyst 100 instrument. The wavelength was 244.8 nm with
background correction. Standard solutions were prepared by dilution from a 1000 mg/L
(Sigma Aldrich) Pd/hydrochloric acid commercial stock solution. An accurate weight of
approximately 0.1 g of material was carefully transferred to a 50 mL beaker. 5 mL of
aqua regia was added and a watch glass placed on top. The beaker was placed on a
hotplate and boiled for approximately 30 minutes. The watch glass was removed to allow
the fumes to evaporate and the beaker was allowed to cool before 5 mL of water was
added to reduce the acid strength. The solution was then filtered through a hardened
filter paper into a 25 mL volumetric flask with washing and made to the mark. A blank
was carried through this procedure as well. Calibration standard solutions were analysed
and tabulated here in Table 2.2.

2.4.6 Total Surface Area measurements (BET)

Activity and selectivity of catalysts are often linked with pore size distribution and surface
area. There are different methods used to measure surface area but the most widely used
is the isothermal adsorption of nitrogen. Here, the Brunauer, Emmett and Teller (BET)
method was used to measure the total surface area of the catalysts on a Micromeritics
ASAP 2400 gas adsorption analyser using a static barometric method. 0.5 g of the “as-
received” samples were placed into a glass tube and outgassed at 413 K over-night in

flowing nitrogen. The nitrogen absorption experiments were carried out at at 77 K. The
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entire surface of the catalyst, including the metal and the porous support material were

quantified using the nitrogen adsorption and desorption isotherm [88].

2.4.7 CO Adsorption Isotherms

The process of chemisorption can be used in a quantitative manner to calculate the total
amount of metal that is available for reaction, assuming that a monolayer of the adsorbate
is formed. This is known as the dispersion of the catalyst and is normally expressed as
a percentage of the total metal atoms. In the case of a supported metal catalyst, the
dispersion is the total number of surface metal atoms; the equation for which is shown
below.

When using supported metal catalysts, there are several molecules selected to use for
adsorbates. These include carbon monoxide, oxygen, hydrogen and nitric oxide. In all

these cases, it is important to know:
e What is the metal to adsorbate stoichiometry?
e Does the molecule dissociatively adsorb?

e Does the support play any part in the adsorption, i.e. is there spillover, or does the

support play an active role in adsorption?

It is believed that carbon monoxide chemisorbs onto the surface of palladium with little
or no dissociation so this makes it an ideal molecule to use for chemisorption measure-
ments. Pulsed chemisorption studies were performed by placing a known mass of catalyst
(ca. 250mg) into the reactor and reducing it in a flowing 40% Hs/He mix for 1 hour at
200°C after a temperature ramp of 3°C/min up to 200°C. Pulses of a known volume of
CO were passed over the catalyst using helium as a carrier gas. The point of satura-
tion was monitored using a thermal conductivity detector (Thermo Finnigan Ultra GC).
Saturation point was determined when three peaks of equal area were observed on the
integrator. Since the volume and pressure of gas passed over were known, it was possible
to calculate the dispersion of the catalyst assuming a 1:2 ratio of CO:Pd [89]. The dis-
persion of a catalyst can be used to estimate particle size, provided certain assumptions
are made, namely that the particles are all of the same size and are spherical. From these

assumptions, dispersion may be expressed as [85]:

6A
D=——x1 2.2
SN x 100 (2.2)
109
d=—"" 2.
; (2.3

Where:
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D = Dispersion (%)

A = Atomic weight (106.92 g.mol™1)

p = Density of metal (12.02x107%! g.nm™3)

S, = Average surface area occupied by one active atom (0.0806 nm?)
N, = Avogadro number

d = Average particle diameter (nm)

2.4.8 Conversion and Selectivity Calculations

The conversion and selectivity data that will be presented in this thesis have been calcu-
lated using Equations 2.4 and 2.5 [90]. The values were taken from gas chromatography
as peak area, then converted in number of moles using the calibration reported in Sec-
tion 2.2.2 to account for the difference of the response factor of the different molecules

monitored by a flame ionisation detector as explained in Section 2.2.2.

3 nitrobenzene t
ConverSIOHnitrobenzene (%):% x 100

Nnitrobenzene

(2.4)

SeleCtIVItyamlme (%): Naniline (t) X 100

Naniline —Nnitrobenzene (0

(2.5)
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Chapter 3

Nitrobenzene hydrogenation on a
commercial 5 wt % Pd/Al,O;4
catalyst - Sample 1.

A commercially available 5 wt % Pd/Al,O3 (Alfa Aesar 11713) was chosen to test the
feasibility of the nitrobenzene hydrogenation reaction and the different characterisation
techniques before studying the industrial grade 0.3 wt % Pd/Al,O3 (Samples 2 and 3).
The as-received catalyst is a dark-grey powder consisting of palladium deposited on ~-
alumina which was reduced post-preparation. While many publications state different
catalysts being highly active and selective for the nitrobenzene hydrogenation to aniline,
few display the selectivity profile and the inner characteristics of the catalysts used. This
section aims to introduce the concept of the loss of selectivity in the nitrobenzene hydro-

genation in parallel with the morphological study of the active sites present at the surface
of a standard Pd/Al,O3 catalyst.

3.1 Gas phase nitrobenzene hydrogenation

Nitrobenzene hydrogenation was carried out as specified in Section 2.2. After reduc-
tion, the temperature was set at 60°C and allowed to react overnight in order to reach
a permanent reaction state. Temperature was then sequentially increased by an incre-
ment of 20°C up to a maximum temperature of 180°C. The results for the nitrobenzene
hydrogenation performed on the continuous flow plug-reactor using the standard 5 wt %
Pd/Al,O3 are shown in Figures 3.1 and 3.2. The reaction feed was composed of Ni-
trobenzene/hydrogen/helium (NB 2.03 x 107° mol/min: Hy 7.83E-04 mol/min - Hy:NB
= 385 : 1), with a large excess of hydrogen. The large excess was selected so that the
hydrogenation pathways at the selected reaction conditions were accessible. A reduced

hydrogen supply could also emphasize deactivation pathways which are not a major focus
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of this study.

Firstly, the catalyst shows a very high (>99%) nitrobenzene conversion all the way
through the range of temperature. This can easily be explained by the hydrogen be-
ing introduced in large excess, a low vapour pressure of nitrobenzene and a rather high
palladium loading . Secondly, the selectivity towards aniline decreases with increasing
temperature, with 90% at 60°C and only 20% at 180°C. The loss of selectivity observed
is steady and seen to be caused by formation of by-products such as cyclohexylaniline
(CeH11NH2,CHA), cyclohexanol (C¢Hy;OH,CHOL), cyclohexanone (CgH;,0,CHO), dicy-
clohexylamine (C15HgoNH DICHA) and N-cyclohexylaniline (C1oH;NH,CHAN). At 60°C,
the loss of selectivity is due to the formation of the DICHA and CHAN compounds de-
rived form the further hydrogenation of the aniline produced [31, 32]. As the tempera-
ture increases from 80°C to 120°C, DICHA is obtained in larger quantities with CHAN
staying constant throughout the change of temperature. Another compound is detected
between 80 and 120°C, cyclohexylaniline (CHA), as a result of the ring hydrogenation
of aniline [91, 33, 92]. This last compound stands as an intermediate between aniline,
N-cyclohexylaniline and dicyclohexylamine. While the CHAN intermediate remains con-
stant with increasing temperature, the number of moles of the CHA intermediate grows
substantially. Between 140°C and 180°C, by-products follow the same trend, where an
increase in DICHA and CHA is observed, while CHAN slightly decreases. Additionally,
one should note that the amount of DICHA and CHA compared to CHAN is quite high.
This is indicative of the difference in rate of reaction from aniline to cyclohexylaniline,
N-cyclohexylaniline and dicyclohexylamine. Finally, cyclohexanone is recorded in small
amounts from 140°C and is seen to slightly increase with temperature. Surprisingly, only
a few publications on the catalytic nitrobenzene hydrogenation mention the aniline de-
rived by-products caused by a further hydrogenation of the ring to form CHA, CHAN
and DICHA [93, 94]. One study in the liquid phase does however discuss how the pH

gives rise to impurities as part of the catalytic nitrobenzene hydrogenation [33].
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Figure 3.1: Nitrobenzene conversion in black and aniline selectivity in red reported from the reaction of 20 mg of catalyst 1 under feed of
nitrobenzene/hydrogen/helium (NB 2.03 x 107% mol/min: Hy 7.83E-04 mol/min - Hy:NB = 385 : 1, NB(s™!) : Pd() = 1: 63)
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Figure 3.2: Impurities selectivity reported from the reaction of 20 mg of catalyst 1 under feed of nitrobenzene/hydrogen/helium (NB 2.03
x 107% mol/min: Hy 7.83E-04 mol/min - Hy:NB = 385 : 1, NB(s™') : Pd() = 1 : 63). Dicyclohexylamine in green, N-cyclohexylaniline in
purple, Cyclohexanone in blue, Cyclohexanol in red and Cyclohexylamine in black.
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Scheme 3.1: Reaction scheme as observed using the 5 wt % Pd/Al,O3 catalyst in nitrobenzene hydrogenation.



3.2 XRD, BET, CO chemisorptions and AAS

X-ray powder diffraction was carried out to determine what type of alumina was present
as a support. Figure 3.3 shows the diffractogram of the as-received 5 wt % Pd/Al,O3
catalyst before reaction. The pattern observed in Figure 3.3 is indicative of a gamma-
alumina. The BET experiment indicates that the surface area is 140 + 10 m?/g. As
detailed in Section 2.4.7, CO adsorption isotherms was also performed on the catalyst
to determine the dispersion of the palladium and to estimate the particle size at the
surface of the catalyst. The catalyst was analysed using Atomic Absorption Spectroscopy
to verify the amount of Palladium present on the catalyst as described in Section 2.4.5.

It was found that there is 4.3 + 0.3 wt % of palladium present in the catalyst.

CO uptake Dispersion Particle size BET AAS

(mol CO / g catalyst) (%) (nm) (m*.g7')  gpa | Seatatyst
5.0x 107° 21.3 5.1 140 4.3 £0.3
5.1x 1075 21.7 5.0

Table 3.1: Table of Dispersions for CO Pulsed Chemisorptions obtained on the 5 wt %
Pd/Al,Oj3 catalyst (Sample 1).
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Figure 3.3: XRD pattern of the black powder 5 wt % Pd/Al,O3 catalyst. Red drop lines represent the y-alumina reflections [95].



Gamma-alumina

2 © Angle d spacing hkl
(degrees) (A)
37.618 2.38918 311
39.358 2.28746 222
45.765 1.981 400
60.679 1.52497 511
66.721 1.40078 440

Table 3.2: XRD assignments for the 5 wt % Pd/alumina catalyst based on the gamma-

alumina main reflections [95].

3.3 Transmission Electron Microscopy

The microstructure of the 5 wt % Pd/AlyO3 catalyst was analysed using Transmission
Electron Microscopy as detailed in Section 2.4.4. The TEM images presented here
were all recorded on the as-received catalyst before any activation and/or reaction. As
discussed in the section above, we expected the majority of the catalyst to be gamma-

alumina based with well dispersed palladium particles throughout the surface measuring

around at 5 nm.
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(a) Bright Field Imaging (b) Dark Field Imaging

Figure 3.4: Dark Field - Bright Field imaging on the 5 wt % Pd/Al,O3 catalyst. The metal component is indicated as black particles in (a)
but white particles in (b). Bar scale represents 50 nm.



Figure 3.4a shows a broad view of the catalyst surface. At this magnification, we can
observe a large alumina cluster on which we can distinguish multiple small black dots.
This area was analysed using the dark field / bright field imaging technique to ensure
that the black dots were correlated to palladium particles. It is a simple technique that
consists of tilting the beam so that a different diffraction of the electron beam through
the sample can be obtained. It is widely understood that in the bright field imaging the
contrast is obtained via absorbance of the light and the dark field is obtained from light
scattered. Alumina and palladium having a different electronic structure so this simple
tilt is often enough to distinguish them from each other. Figure 3.5 displays a large black
particle exhibiting a high crystalline pattern. It was possible to measure the interplanar
spacing also called d-spacing which is then used to determine the low index plane. Given
that palladium crystal is Face Cubic Centered, the interplanar spacing (d) is expressed

as follows:

a

dpp = ——————— 3.1
hkl h2+k2+l2 ( )
a
dhkl = > (32)
VB k2 2(%)
Pd° - FCC
a=b=c=3.880 A4 a=L0=r~=090

d(100) = 3.880 A
d(111) = 2.250 A

PdO — Tetragonal
a=b=3043Ac=53364 a=8=~=90

d(100) = 3.043 A
d(001) = 2.309 A4
d(111) = 5.753 A

Table 3.3: Interspacing distances for the Pd metal and Pd oxide [96].
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Figure 3.5:

Transmission Electron Microscopy of the 5% Pd/Al,O3 (Sample 1) before activation. The white scale bar represents 5nm.
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Transmission Electron Microscopy of the 5% Pd/Al,O3 (Sample 1) before activation. The white scale bar represents 5nm here.
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Figure 3.7: Particle size distribution of the 5 wt % Pd/Al,O3 obtained using TEM Tecnai T20.



TEM images were analysed using imaging software to measure the interplanar spacing
with the best resolution possible. Here in Figure 3.5, the particle seen at the centre
is believed to be palladium oxide. Figure 3.6 displays two other palladium particles,
one seen to be metallic palladium and one palladium oxide. In fact, the presence of
metallic palladium before reduction is unsusual but possible due to the high energy of the
electron beam used. It was reported in the literature that the palladium particles (111)
low index plane is seen in large quantities when looking at supported catalysts. Images
not included here have been examined to measure more than 100 palladium particles. As
a consequence, Figure 3.7 displays a particle size distribution histogram for the 5 wt %
Pd/Al,O3 catalyst. The mean Pd particle size is around 5 nm, a value consistent with
the CO adsorption isotherm measurements (Section 3.2).

In summary, the 5 wt % Pd/AlyO3 catalyst is composed of a gamma-alumina supporting

highly dispersed palladium particles, with a mean particle size of 5 nm.

3.4 CO chemisorption followed by
Infrared Spectroscopy

CO chemisorbs to the palladium metal in different ways: linear, two-fold hollow and
three-fold hollow. It is assumed that over Pd/alumina catalysts, the shift of the adsorbed
bands is truly informative. Indeed, work by Lear et al. over different types of Pd/alumina
catalysts enabled the correlation of morphology of palladium to the chemisorbed bands
observed. Supported catalyst particles are usually well described by simple geometric
structures such as spheres or hemispheres [97]. TEM shows the 5 wt % Pd/Al,Oj3 cat-
alyst to be comprised of particles, some of which exhibit a distinct hexagonal structure,
consistent with cubo-octahedra. Van Hardeveld and Hartog established the relationship
between metal particle size and crystallite morphology [98]. Investigations on model
alumina-supported palladium catalysts have been able to refine the description of adsorp-
tion sites on well-defined nanoparticles [97]. Later studies led by Mclnroy et al. [99]
and Morisse et al. revealed how the understanding of the palladium particles morphol-
ogy could lead to structure/activity relationships in selective hydrogenation reactions and

help in the optimisation of a new range of catalysts [85].

To ensure that our system was leak-free and able to chemisorb CO at the surface of the
catalyst, effectively we operated a CO TPD experiment reported in Figure 3.8. The
mass spectrometry signal for mass 28 and 44 which respectively accounted for CO and
CO, were recorded alongside the progression of the linear temperature ramp. We observe
desorption of CO then COs at higher temperatures. The pattern observed is consistent
with previous CO TPD performed on Pd/alumina [86]. As for the production of COa,
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it arises from three reactions: the Boudouart reaction, the oxidation of CO by hydroxyl
groups on the metal-surface interface and the decomposition of carbonates present on the
alumina surface [100]. The TPD observed in Figure 3.8 indicates that the system can

be used to chemisorb CO safely and this can be followed using infrared spectroscopy.

2 CO(ad) — C(ad) + COQ(Q) (3.3)

2 CO(ad) + OH(support) — COQ(g) -+ %HQ(Q) (3.4)

95



9¢

1.0x10°

8.0x10" A

6.0x10"

4.0x107 1

Pressure (mbar)

2.0x107 1

0.0 syt

| | |
600 700 800

Temperature (K)

| |
300 400 500

Figure 3.8: Temperature Programmed Desorption of CO in black and CO; in red for the 5 wt % Pd/Al,Os.



Lear et al. have made a number of precise assignments for CO chemisorption on Pd/Al;O3
catalysts using the DRIFT technique [85]. This work will make use of that database
to make deductions on Pd crystallite morphology of the catalysts under examination
here (Sample 1). However, McDougall and co-workers have previously highlighted the
differences found between DRIFT-derived spectra and the more traditional technique of
transmission IR [101]. McDougall suggests that the sensitivity for transmission cell and
DRIFT cells are different because of the beam pathway and the sampling method used.
They felt that both methods should be used in conjunction and not against each other.
Later work by Meunier and co-workers made comparable statements [102]. Thus, in
an attempt to calibrate the DRIFT approach adopted here, the 5% Pd/Al,O3 reference
catalyst will also be examined using transmission spectroscopy. Such a joint approach
was previously used by Mclnroy and co-workers to examine methanol adsorption of an

n-alumina catalyst [103].

Mode of adsorption Description
A Linear CO on corners and edges Pd(100)/(111)
fho Two-fold CO adsorption geometry on Pd(100)
3 Three-fold CO adsorption geometry on Pd(111)

Table 3.4: Summary of Spectral assignments for CO chemisorption on Pd crystallites

DRIFT technique can lead to distortion of spectrum depending of the geometry of the
cell, the size of the sample particle, the homogeneity of the sample and the packing of
the sample as described by Dent and Chalmers [61]. In order to verify that the analytical
conditions for the DRIFT experiment will not result in distortion of the spectrum, we de-
cided in a first instance to test it against a transmission analytical setup. A transmission
setup for IR analysis of catalyst does not lead to distortion and have been widely used for
probing catalytic surfaces in the past. Therefore, in the following section, we compared
the use of a transmission cell (Figure 2.4) on a Bruker spectrometer against a DRIFT cell
(Figure 1.14a). Finally we compared two DRIFT cell which have two distinct different
geometry on wo spectrometers. The Praying Mantis cell used with the Bruker spectrom-
eter (Figure 1.14a) was then compared to the Nexus Spectra Tech smart collector cell
(Figure 1.14b). One 5 wt % Pd/Al,O3 catalyst was used for the three analysis and
probed in the same way with CO.

3.4.1 CO-IR of the 5 wt % Pd/Al,O3; (Sample 1) using the

Bruker Transmission system

The infrared spectroscopy results from CO chemisorption using the transmission cell on

the 5 wt % Pd/Al,O3 are shown in Figure 3.9. The chemisorption was carried out
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as mentioned in Section 2.4.1. The scan of the chemisorbed CO at the surface of the
catalyst after activation is shown in Figure 3.9. The saturated spectrum displays three
characteristics bands for the chemisorption of CO at the surface a Pd/alumina catalyst
[85]. The band at 2055 cm™! is attributed to CO linearly bound on the Pd crystallites.
The two other features are attributed to two-fold and three fold chemisorbed CO over
Pd low index planes as shown previsouly in Figure 1.16. The band at 1974 cm™! is
assigned to py bridge bonded CO on Pd (100) and the band at 1907 cm™! is assigned to
ps bridge bonded CO on Pd (111). The fact that the band at 1974 cm™! is more intense
than the band at 1907 cm™! suggests that there is a large amount of intensity stealing
occurring [104]. This is due to the two frequencies active modes being close enough to
allow coupling to occur which causes a transfer of intensity from the low frequency mode

to its higher frequency counterpart.
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Figure 3.9: Spectrum of the 5 wt % Pd/Al,O3 chemisorbed with CO at room temperature using the Bruker Transmission system.



3.4.2 CO-IR of the 5 wt % Pd/Al,O3; (Sample 1) using the
Bruker DRIFT system

The infrared spectroscopy results from the chemisorption using the Harrick Praying Man-
tis@®) Diffuse Reflectance Infrared Fourier Transform cell on the 5 wt % Pd/Al,O3 are
shown in Figure 3.10. The chemisorption was carried out as mentioned in Section
2.4.1.

The scan of the chemisorbed CO at the surface of the catalyst after activation is shown
in Figure 3.10. The saturated spectrum displays three characteristic bands for the
chemisorption of CO at the surface a Pd/alumina catalyst [85]. The band at 2065 cm™!
is attributed to CO linearly bound on the Pd crystallites. The two other features are
attributed to two-fold and three fold chemisorbed CO over Pd low index planes. The
band at 1980 cm ™! is assigned to s bridge bonded CO on Pd (100) and the band at 1915
cm ™! is assigned to uz bridge bonded CO on Pd (111).

Spectra presented in Figure 3.9 and 3.10 were recorded using the same spectrometer
and MCT detector. The difference between the two spectra lies in the type of cell used,
on one side we have a transmission experiment and on the other, a diffuse reflectance
cell. The path length of the beam through the sample is much greater with DRIFT than
transmission [101]. There is a shift of ~10 cm™! between the two experiments, but the
main difference lies in the intensity and ratio between the three bands. The intensity of
the DRIFT experiment for the ps bridge bonded CO on Pd (100) band is much more
intense than the two other. Nevertheless, the differences between the spectra can be
understood with respect to the characteristics of the two distinct sampling geometries and
it is concluded with reference to Figure 3.10, that the DRIFT measurements conform
to the required optical parameters, including minimal interference from specular reflected
light [63, 61].
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Figure 3.10: Spectrum of the 5 wt % Pd/Al,O3 chemisorbed with CO at room temperature using the Bruker DRIFTS system.



3.4.3 CO-IR of the 5 wt % Pd/Al,O3; (Sample 1) using the
Nexus-Nicolet DRIFT system

The DRIFT option on a Nicolet Nexus FTIR spectrometer has the preferred sampling
arrangement as it exhibits the greatest sensitivity. The Bruker Vertex arrangement was
used to check the DRIFT and transmission spectra as it has the unique capability to
record both DRIFT and transmission modes of operation.

The infrared spectroscopy results from the chemisorption using the Spectra-Tech Diffuse
Reflectance Infrared Fourier Transform cell on the 5 wt % Pd/Al,O3 is shown in Figure

3.11. The chemisorption was carried out as mentioned in Section 2.4.1.

The scan of the chemisorbed CO at the surface of the catalyst after activation is shown
in Figure 3.11. The saturated spectrum displays four characteristic bands for the
chemisorption of CO at the surface a Pd/alumina catalyst [85].The shoulder at 2080
cm ! indicates that a small amount is chemisorbed linearly on the corner site of the pal-
ladium crystal. The band at 2057 cm™! is attributed to CO linearly bound on the Pd
edge (100)/(111) crystallites. The two other features are attributed to two-fold and three
fold chemisorbed CO over Pd low index planes. The band at 1980 cm™! is assigned to
po bridge bonded CO on Pd (100) and the band at 1909 cm™! is assigned to ps bridge
bonded CO on Pd (111).

The differences observed between the two DRIFT cells mainly arose because of the optical
configuration difference. The Harrick cell as seen in Figure 1.14a , has no mirrors around
the sampling cup so therefore allow the full range of transmitted, reflected and absorbed
beams to be collected and focused to the detector, as opposed to the Spectra-tech cell.
The Nexus one presented in Figure 1.14b, features a sampling cup placed in the middle
of a concave golden plated mirror that gathers and focuses all type of reflections back
to the detector. Hence the gain in intensity and resolution with the Spectra-Tech cell is

superior to the Harrick transmission and DRIFT cell.
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Figure 3.11: Spectrum of the 5 wt % Pd/Al,O3 chemisorbed with CO at room temperature using the Nicolet Nexus DRIFTS system.



3.5 Summary

A commercially available 5 wt % Pd/Al,O3 catalyst has been used to study the gas phase

hydrogenation of nitrobenzene. The following statements can be made.

e Aniline produced during the nitrobenzene hydrogenation can be further reduced
to cyclohexylamine, N-cyclohexylaniline and dicyclohexylamine. This leads to a

substantial loss in selectivity at higher temperatures.

e Cyclohexanone was also produced alongside the aniline. It is believed that this
compound is not produced through an aniline-derived process but it requires further

investigation to assess the reaction pathway responsible for it.

e The 5 wt % Pd/Al,O3 was deemed a homogeneous and well dispersed catalyst

supported by a gamma-alumina.

e The CO chemisorption followed by IR spectroscopy has been used to determine the
precise morphology of Pd crystallites at the surface of Pd/alumina samples. The
same experiment carried out on the 5 wt % Pd/Aly O3, using three different systems,
highlighted the difference between transmission and diffuse reflectance spectroscopy.
Within the diffuse reflectance spectroscopy experiments, the geometry of the optical
configuration of the cell is amongst the most important characteristic to consider.
For species like linear CO which reside on corner sites, an optical setup allowing
the full range of reflectance to be collected and focused to the detector appeared
to make an impact. Indeed, others IR spectrometer/IR cell arrangements did not

allow the detection of the corner site feature.
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Chapter 4

Nitrobenzene Hydrogenation over
Pelleted 0.3 wt % Pd/Al,O35 Catalyst
- Sample 2

As discussed in Chapter 3, nitrobenzene (NB) hydrogenation over 20 mg of a 5 wt %
Pd/Al O3 (Sample 1) led to a drastic loss in selectivity with increasing temperature. The
relatively high Pd concentration in the presence of a high Hs(gas) concentration favours
hydrogenation, including the hydrogenation of aniline (AN), which leads to production of
down-stream compounds. Thus aniline was further reduced to cyclohexylamine (CHA),
N-cyclohexylaniline (CHAN) and di-cyclohexylamine (DICHA), where up to 80% of the

aniline was hydrogenated.

For obvious economical reasons, industry would rather use less palladium at the surface
of their catalysts without compromising the activity and selectivity required. As a conse-
quence, low loading catalysts have been prepared using 0.3-0.4 wt % palladium deposited
on the outer surface of egg-shell type alumina support to give pellets. Such pellets are

made to be resistant to sintering and attrition.

In order to compare our reaction data to the industrial trickle bed-reactor, we first decided
to react the catalyst in its pellet form in a 1/2 inch tubular reactor as detailed in Section
2.2. The literature on nitrobenzene hydrogenation using different types of catalyst is
extensive and states the use of diverse reactors [12, 105, 106, 94, 107, 108, 109, 110,
111, 112, 113, 114]. Before discussing the structure/activity relationship, we must first
establish a range of reaction conditions that meet the requirements and enable us to

distinguish the differences in selectivity between the catalysts.
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4.1 0.3 wt % Pd/ALO; (Sample 2) pellets as a func-

tion of temperature

Sample 2 is one of the two samples that have been proposed as candidate catalysts for the
new Vanguard process developed by Huntsman Polyurethanes [10]. 50 mg of the 310/2
catalyst pellets were placed in a 1/2 inch reactor and reduced as mentioned in Section
2.2. The temperature was allowed to cool down to 80°C before introducing the nitroben-
zene/hydrogen mixture (NB 2.03 x 107° mol/min: Hy 7.83 x 10~* mol/min - Hy:NB =
385 : 1) into the reactor. This was then increased every two hours by increments of 20°C
up to 200°C. Conversion of nitrobenzene was calculated according to Equation 2.4 and

is reported in Figure 4.1.

Conversion, represented in blue, is seen to be 81, 87 and 85% respectively for 80, 100
and 120°C. Throughout these temperatures, the selectivity to aniline in red, is observed

as 100%. No loss in selectivity is observed up until we increase the temperature beyond
120°C.

From 140°C to 200°C, the conversion decreases gradually from 81% to 55% and we observe
a loss in aniline selectivity from 99% to 92-93% at 200°C. In general, with increasing
temperature, the nitrobenzene conversion and selectivity towards aniline decreases. The
feed of nitrobenzene/hydrogen/helium remained constant throughout the temperature
ramp and the experiment was carried out without any regeneration or change of catalyst
between the different temperatures. It is thought that the loss of conversion found with

increasing temperature, could be due to:
e An increase in the speed of diffusion in and out of the catalytic material,

e Deactivation of the catalyst via coking, phase change of the transition alumina,

sintering and/or fouling by the impurities produced.

e Competitive adsorption between nitrobenzene and the impurities produced that

have bigger molar mass and flatter adsorption pattern.
e Increasing rate of desorption of nitrobenzene on increasing temperature.

The loss of selectivity can be explained simply by an increase of chemical activity of the ni-
trobenzene hydrogenation coupled with a very active catalyst operating in a hydrogen rich
regime. The plot of the selectivity as a function of temperature is shown in Figure 4.2.
Up to 120°C, the selectivity towards aniline is 100%. However by increasing the temper-
ature from 140°C to 200°C, by-products are observed that increase with temperature. At

140°C, alongside the aniline produced, N-cyclohexylaniline and azobenzene appeared with
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less than 0.5% selectivity for each. As discussed in Chapter 3, the n-cyclohexylaniline
(CHAN) is obtained via the reduction of the aniline chemisorbed at the surface of the
catalyst and is classed as an aniline-derived by-product. To the contrary, as discussed
in Chapter 1, azobenzene is a nitrobenzene-derived by-product and is obtained through
the adsorbed phenylhydroxyalmine subsequently giving azoxybenzene which then leads to
azobenzene. This reaction pathway was proposed by Jackson et al. [24] and discussed in
Chapter 1. At 160°C, we observe an increase of the N-cyclohexylaniline to 1% selectivity
while the azobenzene remains constant. The increase of temperature to 180°C leads to an
increase of the N-cyclohexylaniline (CHAN) up to 3% and 2% for the Azobenzene (AZO).
Moreover, cyclohexanone (CHO) is present in low quantities (0.2%). The provenance of
the cyclohexanone within the nitrobenzene hydrogenation over a catalyst has not been
fully explained in the literature but will be discussed further in Chapter 5. Surprisingly,
when the temperature is set at 200°C, the cyclohexanone (CHO) continues to increase
but the N-cyclohexylaniline (CHAN) and azobenzene (AZO) production decreases. The
overall loss of selectivity at 200°C is less than that found at 180°C. To sum up, the loss
of selectivity with increasing temperature is due to the production of side-products orig-
inating from the different mechanism pathways discussed previously in Section 1.3.2.

Observations made are laid out in Scheme 4.1
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Figure 4.1: Nitrobenzene conversion (green) and aniline selectivity (red) as a function of temperature during hydrogenation of nitrobenzene.
50mg of the 0.3% Pd/alumina catalyst (301/2) was used for the gas phase hydrogenation (NB 2.03 x 107% mol/min: H, 7.83 x 10™* mol/min
-Hy:NB =385: 1, NB(s™!) : Pd) =1: 11).
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Figure 4.2: Impurities observed during nitrobenzene hydrogenation over 50 mg of 0.3% Pd/alumina (310/2) catalyst. By-products are N-
cyclohexylaniline (CHAN) in red, Cyclohexanone (CHO) in black and Azobenzene (AZO) in blue (NB 2.03 x 107% mol/min: Hy 7.83 x 10~*
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4.2 0.3 wt % Pd/ALO;3 (Sample 2) pellets -
Weight Hourly Space Velocity study

Following results obtained in Section 4.1, 100°C was chosen as the optimal reaction
conditions for our system. At this temperature, nitrobenzene conversion and aniline
selectivity on pellets is maximised. The experiment described previously was carried out
using 50 mg of the 310/2 pellet catalyst. The temperature was varied while keeping
the other parameters constant. The aim of this section is to discuss the influence of
the space velocity in the plug-flow reactor when hydrogenating nitrobenzene on the 310/2
pellets. The space velocity is often used to define, industrially or academically, the reactor
volumes of feed that can be treated in a unit time. This parameter is useful when needed
to compare results from reactors of the same type but of different sizes, and is found to
be very useful when scaling-up lab experiment into industrial applications. There are
three type of space velocities: Liquid Hourly Space Velocity (LHSV), Gas hourly Space
Velocity (GHSV) and Weight Hourly Space Velocity (WHSV). The use of one over another
is mainly due to the type of feed used. For example, LHSV is used with liquid feed. Here,
the feed is composed of vaporised liquid nitrobenzene, helium and hydrogen. So Weight
Hourly Space Velocity (WHSV) has been used and calculated as follows - equation 4.1
[90].

WHSV=fensene
Where:
e WHSV (hour™)
o Fitrobenzene i expressed in (g/hour™")
® M uraiyst 1S expressed in (g)

By varying the mass of catalyst and keeping the other parameters constant throughout
each experiment, we obtained the range of WHSYV values as presented in Table 4.1. Metal
surface area was determined from CO adsorption isotherm measurements - see Section
5.2.2. This enabled the nitrobenzene exposure rate with respect to surface Pd atoms to
be reported: NB(s™") : Pdy).
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Catalyst Mass (mg) Feed Mass Flow (g/h) WHSV (hour™') NB(s™') : Pd

23 2.67 1:5
52.5 1.17 1:12
102.4 0.0615 0.6 1:23
199.7 0.30 1:45
503.4 0.12 1: 115

Table 4.1: Weight Hourly Space Velocity (hour™) reported for the different mass of catalyst used in the 1/2inch fixed-bed reactor. Nitrobenzene
flow and hydrogen content remained constant throughout.



4.2.1 WHSV = 0.12 hour!

Figure 4.3 represents the molar profile recorded during the nitrobenzene hydrogenation
over 500 mg of the 310/2 pellets. All the way through the reaction, no nitrobenzene was
detected because it was fully converted over the catalytic bed as shown in Figure 4.8.
Once, the reaction reached a steady state, the selectivity towards aniline (shown in Fig-
ure 4.3) dropped to 80% after 200 min and remained constant. The loss of selectivity is
due to production of by-products as discussed earlier in Chapter 3. Here, the impurities
formed are Dicyclohexylamine (DICHA), N-cyclohexyalaniline (CHAN) and Cyclohexy-
lamine (CHA). The CHA appears slightly later than the others because as CHA increases
to its maximum value, CHAN reaches a peak value and its selectivity slightly decreases
once the CHA production is constant. Only aniline-derived by-products are observed here

but they are found in substantial amount as the catalyst lost its selectivity by 20%.
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Figure 4.3: Nitrobenzene hydrogenation reaction profile over 500 mg of the 0.3wt% Pd/alumina catalyst pellets (WHSV = 0.12 hour™1).
Temperature was set at 100°Cand nitrobenzene/hydrogen flow mixture was kept constant throughout (NB 2.03 x 107% mol/min: Hy 7.83 x
10~* mol/min - Hy:NB = 385 : 1, NB(s™!) : Pd(,) = 1: 115).
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Scheme 4.2: Reaction observed for WHSV = 0.12 hour—!. Red square highlight the impurites produced during the process.



4.2.2 WHSV = 0.3 hour!

Figure 4.4 represents the molar profile recorded during the nitrobenzene hydrogenation
over 200 mg of the 310/2 pellets. All the way through the reaction, no nitrobenzene was
detected because it was fully converted over the catalytic bed as shown in Figure 4.8.
Once, the reaction reached a steady state, the selectivity towards aniline (shown in Figure
4.4) dropped to 90% after 200 min and remained constant. The loss of selectivity is due to
the production of by-products as discussed earlier in Chapter 3 and Section 4.2.1. Here,
the impurities formed are Dicyclohexylamine, N-cyclohexyalaniline and Cyclohexylamine.
The CHA appears slightly later than the others because as CHA increases to its maximum
value, CHAN peaks and its selectivity was found to slightly decreases when the CHA
production became constant. This behaviour was previously observed with the 500 mg
experiment but the amount of impurities was found to be lower which led to an increase of
the aniline selectivity. The use of 200 mg of catalyst gave an increase in the space velocity
at the surface of the 310/2 catalyst, thereby lowering the aniline derived by-product

formation. Impurities observed during this experiment are highlighted in Scheme 4.3.
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Figure 4.4: Nitrobenzene hydrogenation reaction profile over 200 mg of the 0.3wt% Pd/alumina catalyst pellets (WHSV = 0.3 hour™1).
Temperature was set at 100°Cand nitrobenzene/hydrogen flow mixture was kept constant throughout (NB 2.03 x 107% mol/min: Hy 7.83 x
10~* mol/min - Hy:NB = 385 : 1, NB(s™!) : Pd,) = 1: 45).
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Scheme 4.3: Reaction observed for WHSV = 0.3 hour™!. Red square highlight the impurites produced during the process.



4.2.3 WHSV = 0.6 hour!

Figure 4.5 represents the molar profile recorded during the nitrobenzene hydrogenation
over 100 mg of the 310/2 pellets. No nitrobenzene was detected because during the
reaction it was fully converted over the catalytic bed as shown in Figure 4.8. Once the
reaction reached a steady state, the selectivity towards aniline (shown in Figure 4.5)
dropped to 96% after 200 min and remained constant. The loss of selectivity is due
to production of by-products as discussed in Chapter 3, Section 4.2.1 and Section
4.2.2. Here, the impurities formed are Dicyclohexylamine (DICHA), N-cyclohexyalaniline
(CHAN) and Cyclohexylamine (CHA). As opposed to the 500 and 200 mg experiment,
CHA production remained unseen throughout the experiment except for a few data points
which were detected in ppm concentrations. Again, these conditions favoured the aniline-
derived chemistry at the surface of the 310/2 catalyst. Impurities observed during this
experiment are highlighted in Scheme 4.4.
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Figure 4.5: Nitrobenzene hydrogenation reaction profile over 100 mg of the 0.3wt% Pd/alumina catalyst pellets (WHSV = 0.6 hour™1).
Temperature was set at 100°Cand nitrobenzene/hydrogen flow mixture was kept constant throughout (NB 2.03 x 107% mol/min: Hy 7.83 x
10~* mol/min - Hy:NB = 385 : 1, NB(s™!) : Pd,) = 1: 23).
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4.2.4 WHSV = 1.17 hour!

Figure 4.6 represents the molar profile recorded during the nitrobenzene hydrogenation
over 50 mg of the 310/2 pellets. Alongside the detection of aniline, it was possible to
record unreacted nitrobenzene in the gas reaction mixture which resulted in an overall
conversion of 87% which decreased slightly over time as indicated in Figure 4.8 . Once
the reaction reached a steady state, the selectivity towards aniline (shown in Figure
4.6) dropped to 96% and slowly rose to 98% after 700 min. The loss of selectivity is
due to the production of by-products as discussed earlier in Section 4.2.1, Section
4.2.2, Section 4.2.3 and Chapter 3. Here, the impurities formed are dicyclohexy-
lamine (DICHA), N-cyclohexyalaniline (CHAN), Cyclohexylamine (CHA) and Azoben-
zene (AZO). The formation of azobenzene occurred through the condensation route as
discussed in Section 1.3.2 and is part of the nitrobenzene-derived by product. At the
start of the reaction, no impurities were produced and only aniline and nitrobenzene were
detected. After about one hour, azobenzene alongside N-cyclohexylaniline appeared in
low concentrations. Azobenzene disappeared from the gas mixture not long after and both
N-cyclohexylaniline and dicyclohexyalaniline remained present and constant throughout
the rest of the reaction.The increase of the space velocity to 1.17 hour™! induced for
the first time the production of a nitrobenzene-derived by-product at the surface of the
catalyst. Nevertheless, azobenzene quickly disappeared and only CHAN and DICHA
remained visible during the remainder of the reaction. Impurities observed during this

experiment are highlighted in Scheme 4.6.
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Figure 4.6: Nitrobenzene hydrogenation reaction profile over 50 mg of the 0.3wt% Pd/alumina catalyst pellets (WHSV = 1.17 hour™1).

Temperature was set at 100°Cand nitrobenzene/hydrogen flow mixture was kept constant throughout (NB 2.03 x 107% mol/min: Hy 7.83 x
10~* mol/min - Hy:NB =385 : 1, NB(s™!) : Pdy) = 1: 12).
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Scheme 4.6: Reaction observed for WHSV = 1.17 hour™!. Red square highlight the impurites produced during the process. This figure
demonstrates an interesting deviation from the lower space velocities.



4.2.5 WHSV = 2.67 hour!

Figure 4.7 represents the molar profile recorded during the nitrobenzene hydrogena-
tion over 25 mg of the 310/2 pellets. Alongside the detection of aniline, it was possi-
ble to record unreacted nitrobenzene in the gas reaction mixture which decreased with
time and settled around 65% as indicated in Figure 4.8. Once the reaction reached a
steady state, the selectivity towards aniline (shown in Figure 4.7) was observed to be
approximately 99%. Once again, the loss of selectivity is due to the production of by-
products as discussed earlier in Section 4.2.1, Section 4.2.2, Section 4.2.3, Section
4.2.5 and Chapter 3. Here, the impurities formed are dicyclohexylamine (DICHA),
N-cyclohexyalaniline (CHAN), cyclohexylamine (CHA), azobenzene (AZO) and dipheny-
lamine (DPA). As discussed in Section 1.3.2 and Section 4.2.4, azobenzene is produced
through the condensation route of the Haber mechanism and as is diphenylamine [24].
Hence diphenylamine can also be classified as a nitrobenzene-derived by-product. At
the start of the experiment, CHAN, AZO and DPA are found to peak, then decrease
and reside at low concentration levels but remain constant throughout the reaction. It
should be noted that DICHA is not produced under these conditions and that aniline
was reduced to CHAN, with no production of either DICHA or CHA. In summary, not
only aniline-derived by-products were detected, but also diphenylamine and azobenzene
observed as a consequence of the reaction of nitrobenzene via the condensation route.

Impurities observed during this experiment are highlighted in Scheme 4.7.
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Figure 4.8 indicates that below 50 mg of catalyst (WHSV = 1.17 hour '), the reaction
conditions do not allow for all of the nitrobenzene to be reacted over the catalyst. Figure
4.9 reports aniline selectivity as a function of space velocity. To conclude, the higher
the catalyst mass, the lower the selectivity towards aniline. Mass 20, 50 and 100 mg
gave a relatively high selectivity to aniline but higher masses of 200 and 500 mg gave a
considerable loss in selectivity.

Finally, Figure 4.10 reports the selectivity observed for different space velocity values
(where the mass of catalyst was different) and show that after 800 min of reaction, all
signals for reactants and products seem to have stabilised. The link between the mass of
catalyst and the loss of selectivity is also highlighted in Figure 4.10 where the higher the
mass, the higher the loss of selectivity. Furthermore, the impurities produced are more
aniline-derived when the mass is higher. At low mass, nitrobenzene-derived chemistry was
monitored as well where there is a clear link between the contact time (proportional to the
mass of catalyst in the reactor) and the products obtained. Indeed, with increasing mass
of catalyst, it seems that more downstream products are obtained (bottom of Scheme
4.14), whereas, at low contact time, upstream products (top of Scheme 4.14) are more

favourable.
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4.2.6 Aniline Hydrogenation

The hydrogenation of aniline as part of a nitrobenzene reduction process has not been re-
ported frequently in the literature but was recorded recently by Rubio-Marques [93]. How-
ever, Mink [33], Aranyi [91] and Echigoya [92] have all studied the catalytic hydrogenation
of aniline and reported the production of cyclohexylamine (CHA), N-cyclohexylaniline
(CHAN) and dicyclohexylamine (DICHA) production as part of the process. It is believed
that under reducing conditions and in the presence of an active catalyst, hydrogenation
of the unsaturated ring occurs first to produce CHA, which is then capable of adsorbing
aniline onto the surface of catalyst to give rise of CHAN. Finally CHAN which contains
one unsaturated ring and one saturated ring is readsorbed onto the surface by the unsatu-
rated ring and is then hydrogenated to give the final DICHA product. A scheme outlining

this sequence of concurrent/consecutive process is shown in Figure 4.14.

In order to comprehend the space velocity influence on the production of aniline-derived
by-products, an aniline hydrogenation experiment on the Sample 2 (310/2, 100 mg) sieved
catalyst (500-250 pm) in a 1/4 inch tubular reactor was carried out. As discussed in Sec-
tion 1.3.3, the strength of adsorption of aniline at the surface of Pd/AlyO3 catalyst is
thought to be smaller than nitrobenzene, so using more catalyst (100 mg) to obtain a
conversion at low temperature seemed like a logical step. Moreover, where the nitroben-
zene activation energy has been reported in section 1.3.5 to be around 40 kJ/mol, the
aniline activation energy was reported being higher. Hence, the catalyst was reacted from
30°C to 150°C by increment of 10°C every 2 hours.

The aniline hydrogenation conversion and product selectivities are reported in Figure
4.11. Firstly, the conversion of aniline at 30°C is 2% which gradually increased up to
10% at 100°C. The conversion observed at 120 and 140°C was 31 and 35% respectively.
When comparing these conversions against those achieved when reacting nitrobenzene
with less catalyst present in the reactor, it is evident that the activation energy for
aniline hydrogenation is larger than nitrobenzene, but not much larger. Secondly, the
selectivity profile observed throughout the temperature ramp is surprising. In fact, at
low temperature (30°C) we obtain 100% selectively to the final product DICHA. With
increasing temperature, CHAN appears alongside DICHA ;where the selectivity towards
DICHA decreases with increasing selectivity towards CHAN up to 100°C. This behaviour
is surprising because one would expect that the increase of temperature would drive the
concurent/consecutive reaction to the last step but it does exactly the oppposite here.
One possible explanation is the fact that the reaction is under diffusion control rather
than kinetic control. The apparent activation energy was calculated and a value of 25

kJ/mol was obtained which is consistent with the fact that the reaction is under diffusion-
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control. From 100°C to 150°C, the selectivity of DICHA was found to be around 1-2%
when the CHAN selectivity decreased from 98% to 75%. The reason for this loss of CHAN
selectivity cab be accredited to the increasing production of CHA in the reaction mixture
(observed up to 23% at 150°C).

Considering the production of DICHA at low temperature with a selectivity of 100%, it
is evident that the consecutive reduction of CHA to CHAN to DICHA is extremely fast
and that neither of the two steps is a limiting factor. At low temperature, the aniline
conversion of 2% indicates that the majority of the catalytic surface/bulk is saturated
with aniline and only a fraction is reduced to DICHA. With increasing tempreature,
one would expect an increase in diffusion and activity. Indeed the conversion increases,
therefore hydrogenation of the aniline ring will lead to more CHA production which would
lead to a rapid transformation to CHAN then DICHA. Considering that an increase of
temperature led to an increase of CHA being produced, CHA would react straight away
with the adsorbed aniline to form CHAN. CHAN being composed of an unsaturated
ring and a saturated ring, we would expect its strength of adsorption to be lower than
aniline. With increasing temperature, the desorption of CHAN would be faster than
aniline. DICHA being composed of two saturated phenyl rings would suggest that its
adsorption on the surface will be highly improbable.

Following this assumption, it is likely that the strength of adsorption of the four compo-

nents would be from highest to lowest:
1. Aniline (AN)
2. N-cyclohexylaniline (CHAN)
3. Cyclohexylamine (CHA)
4. Dicyclohexylamine (DICHA)

Therefore, it would explain the production of DICHA at low temperatures. Where the
release of CHAN relates to increasing temperature and the turnover with DICHA is due
to competitive adsorption. Finally, the increase of conversion with temperatures mean
that less aniline is able to stay adsorbed on the surface, so the turnover frequency to CHA
increases, hence the loss of selectivity to CHAN and the gain to CHA. The scheme for

the aniline hydrogenation in the 1/4 reactor is dispalyed in Scheme 4.9.
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Figure 4.11: Aniline Conversion (black), DICHA selectivity (blue), CHAN selectivity (red) and CHA selectivity (green) are plotted against
Temperature. Aniline was placed in a bubbler and 100 mg of the 310/2 catalyst was placed in the tubular reactor.
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4.2.7 Nitrobenzene and Aniline Activation Energy measurements

over 0.3 wt % Pd/Al,O3; (Sample 2, 310/2)

Following the difficulties encountered when trying to hydrogenate aniline at low tem-
perature, the activation energy for both nitrobenzene and aniline was measured. The
measurement for nitrobenzene hydrogenation is shown in Figure 4.12 and was carried
out using 20 mg of sieved sample 2 and the same reaction procedure as discussed in Sec-
tion 2.2. At low temperature, the apparent activation energy for nitrobenzene was 62
kJ/mol which indicates that it was in a kinetic regime. However, with increasing tem-
perature, the activation energy decreased to 31 kJ/mol which possibly indicates a shift
towards diffusion control. When trying to replicate the measurement with 20 mg of sam-
ple 2 for the aniline hydrogenation, it was impossible to get any reactivity. So, it was
therefore decided that an increase in the mass of catalyst was necessary. Using the same
experimental conditions as detailed above but with 100 mg of sieved sample 2, aniline
conversion was attainable. Apparent activation energy for the aniline hydrogenation is
shown in Figure 4.13. The two first points taken at low temperatures (30 and 40°C) and
gave an activation energy of 89 kJ/mol, whereas after 50°C it was found decreased to 15
kJ/mol and 5.5 kJ/mol at high temperature This value indicates that the aniline hydro-
genation under these conditions is kinetically driven at low temperature but progresses
to a diffusion limited regime at higher temperature.

The values for the activation energy of nitrobenzene hydrogenation in the literature are
reported between 40 and 105 kJ/mol [57, 8] so is in agreement with the above result.
Although very few publications relate to the activation energy of aniline, it was seen
to exhibit a comparable activation energy to that of nitrobenzene hydrogenation over
this catalyst. Sokol’skij et al. have studied aniline hydrogenation in liquid phase over a
deposited ruthenium and rhodium catalysts and reported an activation energy of 50£10
kJ/mol [115]. Aniline hydrogenation was also studied in a trickle bed reactor and the
author reported an apparent activation energy of 53 kJ/mol and a true activation energy
of 165 kJ/mol [116].
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Figure 4.13: Aniline hydrogenation activation energy measurements plot on 100 mg of
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4.3 Summary

An industrial grade 0.3 wt % Pd/Al,O3 (Sample 2, 310/2) catalyst, prepared in the form
of pellets was sent by Huntsman Polyurethanes and used as a reference catalyst. The
previous chapter discussed the feasibility of nitrobenzene hydrogenation on our rig and
the use of the different characterisation techniques used in the project. As part of the
study, the first objective was to reproduce some reaction testing obtained in a fixed-bed

reactor under ambient pressure.

In order to do so, understanding of the reactivity of the as-received sample under our
conditions had to be established so that the conditions could be fine tuned in the future
to obtain a sub-100% conversion with a high aniline selectivity of 98-99%. Firstly, the
as-received catalyst (pellets) was used without further treatment (grinding) in a /2 inch
tubular reactor. The temperature and catalyst mass was varied to obtain interesting

results:

e During a temperature ramp, nitrobenzene conversion displayed a volcano plot type

of behaviour, showing a maximum conversion of 100% at 100°C.

e Asthe temperature was increased to 180-200°C, the aniline selectivity was lost due to
the production of aniline derived-byproducts (as observed in Chapter 3). The by-
products observed were different to the 5 wt % Pd/alumina catalyst, and included
the formation of azobenzene and cyclohexanone at high temperature using the pellet

catalyst.

e The mass of catalyst was varied to study the influence of space velocity on the con-
version and selectivity. Conversion of nitrobenzene was complete until the contact
time was reduced by using 50 and 20 mg of catalyst in the reactor. The selectivity

was the best for 20 mg of catalyst and the worst for 500 mg.

e The use of high mass of catalyst (high contact time) generated aniline-derived by-
products such as CHA, CHAN and DICHA.

e When the contact time between nitrobenzene and the catalyst is extended with a
higher mass of catalyst, the aniline produced during the reaction reacts further.
This trend can be reduced when using a smaller mass of catalyst which allows
nitrobenzene to be reduced to aniline, thus preventing it from reacting further to

produce impurities.

e The origin of aniline-derived by-products was investigated using aniline as a feed
and the sieved catalyst in a /4 inch reactor. The reaction was carried out on the

same catalyst by applying the same temperature ramp as in section 4.1. Results
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indicate that temperature has an influence on the desorption and adsorption of the

reactant and products, which can then explain the turnover seen around 100°C.

e Activation measurements were partially compromised by a temperature induced
transition towards a diffusion controlled regime. Nevertheless, at low conversions,
an activation energy for nitrobenzene hydrogenation of 62 kJ/mol was observed
whereas aniline hydrogenation exhibited an E, value of 54 kJ/mol. These values
are thought to indicate that nitrobenzene and aniline exhibit comparable activation

energies over catalyst 2.

The results observed in Chapter 4 improved the nitrobenzene hydrogenation scheme
taken from Haber and Gelder [18, 24]. A modified version of the reaction scheme is

presented here in Figure 4.14.
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Figure 4.14: Scheme representing the reaction testing data observed so far for the ni-
trobenzene hydrogenation on Pd/alumina catalysts.
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Chapter 5

Nitrobenzene hydrogenation over
two 0.3 wt % Pd/Al,O5 catalysts:
Samples 2 and 3

The structure/activity relationships of the 0.3 wt % Pd/alumina required a deeper under-
standing of the reactivity before characterising their morphology. In Chapter 4, optimal
reaction conditions for the nitrobenzene hydrogenation over our lab-scale tubular-reactor
were discussed. Two 0.3 wt % Pd/AlyO3 supplied by Huntsman Polyurethanes have been
tested using a fixed-bed reactor under different conditions. Where, the rig at the indus-
trial complex was fed with a liquid mixture of nitrobenzene, aniline, water and hydrogen
(120 excess) and reacted under 20-30 bar pressure at around 230-260°C. These conditions
are dictated by the plant engineers as discussed in Chapter 1. The experimental results
of two 0.3 wt % Pd/Al,O3 prototype catalysts are presented in Figure 1.17. The plot
presents the fraction of ’‘over-reduction’ seen in Figure 1.8 and "under-reduction’ seen
in Figure 1.7 product formed during the nitrobenzene hydrogenation over the industrial
reactor. The two catalysts considered for the study were made by two different companies:
Johnson Matthey and BASF. Superficially, they possess the same specifications and yet
produce different by-product distributions. Understanding the origins of this difference
in selectivity traits is at the heart of this thesis. Catalyst 2 (310/2) and Catalyst 3 (143
500) selectivity profiles are shown here in Figure 1.17. Although those 2 catalysts have
the same formulation (0.3 wt % Pd/Al,O3), they produce different reaction impurities as
seen in Figure 1.7 and Figure 1.8. For an industrial process it is mandatory to foresee
any type of impurities that could arise during the process so that purification and cleaning
treatment can be designed before to avoid huge losses. In general, it could be assumed
that two catalysts with equivalent formulation should behave in the same manner, how-
ever the preparation process is known to affect the morphology of the catalyst. Therefore,

one needs to assess the relationship between the morphology of a Pd/alumina catalyst
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and its activity. This chapter will aim to characterise and test these two catalysts with

the /4 inch reactor in comparable conditions to those studied in Chapter 4.

5.1 Temperature-Programmed gas phase Nitroben-

zene Hydrogenation

The catalysts were sieved to 500-250 microns and placed in a /4 inch tubular stainless-steel
reactor then activated as detailed in Section 2.2. The temperature was allowed to cool
down to 60°C, then the nitrobenzene/helium/hydrogen feed (NB 2.03 x 107 mol/min: H,
7.83 x 107* mol/min - Hy:NB = 385 : 1) was introduced into the reactor. The reaction was
allowed to settle overnight at 60°C before the analysis was started. With the exception
of the temperature, the reaction conditions remained constant throughout and 20 mg of

sieved catalyst was used.

5.1.1 Sample 2 (310/2)

Results for the nitrobenzene hydrogenation carried out on the 310/2 (0.3 wt % Pd/Al,O3)
catalyst are shown in Figure 5.3 and 5.4. The conversion of nitrobenzene shows a
high conversion throughout the temperature-programmed reaction as displayed in Figure
5.3. At 60°C, conversion is set at 78% which then increased to 86% at 120°C. With the
continuous increase of temperature, the conversion decreases and reaches 74% at 180°C.
The nitrobenzene conversion profile forms a volcano plot and exhibits optimal conversion
at 120°C. The selectivity towards aniline is shown here in Figure 5.4. Throughout the
temperature program (60-180°C), the selectivity remains very high falling above 99%.
However, there is a general trend that sees the loss of selectivity towards aniline with
the increase of temperature. This loss is the direct consequence of the production of
by-products detected alongside nitrobenzene and aniline, and is shown in Figure 5.4.
At low temperatures, only one product was detected which disappeared by increasing the
temperature from 60 to 80°C. This compound was unknown and the peak found on the
chromatogram was located between the peaks corresponding to aniline and nitrobenzene.

Identification of this potential intermediate is considered below.

The molar mass and the retention time of all the products detected suggested that the
unknown was of a similar molecular weight to nitrobenzene and aniline. All the possible
known options as depicted by Haber [18], were injected and analysed using GC but none
were successfully identified/matched. The rig was then transformed and a condensation
apparatus fitted before the exhaust. By operating the right catalyst (Sample 3) at 60°C
over 48 hours under the right conditions, we successfully collected enough liquid to operate

a GCMS analysis of the reaction mixture.
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The results shown in Figure 5.1 and Table 5.1 indicate that the unknown is cyclohex-
anone oxime (CgH1;NO). It is believed to originate from the phenylhydroxylamine in the
presence of an excess of hydrogen as explained by Egberink et al. [117]. In the presence
of a carbonyl and an amino alcohol, these react together to form a hydroxylamine, which
in acidic conditions gives an oxime. The mechanism discussed in Section 1.3.2 shows
that phenylhydroxylamine is a common intermediate of the direct hydrogenation route
as proposed by Haber [18], so it is possible that cyclohexanone oxime occurs through the

phenylhydroxyalmine intermediate as shown in Figure 5.2.

M/Z % Composition

411 18 CoH3N
421 6.8 CoHuN
54 11 CzHuN
55.1 10 C,H,

59.1 7.9 CoH;NO
67.1 6.1 C,Hs;N
68.1 6.1 C,HgN
69.1 4.5 C,H;N
72.1 6.6 C4HgO
81.1 4.5 CgHy

96.1 3.5 CgHyoN
98.2 4.5 CsHgNO
113 11 CgHyNO

Table 5.1: Mass Measurement of the Cyclohexanone Oxime (CHOX) [118]
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Figure 5.1: Mass spectrum of unknown molecule collected from Sample 2.

After the formation of the cyclohexanone oxime at 60°C, the increase of temperature to
80°C leads to a selectivity of 100% towards aniline. Upon this temperature increase, ap-

pearance of N-cyclohexylaniline occurs at 100 and 120°C with a gradual rise in quantity
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NO, NHOH NH,
+ 2H,
+ 2H2 - HQO
—_— —_—
l + 3H2
NOH

Cyclohexanone Oxime

Figure 5.2: Suggestion of the provenance of the Cyclohexanone Oxime (CHOX) molecule.

(0.12 to 0.25%) in CHAN selectivity. Alongside the formation of CHAN, dicyclohexy-
lamine appeared in a much lower quantity between 140 and 180°C. At high temperatures,

the loss of selectivity to aniline is due to further hydrogenation leading to CHAN and
DICHA as discussed earlier in Chapters 3 and 4.

The formation of cyclohexanone oxime as part of the catalytic nitrobenzene hydrogenation
was poorly described in the literature until Corma et al. [119] published a study in
2014 concerning the synthesis of cyclohexanone oxime (CHOX) from nitrobenzene using
a bifunctional catalyst. CHOX was formed from nitrobenzene with a 97% yield in a
one-pot reaction catalysed by gold and palladium nanoparticles on carbon. The reaction
was carried out at 60°C (the temperature at which we witnessed the formation of CHOX
in our continuous flow reactor) in the presence of a catalytic amount of AuPd/C and
hydroxylamine hydrochloride. Corma states that the aniline produced is further reduced
to produce the N-cyclohexylaniline (CHAN) which in liquid phase forms an equilibrium
with N-cyclohexylideneaniline (C15H15N, ANIL). In the presence of a catalytic amount of
hydroxylamine, the imine (ANIL) undergoes a hydrogenolysis to produce cyclohexanone
oxime (CHOX) and hydrochloric acid. In the presence of water, the CHOX obtained can
be oxidised to cyclohexanone.

This study correlates and justifies the observation and assumption made previously and
enables further development of the nitrobenzene reaction scheme further as seen in Figure
5.4.
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Figure 5.3: Nitrobenzene conversion (green) and aniline selectivity (blue) as a function of reaction temperature over 0.3wt% Pd/alumina
(Sample 2, 310/2) catalyst. Catalyst was sieved to 500-250 microns before reaction and 20 mg was placed in the stainless steel 1/4 inch
tubular reactor. nitrobenzene/hydrogen flow was kept constant throughout the reaction. Each temperature was kept for an hour before
increasing by 20°C until reaching 180°C (NB 2.03 x 107% mol/min: H, 7.83 x 10~* mol/min - Hx:NB = 385 : 1, NB(s™!) : Pd(;) = 1: 4.5).
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Figure 5.4: Selectivity profile (%) of the by-products produced as a function of reaction temperature over 0.3wt% Pd/alumina (Sample
2, 310/2) catalyst. Catalyst was sieved to 500-250 microns before reaction and 20 mg was placed in the stainless steel 1/4 inch tubular
reactor. Nitrobenzene/hydrogen flow was kept constant throughout the reaction. Each temperature was kept for an hour before increasing
by 20°Cuntil reaching 180°C. Cyclohexanone oxime (red), N-cyclohexylaniline (green) and dicyclohexylaniline (yellow) are observed (NB 2.03
x 107° mol/min: Hy 7.83 x 10~* mol/min - Hy:NB =385 : 1, NB(s™') : Pd5) = 1: 4.5).
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Scheme 5.1: Observed scheme of nitrobenzene hydrogenation in a fixed-bed tubular reactor observed with catalyst 2 (310/2).



5.1.2 Sample 3 (143 500)

Results for the nitrobenzene hydrogenation carried out using the 0.3 wt % Pd/Al,O4
(Sample 3, 143 500) catalyst and are shown in Figures 5.6 and 5.7. The conversion of
nitrobenzene shows a mild conversion throughout the temperature-programmed reaction
as displayed in Figure 5.6. At 60°C, conversion is set at 58% and increases to 64%
at 120°C. With the continuous increase of temperature, the conversion remains constant
until 180°C. The selectivity towards aniline is shown in Figure 5.6. Throughout the
temperature program (60-180°C), the selectivity remains above 99%. A loss is the direct
consequence of the production of by-products detected alongside nitrobenzene and aniline
as shown in Figure 5.7. At 60°C, cyclohexanone oxime (CHOX) was detected and the
amount of CHOX was found to decrease with increasing temperature up to 120°C. Further
CHOX was not detected after 120°C. However at 100°C, azobenzene was recorded and
found to increase with the temperature program. In parallel, after CHOX disappeared,
cyclohexanone was monitored at 140°C and rose with the temperature as well. This is
shown in Figure 5.7.

The turnover between CHOX and CHO with an increase in temperature suggests that
there is a correlation/dependency between the two compounds. As a matter of fact,
Egberink et al. pointed out that an equilibrium exists between cyclohexanone and cyclo-
hexanone oxime as shown in Figure 5.5 [117]. Considering that there are 2 moles of water
produced per mole of aniline produced (Section 1.3.2), the conditions are favourable to

shifting the equilibrium towards the production of cyclohexanone (figure 5.5).

OH

/

N (0]

+Hy0 / - NH,0H

by

~

+ NH,0H / - H,0
Cyclohexanone Oxime Cyclohexanone
Figure 5.5: Equilibrium between cyclohexanone oxime (CHOX) and cyclohexanone

(CHO).

The 0.3 wt % Pd/Al,O3 (Sample 3, 143 500) catalyst exhibits the production of nitroben-
zene derived-product as discussed earlier and favours the production of cyclohexanone
oxime and cyclohexanone. The production of azobenzene may be due to the different

adsorption strength of the intermediates at the surface of the catalyst.
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Figure 5.6: Nitrobenzene conversion (green) and aniline selectivity (blue) as a function of reaction temperature over 0.3 wt % Pd/alumina
(Sample 3, 143 500) catalyst. Catalyst was sieved to 500-250 microns before reaction and 20 mg was placed in the stainless steel 1/4 inch
tubular reactor. Nitrobenzene/hydrogen flow was kept constant throughout the reaction. Each temperature was kept for an hour before
increasing by 20°Cuntil reaching 180°C (NB 2.03 x 107° mol/min: H, 7.83 x 107* mol/min - Hy:NB =385 : 1, NB(s™!) : Pd,) =1: 7.7).
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Figure 5.7: Selectivity profile (%) of the by-products produced as a function of reaction temperature over 0.3 wt % Pd/alumina (Sample 3,
143 500) catalyst. Catalyst was sieved to 500-250 microns before reaction and 20 mg was placed in the stainless steel 1 inch tubular reactor.
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H, 7.83 x 10~* mol/min - Hy:NB =385 : 1, NB(s™!) : Pd(y) =1: 7.7).
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Scheme 5.2: Observed scheme of nitrobenzene hydrogenation in a fixed-bed tubular reactor observed with catalyst 3 (143 500).



5.1.3 Summary

The reaction testing of both 0.3 wt % Pd/Al,O3 (Samples 2 and 3) gave interesting

observations.

1. Sample 2 gave a higher conversion than Sample 3.
2. Both catalysts exhibited high selectivity towards the aniline product (>99%).

3. The loss of selectivity for both catalysts increased with temperature but remained

relatively low (less than 1%).

4. At low temperature, both catalysts led to the production of cyclohexanone oxime,

where catalyst 3 produced more.

5. With increasing temperature, the catalysts carried out different chemistry using
the same reaction conditions. Catalyst 2 clearly exhibited aniline-derived chem-
istry, whilst catalyst 3 led to nitrobenzene-derived chemistry and the production
of cyclohexanone arose from one of the nitrobenzene hydrogenation direct route

intermediates.

The scheme presented hereafter displays the N-cyclohexylideneaniline (ANIL) as an in-
termediate between the cyclohexanone (CHO) and N-cyclohexylaniline (CHAN). In an
industrial environment, the ANIL compound is formed in a homogeneous reaction be-
tween cyclohexanone (CHO) and aniline (AN), as presented hereafter in Scheme 5.3.
Finally, the lab-scale reaction testing of the catalysts met the industrial requirement.
Two catalysts with the same formulation provided different impurities originating from
different reaction route as displayed earlier in this chapter in Figure 1.17, laid out in
Scheme 5.4.

Therefore, a thorough characterisation of the catalysts surface is mandatory.

Cyclohexanone Aniline N-cyclohexylidene aniline
(CHO) (AN) (ANIL)

Scheme 5.3: Scheme for the formation of N-cyclohexylidene aniline (ANIL) in a solution
of aniline (AN) and cyclohexanone (CHO).
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5.2 Characterisation

5.2.1 Atomic Absorption

Catalyst Actual Weight % Loading
0.3 wt % Pd/AlL,O; (Sample 2, 310/2) 0.3120.03
0.3 wt % Pd/Al,O5 (Sample 3, 143 500) 0.2540.03

Table 5.2: Actual Metal Loading From Atomic Absorption Spectroscopy measurements

The value for the 143 500 catalyst was found to be lower than the advertised loading.
This could be attributed to the palladium not being properly leached from the support

during the preparation stage of the solution.

5.2.2 CO adsorption isotherms

CO chemisorption was carried out as discussed in Section 2.4.7 considering the sto-
ichiometry CO:Pd to be 1:2. CO isotherm plots for the 0.3 wt % Pd/Al,O3 (310/2)
are shown in Figures 5.8a and 5.8b. CO isotherm plots for the 0.3 wt % Pd/Al, O3
(143 500) are shown in Figures 5.9a and 5.9b. All saturation values and subsequent

calculated dispersion and estimated particle size are presented here in Table 2.

Catalyst CO uptake Dispersion Particle size
(mol CO / g catalyst) (%) (nm)
Sample 2, 310/2 1 3.89 x 107° 27.6 3.9
2 3.80 x 1076 26.7 4
Sample 3, 143 500 1 6.84 x 107° 48.5 2.2
2 6.67 x 1076 47.3 2.3

Table 5.3: Table of Dispersions for CO Pulsed Chemisorptions.

It is obvious from the results that the palladium particles morphology at the surface of
both catalysts is different and needs further investigation. As discussed earlier in Chapter
1, a difference in particle size and hence morphology can lead to drastic changes in catalyst

selectivity [99, 120].
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5.2.3 Transmission Electron Microscopy

TEM pictures of the 310/2 catalyst are shown in Figures 5.10a and 5.10b. The catalyst
143 500 catalyst is shown in Figures 5.11a and 5.11b. All micrographs were taken on
non-activated samples.

Considering the AAS and CO pulse chemisorption measurements, some palladium crys-
tallites should be detectable but the loading and dispersion could make them difficult to
spot. Moreover, one should note that TEM imaging is a 2D representation of a 3D object.
So care should be taken when trying to explain geometry and structure. It was however
possible to monitor some particles on both catalysts.

Figure 5.10a shows the alumina support randomly organised with a few darker cir-
cular shaped particles visible which can be attributed to palladium. By increasing the
magnification, Figure 5.10b shows that there are three, round shaped palladium parti-
cles present which are each around 4 nm in size. This is consistent with the CO pulse
chemisorption carried out in Section 5.2.2 (the white bar scale represents 5 nm).
Figure 5.11a displays a large alumina particle which shows multiple holes and black
particles. Figure 5.11b was obtained after further magnification. It was then possible
to distinguish clear palladium particles which are highly dispersed on the surface of the
support. Moreover, the shape of the particle seems to be different to catalyst 2, where
they have a oblical/prismatic shape. It was now possible to measure the particle more
accurately, but it was found that depending of their orientation we can distinguish two

different dimensions where one side measured at around 2 nm and the other 4nm.

These observations are broadly consistent with the mean Pd particle size as determined

by CO adsorption isotherm measurements.
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Figure 5.10: Transmission Electron Microscopy of the 0.3 wt % Pd/alumina (Sample 2, 310/2) catalyst recorded at low magnification (left)

and high magnification (right).
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Figure 5.11: Transmission Electron Microscopy of the 0.3wt% Pd/alumina (Sample 3, 143 500) catalyst recorded at low magnification (left)
and high magnification (right).



5.2.4 X-ray Powder Diffraction

The powder X-ray diffraction patterns obtained for the catalyst 2 (0.3 wt % Pd/Al,Os3,
310/2) are presented in Figure 5.13. First, the XRD was unable to detect the palladium
particles which is consistent with the estimated particle size recorded in Sections 5.8 and
5.10. As a result, the diffraction pattern is totally dominated by the alumina support.
The diffractogram displays an amorphous character, but with the help of literature and
and the XRD database, peaks could be assigned to d-alumina [121, 122] which closely
overlapped with #-alumina. As shown in the Table 5.4, the diffraction pattern indicates
that the alumina used is a § /6 and originates from Boehmite (AIOOH) as shown in Figure
5.12 [121, 123].
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Figure 5.12: Temperature transformation of hydroxides or oxohydroxides to corundum via the formation of transitional alumina phases [123].



The diffractogram presented in Figure 5.14 was carried out on the catalyst 3 (0.3 wt %
Pd/Al, O3, 143 500). With the previous catalyst, no detection of palladium particles was
possible, due to the size of the particles. The sharp reflections are indicative of a high
degree of long range order within alumina. The transition alumina used for this catalyst
was assigned to a-alumina. There was also an additional contribution, which arose from
the #-alumina which can be explained using to the phase diagram presented in Figure
5.12.

The supports used for both catalysts are clearly different so will therefore exhibit different
behaviours. A high surface area for the first catalyst should be expected with an average
pore distribution, a small surface area with larger pores is expected for the second catalyst.
The second catalyst support should prove to be more durable and resistant to severe

reaction conditions.

‘ ‘ Theta Delta

2 © Angle d spacing hkl d spacing hkl

(degrees) (A) (A)
31.44 2.82737 400
32.74 2.729 202 2.73067 222
36.8 2.44529 111

39 2.3121 401

39.52 2.28062 226
45.12 2.02006 311
45.52 1.99028 400
46.84 1.94955 0.0.12
47.5 1.90956 318
50.72 1.79866 510
57.38 1.62049 203
60.06 1.54207 313
63.98 1.45505 020
64.18 1.44991 440
66.77 1.39986 4.0.12
67.14 1.38721 712

Table 5.4: Assignements of the 310/2 catalyst diffraction pattern. The green drop lines
represent f-alumina and the red the d-alumina [95].
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Figure 5.13: X-ray Powder Diffraction pattern recorded for the 0.3 wt % Pd/alumina (310/2) catalyst. The green drop lines represent the
f-alumina phase and the red drop lines represent the J-alumina phase [95].



‘ ‘ Alpha Theta ‘

2 © Angle d spacing hkl d spacing hkl

(degrees) (A) (A)
19.599 4.52579 201
25.577 3.47998 012
31.62 2.82737 400
32.79 2.72904 202
34.951 2.56509 111
35.151 2.55099 104
36.723 2.44529 111
37.778 2.3794 110
38.819 2.31795 401
39.804 2.26283 402
41.678 2.16533 006
43.355 2.08537 113
44.832 2.02006 311
46.18 1.96417 202
47.703 1.90494 600
50.715 1.79866 510
51.433 1.77521 602
52.553 1.73999 024
52.751 1.73392 403
56.568 1.62565 203
57.501 1.60147 116
58.731 1.57082 113
59.743 1.54661 211
59.937 1.54207 313
61.133 1.51474 122
61.304 1.51092 018
61.409 1.5086 603
62.307 1.48899 113
64.03 1.453 20
65.421 1.42544 800
66.521 1.40452 124
67.461 1.38721 712
68.212 1.37375 030
70.419 1.33601 125
74.303 1.27549 208
76.876 1.23909 1.0.10
77.238 1.23418 119
80.703 1.1897 220
83.22 1.15999 306
84.36 1.1472 223

Table 5.5: Assignements of the 143 500 catalyst diffraction pattern. The red drop lines
represent the a-alumina and the green ones, the f-alumina [95].
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Figure 5.14: X-ray Powder Diffraction pattern recorded for the 0.3 wt % Pd/alumina (310/2) catalyst. The green drop lines represent the
f-alumina phase and the red drop lines represent the §-alumina phase [95].



5.2.5 Brunauer-Emmett-Teller (BET) surface area and Barrett-
Joyner-Halenda (BJH) pore size

Nitrogen adsorption isotherms obtained for catalysts 2 (310/2) and 3 (143 500) are shown
respectively in Figures 5.15a and 5.15b, where the values are reported in Table 5.6.
These surface area values are consistent with the XRD assignments made previously,
namely 120 m?.¢~! for a §/6-alumina and 30 m?g~! for an a-alumina support. These are

within the areas expected for these particular types of suport [121].

Catalysts Sample 2, 310/2 Sample 3, 143 500
BET surface area (m?.g™') 120.1 30.28
Average Pore Diameter (4) 189.4 442.9
BJH pore size (4) 146.9 254.1

Table 5.6: BET and BJH measurements.
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Figure 5.15: Nitrogen absorption - desorption isotherms (BET) of (a) the 0.3wt% Pd/alumina (Sample 2, 310/2) catalyst and (b) the 0.3wt%
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5.3 Summary

The hydrogenation of two 0.3 wt % Pd/Al,O3 catalysts (Samples 2 and 3) with the same
formulation were examined. Both catalysts were tested under the same conditions and

characterised using the same techniques.

The reaction testing showed that:

e Catalyst 2 (310/2) showed a high conversion (ca. 85%) with a high selectivity
towards aniline (99%). At low temperatures, cyclohexanone oxime was produced
in a small quantity and that an increase in temperature led to CHAN and DICHA

production. This catalyst enabled aniline-derived chemistry by-products.

e Catalyst 3 (143 500) gave a mild conversion (ca. 60%) and high selectivity to
aniline (99%). At low temperatures, cyclohexanone oxime was produced in larger
quantities compared to catalyst 310/2 and over a wider range of temperatures. At
higher temperatures, azobenzene and cyclohexanone was observed. This catalyst

hence displayed nitrobenzene-derived chemistry.

e As part of the reaction testing, an unknown compound was detected which was
successfully identified as cyclohexanone oxime using GC-MS. The discovery of this
compound furthered the understanding the provenance of cyclohexanone, which
until that point was believed to be produced under aqueous conditions and be
linked with phenol. This was detected for the temperature-programmed reaction

performed with Sample 1, as seen in Chapter 3, Section 3.1.
The characterisation revealed that:

e CO adsorption isotherms revealed that 310/2 catalyst has a modest dispersion of
27%, which indicated that Pd particles were 4 nm in size. Catalyst 143 500 has a
higher dispersion (48%), which showed a Pd particle size of roughly 2.5 nm.

e The TEM confirmed the measurements made using CO chemisorptions and high-
lighted the spherical shape of the 310/2 catalyst and the oblique/prismatic shape of
the 143 500 catalyst. The difference of metal distribution throughout the support

materials for both catalysts was also noticeable.

e XRD indicated that the 310/2 support was composed of a mixture of delta and
theta-alumina, whereas the catalyst 143 500 is made of an alpha-alumina support
with a fraction of theta-alumina. These observations are consistent with the BET

measurements.
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To sum up, the difference of selectivity observed between both catalysts can be explained
by the difference in support structure, which may give rise to different particle size and
Pd morphologies. The influence of Pd particle size on the selectivity of hydrogenation
reactions in general was supported by Mclnroy et al. [99], who determined catalyst
morphology using CO probing followed by infrared spectroscopy [85, 97]. This study
gave rise to analysing both catalysts using a similar technique methodology, however the
low Pd loading may prove to be a challenge. To the best of the authors knowledge, CO
probing of low loading catalyst (0.3 w % w) followed by infrared spectroscopy has never

been reported and may show detection limitation difficulties.

Finally, the discovery and observations made when reacting both catalysts enabled a
better understanding of nitrobenzene hydrogenation. Thus, it was possible to optimise
and update the reaction scheme proposed in Chapters 3 and 4 in Figures 3.1 and
4.14. Scheme 5.5 is reproduced here as a suitable summary of the reaction chemistry

observed.
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Chapter 6

Infrared Spectroscopy + CO
chemisorption
to determine Pd particles

morphology: Samples 2 and 3

The interactions of CO with Pd metal particles supported on an alumina support have
been studied extensively in the last 50 years to determine the type of active sites present at
the surface of catalysts. The adsorption of CO in surface science is usually followed using
electron energy loss spectroscopy, Infrared Spectroscopy and Temperature-Programmed
Desorption [86, 77, 124, 125, 101, 126, 127].

6.1 Optimisation Characterisation Rig

6.1.1 CO TPIR of 5 wt % Pd/Al,O; (Sample 1)

The infrared spectroscopy results from the chemisorption using the Spectra-Tech Diffuse
Reflectance Infrared Fourier Transform cell on the 5 wt % Pd/Al, O3 (Sample 1) are
shown in Figure 6.1. The chemisorption was carried out as mentioned in Section
2.4.1. The saturated spectrum at room temperature displays three characteristic bands
for the chemisorption of CO at the surface a Pd/alumina catalyst [85]. The band at 2067
cm ™! is attributed to CO linearly bound on the Pd edge (100)/(111) crystallites. The
two other features are attributed to two-fold and three fold chemisorbed CO over Pd low
index planes. The band at 1980 cm™! is assigned to us bridge bonded CO on Pd (100)
and the band at 1922 cm™! is assigned to usz bridge bonded CO on Pd (111) [74].

Upon heating, all the chemisorbed CO species are totally desorbed and a flat spectra after

desorption is observed at 50°C. The reason for such a behaviour is due to an uncomplete
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catalyst activation or a re-oxidation due to a leak within the system. CO chemisorbs onto
a metallic particle strongly, whilst only binding slightly to an oxidised particle. Hence the
desorption at low temperature. This was therefore rendered useless and required experi-
mental development. Nevertheless, it provided an opportunity to verify if the catalyst had
been activated properly to chemisorb CO effectively. Carrying out a CO temperature-

programmed desorption was found to be very useful in this case.

It was revealed that oxidised Pd/alumina catalysts have been extensively studied upon
CO oxidation and are deemed very active [125]. Both palladium and alumina support

can undergo CO oxidation if the catalyst is exposed to oxygen.

This type of internal check is necessary to ensure that the temperature-programmed IR

measurements are credible.
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Figure 6.1: Temperature-Programmed Infrared Spectroscopy on 5 wt % Pd/Al,O3 catalyst (Sample 1)
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6.1.2 CO TPD of 5 wt % Pd/Al,0O;

6.1.2.1 Before optimisation

Oxidised Pd/alumina catalysts have been extensively studied upon CO oxidation and are
deemed very active [125]. Both palladium and alumina supports can then lead to CO
oxidation if the catalyst is exposed to oxygen. As a consequence of the issue with the
CO TPIR, it was decided that a CO TPD on the 5 wt % Pd/alumina catalyst should
be carried out in order to test the purity of the surface after activation. The CO TPD
was followed by mass spectrometry and mass 28 and 44 were recorded throughout the

experiment.

Lear et al. studied the CO TPD on a reduced Pd/alumina catalyst and reported that CO
was desorbed mainly around 200°C, and CO, around 400°C [86]. The CO TPD carried
out on the 5 wt % catalyst is reported in Figure 6.2. The black line is mass 28 which
corresponds to CO and the red line is mass 44 which corresponds to the CO, signal. A
large CO2 peak is observed at 400 K which should not be visible when the catalyst is
fully reduced. The peak at 400 K is known to be caused by CO oxidation caused by the

presence of hydroxyls at the surface of the alumina catalyst and shown here in Equation

6.1.2.1.
2CO0a) — Clag) + COyy) (6.1)
2 CO¢ad) + OH(supporty — COy(g) + 3Ha(y) (6.2)
CO(ady + Oag — COy(y) (6.3)

The use of CO TPD confirmed that there was in fact a presence of oxygen post activation
that re-oxidised the metal particle and the support. The effect on the support led to the
desorption of CO5 at 400 K and the oxygen presence effect on the metal caused a weak

adsorption of CO onto the surface of the metal which resulted in a full desorption at 50°C.

As a consequence, the rig was fully inspected using mass spectrometry and leak tested,

all faulty parts were replaced to guarantee the purity integrity of the rig.
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experimental methodology.



6.1.2.2 After optimisation

A second CO TPD was carried out on the 5 wt % catalyst to test the integrity of the rig
after extensive procedures were carried out to ensure the purity of reagents was maintained
throughout the whole system. Operating conditions were similar to what were shown

previously in Section 6.1.2.1.

The CO TPD obtained now correspond to the results obtained by Lear et al. [86]. The
CO was desorbed at around 400 K and the COs signal was composed of a small bump at
400 K and large desorption pattern at 600 K. This result confirms that the rig and flow
of helium are clean and that the activation of the catalyst was carried out as required for
a CO TPD or a CO TPIR. As a consequence, the CO TPIR measurements were deemed

acceptable.
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6.1.3 CO TPIR of 5 wt % Pd/AlLO; (Sample 1) on Nexus
DRIFT cell

The infrared spectroscopy result from the chemisorption using the Spectra-Tech Diffuse
Reflectance Infrared Fourier Transform cell on the 5 wt % Pd/Al,O3 is shown in Figure

6.4. The chemisorption was carried out as mentioned in Section 2.4.1.

The saturated spectrum displays four characteristic bands for the chemisorption of CO
at the surface a Pd/alumina catalyst as described in Section 3.4.3. The shoulder at
2080 cm ™! indicates that a small amount is chemisorbed linearly on the corner site of the
palladium crystal. The band at 2057 cm™! is attributed to CO linearly bound on the Pd
edge (100)/(111) crystallites. The two other features are attributed to two-fold and three
fold chemisorbed CO over Pd low index planes. The band at 1980 cm™? is assigned to
po bridge bonded CO on Pd (100) and the band at 1909 cm™! is assigned to 3 bridge
bonded CO on Pd (111).

Upon heating Figure 6.4 shows that the band at 1909 cm™! decreases in intensity and
wavenumber until it reaches 1850 cm™' (u3 bridge bonded CO on Pd (111)). Tt is still
present upon heating to 350°C. The band at 1980 cm™' (us bridge bonded CO on Pd
(100)) also decreases in intensity and wavenumber upon heating to 350°C and shifted
to 1915 cm™!. Both bands are remained after the temperature ramp. It is interesting
to note that upon heating to 50°C, the site at 2080 cm™! (linear CO residing on corner
sites) is desorbed. The band at 2055 cm™' (CO residing on (100)/(111)) decreased in
intensity upon heating to 350°C but is still present. Unlike the other bands, the latter

L at the final temperature.

does not shift by much upon heating and reached 2060 cm™
This can be explained by the fact that the edge site band is a singleton and is not affected
as much as the plane bands by the dipole coupling. With increasing temperature, the
coverage changes drastically on the low index plane which led to an important change
to the intensity stealing phenomena. The p; edge sites located at the intersection of the
(111) /(100) and (111)/(111) exhibit a different coordination than the plane sites. These
Pd atoms are surrounded by less Pd neighbouring atoms. Hence their d-orbitals are left
with more free electrons capable of back bonding with a CO molecule which is explained
in Section 1.4.1. The d-orbital electron is shared with the anti-bonding orbital of the
CO which leads to weakening of the C-O bond. Therefore, the more the electron shared,
the stronger the C-M interaction (also known as chemisorption). The i sites are labelled
as high energy sites [71, 97, 85]. The temperature at which the CO desorption occurs for
this site is of high importance and enable us to probe the enthalpy of adsorption of the

high energy sites.
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The quality of the CO TPIR spectra indicates that the experiment is operating in the
right conditions and that it is ready to carry out the necessary experiments using the low

loading catalyst, with a high degree of purity and reproducibility.
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Figure 6.4: Temperature-Programmed Infrared Spectroscopy on the 5 wt % Pd/Al,O3 (Sample 1).



6.1.4 CO TPIR of 5 wt % Pd/ALO; (Sample 1) on Harrick
DRIFT cell

The infrared spectroscopy results from the chemisorption using the Spectra-Tech Diffuse
Reflectance Infrared Fourier Transform cell on the 5 wt % Pd/Al, O3 are shown in Figure

6.5. The chemisorption was carried out as mentioned in Section 2.4.1.

The saturated spectrum displays four characteristic bands for the chemisorption of CO at
the surface a Pd/alumina catalyst. The band at 2060 cm™! is attributed to CO linearly
bound on the Pd edge (100)/(111) crystallites. The two other features are attributed to
two-fold and three fold chemisorbed CO over Pd low index planes. The band at 1980
cm™! is assigned to puy bridge bonded CO on Pd (100) and the band at 1910 cm™! is
assigned to us bridge bonded CO on Pd (111).

Upon heating Figure 6.4 shows that the band at 1910 cm™! decreases in intensity and
wavenumber until it reaches 1850 cm™! (13 bridge bonded CO on Pd (111)), and that it is
still present upon heating to 350°C. The band at 1980 cm™! (uo bridge bonded CO on Pd
(100)) also decreases in intensity and wavenumber upon heating to 350°C and shifted to
1920 cm~!. Both bands are still present after the temperature ramp. The band at 2060
cm~! (CO residing on (100)/(111)) decreases in intensity upon heating to 200°C. With
increasing temperature, the coverage changes drastically on the low index plane which
led to an important change to the intensity stealing phenomena. The geometry of the
DRIFT Harrick cell discussed in the introduction is responsible for the lack of sensitivity.
No high energy corner sites were detected and the CO chemisorbed on the edge sites are

desorbed faster than the experiment performed in the Nexus DRIFT cell.
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6.1.5 CO TPIR of 5 wt % Pd/Al,O; (Sample 1) on Transmission

cell

The infrared spectroscopy results from the chemisorption using the Specac transmission
Infrared Fourier Transform cell on the 5 wt % Pd/Al,O3 are shown in Figure 6.6. The

chemisorption was carried out as mentioned in Section 2.4.1.

The saturated spectrum displays four characteristic bands for the chemisorption of CO
at the surface a Pd/alumina catalyst as described in Section 3.4.3. The band at 2052
ecm ™! is attributed to CO linearly bound on the Pd edge (100)/(111) crystallites. The
two other features are attributed to two-fold and three fold chemisorbed CO over Pd low
index planes. The band at 1980 cm™? is assigned to juy bridge bonded CO on Pd (100)
and the band at 1905 cm™! is assigned to 3 bridge bonded CO on Pd (111).

Upon heating Figure 6.6 displays a band at 1905 cm~! which decreases in intensity and
wavenumber until it reaches 1825 cm ™" (3 bridge bonded CO on Pd (111)). It was found
to be still present upon heating to 350°C. The band at 1980 cm™! (uy bridge bonded
CO on Pd (100)) also decreases in intensity and wavenumber upon heating to 350°C and
shifted to 1905 cm™!. Both bands are still present after the temperature ramp. The band
at 2055 cm ™! (CO residing on (100)/(111)) decreases in intensity upon heating to 200°C.
Carrying out the TPIR experiment on the transmission cell revealed that the optical
conditions in the case of the DRIFT experiment were correct and in accordance with
the transmitted spectra. No major distortion of the signal and shift are observed. The
intensity of the CO chemisorbed on low index plane is much smaller in intensity than the
DRIFT experiments but the location and shape are equivalent. Moreover, with Harrick
DRIFT experiment, only the edge sites are detected (no detection of corner sites) and
the intensity of the feature at 2050 cm™! reveals that the diffuse and specular reflectance
observed in the DRIFT analysis have not compromised the quality of the spectrum and
can be used qualitatively to determine the type of active sites at the surface of the catalyst

and the enthalpy of adsorption of these sites.
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6.2 CO TPIR of the 0.3 wt % Pd/ALO; (Sample 2,
310/2) catalyst

The infrared spectroscopy results from the chemisorption using the Spectra Tech Diffuse
Reflectance Infrared Fourier Transform cell on the 0.3 wt % Pd/AlyO3 are shown in

Figure 6.7. The chemisorption was carried out as mentioned in Section 2.4.1.

The scan of the chemisorbed CO at the surface of the catalyst after activation is shown in
Figure 6.7. We can distinguish three bands for the chemisorption of CO at the surface of
this catalyst. The peak at 2061 cm~! indicates that a small amount of CO is chemisorbed
linearly on the corner sites of the palladium crystal. The two other features are attributed
to two-fold and three fold chemisorbed CO over Pd low index planes. The band at 1970
cm™! is assigned to puy bridge bonded CO on Pd (100) and the band at 1913 cm™! is
assigned to u3 bridge bonded CO on Pd (111) [74].

Upon heating, the band at 1970 cm ™! and 1913 em ™! decreased in intensity and merged to
form one broad feature which tended to split with an increase in temperature. Literature
explained this behaviour as the loss of surface coverage and intensity stealing [74, 104].
The peak at 2061 cm~!, which represents the CO linearly bound to the Pd, is totally
desorbed after 100°C indicating a relatively low enthalpy of adsorption for this edge site.
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6.3 CO TPIR of the 0.3 wt % Pd/ALO;3 (Sample 3,
143500) catalyst

The infrared spectroscopy results from the chemisorption using the Spectra-Tech Diffuse
Reflectance Infrared Fourier Transform cell on the 0.3 wt % Pd/AlyO3 are shown in

Figure 6.8. The chemisorption was carried out as mentioned in Section 2.4.1.

The scan of the chemisorbed CO at the surface of the catalyst after activation is shown in
Figure 6.8. The saturated spectrum displays four characteristic bands for the chemisorp-
tion of CO at the surface a Pd/alumina catalyst as described in Section 3.4.3. The
shoulder at 2082 cm™! indicates that a small amount is chemisorbed linearly on the cor-
ner site of the palladium crystal [85]. The band at 2061 cm™! is attributed to CO and
is linearly bound to the Pd edge (100)/(111) crystallites. The two other features are at-
tributed to two-fold and three fold chemisorbed CO over Pd low index planes. The band
at 1976 cm ™! is assigned to s bridge bonded CO on Pd (100) and the band at 1914 cm™!
is assigned to us bridge bonded CO on Pd (111).

Upon heating, the band at 1924 cm~! decreases in intensity and wavenumber and reaches
1900 cm™* (3 bridge bonded CO on Pd (111)). It is still present upon heating to 300°C.
The band at 1982 cm™" (uy bridge bonded CO on Pd (100)) also decreases in intensity
and wavenumber upon heating to 300°C and is seen as a shoulder which shifted to 1950
cm~!. The site at 2082 cm™! (linear CO residing on corner sites) is present at room
temperature, through to 50°C, but is found to fully desorb at 100°C. The band at 2061
ecm ™! (CO residing on (100)/(111)) decreases in intensity upon heating and is present up
until 200°C, which indicates a relatively strong enthalpy of adsorption of this site. Unlike
the bridge-bonded species, the linear species do not shift upon heating. This explained
by the fact that the edge site band is a singleton and is not affected as much as the plane
bands by the dipole coupling as discussed in Chapter 3. With increasing temperature,

the coverage changes drastically on the low index plane which leads to an important

change to the intensity stealing phenomena discussed by Eischens and Hollins [104, 128].
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Figure 6.8: Temperature-Programmed Infrared Spectroscopy fro CO chemisorption on 0.3 wt % Pd/Al,O3 (Catalyst 3, 143 500).



6.3.1 Summary

The CO TPIR measurements on the 5 wt% Pd/alumina in parallel with the CO TPD
measurements, enabled the testing of the integrity of the apparatus and determined the
right operating conditions to maximise the reduction of the catalyst. This allowed for
chemisorption and desorption of CO at the surface of our catalysts to be carried out.
Initial difficulties with a small quantity of oxygen thought to be residing on the catalyst
was, after extensive refinements, eliminated. The comparison of three different optical
IR setups confirmed that the project is working within optimal conditions to analyse low

concentrated Pd/alumina catalysts.

The study of the two 0.3 wt % Pd/Al,O3 catalysts (Samples 2 and 3) by CO chemisorp-

tions followed by IR spectroscopy revealed:

e From previous studies on Pd/alumina, it was believed that the high energy sites such
as corner and edges have an impact on the selectivity of a reaction. Thanks to the
use of an optically well set-up DRIFT cell (NEXUS), it is possible to qualitatively
detect the corner and edge sites and determine their enthalpy of adsorption. This

is key for determining the structure/activity relationships of the catalyst used here.

e Sample 2 (310/2) catalyst displays three bands for the chemisorption of CO on the
Pd particles. One band for the linear CO chemisorbed on the edge sites and two for
the (100) and (111) two-fold and three-fold chemisorbed CO on Pd. Moreover, the
enthalpy of adsorption of the high energy sites was investigated using the desorption
ramp as an indicator. The CO chemisorbed at the surface of the high energy sites
was fully desorbed after 100°C.

e The 143 500 catalyst exhibited four bands. Two due to the low index planes (100)
and (111) and two to the linearly chemisorbed CO. Indeed, this catalyst displayed a
new band at 2080 wavenumbers which existed for the 310/2. At room temperature,
this band was quite sharp and intense, and was assigned to the linear CO sitting
on the corner sites of the Pd particles. Alongside this band, there was a shoulder
corresponding to the CO chemisorbed to the edge sites. CO population of this site
was evident up to 200°C. Thus, the enthalpy of adsorption of this site was found to
be significantly greater than that observed for the catalyst 310/2.

As a result, the reaction testing data obtained in Chapter 5 was analysed using the
knowledge of the CO TPIR measurements discussed above. Scheme 6.1 considers the
fact that at low temperature, the presence of these edge sites resulted in the formation of
cyclohexanone oxime. At higher temperature, the low energy edge sites (catalyst 310/2)

are responsible for the production of aniline-derived chemistry through cleavage of the
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N-H bond. However at high temperatures, the high energy edge sites (catalyst 143 500)
are responsible for the production of azobenzene, which is a nitrobenzene derived product
obtained through cleavage of the N-O bond.

To conclude, the type of active site determines the shape and morphology of the Pd
particles as described in Lear’s paper [86]. The desorption of the CO informs us of the
enthalpy of adsorption of said high energy sites. Correlating the reaction profiles presented
in Sections 5.4 and 5.7 with the enthalpy of the (111)/(100) and (111)/(111) edge sites,
indicates that the high energy edge sites support N-O bond cleavage at high temperature,
whereas a lower energy site will cleave a N-H bond on increasing temperature as detailed
in Scheme 6.1. These conditions only pertain for relatively low concentrations of Pd in
the reactor, i.e. 0.3 wt % Pd, Samples 2 and 3. The analysis of a high metal loading
catalyst (Sample 1, Chapter 3), shows that the above deduction does not apply in that
instance. Rather, in the presence of high Pd densities, NB —— AN is the preferred
reaction where NB is readily consumed by this reaction. High energy edge sites can
only access aniline as a feedstock and thus the by-products observed are aniline-derived
(e.g. CHA, CHAN, DICHA). These deductions force an elaboration of Scheme 6.1, (see
Scheme 6.2) for high loading catalysts.

These trends may be rationalised with respect to bond enthalpies: 391 kJ/mol for —N—H
in aniline and 607 kJ/mol for —N=O in nitrobenzene [? ]|. Hence high energy sites can
activate —N=O0 bond cleavage provided that NB is accessible which is not the case in the
presence of high Pd loadings. The lower energy edge sites are unable to activate —N=0
bond cleavage but are capable of breaking —N—H bonds. Hence these sites favour the
formation of aniline derived by-products at high nitrobenzene conversions. Throughout, it
is assumed that any Pd surface site, e.g. Pd(111) and Pd(100) planes, have the capability
of hydrogenating NB —— AN.
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Chapter 7

The structure/activity relationship
applied to Pd/alumina-silica

catalysts (Samples 4, 5 and 6)

Chapter 3 enabled an experimental protocol to be developed to an extent that permitted
CO chemisorption measurements on low loading (0.3%) Pd/Al,O3 catalysts. Chapters
5 and 6 examined reaction profiles and presented characterisation of two prototype hy-
drogenation catalysts favoured by the industrial collaborator. However, during the course
of this study, the industrial partner obtained evidence that the alumina support materi-
als could be meta-stable during reaction conditions (at high temperature in presence of
H,0, see Section 6.1.2.1). In an attempt to circumvent this additional complication, a
series of alumina-silicas were selected as possible new alternative catalysts. Their perfor-
mance and characterisation are described in this chapter. As with Samples 2 and 3, these

catalysts were supplied by Huntsman Polyurethanes.

7.1 Reaction Testing

7.1.1 M11572 0.3 wt % Pd/Al,03 -30 % SiO, (Sample 4) catalyst

Catalyst 4 (M11572) was tested for the nitrobenzene hydrogenation under the same con-
ditions stated in Section 5.1.1 , so that it would be possible to compare them against
Samples 2 (310/2) and 3 (143 500). 20 mg of catalyst was placed in a /1 inch tubular
reactor and activated as indicated in Section 2.2. Nitrobenzene/helium/hydrogen feed
(NB 2.03 x 107® mol/min: H, 7.83 x 10~* mol/min - Hy:NB = 385 : 1) was then passed
over the catalyst for approximately 12 hours at 60°C. Figure 7.1 shows the nitrobenzene
conversion (in black) and selectivity towards aniline (in red) calculated using Equations
2.4 and 2.5.
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The nitrobenzene conversion observed at 60°C is approximately 20%, and was found to
decrease with increasing temperature. It reached a minimum of 5% at 140°C and ended
at 10% for 160°C. This catalyst lead to a drastic loss in conversion when compared respec-
tively to Samples 2 (310/2) and 3 (143 500) in Section 5.1. Moreover, apart from the
main product which is aniline, no other compounds were recorded during the temperature-
programmed nitrobenzene hydrogenation. As a consequence, the selectivity towards ani-
line is 100% from 60°C to 160°C. One should note the relationship between using a low
conversion and the absence of impurities during the nitrobenzene hydrogenation the 0.3
wt % Pd/Al,O3 - 30 wt % SiOq catalyst. The industrial requirement seeks high aniline
yields, which necessitates high conversions. Thus, due to the reduced nitrobenzene con-

version observed in Figure 7.1, this catalyst was deemed unsuitable for the industrial

application.
N02 NH2
+ 3H,
- 2H,0
—_—>
Nitrobenzene Aniline
(NB) (AN)

Scheme 7.1: Reaction scheme of nitrobenzene hydrogenation in a fixed-bed tubular reactor

for the Sample 4 (JM, 0.3 wt% Pd/Al,O3 - 30% SiOy, M11572).
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Figure 7.1: Nitrobenzene conversion (black) and aniline selectivity (red) as a function of reaction temperature over 0.3 wt % Pd/alumina-Silica
(M11572) catalyst. Catalyst was sieved to 500-250 microns before reaction and 20 mg was placed in the stainless steel 1/4 inch tubular reactor.
Nitrobenzene/hydrogen flow was kept constant throughout the reaction. Each temperature was kept for an hour before increasing by 20°Cuntil
reaching 160°C (NB 2.03 x 10~° mol/min: Hy 7.83 x 10* mol/min - Hy:NB = 385 : 1, NB(s™') : Pd5) = 1: 3.2).



7.1.2 764 0.4 wt % Pd/ALLO; - 1 % SiO, (Sample 5) catalyst

Although catalyst 4 exhibited complete selectivity to aniline, the conversions were pro-

hibitively low. This prompted lower silica levels to be examined.

Catalyst 5 (764) was tested for the nitrobenzene hydrogenation under the same conditions
stated in Section 2.2 |, so that it would be possible to compare against the 310/2 and
143 500 catalysts. 20 mg of catalyst was placed in a !/4 inch tubular reactor and acti-
vated as indicated in Section 2.2. Nitrobenzene/helium /hydrogen feed (NB 2.03 x 107°
mol/min: Hy 7.83 x 107* mol/min - Hy:NB = 385 : 1) was then passed over the catalyst
for approximately 12 hours at 60°C. Figure 7.2 shows the nitrobenzene conversion in
black where the selectivity towards aniline (in red) was calculated using Equations 2.4
and 2.5 .

The 0.4 wt % Pd/ALLO3 - 1 wt % SiO, catalyst, as opposed to the catalyst 4 (M11572),
displayed a radically different trend in relation to nitrobenzene conversion. The conversion
presented in Figure 7.2 oscillated between 95 and 99% across the temperature range.
However, the selectivity remained high between 60 and 100°C. There was a decrease in
selectivity after 120°C, where it dropped to 95% and reached 85% at 180°C.

The loss of selectivity observed in Figure 7.2 is reported hereafter in Figure 7.3 as a
% selectivity of impurities against the temperature ramp. Upon increasing temperature,
impurities are formed from 80°C and increase with temperature to reach an overall 15%
selectivity towards by-products at 180°C.

At 80°C, only N-cyclohexylanilin (CHAN)e in blue and dicyclohexylamine (DICHA) in
green are monitored in small quantities. With increasing temperature (to 100°C), we
recorded the same impurities but in larger quantity. Cyclohexanone (CHO) (in red) ap-
peared at 120°C alongside the CHAN and DICHA which are both present, with a 2%
selectivity. Cyclohexylamine (CHA) (in black) was also produced at 140°C with CHO,
CHAN and DICHA. While CHAN and DICHA increased with temperature, cyclohex-

anone remained at a constant level all the way through from 160°C to 180°C.

The by-product chemistry displayed is aniline derived, as discussed in Chapter 4.
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Figure 7.2: Nitrobenzene conversion (black) and aniline selectivity (red) as a function of reaction temperature over 0.4 wt % Pd/alumina-Silica
(764) catalyst. Catalyst was sieved to 500-250 microns before reaction and 20 mg was placed in the stainless steel 1/4 inch tubular reactor.
Nitrobenzene/hydrogen flow was kept constant throughout the reaction. Each temperature was kept for an hour before increasing by 20°Cuntil

reaching 180°C (NB 2.03 x 107% mol/min: H, 7.83 x 107* mol/min - Hy:NB = 385 : 1, NB(s™*) : Pd;) = 1: 6.8).
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Figure 7.3: Selectivity profile (%) of the by-products produced as a function of reaction temperature over 0.4 wt % Pd/alumina-Silica (764)
catalyst. Catalyst was sieved to 500-250 microns before reaction and 20 mg was placed in the stainless steel 1/4 inch tubular reactor.
Nitrobenzene/hydrogen flow was kept constant throughout the reaction. Each temperature was kept for an hour before increasing by 20°Cuntil
reaching 180°C. Cyclohexylamine (black), cyclohexanone (red) N-cyclohexylaniline (blue) and dicyclohexylaniline (green) are observed.
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7.1.3 M12340 0.3 wt % Pd/Al,03 - 1 % SiO, (Sample 6) catalyst

This catalyt is analogous to catalyst 5 except, for a slightly reduced metal loading. The
M12340 catalyst was tested for the nitrobenzene hydrogenation under the same conditions
stated in Section 2.2, so that it would be possible to compare against the 310/2 and 143
500 catalysts. 20 mg of catalyst was placed in a 1/1 inch tubular reactor and activated as
indicated in Section 2.2. Nitrobenzene/helium /hydrogen feed was then flowed over the
catalyst for approximately 12 hours at 60°C. Figure 7.4 shows the nitrobenzene conver-
sion in black and the selectivity towards aniline (in red) was calculated using Equations
2.4 and 2.5 .

The 0.3 wt % Pd/Al,O3 - 1 wt % SiOq catalyst compared to the catalyst 5 (764) displayed
a superior nitrobenzene conversion. The conversion presented in Figure 7.4 remained at
100% across the entire temperature range. Although the selectivity remained high from
60°C, it decreased steadily and reached 83% at 160°C.

The loss of selectivity observed in Figure 7.4 is reported hereafter in Figure 7.5 as a
% selectivity of impurities against the temperature ramp. Upon increasing temperature,
impurities are formed from 60°C and are found to increase with temperature. They reach
an overall 17% selectivity towards by-products at 180°C. At 60°C, only dicyclohexylamine
in green was monitored. Cyclohexanone in red, N-cyclohexylaniline in blue were recorded
at 80°C in small amounts. Increasing the temperature to 100°C, showed the same im-
purities in bigger amounts except for cyclohexanone, which remained at the same level
previously recorded at 80°C. Cyclohexylamine (in black) appeared at 120°C alongside the
CHO, CHAN and DICHA. From 120 to 160°C, CHA and CHAN increased steadily while
DICHA and CHO were constant throughout. As a matter of fact, cyclohexanone, after

being detected at 80°C, remained constant across the full temperature range.

The by-product chemistry displayed here is aniline derived as discussed in Chapters 3,
4 and 5. The difference of product distribution between 0.3 and 0.4 wt % Pd/Al,O4
- 1 wt % SiO5 depends mostly on the size of the particle. As metal loading does not
reflect necessarily on the particle size, CO adsorption isotherms are required on all three

catalysts to understand the reactivity differences.

Overall, the catalyst 4 (M11572) is completely selective to aniline, whilst catalysts 5
(764) and 6 (M12340) exhibited the production of similar impurities with differing pro-
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portions. With increasing temperature, the 764 selectivity was spread equally between
CHAN and DICHA, whereas for the M12340 catalyst it was more pronounced towards
the final DICHA product. Full hydrogenation of aniline derived by-products therefore is

most favoured over Sample 6.
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Figure 7.4: Nitrobenzene conversion (black) and aniline selectivity (red) as a function of reaction temperature over 0.3 wt % Pd/alumina-Silica
(M12340) catalyst. Catalyst was sieved to 500-250 microns before reaction and 20 mg was placed in the stainless steel 1/4 inch tubular reactor.
Nitrobenzene/hydrogen flow was kept constant throughout the reaction. Each temperature was kept for an hour before increasing by 20°Cuntil

reaching 160°C (NB 2.03 x 107% mol/min: H, 7.83 x 107* mol/min - Hy:NB = 385 : 1, NB(s™*) : Pd) = 1: 3.7).
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Figure 7.5: Selectivity profile (%) of the by-products produced as a function of reaction temperature over 0.3 wt % Pd/alumina-Silica
(M12340) catalyst. Catalyst was sieved to 500-250 microns before reaction and 20 mg was placed in the stainless steel 1/4 inch tubular
reactor. Nitrobenzene/hydrogen flow was kept constant throughout the reaction. Each temperature was kept for an hour before increasing
by 20°Cuntil reaching 180°C. Cyclohexylamine (black), cyclohexanone (red) N-cyclohexylaniline (blue) and dicyclohexylaniline (green) are

observed.
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7.2 Characterisation, XRD, BET
and CO Chemisorptions.

7.2.1 Atomic Absorption

Catalyst Actual Weight % Pd Loading
0.3 wt % Pd/ALO; - 30% Si0, (M11572) 0.23 £3
0.3 wt % Pd/ALOs - 1% SiO, (M12340) 0.29 +3
0.4 wt % Pd/AlOs - 1% SiOy (764) 0.37 £3

Table 7.1: Actual Metal Loading From Atomic Absorption Spectroscopy measurements

The value for the 143 500 catalyst was found to be lower than the advertised loading.
This may be attributed to the palladium not being properly leached out of the support

during the preparation stages of the solution.

7.2.2 CO adsorption isotherms

CO chemisorption was carried out as discussed in Section 2.4.7, assuming that the
stoichiometry of CO:Pd was 1:2. CO isotherm plots for catalysts 4, 5 and 6 are respectively
shown in Figures 7.6a,7.6b and 7.6c. All saturation values and subsequent calculated

dispersions and estimated particle sizes are presented here in Table 7.2.

Catalyst CO uptake Dispersion Particle size BET S.A.
(mol CO / g catalyst) (%) (nm) (m?.g71)
M11572 1 2.70 x 107° 19.1 5.7 273
2 2.95x 107¢ 20.9 5.2
764 1 6.0 x 107° 32 3.4 107
M12340 1 3.3x10°° 23 4.5 115

Table 7.2: Table of Dispersions for CO Pulsed Chemisorptions.

It is visible that there are some differences in the Pd distribution, which prompts the
need for further characterisation work to be undertaken. As discussed in Chapter 6,
difference in particle size can lead to drastic changes in catalyst selectivity. This is shown

in the model found in Chapter 6 and Figure 6.1.
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7.2.3 X-ray powder Diffraction

Figure 7.7 represents the diffractogram of the catalyst 4 (M11572) carried out as specified
in Section 2.4.3. The XRD pattern displays a high amorphous character with few broad
bands assigned to y-alumina, as reported in Table 7?7 [121]. As shown by Rajagopal et
al. [129], when silica is mixed with alumina, the resulting XRD pattern displays a highly
amorphous broad band as the silica content increases. Moreover, the catalyst formulation
stipulates that the support contains as much as 30% of silica which correlates with the

diffractogram observed.

Figure 7.8 shows the diffractogram obtained for the non-reduced catalyst 6 (M12340)
which contains 0.3 wt % of palladium is composed of alumina and 1% of silica. Firstly, the
sample is not more amorphous but resembles the diffractogram obtained from catalyst 2
(310/2) shown in Section 5.2.4. These two catalysts come from the same supplier so it
can be assumed that the support used is identical if it were not for the added silica. The
assignments made for the catalyst 2 (310/2) in Table 5.4 are similar to those of catalyst
6 (M12340) and are shown in Table 7.4 and Figure 7.7. It can be concluded that the
1% silica added to the support is too low to induce a significant structural transformation,
hence the diffractogram looks identical to catalyst 2. The support is composed of § and

f-alumina.

The diffractogram of catalyst 5 (764) is presented in Figure 7.9. This catalyst is sup-
posedly prepared identically to catalyst 6 (M12340) but contains 0.4 wt % of palladium.
As expected, a change of 0.1 wt % in palladium loading did not affect the XRD pat-
tern recorded as it looks similar to that given for catalyst 6 (M12340). Therefore, the
assignment reported in Table 7.4 is valid for catalyst 5 (764) as well. Catalyst 5 is also

supported on a mixture of § and f-alumina.

To sum up, the addition of 30 % silica to the support leads to a loss in the crystallinity of
the sample and showed a 7-alumina/silica support. However, the addition of 1 % silica to
the alumina support induced the formation of a ¢,0-alumina/silica support with a much
higher crystallinity. Moreover, the BET data presented in Section 7.2 is consistent
with the type of transition alumina phases observed, as discussed earlier in Chapter 5,

Section 5.2.
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Figure 7.7: X-ray Powder Diffraction pattern recorded for the 0.3 wt % Pd/alumina-30%Silica (M11572) catalyst. The red drop lines represent
the reference y-alumina diffractogramm [95].



‘ ‘ Gamma-alumina ‘

2 © Angle d spacing hkl
(degrees) (A)
37.618 2.38918 311
39.358 2.28746 222
45.765 1.981 400
60.679 1.52497 511
66.721 1.40078 440

Table 7.3: XRD assignments for the M11572 catalyst based on the gamma-alumina main
reflections [95].

‘ ‘ Theta-alumina Delta-alumina

2 © Angle d spacing hkl d spacing hkl

(degrees) (A) (A)
31.44 2.82737 400
32.74 2.729 202 2.73067 222
36.8 2.44529 111

39 2.3121 401

39.52 2.28062 226
45.12 2.02006 311
45.52 1.99028 400
46.84 1.94955 0.0.12
47.5 1.90956 318
50.72 1.79866 510
57.38 1.62049 203
60.06 1.54207 313
63.98 1.45505 020
64.18 1.44991 440
66.77 1.39986 4.0.12
67.14 1.38721 712

Table 7.4: XRD assignments for the 764 and M12340 catalyst based on the main reflections
of 6 and d-alumina transition phases [95].
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Figure 7.8: X-ray Powder Diffraction pattern recorded for the 0.3 wt % Pd/Al,O3 - 1% SiOy (M12340) catalyst. The red drop lines represent
the d-alumina main reflections and the green drop lines the §-alumina [95].
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Figure 7.9: X-ray Powder Diffraction pattern recorded for the 0.4 wt % Pd/Al,O3 - 1% SiOy (764) catalyst. The red drop lines represent the
d-alumina main reflections and the green drop lines the #-alumina [95].



7.3 CO Temperature-programmed Infrared Spectroscopy
(Samples 4, 5 and 6)

7.3.1 M11572 0.3 wt % Pd/Al,03-30 % SiO, (Sample 4) catalyst

The infrared spectroscopy results from the chemisorption using the Spectra Tech Diffuse
Reflectance Infrared Fourier Transform cell on the 0.3 wt % Pd/Al,O3 - 30% SiO, are
shown in Figure 7.10. The chemisorption was carried out as mentioned in Section
2.4.1.

The scan of the chemisorbed CO at the surface of the catalyst after activation is shown in
Figure 7.10. The saturated spectrum displayed here is quite unusual. Three bands for
the chemisorption of CO at the surface of this catalyst are distinguishable. The peak at
2082 cm ! indicates that a small amount is chemisorbed linearly on the corner sites of the
palladium crystal [85]. The broad noisy peaks present at lower wavenumbers correspond
to CO chemisorbed over Pd low index planes. The peak at 1985 cm™! is attributed to CO
po bridge bonded CO on Pd (100) and the band at 1930 cm™! is assigned to ps bridge
bonded CO on Pd (111) [74].

Upon heating, the band at 1985 cm™! and 1930 cm ™! decrease slightly in intensity and
merge to form one broad feature still present at 50°C but which totally desorbed at 100°C.
The signal to noise ratio and the unusual shape of the peaks possibly reflects the lack
of probed dipoles (Pd-CO) by the IR beam (note that this catalyst possesses the lowest
metal surface area for the silica doped catalysts, see Table 7.2). The later could be due to
the Pd particles being encapsulated in the 30 % silica present in the support, which may
have blocked the low index plane sites. CO adsorption isotherm measurements indicate
however that this not the case. The peak at 2082 cm ™! represents the linear chemisorption
at the surface and shows it has a low enthalpy of adsorption as well considering that only
a fraction of it is left at 50°C. It fully desorbs at 100°C. It is surmised that the T,,,, seen
for the v1(CO) band (<100°C), means that these edge sites are below the enthalpic value
required to break either a N—H (bond enthalpy of 391 kJ/mol) or a N=0O (bond enthalpy
of 607 kJ/mol) bond. Hence, no by-product formation is possible with this catalyst. It is
also acknowledged that silica-aluminas exhibit atypical properties [130]. A detailed study
of the silica-alumina modified Pd catalysts is beyond the scope of the current work of the

project.
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Figure 7.10: Temperature-Programmed Infrared Spectroscopy on 0.3 wt % Pd/Al,O3 - 30% SiO, (M11572).
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7.3.2 764 0.4 wt % Pd/ALO;- 1 % SiO, (Sample 5) catalyst

The infrared spectroscopy results from the chemisorption using the Spectra-Tech Diffuse
Reflectance Infrared Fourier Transform cell on the 0.4 wt % Pd/Al,O3 - 1% SiO, are
shown in Figure 7.11. The chemisorption was carried out as mentioned in Section
24.1.

The scan of the chemisorbed CO at the surface of the catalyst after activation is shown
in Figure 7.11. The saturated spectrum displays four characteristic bands for the
chemisorption of CO at the surface of a Pd/alumina catalyst as discussed in Section
6.3. The shoulder at 2082 cm™! indicates that a small amount has chemisorbed linearly
on the corner site of the palladium crystal [85]. The band at 2061 cm™! is attributed to
CO linearly bound to the Pd edge (100)/(111) crystallites. The two other features are
attributed to two-fold and three fold chemisorbed CO over Pd low index planes. The
band at 1982 cm ™! is assigned to py bridge bonded CO on Pd (100) and the band at 1924
cm ™! is assigned to g bridge bonded CO on Pd (111).

Upon heating, the band at 1924 cm ™! decreases in intensity and wavenumber and reaches
1900 cm™* (g bridge bonded CO on Pd (111)). It is still present upon heating to 200°C.
The band at 1982 cm™! (uy bridge bonded CO on Pd (100)) also decreases in intensity
and wavenumber upon heating to 200°C and is seen as a shoulder which shifts to 1940
cm~t. The site at 2082 cm ™! (linear CO residing on corner sites) is present at room
temperature, although still present 50°C, at 100°C it is found to fully desorb. The band at
2061 cm ™! (CO residing on (100)/(111)) decreases in intensity upon heating and is present
up until 150°C, which indicates a relatively strong enthalpy of adsorption of this site (see
the comparison with catalyst 3 (143 500 in) Section 6.3). Unlike the Bridge-bonded
species seen in Section 6.3, the linear species does not shift upon heating. The desorption
temperature of 150°C places the enthalpy of these edge sites as being intermediate between
the low enthalpy (T4, = 100°C, Sample 2) and high (T, = 200°C, Sample 3) enthalpic

edge sites. Thus, these sites have insufficient energy to break a N=0O bond, hence the

by-product distribution as observed in Section 7.1.2 is aniline-derived.
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Figure 7.11: Temperature-Programmed Infrared Spectroscopy on 0.4 wt % Pd/Al,O3 - 1% SiO, (764).
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7.3.3 M12340 0.3 wt % Pd/Al,O3- 1 % SiO, catalyst
(Sample 6)

The infrared spectroscopy results from the chemisorption using the Spectra-Tech Diffuse
Reflectance Infrared Fourier Transform cell on the 0.3 wt % Pd/Al,O3 - 1% SiO, are
shown in Figure 7.11. The chemisorption was carried out as mentioned in Section
2.4.1.

The scan of the chemisorbed CO at the surface of the catalyst after activation is shown
in Figure 7.11. The saturated spectrum displays three characteristic bands for the
chemisorption of CO at the surface a Pd/alumina catalyst. The broad band at 2055 cm™!
is attributed to CO linearly bound to the Pd edge (100)/(111) crystallites. The two other
features are attributed to two-fold and three fold chemisorbed CO over Pd low index
planes. The band at 1978 cm™! is assigned to py bridge bonded CO on Pd (100) and the
band at 1924 cm™! is assigned to pg bridge bonded CO on Pd (111) [74].

Upon heating, the band at 1924 cm~! decreases in intensity and wavenumber and reaches
1875 cm™! (u3 bridge bonded CO on Pd (111)), and looses definition after 150°C. The
band at 1978 cm™! (g bridge bonded CO on Pd (100)) also decreases in intensity and
wavenumber upon heating to 100°C. The band at 2055 cm™! (CO residing on (100)/(111))
decreases in intensity upon heating and is present up until 100°C which indicates a weaker
enthalpy of adsorption of this site than Sample 5 (see the comparison with catalyst 3 (143
500) in Section 6.3).

The small variation of intensity from 764 to M12340 catalyst is due to the difference of
metal loading which result in the small differences of particle size. These influence the
density of edge and corner sites at the surface of the catalyst. Sample 5 exhibits slightly
higher enthalpic adsorption than Sample 6 but nevertheless, the Sample 5 edge sites are
of insufficient magnitude to induce nitrobenzene derived chemistry. For Sample 6, a T4
of 100°C defines a low enthalpy for the edge sites, insufficient to break a N=0O bond and

hence, as illustrated in Section 7.1.3, only aniline-derived products are seen.
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Figure 7.12: Temperature-Programmed Infrared Spectroscopy on 0.3 wt % Pd/Al,O3 - 1% SiO, (M12340).



7.4 Discussion

After establishing the model presented in Chapter 6 regarding the production of impu-
rities linked to the shift and energetics of the CO chemisorbed IR bands at the surface of
Pd/Al,O3 catalysts, it seemed interesting to test the validity of the model using different
catalysts where the support material has been modified in an attempt to overcome struc-
tural problems recently reported by the industrial collaborator [11].The addition of silica

was not meant to change the reactivity of the said catalysts.
The reaction testing revealed:

e The addition of 30% silica to the support led to a substantial decrease in nitroben-
zene conversion to 10%. This was found to be far lower than all other catalysts.

The low conversion resulted in a 100% selectivity towards aniline.

e The other two catalysts containing 1% silica showed a much higher activity, proving
to be more active than the 310/2 and 143 500 catalysts. They exhibit a high loss

of selectivity and production of aniline derived by-products.
The characterisation revealed:

e The total surface area of the 30% silica catalyst was higher than the other two
modified catalysts, plus XRD pattern suggested the support to be vy-alumina support
which is consistent with BET surface area. The other two catalysts exhibited the
exact same support characteristics as catalyst 2 (310/2). 1% silica did not seem to be
enough to drastically influence the alumina support. Both support were composed

of a mixture of §/6-alumina.

e The CO adsorption isotherms revealed that the low conversion catalyst (Sample
4) exhibited particles of a size 5-6 nm. Catalyst 5 (0.4% Pd) and 6 (0.3% Pd)
respectively exhibited particle size of 3.4 nm and 4.5 nm. It is usual for a higher
loading to show larger particle sizes. Therefore, the preparation process of the

catalyst may have been altered.

e The CO TPIR of the 30% catalyst was quite interesting because it did not display
well formed CO chemisorption bands for any of the Pd sites expected. It also
desorbed at a relatively low temperature. It was suggested that the low enthalpic
value of the edge sites of this catalyst is insufficient to activate either N=0O or N—H

bonds and hence, only NB —— AN chemistry is seen.

e The TPIR for the 0.3 and 0.4% Pd/alumina-1% Silica catalyst are quite similar.
They both revealed a substantial amount of edge sites with relatively high enthalpy
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of adsorption. However, the enthalpy of these sites is insufficient to activate a N=0O
bond cleavage and therefore the product distribution is dominated by aniline-derived

chemistry.
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Chapter 8
Conclusion

Nitrobenzene hydrogenation to produce aniline is a highly important industrial process
because it accounts for most of the aniline produced in the world, with 75% of it reacted
further as part of the MDI process to produce polyurethanes. The polyurethane market

is growing by 5% every year and is estimated to grow even more in years to come.

Industrial demand for cleaner, greener processes is a key requirement nowadays for eco-
nomical and environmental reasons and as a consequence, industry are constantly pushed
to improve their processes by taking all of these factors into consideration. In an at-
tempt to do this, Huntsman Polyurethane has upgraded their aniline production plant
to a trickle-bed reactor which operates under a gas-liquid-solid phase and uses an active
Pd/alumina catalyst of low metal loading. However the change has resulted in the pro-
duction of undesirable by-products being formed during the reaction. Such by-products
are acceptable if they are consistently produced and can be treated and removed from the
reaction mixture. It was found that different catalysts screened of the same formulation
resulted in the production of diverse impurities without any logical sense, and here lies

the project objectives.

To conclude:

1. The testing of industrial grade catalysts in our lab-scale reactor led to a large range
of impurities produced during the reaction in the form of azobenzene, azoxybenzene,
diphenylamine,cyclohexanone to cyclohexylamine, N-cyclohexylaniline and dicyclo-
hexylamine. As part of the reaction testing, an unknown compound was produced
and identified to be cyclohexanone oxime using GCMS. Integration of the cyclo-
hexanone oxime into the general scheme of nitrobenzene hydrogenation enabled the
linkage and a better understanding of the different molecules present such as cyclo-
hexanone, phenol and the intermediate ANIL. The full scheme is reported in Figure
5.
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2. The reaction of the as-received Sample 2 (310/2) enabled us to understand the
behaviour of nitrobenzene hydrogenation with respect to contact time over the cat-
alyst. Although these catalysts are deemed selective for the hydrogenation reaction,
it was found that by increasing the temperature or contact time, it consequently
led to a loss in aniline selectivity. However, one should note that the reaction was
carried out in the gas phase with a high excess of hydrogen so there was no mass

transfer limitation.

3. Characterisation of the catalysts, namely, TEM and CO adsorption isotherms,
played a big part in the understanding the morphology of the palladium parti-
cles. The two techniques were consistent with each other and could be used closely

with CO TPIR results to explain differences in the catalyst composition.

4. BET measurements linked with XRD revealed that the alumina support used in
the industrial selective hydrogenation catalysts was substantially different and may

have an effect on the size of particle and dispersion observed elsewhere.

5. CO TPIR provided an insight on the energetics and the morphology of palladium
particles at the surface of Pd/alumina. It is the only technique able to give a
reproducible and informative result. When linked with the general scheme for the
nitrobenzene hydrogenation, we were able to predict the behaviour of a Pd/alumina
in nitrobenzene hydrogenation reaction for given reaction conditions (see Schemes
8.1 and 8.2).

With respect to future work, it would be interesting to study the reactions of the different
branches of the mechanism using different reactants and isotopic labels. This would
develop the scheme further regarding the interaction of the by-products with different
catalysts. The synthesis of our own catalytic samples may be useful to study the role of
the alumina support played in the morphology of palladium crystals, plus the role of the

preparative method and the role of silica played.
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Appendix A

A.1 Nitrobenzene Calibration

The number of moles of the calibration standards injected and the corresponding peak
areas measured by the GC are displayed in table A.1 and the calibration plot in figure
A.1.

Peak Area ( counts)
Concentration 1 2 3 Average
(mol. L)
0 0 0 0

1.08 x 107 195 188 199 194
4.33 x 107° 760 780 781 767
8.14 x 107° 1751 1687 1634 1691
1.08 x 1078 2230 1953 2133 2105

Table A.1: Nitrobenzene calibration data obtained manual injection on GC.
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Figure A.1: Nitrobenzene calibration plo