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ABSTRACT

The exhaust gas from an automobile contains hydrocarbons, carbon 

monoxide and nitrogen oxides. These pollutants are removed using a catalytic 

converter consisting of a monolith support, washcoated with Y-AI2O3 and 

impregnated with catalyst.

Current converter designs provide good warmed-up performance, however 

during cold-start a significant amount of pollutants pass unconverted through the 

converter. Placing the converter nearer the exhaust manifold, in a close-coupled 

position, reduces cold-start emissions, however it also results in thermal deactivation 

caused, in part, by sintering of the Y-AI2O3 washcoat.

This work examined the use of (X-AI2O3 as a thermally stable catalyst support. 

Firstly, issues relating to catalyst preparation using 0C-AI2O3 as a support were 

investigated. The influence of drying severity on catalyst crystallite size and activity 

for CO oxidation on Pd/ot-AbCb was examined. Experimental results, which 

demonstrated that a slow drying rate was critical in attaining a small crystallite size 

and good catalyst activity, were rationalised using a four-stage model of the drying 

process. NMR imaging was used to follow the drying of an (X-AI2O3 pellet.

The control of catalyst axial redistribution during preparation of (X-AI2O3 and 

Y-AI2O3 monolith supported catalysts was investigated, and samples were prepared 

with non-uniform distributions. The effect of catalyst axial distribution on cold-start 

behaviour was examined using a one-dimensional model. Results demonstrated the 

importance of incorporating changing inlet species concentrations in simulations.

The relationship between catalyst loading of Pd/a-AbCb on catalyst 

crystallite size and activity for CO oxidation was experimentally established. Results 

indicated that the origin of the catalyst precursor can affect catalyst characteristics.

Finally, experimental data fitted to an empirical rate expression enabled 

quantitative comparisons to be made regarding the effect of atmosphere and 

temperature on the sintering behaviour of (X-AI2O3 compared to Y-AI2O3 supported 

catalysts. It was concluded that (X-AI2O3 based close-coupled converters are a 

promising competitor to commercial converters.
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NOMENCLATURE

A frontal area of monolith

a(x) catalyst distribution function

ao catalytic surface area per unit monolith volume
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pv vapour density

X thermal conductivity
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CHAPTER 1 

INTRODUCTION

1.1 Introduction

As a result of smogs in the 1950’s, Californian authorities made the 

decision to force improvements in atmospheric pollution, and introduced legislation 

requiring a significant reduction in emissions of the three major gaseous pollutants 

(hydrocarbons, HC, carbon monoxide, CO, and oxides of nitrogen, NOx) from 

automobiles. Initially the amount of pollutants entering the exhaust was reduced by 

engine redesign and modification of the carburation and ignition system. However, 

as emission standards were tightened an alternative approach was required. The 

technology that emerged involved the use of precious metal catalysts (a mixture of 

platinum, palladium and rhodium) to treat the exhaust emissions. The catalysts were 

located between the engine manifold (where the exhaust gases leave the cylinders) 

and the silencer box, in a device known as a catalytic converter. The basic operation 

of the catalytic converter was to perform the following reactions; oxidation of carbon 

monoxide and hydrocarbons to carbon dioxide and water, and reduction of NOx to 

nitrogen. All three pollutants may be removed in a single unit, known as a Three 

Way Converter (TWC), if the engine is operated under an air-to-fuel ratio that is 

approximately stoichiometric.

It is difficult to think of any process that demands such high levels of catalyst 

performance, and developing a catalyst for this type of application was a challenging 

task. Control of emissions is required from an intermittent gaseous stream whose 

temperature, composition and flowrate vary in an erratic pattern and which may 

contain traces of a wide variety of poisons. The unit must be compact, and must also 

operate with an extremely low pressure drop to minimise power loss from the engine. 

Furthermore, under US law, the converter has to maintain its properties for at least 

100 000 miles without attention. The TWC that was developed, and is in use today, 

consists of a ceramic monolith support, the monolith surfaces are washcoated with a 

thin layer of Y-AI2O3 and impregnated with catalyst. A monolith support (with 

parallel nonintersecting channels) was chosen as this provides a large surface area 

with low pressure drop.
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As legislation gets stricter and stricter meeting emission levels continues to 

be a tremendous challenge. With the present generation of TWCs the majority of 

emissions are emitted during cold-start of the engine, with up to 80 % of engine 

hydrocarbon emissions for a typical vehicle occurring during the first 100 seconds of 

warm-up (Heck and Farrauto, 1995). Major improvements in emission control can be 

made by reducing these cold-start emissions and there has been considerable research 

activity in this area (see Chapter 2 for more detail). One of the strategies currently 

being explored for improving the cold-start emissions is placing the catalytic 

converter nearer the exhaust manifold in a close-coupled position (Summers and 

Williamson, 1993). A catalyst mounted in this position can benefit from the hot 

exhaust and thus reach operating temperatures sooner. However, placing the 

converter in a close-coupled position exposes it to a more severe environment and a 

disadvantage of the close-coupled approach is deactivation at the high temperatures 

encountered, caused in part by sintering of the Y-AI2O3 washcoat and loss of the 

internal surface area.

Research on catalytic converters which can be used at higher temperatures 

has focused on thermally stabilising the washcoat by adding oxides of lanthanum, 

barium or cerium (Pijolat et al., 1992). This approach reduces, but does not 

eliminate, catalyst deactivation due to sintering of the washcoat. An (X-AI2O3 based 

converter was developed (Bhasin et al., 1993) that has the potential of reducing both 

cold-start emissions and thermal deactivation. The converter uses a-Al203 as a 

support, this is coated directly with the catalyst and no washcoat is used. a-Al203 is a 

thermally stable catalyst support, and thus the converter may be placed near the 

engine manifold, reducing cold-start emissions, while thermal deactivation of the 

converter due to sintering of the washcoat is minimised.

Use of 0C-AI2O3 as a catalyst support raises several questions, including the 

influence that catalyst preparation conditions have on catalyst performance. Catalytic 

converters are generally prepared by impregnation, during which the porous support 

is contacted with a solution containing the dissolved catalyst precursor. After 

impregnation the monolith is dried, this is followed by high temperature calcination 

and activation, which leaves the catalyst in its final active form. All the stages in the 

preparation procedure can affect the final catalyst properties (Lee and Aris, 1985) 

specifically the catalyst distribution in the support and the catalyst dispersion.
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Catalyst dispersion affects activity and durability while catalyst performance depends 

upon dispersion. When Y-AI2O3 is used as a washcoat the conditions during catalyst 

impregnation are critical as the precursor-support interaction is strong (Santhanam et 

al., 1994). However a-Al203 is an inert support, and the absence of strong precursor- 

support interaction means that the drying conditions can have a marked effect'on the 

final catalyst properties. Research has tended to concentrate on impregnation 

procedures and to date little attention has been given to the drying stage. With 

legislation getting stricter and stricter it is of vital importance that all the steps in the 

procedure are studied, in this way catalyst properties may be adjusted with the aim of 

optimising catalyst performance.

1.2 Objectives of this study

The overall objective of this work is to examine the use of 0C-AI2O3 as a 

support for automotive catalytic converters. The first 4 chapters examine issues 

relating to the preparation of CX-AI2O3 supported catalysts. The effect of drying rate 

on crystallite size and catalyst performance for carbon monoxide oxidation is 

experimentally established in Chapter 3. In addition the use of nuclear magnetic 

resonance imaging to obtain images of an (X-AI2O3 pellet as it dries, is briefly 

examined. Following this, the preparation of a- and y-AbC^ monolith supported 

catalysts with non-uniform axial catalyst distribution is studied, and the parameters 

which govern the extent of catalyst redistribution during drying identified (Chapter 

4). In the next chapter (Chapter 5) a transient model is used to quantify the effect of 

catalyst axial distribution on the cold-start behaviour of automotive converters. The 

model also incorporates the effects of changing inlet reactant concentrations during 

cold-start. The relationship between catalyst loading, crystallite size and activity for 

carbon monoxide oxidation is experimentally determined for palladium supported on 

a-Al203 pellets in Chapter 6 .

Finally (Chapter 7) catalysts supported on a  and Y-AI2O3 are subject to 

thermal treatments and experimental data is fitted to an empirical model enabling 

quantitative comparisons to be made concerning the effect of the support on catalyst 

deactivation. Chapter 7 consists of two sections, in the first a preliminary 

investigation examines the thermal stability of palladium supported on an CC-AI2O3 

monolith compared to a conventional Y-AI2O3 based converter. In the second the
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thermal stability of palladium supported on (X-AI2O3 and Y-AI2O3 pellets in oxidising 

and reducing atmospheres is studied.

21



CHAPTER 2 

LITERATURE REVIEW

2.1 INTRODUCTION

Gasoline contains a mixture of saturated and aromatic hydrocarbons and in an 

automobile this is combusted with controlled amounts of air to produce carbon 

dioxide and water according to the reaction,

CmHn + (m+n/4) 0 2 <-> (m)C02 +(n/2) H20

The products from ideal combustion are a mixture of carbon dioxide, water and 

nitrogen. However, incomplete combustion causes emissions of unbumed 

hydrocarbons, as well as intermediate oxidation products such as alcohols, aldehydes 

and carbon monoxide. Hydrogen, and also hydrocarbons different from those present 

in the gasoline, are also formed as a result of thermal cracking reactions that take 

place in the flame, especially with incomplete combustion. The major cause of NOx 

emissions is the reaction between nitrogen and oxygen given below,

N2+ 0 2<->2 NO

which is thermodynamically favoured at the temperatures found during flame 

combustion (typically in excess of 1700 K). Most fuels also contain small amounts of 

nitrogen and sulphur containing constituents and these are also responsible for the 

emission of NOx and sulphur oxides. Typical values for the composition of exhaust 

gas emissions are given in Table 2.1.

Engine emissions are a major contributor to air pollution. Carbon monoxide 

is a direct poison to humans and hydrocarbons react in the presence of nitrogen 

oxides and sunlight to form ground-level ozone (a major component of smog) and a 

number are also toxic with the potential to cause cancer. NOx (like hydrocarbons) are 

precursors to the formation of ozone, they also contribute to the formation of acid 

rain. The need to control engine emissions was first recognised in the US and in 

1966, California introduced limits for the exhaust gas emission of carbon monoxide
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and hydrocarbons. The US Federal Clean Air Act was passed by congress in 1970, 

and federal legislation first went into effect for 1975 model cars. A Federal Test 

Procedure (FTP) was established simulating average driving conditions in the US, 

during this test the emissions from an engine dynamometer are collected in bags. 

Each test includes measurements made during three modes, cold start (after the 

engine has been idle for eight hours) hot start, and a combination of urban and 

highway driving codes. The results are averaged and expressed in grams of 

hydrocarbon, carbon monoxide and NOx per mile travelled. For the 1977 model year, 

the US standards in grams per mile were, hydrocarbons, 1.5, carbon monoxide, 15, 

and NOx, 3.1g/mile (Satterfield, 1991). Since then legislation has been getting stricter 

and stricter. The latest amendments to the Clean Air Act reduce hydrocarbon 

emissions to 0.04 g/mile, carbon monoxide to 1.7 g/mile and NOx to 0.2  g/mile by 

2004 (Heck and Farrauto, 1995).

N2 71.0 vol%

0 2 and Noble gases 0.7 vol %

C 0 2 18.0 vol %

H20  9.2 vol %

Pollutants consisting o f : 1.0 vol %

HC 0.05 vol %

NOx 0.08 vol %

Particulates 0.005 vol %

CO 0.85 vol %

Table 2.1 Typical exhaust gas composition

2.2 THE CATALYTIC CONVERTER

A catalytic converter operates in an atmosphere that is rapidly and 

continuously changing and as such has to be capable of performing over a wide 

range of conditions. For example, sudden rapid acceleration causes the air-fuel 

mixture in the combustion cylinder to be fuel rich for a short time and by contrast 

deceleration causes the mixture to become lean or oxygen rich until the engine 

management system can respond. The quantity of pollutants emitted varies with the
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engine operating conditions and is influenced predominantly by the air-to-fuel ratio 

in the combustion cylinder. When the engine is operated rich of the stoichiometric 

point, that is with excess fuel, the carbon monoxide and hydrocarbon emissions are at 

their highest (as the combustion process is incomplete due to the lack of oxygen) 

while the NOx emissions are reduced (as the adiabatic flame temperature is lowered). 

Just lean of stoichiometric operation the level of NOx is at a maximum, since the 

adiabatic flame temperature is highest. On the lean side of the stoichiometric point, 

the levels of carbon monoxide and hydrocarbon emissions are reduced due to nearly 

complete combustion. The actual operating window of combustion is determined by 

the lean and rich flame stability, beyond which combustion is too unstable.

Figure 2.1 shows the engine conversion efficiency as a function of air-to-fuel 

ratio and it may be seen that if the engine is operated close to the stoichiometric air- 

to-fuel ratio (roughly 14.65), then all three pollutants can be removed simultaneously 

in a single unit. Catalytic converters are therefore also called Three Way Converters 

(TWC) and convert exhaust gas emissions by performing the following reactions in 

the exhaust gas stream.

Oxidation of carbon monoxide and hydrocarbons

CO + ̂ Oj ->co2

c o +h 2o ^ c o 2 +h 2

Reduction of NOx

N0(prN02 ) + C 0 ^ ~ N 2 + C02 

N0(prN02 )+H2 ^ ^ N 2 + H20  

(2y+ * ) NO(prN02 )+CyH „ ^ { l  + ^ ) N 2 + yC02 + ^ H 20
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Operating window

OCh0>
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*+H<+H<D
S3o
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S3o
u

HC

CO
NO

14.3 14.4 14.5 14.6 14.7 14.8
Air-to-fuel ratio

Rich (fuel rich) Lean (oxygen rich)

Figure 2.1 Conversion efficiency as a function of air-to-fuel ratio (Bowker and Joyner, 1995)

2.2.1 Reaction regimes

When an automobile is first started, both the engine and catalyst are cold. As 

the exhaust gradually warms up reactions start occurring on the catalyst surface. The 

reaction rate changes with temperature and as the temperature of the exhaust gas 

rises, three different reaction regimes may be observed, these are shown in Figure 2.2 

(Satterfield, 1991). At low temperatures, the overall reaction rate is limited by the 

intrinsic kinetics of the reaction, and the reaction is under kinetic control. Typically 

the carbon monoxide reaction begins first, followed by the hydrocarbon and NOx 

reactions (Heck and Farrauto, 1995). As the reactions proceed the heat generated at 

the catalyst surface is continuously transferred to the bulk gas stream. This continues 

until the heat generated at the catalyst surface exceeds that which is lost to the 

exhaust gas, at this point the reaction is said to "light-off. As the temperature is 

further increased the surface reaction rate continues to increase, until the reaction rate
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becomes limited by the rate at which the reactants can be transported from the gas 

stream to the catalyst surface, not the kinetics of the reaction. The reaction is then 

said to be mass transfer limited. The reactants are consumed before having 

penetrated far into the pores of the support, concentration gradients develop within 

the pores, and internal mass transfer is said to control the reaction. As the 

temperature is raised further concentration gradients develop between the bulk gas 

stream and the catalyst surface, and external diffusion of the gases controls the 

reaction rate. The reaction has now entered the external mass transfer controlled 

regime. The diffusion rate, or mass transfer coefficient, is not significantly affected 

by temperature, for this reason, further increases in temperature in this regime have 

limited effect on the overall reaction rate.

Homogeneous reaction

a>
2
co
oe3

PtS

External mass transfer control 
Internal mass transfer control

Kinetic control

Temperature

Figure 2.2 Reaction regimes occurring during use of a catalytic converter

At even higher temperatures the catalyst surface is so hot that it heats a thin 

layer of the boundary gas. If the temperature is high enough homogeneous gas phase 

reactions are ignited, firstly near the catalyst surface and eventually through the
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whole converter. At very high temperatures the overall reaction rate can therefore be 

higher than the intrinsic catalytic reaction rate. When the bulk gas temperature 

reaches the autoignition point, a homogeneous reaction predominates over the entire 

cross-section and in such cases the reaction rate increases exponentially.

Developing a converter for this application was a tremendous challenge, strict 

control of emissions is required of an intermittent gas stream whose temperature, 

composition and flowrate varies continuously, the unit must be compact, operate at 

an extremely low pressure drop to minimise power loss to the engine, and 

furthermore it must maintain these properties for 100 000  miles with no attention 

from technically trained people. The catalytic converter developed, and in use today, 

consists of three components;

1 substrate or catalyst support

2  washcoat

3 catalyst

Each of these components will be described in more detail below.

2.2.2 Support

The catalyst support consists of a single block of material containing within it 

straight, parallel, non intersecting channels, called a honeycomb monolith. Figure 2.3 

shows a photograph of a typical monolith. The exhaust gases flow along the length of 

the monolith. The vast majority of monoliths are manufactured by extrusion in which 

very finely ground material is kneaded with plasticisers and binders, the dough is 

subsequently extruded through a die, this is followed by drying and calcination at 

1600-1700 K (Bagley, 1975; Lachman and Williams, 1992). The support is generally 

made of cordierite, a magnesium aluminium silicate Mg2Al3(AlSi50 ]8), as this 

synthetic ceramic has a low coefficient of thermal expansion and is mechanically 

strong. A honeycomb shape is used as it minimises pressure drop of the gases 

flowing through it, it is also attrition resistant.
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The monolith in a typical family car has 1-1. 5 mm diameter channels and is 7 - 10 

cm long by 10 - 12 cm in diameter. The number of cells per square cm range from 31 

to 62 with corresponding wall thickness from 0.25 to 0.15 mm (Cybulski and 

Moulijn, 1994). The higher the cell density the greater the production cost, however 

this must be offset against the fact that the lower the mass of monolith, the faster it 

heats up. The converter is contained in a stainless steel canister, 15 cm diameter by 

20 cm long, this is connected to the exhaust pipes (4-6 cm diameter) by short cones 

and placed between the engine manifold, (where exhaust gases leave the cylinder) 

and the silencer box. The gas flow rates in the monolith result in Reynolds numbers 

from 20 to 400, meaning that the flow is laminar at all times.

2.2.3 Washcoat

The monolith support is washcoated with a layer of Y-AI2O3 and a mixture of
2

promoters. The y-A^Os with a surface area of 100 - 180 m /g, is used to increase the 

surface area of the support and provide a suitable surface for the catalyst. The 

washcoat is made up of “secondary washcoat particles” with a diameter of 2 - 30 jam. 

The voids between the washcoat particles cause the washcoat macroporosity. The 

secondary washcoat particles are responsible for the washcoat meso- and 

microporosity, and consist of either pure Y-AI2O3 or a mixture of and

promoters. The inorganic oxides constitute the primary washcoat particles and have 

fresh diameters of 10 - 20 nm. The washcoat is added to the support by submerging it 

in a slurry containing Y-AI2O3, the support is then dried and calcined. This procedure 

results in a washcoat 10- 40  pm thick and from 20 to 30% of the converter weight

(Heck and Farrauto, 1995). The low surface area cordierite support has an area of
2

between 0.1 - 2.0  m /g and after washcoating the support surface area rises to
2

between 2.5 - 40 m /g.

Promoters are often added to the washcoat to improve the performance of the 

catalyst. As described above, the catalyst operates in an atmosphere that is 

continuously changing and promoters have been developed that improve the catalyst 

performance during excursions from the stoichiometric feed ratio. Thus, when 

operating rich there is a need to provide a small amount of O2 to consume the 

unreacted HC and CO, conversely when the exhaust becomes slightly oxidising the 

excess O2 needs to be consumed. This was accomplished by the development of
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promoters that liberate or adsorb O2 during the air to fuel perturbations. Ceria has
3+ 4+

such capabilities due to its dual valence, Ce /Ce and as such is a common additive 

(Heck and Farrauto, 1995) taking up-to 30 wt% of the washcoat. When the engine is 

operated under a lean exhaust gas composition the cerium ion will be present in the 

highest state (+4) thus storing oxygen. If the exhaust gas composition becomes rich 

the stored oxygen is released. The cerium ion is now in the lower (+3) valent state 

and will store oxygen again as soon as the exhaust gas composition changes back to 

oxidising. Ceria also acts as a catalyst for the water gas shift reaction;

CO + H20  <-> C 02 + H2

so reducing the carbon monoxide content in the exit gas, (the hydrogen formed 

reduces NOx to nitrogen and water).

The washcoat is fairly stable, however as the temperature increases, Y-AI2O3 

undergoes a phase transformation, converting it to its most stable form a-A^Os. 

Sintering or grain growth precedes this transformation in which case the high area 

pore structure of Y-AI2O3 effectively collapses and occludes the catalyst, making it 

inaccessible to reactants and resulting in a loss of catalyst performance. Rare earth 

oxides, such as lanthanum and barium are also often added to provide the washcoat 

with greater thermal stability (Arai and Machida, 1996; Kimura et al., 1988).

2.2.4 Catalysts

A conventional catalytic converter contains a mixture of platinum, palladium 

and rhodium. A single converter will typically contain 0.1 - 0.15 wt % (about 1 - 2 g) 

of catalyst. Of the three catalysts, platinum is most active for the oxidation of 

saturated hydrocarbons, palladium for the oxidation of carbon monoxide and 

unsaturated hydrocarbons and rhodium for the removal of NOx. Rhodium is the most 

expensive catalyst and palladium the cheapest (see Figure 6.1). Until recently the 

most widely used combination of catalysts was platinum and rhodium, in a mass 

ratio of 5 - 20 : 1, Pt : Rh. TCWs are currently available with all or the majority of 

platinum replaced by palladium, with typical mass ratios being 0 - 1 : 8 - 1 6 : 1 ,  Pt : 

Pd : Rh. In addition to its cost, the use of rhodium compared to either palladium or 

platinum far exceeds its natural mine ratio (Satterfield, 1991). For this reason the use
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of palladium only converters has also received considerable attention. Early studies 

(Muraki et al., 1986) showed that there were a number of problems associated with 

the use of palladium only converters. Firstly, they had low activity towards oxidising 

high molecular weight saturated hydrocarbons, especially under rich conditions. 

Palladium-only converters also presented some serious limitations such as thermal 

instability under reducing conditions, and low poison resistance (especially at low 

temperatures) to the contaminants found in gasoline and motor oil such as lead and 

sulphur (Engler et al., 1995). For these reasons the performance of the palladium 

only converters was satisfactory but only under very restricted operating conditions. 

However, in the early 1990's developments were made to automobile emission 

control strategies which meant that vehicles were designed to operate at very tight 

air-to-fuel ratio perturbations, fuel quality was also improved, including a reduction 

in lead content. At the same time catalysts were being placed closer to the engine 

manifold, resulting in higher steady state operating temperatures, which diminished 

adsorption of impurities such as sulphur and phosphorous. These advances have 

meant that the use of palladium only converters has started to receive considerable 

attention again. Papadakis et al. (1996) developed an advanced catalyst design 

consisting of palladium dispersed on ZrC>2 which formed the internal layer of a three 

layer washcoat, and concluded that the formulation offered good activity for the 

conversion of all three pollutants, enhanced poison tolerance and improved thermal 

resistance. Others have concentrated on the addition of promoters to improve catalyst 

performance and Skoglundh et al. (1996) investigated the use of cobalt-promoted 

palladium as a three-way catalyst. The cobalt caused a significant increase in the 

activities for the oxidation of CO and C3H6 under stoichiometric conditions and (due 

to the exothermic reactions that were initiated) the reduction of NO by palladium was 

promoted. A palladium only converter has also been designed (Hu et al., 1996) 

which, with a combination of ceria and base metal promoters, produced a converter 

with three-way performance superior to that of conventional Pt/Rh catalysts.

2.3 PREPARATION PROCEDURES

The catalyst preparation procedure consists of three stages (impregnation, 

drying and calcination) and any of the stages can affect the final catalyst surface area 

and catalyst distribution within the support. Thus, catalyst preparation has an
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important role to play in the design of automotive converters and several studies 

examining the preparation procedure have been published. The motivating forces 

behind the studies have been economic and legislative requirements to reduce 

precious metal content while improving catalyst performance. It should be noted that 

although catalyst manufacturers concentrate strongly on this aspect of catalyst 

design, precise details of preparation procedures are usually closely guarded secrets.

2.3.1 Impregnation

The first stage in the preparation procedure involves contacting the porous 

support with a solution (generally aqueous) containing the catalyst precursor. 

Capillary forces ensure that the liquid is imbibed into every pore and the time 

required for the impregnating solution to penetrate a pore may be determined by 

equating the capillary force to viscous drag, for pore diameters of 2 - 50 nm the time 

required to penetrate a distance of 2 mm ranges from 5 - 115 s (Anderson, 1975). 

Impregnation can be carried out in two ways, in the first, the support is dipped into 

an excess quantity of solution, whereby the uptake is the sum of material occluded in 

the pores, plus material adsorbed onto the pore surfaces. More precise control may be 

obtained by mixing a batch of the support with a known volume of solution, equal to 

the total volume of the pores in the support, or slightly less, allowing more accurate 

control of the amount of active material that is to be incorporated into the support. 

This technique is called impregnation to incipient wetness and is generally used with 

supports in the form of a powder or pellets.

The behaviour of supported catalysts is often affected by the internal 

distribution of the catalyst within the support. Studies (Lee and Aris, 1985) have 

demonstrated that catalysts with a non-uniform distribution can offer superior 

activity, reaction selectivity, poison resistance and thermal stability characteristics 

than those with a uniform distribution. If a reaction is under mass transfer control 

then a distribution where the catalyst is located near the exterior surface of the 

support is desirable whereas if a reaction is kinetically limited then a uniform 

distribution is optimal. If poisoning occurs then it may be best to use a catalyst with 

an egg-white distribution and subsurface impregnation may also be beneficial where 

catalyst attrition is a problem.

The catalyst distribution within the support is often established during 

impregnation, and is affected by phenomena related to the diffusion and adsorption
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of the catalyst species as the support is immersed in the impregnating solution. A 

paper by Maatman and Prater (1957) first raised interest in the study of catalyst 

impregnation and since then of all the stages in the preparation procedure, the 

impregnation step has received the most attention. Maatman and Prater (1957) 

examined the distribution of platinum supported on various alumina and silica 

supports using chloroplatinic acid as a precursor, and reached the conclusion that 

although the initial distribution of precursor within a porous solid depends upon its 

adsorption characteristics, this distribution may subsequently be modified by 

allowing desorption and diffusion within the pore volume. Since then, many 

theoretical and experimental studies of the preparation procedure have been 

published which focus on the preparation of catalysts with non-uniform distributions 

(Komiyama, 1985; Lee and Aris, 1985). Work has focused on supports such as y- 

AI2O3 which have ion-exchange capabilities, and thus the addition of competitor 

species which adsorb on the support, can be used to preferentially block sites near the 

centre or outer surface of the support. In this way the precursor, competitor species 

and impregnation conditions can be adapted, and catalysts can be prepared with 

complicated profiles. A number of researchers have also developed models that 

describe the impregnation process. Vincent and Merrill (1974) developed a model 

that was applicable to an impregnation process with oneadsorbible species in a single 

pore and Komiyama et al. (1980) extended this model to spherical particles with two 

adsorbible components. Melo et al. (1980) presented a model (applicable to the 

impregnation of one or two catalyst species on porous supports) that predicted 

catalyst distribution as a function of process parameters including the concentration 

of the impregnating solution, the impregnation time and the previous state of the 

support.

2.3.2 Drying

After impregnation the support is dried. Drying is usually performed in air or 

an inert gas atmosphere at temperatures not much higher than 100 °C. The majority 

of studies investigating the drying stage have focused on the role that drying plays in 

determining catalyst distribution (Neimark et al., 1981; Lee and Aris, 1983; Hepburn 

et al., 1989a and 1989b; Mile et al., 1990) and details of the published literature may 

be found in Chapter 3.
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2.3.3 Calcination

Drying is followed by heating the catalyst to a high temperature in a process 

known as calcination or activation. Calcination may have several purposes, firstly 

thermal treatment decomposes the precursor leaving the catalyst in its final active 

form. In doing so volatile and unstable anions and cations, introduced in the 

impregnating solution will be eliminated. Secondly, calcination is used to increase 

the strength of the final catalyst by causing incipient sintering, however excessive 

sintering must be avoided as it reduces the surface area of the catalyst, in turn 

reducing catalytic activity. Calcination is followed by reduction if a metallic catalyst 

is required.

Little research has been carried out in this field and the chemical processes 

associated with these stages are not well understood. Bournoville et al. (1983) 

studied the effect of the calcination temperature and water partial pressure on the 

catalyst surface area and catalyst activity for benzene hydrogenation, of platinum 

supported on chlorinated Y-AI2O3. The results indicated that it was necessary to 

perform a calcination step before reduction to obtain the largest dispersion and also 

that the catalyst dispersion and catalyst activity versus the calcination temperature 

varied according to a volcano curve in which maxima appeared at well-defined 

temperatures. The rationalisation given was that an optimal dispersion is obtained by 

the transformation of PtCL ‘ in an oxidising atmosphere, into a surface compound in 

which platinum is oxidised but has lost and exchanged some of the halide ligands. 

The influence of the reduction temperature on the dispersion of model three-way 

catalysts was investigated by Rogemond et al. (1996) who found that the maximum 

catalyst dispersion was obtained after reduction at 300 °C. Reduction at temperatures 

above this were found to reduce the catalyst dispersion, and the authors proposed that 

this was due to a strong metal-support interaction effect, and not a change in the size 

of the catalyst particles.

Finally it should be noted that economics is a key parameter in the choice of 

preparation procedures by the automotive industry. Thus, due to cost constraints, the 

calcination and reduction stage is often not carried out under controlled conditions 

but is performed instead in-situ.
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2.4 FUTURE DEVELOPMENTS

Environmental standards continue to get stricter and stricter as the world 

community recognises the importance of clean air. In the US the latest amendments 

to the Clean Air Act reduce hydrocarbon emissions to 0.04 g/mile, carbon monoxide 

emissions to 1.7 g/mile and NOx emissions to 0.2 g/mile by 2003. These standards 

also change according to federal and local legislation and Californian standards are 

even more rigorous (see Table 2.2). In addition, the US FTP is being modified to 

include more aggressive driving habits such as acceleration and air conditioning, 

during these conditions the engine operates fuel rich and hence emissions are higher. 

Air pollution is also getting more and more attention in Europe and the European 

Commission have recently agreed a 60 - 70 % reduction in emissions to be made by 

the year 2005, see Table 2.3 (Chemistry and Industry, 1996).

Year HC (g/mile) CO (g/mile) NOx (g/mile)

US 1990 0.41 3.4 1.0

u s 1994 0.25 3.4 0.4

us 1997-2003 0.04 1.7 0.2

California 1993 0.25 3.4 0.4

California TLEV1 1994 0.125 3.4 0.4

California LEV1 1997 1.075 3.4 0.2

California ULEV1 1997 0.04 1.7 0.2

California ZEV1 1998 0.0 0.0 0.0

Table 2.2 US and California emission standards

1 TLEV Transitional low emission vehicle; LEV low emission vehicle; ULEV ultra 

low emission vehicle; ZEV zero emission vehicle.

As legislation continues to drive pollution limits downwards (the ultimate 

aim being zero emission vehicles) greater demands are placed on the catalytic 

converter and meeting the required reduction in emission levels will be an extremely 

challenging task.

35



Existing standards 

1997 (g/km)

Commission proposals 

2 000  (g/km)

Commission proposals 

2005 (g/km)

CO 2.7 2.3 1.0

HC 0.341 0.2 0.1

NOx 0.252 0.15 0.08

Table 2.3 Emission limits proposed by the European Commission

2.4.1 Cold-start emissions

With the present generation of TWCs the majority of emissions occur during 

cold-start of the engine, before the catalyst surface is warm enough for reactions to 

occur. Hydrocarbon emissions during cold-start are the main problem (as low 

temperature hydrocarbon catalysts are yet to be discovered) with up to 70% of total 

hydrocarbon engine emissions for a typical vehicle occurring during the first two 

minutes of cold start, (Burk et al., 1995a). As regulations become stricter a number 

of strategies have been developed to meet legislative requirements and these will be 

discussed below.

Major improvements in cold-start emissions can be made by reducing the 

time it takes for the catalyst to reach lightoff temperature, the temperature at which 

50 % conversion occurs. One of the approaches currently being considered to reduce 

this time is to mount a “close-coupled” converter near the engine manifold. In this 

location the converter will reach light-off temperatures sooner. If space constraints 

prohibit an adequate catalyst volume in a close-coupled position then a starter 

converter may be combined with a second larger converter located downstream in an 

underfloor position, the purpose of which is to operate once the engine has warmed 

up. The performance of a dual converter system (consisting of a warm-up and 

underfloor converter located 13 and 69 cm respectively from the exhaust manifold) 

compared to an underfloor-only converter, was examined by Ball (1996). FTP 

performance tests showed that the dual system decreased light-off times from 20 0  s 

(underfloor-only) to 20  s (dual) and hydrocarbon emissions from 0.28 g/miles 

(underfloor-only) to 0.14 g/mile (dual). Collins et al. (1996) also investigated the 

performance of close-coupled converters and a dual catalyst system (consisting of a 

close-coupled plus underfloor converter) was shown to meet the ULEV emission 

levels during an FTP test cycle.
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Unfortunately, moving the converter near the exhaust manifold exposes it to a 

more severe environment increasing the risk of catalyst or support sintering. Close- 

coupled converters are also subject to larger air-to-fuel variations, especially extreme 

lean transients, no longer having the benefit of a long length of piping for exhaust 

gas mixing. Summers et al. (1993) established that the maximum temperature at the 

inlet of the converter during an FTP test was 600 °C for an underfloor and 750 °C for 

a close-coupled converter, the average inlet temperatures were also raised from 400 

°C (underfloor) to 650 °C (close-coupled). Nevertheless, significant improvements 

have been made in developing catalysts with improved thermal stability, and thermal 

deactivation may also be compensated for by the use of higher catalyst loadings. 

Beck et al. (1997) investigated the relative contributions of poisoning and thermal 

deterioration to the total activity deterioration of a close-coupled and underfloor 

converter as a function of axial position. After vehicle ageing the converters were 

characterised for lightoff and warmed-up activity and phosphorous and zinc contents 

were determined. The converters were then treated to remove the phosphorous and 

zinc and were again characterised for light-off and warmed-up activity. The results 

showed that when tested under stoichiometric conditions most of the deterioration in 

carbon monoxide and NOx warmed-up activity in the close coupled converter was 

attributable to thermal deactivation while most of the deterioration of HC activity 

was attributable to P and Zn poisoning. A similar activity deterioration was detected 

in the underfloor converter but to a smaller extent.

Other means of reducing cold start emissions include hydrocarbon traps 

which, when placed upstream of the main catalyst, adsorb hydrocarbons during the 

early portion of the cold start test and release them when the underfloor converter has 

reached light-off temperature. Engler et al. (1993) demonstrated that the introduction 

of a hydrocarbon adsorber achieved a reduction in hydrocarbon emissions during a 

standard FTP test of 50 % when compared to a three-way catalyst alone. 

Unfortunately the adsorbent capable of retaining hydrocarbons with a high 

temperature stability has not yet been found, however some novel designs have been 

developed which overcome this limitation. One of these (Farrauto., 1996) called 

PUMA or passive under body main adsorber, comprises a zeolite adsorber placed in 

series between two conventional undefloor converters. A manifold is positioned in 

the exhaust to provide air to the outer surface of the trap, so maintaining a cooler 

temperature for better hydrocarbon retention. This system demonstrated a 70 %
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reduction in non-methane hydrocarbon cold-start emissions. Hertl et al. (1996) 

developed a system which consisted of a converter, followed by an absorber unit 

with a central hole, followed by second converter. During cold-start the exhaust gas 

passes through the adsorber which adsorbs hydrocarbons, however a small fraction 

of the exhaust gas passes through the hole and heats the second catalyst. The design 

was optimised to maximise the second converter heating rate while simultaneously 

keeping the hydrocarbons which pass through the hole at an acceptable level, and the 

final design exhibited non-methane hydrocarbon emissions performance within the 

LEV range. An alternative system, proposed by Burk et al., (1995a and 1995b) 

consisted of a catalysed heat exchanger (used to transfer heat to the underfloor 

converter) and a hydrocarbon trap. The system lowered the total hydrocarbon 

emissions such that all test vehicles could meet either the LEV or ULEV standards.

Another approach currently being investigated is the use of electrically heated 

metal monoliths as catalyst supports. The metal monolith can be arranged to form an 

electrically resistive element, which is attached to electrical connection points, and 

can therefore be quickly heated to the catalyst lightoff temperature. The metallic 

monolith is combined with an underfloor converter to complete the emission 

reductions for all three pollutants. Use of electrically heated converters have been 

shown to reduce emissions and there is a strong possibility that ULEV requirements 

could be met using this technology (Laing, 1994). However there are problems 

associated with their use concerning power requirements, long-term durability and 

cost and the present feeling (Simon et al. 1996) is that until such are resolved, close- 

couple converters can achieve comparable results with less complexity and expense.

2.4.2 Modelling efforts

Optimisation of three-way converters using experimental procedures is 

expensive and time consuming and mathematical modelling was first employed more 

than 20  years ago to assist in the design and development of catalytic converters. 

Models describing the transient behaviour of converters are important since the 

effectiveness of a catalytic converter during cold-start is critical, and much of the 

modelling efforts in this field concern transient behaviour. Modelling transient 

behaviour is a complex problem, and involves finding numerical solutions to 

coupled, time dependent partial differential equations for conservation of material
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and energy, which then allow temperature and concentration profdes to be calculated 

as a function of time.

One of the first studies (Young and Finlayson, 1976) used orthogonal 

collocation to solve a two-dimensional model for unsteady state heat and mass 

transfer processes for carbon monoxide oxidation in a monolithic converter. In the 

same year, Heck et al. (1976) measured the transient temperature profiles of a 

number of monolith catalysts and, by comparing the results with simulations, showed 

that a one-dimensional model was adequate for predicting the temperature transient 

behaviour.

Four years later, Oh et al. (1980) developed a model describing the transient 

behaviour of a single catalyst pellet, to investigate the effects of catalyst properties 

and converter operating conditions for carbon monoxide and propylene oxidation on 

Pt/Al203 . In a later paper, Oh and Cavendish (1985) presented a model which was 

capable of predicting the behaviour of a packed-bed catalytic converter. The validity 

of the model was demonstrated using results from engine dynamometer experiments. 

The same authors (Oh and Cavendish, 1982) used a one-dimensional model to 

examine the transient response of a monolithic catalytic converter to step changes in 

feed stream temperature.

The studies described above focused on adiabatic behaviour, assuming that 

the temperature and concentration profiles in all channels of the monolith were 

identical, in which case only one channel need be considered. However the 

behaviour of catalytic converters is non-adiabatic, and this was addressed in a study 

by Fyltzani-Stephanopoulos et al. (1986) in which a model was developed which 

accounted for heat transfer in metal monoliths under non-adiabatic conditions. In 

addition flow through the individual channels is non-uniform across the monolith 

inlet and the transient response of a nonadiabatic converter operating under flow- 

malisdistribution conditions was simulated by Chen et al. (1988) using a 

comprehensive three-dimensional model.

Historically, models have used kinetic data collected by Voltz et al. (1973) 

which incorporated Langmuir-Hinshelwood kinetics for CO and HC oxidation over a 

platinum catalyst in a lean environment. However, there is a lack of kinetic data 

covering a significant number of reactions, which is able to describe reaction 

mechanisms when operating close to stoichiometric conditions. Thus, with a view to 

updating the kinetic rate constants, Montreuil et al. (1992) compiled a data base of
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steady state conversion efficiencies for two catalysts formulations and presented a 

reaction scheme which comprised 13 reactions. However, schemes such as these are 

complex and it has become common for authors to rely on tuneable kinetic 

expressions. Siemund et al. (1995) adjusted the kinetic parameters to achieve good 

agreement between experimental results from engine bench tests and numerical 

simulations using a two-dimensional model.

Stricter emission standards increase accuracy requirements, and thus models 

have been developed which take into account the effect of radiation (Ryan et al., 

1991), catalyst poisoning (Oh and Cavendish, 1983), nonuniform axial distribution 

(Psyllos and Philippopoulos, 1993a and 1993b), electrically heated precatalysts 

(Kirchner and Eigenberger, 1996) and oxygen storage and release during transient 

conditions (Koltsakis et al., 1997).

2.4.3 Thermal Deactivation

New legislative standards in the US have much stricter longevity 

requirements and automotive converters must now perform efficiently for 100,000  

miles or 10 years of use. Thermal deactivation caused by sintering (used to describe 

the loss of catalyst or support surface area after thermal treatments) is one of the 

most important deactivation phenomena.

The temperature of a catalytic converter cycles between ambient (during cold 

start) and over 1000 °C, (high temperature exposure occurring after problems such as 

engine misfire, when unspent fuel is available for combustion). Although 

conventional catalysts dispersed on a washcoat of high surface area Y-AI2O3, have 

good fresh activity, after high temperature ageing the catalyst can lose a large 

proportion of its initial fresh activity. The two mechanisms by which thermal 

deactivation can occur are agglomeration of small catalyst crystallites into larger 

ones, catalyst sintering, or collapse of the washcoat pore structure and loss of 

internal surface area, support sintering. These processes and models describing them 

are discussed in detail in Chapter 7.

To date, research addressing the problem of thermal deactivation has focused 

on the addition of small amounts ( 1 - 3  wt%) of oxides of lanthanam, barium or 

cerium to the washcoat. This has been shown (Pijolat et al., 1992) to have a 

stabilising effect on Y-AI2O3. Although the precise mechanism for these effects are
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not known, it has been proposed (Burtin et al., 1987; Johnson, 1990) that alumina 

particle growth occurs by elimination of water from the hydroxyl groups adsorbed on 

two adjacent particles, resulting in new Al-O-Al bonds, and that additives reduce the 

possibility of loss of surface area by replacing the hydroxyl groups.

2.4.4 a-Alumina-based converters

To ensure that future legislative requirements can be met it is important that 

converters are developed that have even better performance capabilities and thermal 

stability characteristics. A converter has been developed (Bhasin et al. 1993) that 

uses a-Al203 as a catalyst support, the support is coated directly with catalyst and no 

washcoat is used. Of all the alumina phases only (X-AI2 O3 is thermally stable, this 

means that the converter can be placed near the engine manifold in a close-coupled 

position, reducing cold start emissions, and also that thermal deactivation of the 

converter due to support sintering is minimised. Standard tests demonstrated that, 

when compared to a conventional converter, the (X-AI2 O3 based converter had 

equivalent initial performance for HC and CO oxidation and for NOx reduction. 

Additional standard tests performed after ageing cycles between 500, 900, and 1100 

°C, demonstrated that the (X-AI2 O3 based converter had superior thermal stability 

characteristics. Results also demonstrated that the 0 C-AI2 O3 based converter was able 

to withstand temperatures greater than 1200 °C (experienced during engine miss-fire) 

under which the commercial converter experienced meltdown (which is not 

surprising as cordierite melts at 1450 °C while a-AhC^ melts at 2072 °C). A patent 

(Bhasin, 1994) contained details concerning the preparation of (X-AI2 O3 based 

converters, in which the author stressed the importance of drying the impregnated 

support under controlled conditions such that the rate of drying fell between 0 .02  to 

0.08 grams of solvent per gram of support per hour until at least 90 % of the solvent 

is removed from the support. The low catalyst loadings employed (0.03 wt% each of 

platinum and palladium) also raised interest in the work.
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CHAPTER 3 

AN EXPERIMENTAL STUDY OF THE 

DRYING OF A Pd/a-A l203 CATALYST

3.1 INTRODUCTION

Automotive catalytic converters are generally prepared by contacting a porous 

support with a solution containing the catalyst precursor, a process called 

impregnation (Komiyama, 1985; Lee and Aris, 1985). During impregnation the 

precursor solution is drawn into the pores of the support by capillary pressure, this is 

accompanied by diffusion of the precursor, and often by its adsorption on the support 

walls. After impregnation the monolith is dried. In cases where adsorption is 

insignificant, as the solvent evaporates the precursor becomes supersaturated and 

crystallises out onto the pore walls of the support. Drying is followed by calcination 

and activation during which the monolith is heated to a high temperature and the 

precursor decomposes leaving the catalyst in its final active form.

3.1.1 The effect of preparation conditions on catalyst properties

All the stages in the preparation procedure can have a strong influence on the 

final properties of the catalyst including its distribution (both macro-distribution 

across the entire support surface, and micro-distribution with the catalyst segregating 

according to pore size) and crystallite size. The catalyst distribution can affect 

activity and durability, while the performance of the catalyst depends upon the 

crystallite size. It is therefore important that all the stages of the preparation 

procedure are studied in order to optimise the final catalyst properties.

Impregnation

A number of researchers have both experimentally and theoretically studied the 

impregnation stage and concluded that if strong precursor-support interactions exist 

then the conditions used during impregnation are crucial in determining the catalyst 

distribution (Vincent and Merrill, 1974; Santhanam et al., 1994). However, if there is 

little, or no precursor-support interaction, then the way in which the catalyst is 

deposited during drying can have a large effect on the catalyst properties and for 

example, the precursor concentration profile formed during the impregnation stage
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may be altered during the drying stage. This was clearly demonstrated in a study 

(Uemura et al., 1987) in which the catalyst macro-distribution of nickel on both 

adsorptive (Y-AI2O3) and non-adsorptive (ri-Hy-AhCb) 3 mm spherical supports, 

prepared under a wide range of drying conditions, (temperatures ranging from 333- 

673 K and N2 flowrates from 0.6 -  45 1/h) was measured using an Electron Probe 

Microanalyser (EPMA). After impregnation the catalyst distribution of nickel 

supported on ri+y-AhOs was| uniform. However during drying evidence was seen of 

catalyst segregation towards the outer surface of the support, the extent of which 

increased with increasing drying rate. After drying, nickel supported on Y-AI2O3 had 

a uniform catalyst macro-distribution that was almost independent of the drying rate.

Drying

The effect of drying on catalyst macro-distribution

The majority of drying studies have focused on the role that drying plays in 

determining catalyst macro-distribution and it should be noted that the 

inconsistencies present in the literature are most likely due to the large number of 

parameters which can affect solute migration and segregation during drying. Hepbum 

et al. (1989a and 1989b) examined the effect of the drying rate on rhodium macro

distribution across the individual channels of Y-AI2 O3 monoliths prepared by co

impregnation of RhCl3(H2 0 )x with HF. After impregnation, the monoliths were 

reported to have an egg-white catalyst distribution. However during drying (at 

temperatures ranging from 20 - 400 °C) catalyst migration and segregation to the 

external surface of the support occurred, the extent of which increased with 

increasing drying severity. Catalyst migration during drying at 500 °C was minimal. 

The results were rationalised in terms of 2 different drying regimes, at temperatures 

up to and including 400 °C a constant drying rate regime was said to govern the 

drying [process. However Hepbum et al. (1989a and 1989b) proposed that the 

controlling process changed at 500 °C, and at this temperature a falling rate regime 

was said to govern the drying process, (see 3.4.1 for a description of drying rate 

regimes). Ochoa et al. (1978) also studied the effect of the drying rate on the catalyst 

macro-distribution of Y-AI2O3 pellets impregnated with ammonium heptamolybdate, 

nickel nitrate and various additives as part of a study investigating the effect of 

preparation conditions on the activity of supported Ni/Mo catalysts for
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hydrotreatment of heavy oils. The results demonstrated that the mildest drying 

conditions resulted in a catalyst with uniform j macro-distribution. However an 

increase in drying severity increased the extent of catalyst migration to the surface of 

the support. It should be noted that the neither the precursor concentration profiles 

after impregnation nor the extent of catalyst adsorption on the support were reported.

The effect of drying on catalyst micro-distribution and crystallite size

A small number of drying studies have also examined the role of drying in 

determining the catalyst micro-distribution. As part of the study described above, 

Ochoa et al. (1978) attributed changes in activity with drying rate to changes in the 

catalyst micro-distribution and proposed that as drying proceeds the catalyst migrates 

from the macro-pores to the micro-pores resulting in a heterogeneity in the micro and 

macro-pore distribution along the solid, the extent of which increases with drying 

rate, however no experimental evidence was reported to support this hypothesis.

To date research into catalyst drying has concentrated on the effect of drying on 

catalyst distribution and little attention has been given to the role drying plays in 

determining catalyst crystallite size. In a study of Ni supported on Y-AI2 O3 (Mile et 

al., 1990) temperature programmed reduction (TPR) was used to monitor the effect 

of a range of drying methods (including slow oven, flash and freeze drying) on 

catalyst micro-distribution and crystallite size. The TPR profiles were used for 

characterisation of the catalyst, the peak at 400 °C was associated with the reduction 

of large NiO crystallites (with little catalyst support interaction) in small support 

pores and the peak at 500 °C with small NiO crystallites (with strong catalyst support 

interaction) in large pores. As such fast drying (flash) was said to result in small 

catalyst crystallites located in large pores whereas slow drying (freeze and slow oven) 

was said to result in large crystallites located in small pores. The explanation given 

was that during slow drying there was sufficient time for capillary forces to re

distribute the catalyst to the smaller pores. As part of an investigation of Co/HZSM-5 

zeolite, in powder form, for the conversion of syngas to hydrocarbons, Calleja et al. 

(1991) examined the effect of preparation conditions on catalyst activity and mean 

crystallite size. Samples were dried at 120 °C and 4 heating rates were used, (2, 10, 

30 °C/min and sudden). The results indicated that a more active catalyst, with a larger 

number of smaller crystallites, was formed when a fast heating rate was used. The 

authors concluded that drying was the most important step in the preparation
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procedure and proposed that the faster rate facilitated the nucleation of a larger 

number of crystallites with a smaller size on the zeolite surface, however a more 

comprehensive explanation was not given. In a study related to Uemura et al. (1987), 

Uemura et al. (1986) investigated the effect of drying conditions on the physical 

properties of Ni supported on adsorptive (y-AbCb) and non-adsorptive (ri+y-AhCb) 

supports. The samples were dried using either fast (drying time 20 min) or slow 

drying (drying time 600 min) and the average particle size was measured using TEM. 

The results showed that fast drying of Ni/y-AbCb resulted in a catalyst with a larger 

average size (17.8 nm) than slow drying (15.2 nm), whereas the opposite was true of 

Ni/ri+y-AECb where fast drying produced a catalyst with a smaller average size (18.9 

nm) than slow drying (26.7 nm). No explanation for these results was given and, as 

differences between the 2 samples (including a change in the average pore volume of 

ri+y-AhCb during drying and differences in catalyst macro-distribution) would make 

further analysis of the results difficult and in addition the difference between values 

was small and hence the possibility of experimental error could not be discounted, 

the results were not investigated further.

3.1.2 Drying theory

Traditional drying theory

Describing how the distribution of moisture within a porous solid varies 

throughout the drying process is a complicated problem, comprising multiphase heat, 

mass and momentum transfer. Much of the theory regarding drying of porous 

supports such as (X-AI2O3 has been summarised in papers by Neimark and Fenelonov 

(Neimark et al., 1976; Fenelonov et al., 1978; Neimark et al., 1981) in which the 

mechanisms by which drying occurs are described as follows. During the drying 

process mass transfer occurs as liquid flow within the support interior and also as 

vapour flow from the evaporation surfaces, which can be in the support interior or 

exterior. Capillary flow takes place through linked system of pores with liquid 

moving from wide to narrow pores and is the main mechanism for internal liquid 

transfer provided that passageways for continuous flow are present.

Neimark et al. (1981) proposed that the drying process can be divided into 

two limiting regimes, that of fast and slow drying. If the rate of liquid evaporation 

and vapour removal is much faster than the internal rate of liquid transfer due to
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capillary flow, then drying is described as fast drying. The drying curve for a sample 

that has been dried in the fast regime only exhibits a falling drying rate period. 

Conversely, if the rate of liquid evaporation is much slower than the rate of capillary 

flow then the drying is described as slow drying and the drying curve will exhibit a 

constant drying rate period followed by two falling drying rate periods, (for more 

detail see 3.4.1).

Percolation theory

The traditional drying theory described above is based on a continuous 

approach to porous media. However an alternative method, invasion percolation 

theory, has been used to model the drying of porous bodies, allowing drying to be 

simulated at the pore level. Prat (1993) developed a model for drying of porous 

bodies using a modified form of invasion percolation theory in which the porous 

network was conceptualised as a network of pores connected by narrow throats. He 

reported that simulations using such networks compared favourably with 

experimental results consisting of photographs of a micromodel containing 5000 

ducts initially saturated with alcohol. In a similar study, Shaw (1986) used a matched 

refractive index technique to directly observe the movement of a drying front through 

a thin layer of silica spheres (0.5 pm) initially saturated with water. The front was 

observed to develop a highly irregular morphology as it advanced and to move by a 

series of abrupt jumps. Measurement of the average rate that the drying front 

advanced, showed that the rate decreased in a parabolic manner. The experimental 

results were compared with those predicted by a simulation model based on invasion 

percolation theory. However the model was able to account for the observations in a 

qualitative manner only.

3.1.3 Objectives

Although drying is acknowledged to play a role in determining catalyst 

properties, studies examining the drying process are few and generally poorly 

documented. The goal of this work was to investigate the effect that the drying rate 

has on crystallite size and catalyst performance of Pd/a-Al20 3 as no published 

research has been carried out that has systematically examined the effect of drying 

severity in the preparation procedure. a-Al20 3 pellets were impregnated with a 

palladium salt and the impregnated pellets dried in flowing N2 at temperatures
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ranging from 25 - 200 °C. Drying curves were acquired experimentally at each 

temperature and used to establish the governing transport mechanisms at each stage 

of the drying process. Drying times were determined and the crystallite size and 

activity of the catalyst samples measured. It is worth noting that 0C-AI2 O3 is an inert

support, thus there was little precursor-support interaction and the drying process was 

not further complicated by catalyst adsorption on the pore walls.

3.2 EXPERIMENTAL

A series of catalysts were impregnated then dried in a thermogravimetric 

apparatus (TGA) at different temperatures. The lightoff temperature for CO oxidation 

was determined and used as an measure of catalyst performance, additional 

experiments measured the catalyst particle size, using X-ray diffraction (XRD) and 

the catalyst macro-distribution, using an electron microprobe.

3.2.1 Catalyst preparation

Impregnation

The catalyst was prepared by dry impregnation of a-A^Oa pellets (Norton, 

SA5102, sample number 82008) with a solution of Pd(NH3)4(N 03)2 (Johnson 

Matthey) diluted to the appropriate concentration (0.027 g/ml) to give the desired

catalyst loading (0.6 wt%). The 3 mm diameter pellets had a median pore diameter of
2

1.3 pm, a pore volume of 0.259 cc(Hg)/g, and a surface area of 1.2 m /g. The pellets, 

having been dried overnight at 50 °C, were placed in a gauze basket and suspended in 

a beaker containing the precursor, which was stirred continuously during 

impregnation using a magnetic stirrer as shown in Figure 3.1. The impregnation time 

was 10 minutes, after which excess precursor was removed by rolling the pellets on a 

paper towel.
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Figure 3.1 Schematic of the set-up used for impregnation

Drying

Immediately following impregnation the pellets were dried in a TGA (Cahn 

TGA 131) as shown in Figure 3.2. The samples were placed in a wire basket, which 

was suspended in a furnace (preheated to the desired set-point) and dried under a 

flow of N2 (BOC, Zero grade) 50 ml/min until no further weight loss occurred. 

Flowrates were measured using a rotameter and the gas stream temperature 

immediately below the sample using a thermocouple (type K). Signals from the 

thermocouple and balance were sent to a data acquisition system which displayed and 

logged the data enabling drying curves to be collected for each sample. Six samples 

were impregnated, they were then dried at the following temperatures, 25, 50, 75, 

100, 150 and 200 °C.

Calcination

After drying, the pellets were calcined. Calcination decomposes the precursor 

also causing incipient sintering of the palladium crystallites. A mixture of 5% O2 

(BOC, Zero grade) in N2 (BOC, O2 Free grade) total flowrate 200 ml/min, was passed 

over the catalyst for 3 hours at 500 °C. It was then necessary to pre-treat the catalyst, 

to ensure the activity remained constant during all subsequent testing. Pre-treatment
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of the catalyst involved passing a gas mixture, (1% CO, BOC, CP grade, 0.5% O2 , 

BOC, Zero grade, balance N2 , BOC, O2 Free grade, total flowrate 500 ml/min) over 

the catalyst for 5 hours, again at 500 °C. The catalyst was then cooled to room 

temperature in N2 .

Wire

Furnace

Glass Reactor

Sample holder

Pellets

Thermocouple

N2

Figure 3.2 Schematic of TGA apparatus

3.2.2 Catalyst activity

The lightoff temperature (T-lightoff), for CO oxidation was used as a measure 

of catalyst activity. T-lightoff is defined as the temperature at which 50% CO 

conversion occurs. A schematic of the set-up is shown in Figure 3.3.
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Figure 3.3 Schematic of the set-up used to measure the lightoff temperature

The pellets were placed at the entrance of a stainless steel reactor, length 62 cm, 

and were kept in place using gauze mesh. A reactant mixture consisting of 1% CO 

(BOC, CP grade) 0.5% O2 (BOC, Zero grade) balance N2 ( BOC, O2 free grade), total 

flowrate 500 ml/min, was passed over the pellets. Static Sulzer mixers placed 

upstream of the sample ensured complete mixing of the reaction gases. The flow of 

gases through the reactor was controlled using mass flow controllers (Chell 

Instruments Ltd., type MKS 259B). The gas stream temperature at both the entrance 

and exit of the reactor was measured using 1 mm diameter thermocouples
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(Labfacility Ltd., type K) fixed midway across the diameter of the reactor. A 

thermocouple held in direct contact with the outer wall of the reactor at its inlet, was 

used to measure the reactor temperature. The reactor was placed in a furnace 

(Carbolite Ltd., CST 10/70). Sample probes, consisting of 0.5 cm stainless steel 

tubing, connected immediately upstream and downstream of the reactor fed gases to 

an NDIR analyser (Analysis Automation Ltd., type 401), this provided continuous 

analysis of the % CO (range 0-2 %) in the gas streams. Calibration and zeroing of the 

analyser was performed at regular intervals and found to be fairly constant. The 

amount of gas entering the analyser was controlled using a needle valve placed 

downstream of the reactor.

To measure T-lightoff the reactor was heated from room temperature to 500 °C, 

at a rate of 10 °C/min, in the reactant mixture. Signals from the thermocouples, mass 

flow controllers and analyser were sent to a data acquisition system (Schlumberger 

Instruments, Impulse, RTM 3500) which displayed and logged the data. This enabled 

the gas stream temperature at the inlet of the reactor to be measured at 50 % CO 

conversion.

3.2.3 Catalyst characterisation 

X-Ray Diffraction

The palladium crystallite size was measured using X-ray diffraction. The 

powder diffraction patterns were obtained on an automated diffractometer (Philips X- 

Pert 0 - 2 0  PW1877) with Ni-filtered Cu K a radiation. Palladium crystallite 

diameters, d, were estimated using the Scherrer equation, d = 0.9 X IB coscp, in which 

the peak width at half-maximum, B, of an X-ray diffraction peak was used to obtain 

the particle size. X = 1.54060 A for the Cu source, and the peak for palladium at 2cp = 

40.11° was used, as it did not interfere with 01-AI2O3 peaks. In actual measurements 

the instrument makes a contribution to the measured width, Bm, called the 

instrumental broadening, Bi and this was corrected for using Warren’s correction B
9 9

=  B m  -  B j . A sample calculation is given in Appendix A.

It should be recognised that this method assumes the absence of strain, 

although the peak width is a function of both particle size and strain. Especially for 

large crystallites there may exist strain and in this event the estimated particle size 

will be larger than the true one (Matyi et al., 1987). At the point at which the
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wavelength and particle size are of similar magnitudes, the diffraction peaks are very 

broad and of low intensity and samples appear nearly amorphous to X-rays. As a 

consequence of this there is a lower limit on the detectable particle sizes, this limit is 

often quoted as 5 nm in the literature (Butt and Peterson, 1988).

Catalyst distribution

Palladium distributions were determined by X-ray emission spectroscopy, 

using a JEOL JSM820 scanning electron microscope with energy dispersive 

spectrometry. The pellets were cut through the centre and a qualitative scan of 

palladium carried out across the diameter of the pellets.

3.3 RESULTS

Experimental drying curves

The experimental drying curves (green line) and the gradients of the curves 

(blue line) which resulted from drying the pellets in N2 at 25, 50, 75, 100, 150 and 

200 °C are shown in Figures 3.4 - 3.9 respectively. Analysis of the gradients showed 

that each of the drying curves exhibited two regions of decreasing slope, the second 

less steep than the first. It is suggested that these 2 regions may be attributed to the 

first and second falling rate periods respectively (see 3.4.1 for a detailed 

explanation).

A summary of data measured directly from the drying curves is shown in Table 

3.1. The time for each sample to reach the equilibrium catalyst weight (the drying 

time) decreased with increasing drying temperature as would be expected.

In this work the critical moisture point is defined as the point at which the 

continuous evaporation front breaks down, after which the precursor is described as 

existing in a pendular state. It is suggested that as the critical moisture point is 

reached, the drying rate decreases and the drying enters the second falling rate period. 

It should be noted that there is not a sharp cut-off point between the 2 falling rate 

periods. The critical moisture content is defined in this study as the percentage ratio 

of the solution (mg) remaining in the support at the point at which the second falling 

rate period begins, to the total solution (mg) taken up during impregnation.
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Figure 3.7 Experimental drying curve for sample dried at 100 °C
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Sample Drying Dry weight Impregnated Equilibrium Drying time

temperature (mg) weight, before weight (mg)

(°C) drying (mg)

D25 25 3061 3763 3156 25 hr 2 min

D50 50 3063 3770 3156 6 hr 25 min

D75 75 3092 3792 3186 2 hr 42 min

D100 100 3080 3788 3167 1 hr 13 min

D150 150 3083 3779 3173 0 hr 28 min

D200 200 3090 3800 3178 0 hr 16 min

Table 3.1 Summary of experimental drying data

Lightoff temperature

The lightoff temperature for CO oxidation was measured for each sample and 

the results are shown in Figure 3.10 in which the crosses represent experimental data 

points and the curve a fitting of the data using a logarithmic correlation (this 

correlation was found to provide the best fit out of polynomial, power and 

exponential type fits). To check reproducibility up to three lightoff experiments were 

performed on each sample in one day (samples were cooled in N2 between runs). It 

was observed that the first run of the day had a light-off temperature that was 5 - 1 0  

°C higher than subsequent runs on the same sample on the same day. This was 

attributed to a possible activation occurring during the first run. This activation, 

described as catalyst break-in, has also been observed in a study (Baddour et al. 

1970) of CO oxidation over a Pd/Si02 catalyst. It was interpreted as arising from the 

redistribution of surface structures, resulting from surface diffusion of palladium 

which did not take place until the catalyst had been exposed to an CO/O2 mixture. 

For this reason the lowest lightoff temperature recorded for each sample was used as 

the lightoff temperature as this was interpreted as a measure of catalyst performance 

after break-in had occurred.
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Figure 3.10 Lightoff temperature for CO oxidation as a function of drying time 

Crystallite size

The palladium crystallite size was measured using X-ray diffraction and the 

results are shown in Figure 3.11, once again the curves represent a fitting of the data 

using a logarithmic correlation. It may be seen that the sizes ranged from 24.9 to 44.5 

nm and that as the drying time decreases (or the drying severity increases) the 

crystallite size increases. One data point (D200 - represented by a red cross) was not 

included in the correlation as it showed a significant deviation from the trend 

exhibited by the rest of the data. Figure 3.12 shows the lightoff temperature as a 

function of crystallite size.

Catalyst distribution

The calcined catalyst was brown (the non-calcined catalyst was pale yellow) 

and the catalyst macro-distribution through the centre of each sample appeared to be 

uniform. To verify this EPMA was performed on 3 of the samples. The results (see 

Figure 3.13) indicate that the catalyst distribution was indeed uniform.
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3.4 DISCUSSION

The results demonstrate that the faster the drying rate the larger the catalyst 

crystallites. Catalyst activity for CO oxidation is dependant on catalyst surface area 

(and hence crystallite size) if the reaction taking place is kinetically controlled, see

4.4 for details of CO oxidation and structure sensitivity. This condition applies 

during catalyst lightoff and consequently the increase in catalyst particle size with 

increasing drying severity (see Figure 3.11) is accompanied by a decrease in catalyst 

activity (see Figure 3.12). To explain the observed behaviour the mechanisms by 

which drying occurs needs to be examined in greater detail.

3.4.1 Drying regimes, fast and slow drying

During drying of a porous support such as 01-AI2O3, mass transfer occurs due to 

liquid flow within the support interior and also vapour flow from the evaporation 

surfaces, (which can be in the support interior or exterior). Internal mass transfer 

occurs due to a combination of capillary flow (liquid) and diffusion (water vapour or 

precursor). Capillary flow is the main mechanism for liquid precursor transfer with 

liquid moving from larger to smaller pores and takes place through linked systems of 

pores provided that passageways for continuous flow are present.

The drying process may be divided into two limiting regimes, that of fast and 

slow drying (Neimark et al., 1981). If the rate of evaporation and vapour removal is 

much faster than the internal rate of liquid transfer due to capillary flow (i.e. the rate 

limiting step is capillary flow) then the drying is described as fast drying. Conversely, 

if the rate of evaporation is much slower than the rate of capillary flow (i.e. the rate 

limiting step is evaporation) then the drying is described as slow drying. Neimark et 

al. (1981) proposed that characteristic flow rates may be used to determine whether 

slow or fast drying is occurring, where the characteristic rate of capillary flow, Jcap, 

is given by,

_  £<j l  c o s  6phAr

JCap was determined for the range of drying temperatures studied (see Table 3.2). 

Parameter definitions and values, and sample calculations are shown in Appendix B.
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The characteristic rate of evaporation, Jyap, was taken to be the rate of vapour 

removal from the surface of the support,

D vp vNuJ    V /  V ^  O

ap ~ R

Jvap was determined for the range of drying temperatures studied (see Table 3.2) and 

parameter definitions and values and sample calculations are also shown in Appendix 

B.

zap (kg/m2<
/  2 _

25 °C 50 °C 75 °C 100 °C 150 °C 200 °C

9.2 13.3 18.0 23.1 25.0 27.2

0.00030 0 .0 0 1 2 0.0041 0.0113 0.0628 0.2169

Table 3.2 Calculated values of Jcap and Jyap for the range of drying temperatures 

studied

It may be seen (Table 3.2) that at all temperatures Jcap »  Jvap which indicates 

that the drying in this study occurred in the slow drying regime. An analysis of mass 

transfer mechanisms in the slow drying regime show that drying may be described as 

taking place in stages, (Neimark et al., 1981). These stages are represented in Figure 

3.14 and can be linked to the drying curves as described below.

Warming-up

If drying is carried out at a temperature above the impregnation temperature 

then the first section of the drying curve represents a stage during which the pellet 

warms-up and the drying rate increases (see Figures 3.6 - 3.9). Calculations (shown 

in Appendix B) were carried out to estimate the time taken for D200 to reach the 

drying temperature (200 °C), the calculated time was 215 s (0.06 h) which 

corresponds well with the initial section of the drying curve (see Figure 3.9) during 

which the drying rate increases.
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b) Second stage

FUNICULAR
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d) Fourth stage

Figure 3.14 Drying stages in the slow drying regime
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First Stage

During the first drying stage (see Figure 3.14a), liquid evaporates from the 

external surface of the support, diffuses across a saturated boundary layer, and is 

carried away by the gas stream. The mechanism of moisture removal is equivalent to 

the diffusion of vapour from a body of liquid into a gas, the drying rate is controlled 

by external heat transfer and is essentially independent of the nature of the support.

As drying proceeds, liquid evaporates from the pores at the support surface 

and a meniscus is formed across each pore. Capillary forces develop that draw liquid 

from large to small pores (capillarity is inversely proportional to pore size) and dry 

patches appear on the surface of the support. The drying rate remains approximately 

constant for as long as capillary flow of liquid to the support is sufficient to maintain 

a saturated boundary layer and for this reason stage one is also known as the constant 

drying rate period.

Second Stage

As drying proceeds the larger pores at the external surface of the support are 

progressively depleted of liquid, portions of the evaporation front penetrate into the 

support volume and the empty gas pores serve as channels for vapour diffusion. At 

some point capillary flow is no longer sufficient to maintain a saturated boundary 

layer at the external surface of the support, and this marks the beginning of the 

second stage, Figure 3.14b. The drying rate decreases for the portions of the 

evaporation front that have entered the support and consequently the total drying rate 

decreases in what is called the first falling rate period. As the front advances deeper 

and deeper into the support the resistance to vapour diffusion increases, the influence 

of external variables on the drying rate decreases, and internal vapour transfer starts 

to control the drying rate.

Third stage

Until this point the liquid has existed in the funicular state, a continuous 

phase connected by menisci of the same curvature. However, as more and more 

liquid is removed the continuous evaporation front starts to break down. Isolated 

domains or islands, consisting of a number of pores filled with liquid, entirely 

surrounded by empty (gas) pores, are formed throughout the support volume. The 

liquid is now described as existing in the pendular state, see Figure 3.14c and from
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this point onwards although liquid flows from large to small pores within the 

domains, there is no capillary flow between domains. Evaporation takes place inside 

the support, the drying rate falls as it becomes limited by internal vapour diffusion, 

and the drying process is said to have entered the third stage or second falling rate 

period.

The moisture content at the point that the funicular state starts to break down 

and the liquid begins to exist in the pendular state is typically described as the critical 

moisture point. At moisture contents above this point, the liquid exists in a 

continuous phase connected by menisci of the same curvature, whereas at moisture 

contents below it, the liquid exists in the form of individual clusters or domains.

Fourth Stage

In the final stage, see Figure 3.14 d, a complete breakdown of the liquid phase 

occurs, and capillary flow ceases as liquid is only present in micropores and as a film 

on the surface of the pore walls. Internal vapour diffusion control the drying rate 

which is independent of conditions outside the support. Drying continues until the 

equilibrium moisture content is reached, which for a hygroscopic material is a 

function of temperature and humidity.

3.4.2 Crystallite precipitation

It has been suggested (Neimark et al., 1981) that the stage in the drying 

process at which crystallite precipitation starts to occur can affect the size of the 

crystallites formed. Crystallite precipitation occurs in two stages, crystallite 

nucleation and growth, (LePage et al., 1987). As drying proceeds there is a build-up 

of precursor at the evaporation front and nucleation first starts to occur when the 

precursor at the evaporation front becomes supersaturated (although it should be 

noted that nucleation can also occur at concentrations below the supersaturation 

concentration by surface effects). If nucleation starts to occur while the liquid exists 

in the funicular state, precursor is supplied to crystallites by capillary and diffusional 

flow, the crystallites grow and a coarsely dispersed catalyst will be formed. However, 

if precipitation starts to occur while the liquid exists in the pendular state, crystallites 

of an intermediate size will be formed, as mass transfer to the crystallites is inhibited 

due to limited capillary flow. If the drying rate is such that precipitation starts to 

occur during the last stage of drying, small crystallites will be formed. At this last
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stage liquid exists in micro-pores and as films on the pore walls and crystallite 

growth is therefore greatly reduced as mass transfer to the crystallites cannot take 

place by capillary flow, while diffusional transport is highly localised.

3.4.3 The development of concentration gradients

Crystallite precipitation starts to occur when the liquid becomes 

supersaturated. If the drying rate is fast and the evaporation rate large, as drying 

proceeds there is a build-up of precursor at the evaporation front and concentration 

gradients rapidly develop. Thus, it is proposed that at the evaporation front, the 

precursor may become supersaturated and nucleation start to occur at an early stage 

in the drying process. However, if the drying rate is slow, as drying proceeds the 

precursor has sufficient time to diffuse away from the evaporation front, 

concentration gradients do not develop and supersaturation and nucleation start to 

occur at a later stage.

To determine if significant concentration gradients develop in the precursor 

during drying then the relative rates of evaporation and diffusion need to be 

calculated. If concentration gradients develop during drying then the rate at which the 

catalyst accumulates at the evaporation zone must be greater than the rate of catalyst 

diffusion away from the evaporation zone. A dimensionless number a , proposed by 

Neimark et al. (1981) may be used to establish whether significant concentration 

gradients will develop during drying, a  is equal to the ratio of the characteristic rate 

of catalyst diffusion away from the evaporation zone and the rate of catalyst 

accumulation due to evaporation. If the characteristic rate of diffusion in the liquid 

phase is Jji(r, and if the characteristic rate of catalyst accumulation at the evaporation 

zone is taken to be the rate of evaporation, Jyap, during the constant rate period then,

J m  _ sP Lp L
JvaP tD„P vN u

a  was determined for the range of drying temperatures studied and the values are 

shown in Table 3.3, the definition and values of the parameters, and sample 

calculations are shown in Appendix B,
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If a  > 1 then the rate of precursor transfer by diffusion is rapid and the 

formation of concentration gradients impossible. If a  < 1 then precursor diffusion 

away from the evaporation zone may be neglected and concentration gradients 

develop in the precursor during drying. The value of a  may therefore be used to 

determine whether concentration gradients will develop during drying and, as a 

consequence of this, whether nucleation will occur at an early stage in the drying 

process. Table 3.3 shows a  as a function of drying temperature. It can be seen that at 

200 °C a  «  1 which suggests that the drying rate is such that concentration gradients 

develop during drying and the precursor concentration in the evaporation zone is 

higher than in other areas of the pellet. It may be concluded that nucleation will occur 

significantly earlier in the drying process. This effect progressively decreases with 

decreasing temperature and at 25 °C a  « 1 which suggests as drying progresses the 

precursor has sufficient time to diffuse away from the evaporation front, significant 

concentration gradients do not develop and supersaturation will start to occur at a 

later stage in the drying process.

25 °C 50 °C 75 °C 100 °C 150 °C 200 °C

a  0.434 0.184 0.092 0.052 0.014 0.007

Table 3.3 a  as a function of drying temperature

In conclusion, experimental data indicate that as the drying rate was lowered 

smaller crystallites were formed. The results were explained by examining the drying 

process, which was divided into 4 stages, and it was proposed that the stage at which 

nucleation starts to occur affects crystallite growth, the later the stage, the smaller the 

crystallites. Calculations showed that concentration gradients (which would result in 

the onset of nucleation at an early stage) developed when the drying severity was 

high, however concentration gradients did not develop when a small drying rate was 

used (in which case nucleation occurred at a later stage in the drying process). This 

suggests that supersaturation and nucleation occurred at an earlier stage in the drying 

process, and as a consequence of this larger crystallites were formed, as the drying 

rate was raised.
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3.4.4 Precursor decomposition

It was noted that the crystallite size of sample D200 was smaller than 

expected and did not follow the trend exhibited by the rest of the data (see Figure 

3.12 - red cross represents D200), a possible explanation for this is as follows. After 

impregnation of the white (X-AI2O3 pellets with yellow precursor, the samples were 

pale yellow in colour. The colour of the samples did not change during drying at 

temperatures of up to 150 °C, however after calcination the samples turned light 

brown, a colour change which may be linked to the decomposition of the precursor. 

As part of an study examining the nature of precursors adsorbed onto oxide supports 

Santhanam et al., (1994) reported that decomposition of Pd(NH3)4(NC>3)2 adsorbed 

on SiC>2 occurred at 185 °C. Similar decomposition temperatures were reported by 

Exner et al. (1982) who studied the pre-treatment of Pt(NH3)4 2+ in zeolite NaX and 

concluded that decomposition of the ligand starts to occur at temperatures above 200  

°C via the following reactions (which took place in a vacuum),

[Pt(NH3)4]2+ -  [PtNH]0 + 2H+ + (x-1) NH3 

2 [PtNH]0 -* 2Pt° + N2+ H2

During preparation of D200 the samples turned light brown during the drying 

stage, this indicates that decomposition of the precursor occurred during the drying 

stage. It is proposed that the simultaneous drying (removal of water) and calcination 

(decomposition of the precursor) could account for the deviation in the trend of 

increasing crystallite size with decreasing drying severity, exhibited by the rest of the 

data. A similar phenomenon was noted in a study investigating the decomposition of 

Pt(NH3)4(OH)2 in which Munoz-Paez and Koningsberger (1995) reported that the 

atmosphere used during precursor decomposition affected the size of the crystallites 

formed. The authors concluded that this was due to the formation of the mobile 

complex Pt(NH3)20 which could be avoided by use of certain treatments.

If, as suggested above, calcination of the precursor during the preparation of 

D200 occurred during the drying stage, then the decomposition of the precursor 

would have occurred in an inert atmosphere (N2) whereas calcination of the rest of 

the samples was carried out in an O2 containing atmosphere. It is possible that the 

different atmospheres could have affected the products formed during decomposition 

of the precursor (possibly avoiding the formation of mobile complexes) which
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provides an explanation for the difference in crystallite sizes and deviation in the 

trend exhibited by the rest of the data. The Lightoff temperature for D200 

(represented by a red cross in Figure 3.12) does not follow the trends exhibited by the 

rest of the data and this may also be related to a difference in the products formed 

during precursor decomposition.

3.4.5 Catalyst macro-distribution

The drying rate is generally acknowledged to play a role in determining 

catalyst macro-distribution. However scans (see Figure 3.13) across the centre of the 

catalyst samples indicated that the catalyst distribution was uniform. These results are 

different from results reported in the literature in which catalysts supported on inert 

supports have showed evidence of catalyst migration and segregation to the external 

surfaces of the support during drying. It should be noted that as the catalyst loading 

was relatively low it is possible that any non-uniformity in the catalyst distribution 

may have been below the detectability limit of the analyser. Further experiments 

would be required to verily the results obtained however as the work presented here 

was not intended to be a rigorous study of the effects of drying on catalyst macro

distribution, these experiments were not attempted.
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DRYING OF AN ALUMINA PELLET MONITORED BY NMR IMAGING 

A PRELIMINARY INVESTIGATION

3.5.1 INTRODUCTION

Although theoretical studies and the development of drying models have 

allowed a greater insight into the drying process there are few experimental 

procedures that enable a direct description of the moisture transport processes that 

occur during drying to be made. A number of studies have used nuclear magnetic 

resonance (NMR) for this purpose and the results have provided a unique 

observation of the drying process. Pel et al. (1996) used NMR to measure the 

moisture concentration profiles during drying of a variety of porous bricks. The 

concentration profiles were used to approximate the moisture diffusivity and the 

profiles were linked to a drying process that occurred in three stages. Hollewand and 

Gladden (1992) used NMR to obtain images of the distribution of water within 

porous alumina and silica pellets impregnated with water as the samples dried. NMR 

was also used by Guillot et al. (1989) to obtain three-dimensional images of the 

drying of a porous limestone block, of dimensions lO x lO x 10 cm3. Images o f an 8 

mm thick slice through the centre of the block indicated that the water distribution in 

the pellet stayed continuous and uniform down to low water contents (2 wt%), 

however, at water contents lower than this the remaining water was concentrated in a 

well-defined region in the centre of the block. The drying of porous limestone was 

monitored using NMR imaging by de Barquin and Dereppe (1996). Images were 

compared with drying curves, which showed the existence of two different stages in 

the drying process, a constant rate period followed by a falling rate period. NMR 

measurements indicated that during the first stage, evaporation occurred from the 

external face of the sample, whereas during the second, evaporation occurred from 

the interior of the sample. NMR imaging has also been used to examine the moisture 

distribution during drying of food materials. In a study investigating the drying of 

potatoes, Ruan et al. (1991) used NMR imaging to obtain two-dimensional images of 

the drying process at 1 h intervals over a total drying time of 8 h.

The work presented in this section aims to examine the use of NMR imaging 

to monitor the process of moisture removal during the drying of porous catalyst 

supports. An (X-AI2O3 pellet was saturated with water and the impregnated pellet
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placed in an NMR tube and dried in flowing air at room temperature. NMR slice 

imaging was used to follow the distribution of water within the pellet with time, thus 

providing a unique image of the drying stage in catalyst preparation.

3.5.2 EXPERIMENTAL

Experiments were performed at the University of Cambridge’s Magnetic 

Resonance Research Centre. Samples consisted of 01-AI2O3 cylindrical pellets 

(Norton, SA5102, sample number 82008) with a unimodal pore size distribution, a 

median pore diameter of 1.3 pm, an external diameter of 3 mm and a height of 

approximately 5 mm. The pellets were sealed in epoxy resin on one of the flat and 

the cylindrical surfaces, to ensure one-dimensional drying, then impregnated with 

distilled water for at least 48 hours prior to any imaging experiments. Following 

impregnation excess water was removed by contacting the pellet with pre-wetted 

filter paper.

All MRI experiments were performed on a Bruker Spectrospin DMX 200 

spectrometer operating at a lH frequency of 199.7 MHz. A single saturated pellet 

was placed in an open ended 5mm NMR tube, and a small hole was made in the 

glass wall of the NMR tube to allow evaporation. A teflon vortex plug with a hole no 

greater than 1.5 mm through its cylindrical length was used to support the sample. A 

stream of air (flowrate 1.2 1/hr, approximately 7 % humidity) was introduced through 

the bottom of the NMR tube and allowed to flow through the teflon spacer and 

around the sample, see Figure 3.15. The sample was lowered via an air bearing 

mechanism into a 5 mm saddle coil.

Typical pulse parameters were as follows; 90 degree pulse = 3.5 ps; 180 

degree pulse = 7.0 ps. Spatial resolution was achieved using a three orthogonal axis 

(x,y,z) shielded gradient system surrounding the sample. For two-dimensional 

standard spin-echo imaging (Gladden, 1994) a 128 x 128 data matrix was acquired 

where the gradient strengths used were; Gz(read) = 27.44 Gem' 1 and Gy(phase) = 

45.08 Gem' 1 and Gz(slice) = 5.88 Gem'1. The field of view for all two-dimensional- 

spin-echo imaging was 6 x 6 mm yielding a plane pixel resolution of 46.9 pm. The 

slice thickness in the ZX plane was 1 mm. The echo time (TE) was 1.36 ms and the 

repetition time (TR) was 2.0 s.
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Figure 3.15 Schematic of NMR experimental set-up

T| and T2 weighted one-dimensional profiles were taken before the two- 

dimensional spin-echo was acquired to investigate relaxation heterogeneities over the 

length of the sample and to obtain quantitative data (see Appendix G). The pulses 

sequence to achieve T 1/T2 profiles are simple modifications of the basic one

dimensional profiling sequence (Gladden, 1994). For T| profiles a 90 degree 

saturation pulse followed by a homospoil gradient of duration 5 ms and strength 49 

G cm'1 and then a variable delay was used prior to the one-dimensional profile 

sequence. In this way it was possible to obtain a series of T| weighted profiles which 

were be fitted to the following;

/_-(/) = /_-( 0 ) [ l - e x p ( ^ ) ]  3.4
A

where Iz(t) is the intensity of the signal at time t, Iz(0) is the maximum value of the 

signal intensity just after excitation and TR is the repetition time of the experiment.
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T2 profiles were acquired using a CPMG preconditioning pulse train prior to the one

dimensional profile sequence. A series of T2 weighted profiles were obtained and 

fitted to the following;

-  TF
0)exp(— ) 3.5

2

The initial and final mass of the pellet was 0.1217 and 0.1019 grams respectively.

3.5.3 THEORY

A brief overview detailing the basic principles of NMR imaging is presented 

in Appendix G.

3.5.4 RESULTS AND DISCUSSION

A series of two-dimensional spin-echo images obtained during drying of a pellet 

initially saturated with water is shown in Figure 3.16. The images were obtained 

every 10 minutes (the 22  images corresponding to a total drying time of 2 2 0  minutes) 

during the drying process and lighter shades indicate higher concentrations of water 

within the pore structure.

In order to obtain quantitative MRI measurements of moisture loss during drying 

a series of one-dimensional Tj / T2 weighted profiles was acquired every 10 minutes. 

A series of 1(0) intensity plots along with the T1 relaxation time profiles were then 

obtained by fitting the acquired T\ data to equation 3.4. These are shown in Figure 

3.17 and Figure 3.18 while Figure 3.19 shows the normalised intensity (blue line) 

and its derivative (red line) as a function of drying time. These Figures support the 

two-dimensional spin-echo images, in that there are two main features to the drying 

behaviour, a constant rate period followed by a falling rate period where the drying 

front recedes into the pellet.

The plots of the T1 relaxation times during drying show a relatively 

homogeneous behaviour across individual profiles but it is noted that there is a drop 

in Tj from about 1.0 seconds at the start of the drying experiment to 0.2  seconds at 

the end. This decrease in T] does not affect the quantitation as the T] weighted
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profiling pulse sequence allows the equivalent of full relaxation between successive 

excitations therefore allowing the use of 1(0 ) fitting values for quantitation.

Figure 3.20 shows only the T2 relaxation times during the drying experiment. 

Unfortunately, as the variable delays for T2 measurements remained constant 

throughout the drying experiment, poor definition of the T2 exponential curve at 

drying times greater than 130 min made fitting of subsequent T2 curves impractical. 

It is noted that for full quantitation, the Ti 1(0) profiles should be corrected for 

variances in T2 behaviour however this was not possible for all the Tj 1(0 ) profiles in 

this experiment. Figure 3.20 shows that the T2 relaxation times varied from around 

14 ms at t = 0 min to 8 ms at t = 130 min. As the echo time for the Tj profiling 

experiments was 1.71 ms the T] profiles will be 88 % quantitative, ie.

I(t) = 1(0) x exp[-l .71/ 8ms]

= 1(0) x 0.882

for profiles that have an average T2 of 8 ms. The average value of T2 will probably 

drop as drying continues beyond 130 min but accurate measurement of T2 values 

below around 5 ms in one-dimensional profiling experiments is limited by the 

current hardware available. It is felt however, that the 1(0) intensities obtained from 

the T1 data is a good representation of the drying curve behaviour.

Several features of interest emerge from the results. Firstly, images obtained 

during the first 120 min, (see Figure 3.16) clearly show that there is a lighter section 

at the top (exposed) face of the pellet. It is suggested that this is caused by moisture 

redistribution by capillary flow towards the evaporation front at the top of the pellet. 

Figure 3.19 shows that the drying rate remains approximately constant from t = 0 -  

70 min and it is proposed that during this period the capillary flow of water described 

above is sufficient to maintain a saturated boundary layer at the external surface of 

the pellet and that this section corresponds to the constant drying rate period 

(described in 3.4) during which capillary flow is the main mechanism of moisture 

transfer.
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Figure 3.16 Drying images (series order from bottom to top, left to right)
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76



Images obtained from 70 -  160 min show that as drying continues, the 

lighter section at the top face of the pellet becomes less and less noticeable, this is 

accompanied by a decrease in the drying rate (see Figures 3.16 and 3.19). It is 

suggested that as drying proceeds capillary flow of liquid is no longer sufficient to 

maintain a saturated boundary layer at the external surface of the exposed (top) face 

of the pellet, and thus the drying rate starts to fall.

As drying proceeds the water concentration decreases gradually across the 

section of the pellet. The images remain approximately homogeneous until t = 160 

min (see Figure 3.16) at which time there is a sharp transition in the distribution of 

the water across the pellet length. From t = 160 -  220 min the water becomes 

concentrated in a well-defined region of decreasing area in the bottom section of the 

pellet, while the signal in the region surrounding the top of the pellet becomes very 

weak. These images provide direct evidence of the evaporation front penetrating into 

the pellet volume. During this time period the drying rate falls as it becomes limited 

by internal vapour transport and a comparison of Figures 3.16, 3.17 and 3.19 clearly 

shows that as the distance from the evaporation front to the exposed pellet surface 

increases, the drying rate decreases.

It should be noted that the images obtained did not provide clear evidence for 

either the funicular (where water exists as a continuous phase) or the pendular (where 

water exists in isolated domains) states. However, it is suggested that as drying 

proceeds isolated regions of moisture become visible (see Figure 3.16) which may be 

associated with moisture existing in a pendular state. The existence of these regions 

becomes more evident as drying proceeds.
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CHAPTER 4 

PREPARATION OF Pd/a-AI2 0 3 MONOLITHS WITH 

NON-UNIFORM CATALYST AXIAL DISTRIBUTION

4.1 INTRODUCTION

With the present generation of Three Way Converters the majority of 

emissions occur during the first 1 -2  minutes after cold-start of the engine, before the 

catalyst surface is warm enough for reactions to occur. As a result a significant 

amount of pollutants pass unconverted through the converter with up to 70 % of total 

hydrocarbon (HC) engine emissions of a typical vehicle occurring during the first 2 

minutes of cold-start (Burk et al., 1995). Major improvements in emission control 

can be made by reducing the time it takes for the catalyst to warm-up. Approaches 

currently being considered to reduce this time include close coupled converters 

(Church et al., 1991; Bhasin et al., 1993) dual converter systems, (Summers et al., 

1993; Leighton et al., 1995; Collins et al., 1996) hydrocarbon traps (Hertl et al., 

1996) and electrically heated metal monoliths (Laing, 1994; Gottberg et al., 1991). 

Converters employing nonuniform catalyst axial distribution have also received 

attention as a potential method of reducing catalyst warm-up times and cold-start 

emissions (Oh and Cavendish, 1982).

Considerable interest has been shown in optimising the performance of 

catalyst systems by controlling the conditions employed during catalyst preparation. 

It is widely recognised that the catalyst distribution within a porous support can affect 

its performance, but to-date much of the work in this area has concentrated on 

nonuniform radial distributions, and little work has been done examining the effect 

of nonuniform catalyst axial distribution along monoliths on catalyst performance. 

Oh and Cavendish (1982) investigated the performance of a converter with uniform, 

linear decreasing and linear increasing axial distributions. They found that cold start 

emissions were reduced in the case of the linear decreasing catalyst distribution. 

Psyllos and Philippopoulos (1993) studied the performance of catalysts with various 

parabolic catalyst distributions and showed that these monoliths reached operating 

temperatures more quickly than those with uniform catalyst distribution. In a work by 

Tronci et al. (1999) the optimal catalyst axial distribution which minimised cold-start 

emissions for a representative set of operating conditions and physicochemical

78



parameters, was found numerically. In this distribution, shown in Figure 4.1, two 

sections can be distinguished, an upstream section where the local catalyst loading is 

much larger than the average total loading, and a downstream section where the 

catalyst loading is low. In this chapter the preparation of catalysts with nonuniform 

axial distributions will be addressed.
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Figure 4.1 Optimal catalyst distribution as determined by Tronci et al. (1999)

Supported catalysts are often prepared by impregnation, in which a porous 

support is contacted for a given time with a liquid precursor containing the dissolved 

catalyst. The impregnated support is dried and appropriately activated. The catalyst 

distribution may be established during the impregnation or drying stage. There are a 

large number of factors which can affect migration of the catalyst during these stages, 

including the adsorption strength of the precursor to the support, the precursor 

diffusivity, the adsorption capacity and pore structure of the support and the drying 

rate.

A number of researchers have studied catalyst distribution and the role of the 

impregnation and drying stages. Vincent et al. (1974) developed a model to analyse 

the effect of impregnation on catalyst radial distribution in pellets and found the 

adsorption capacity of the support to be the most important parameter in regulating 

the catalyst distribution. It is generally accepted that the adsorption strength of the 

precursor plays an important role in determining whether the final catalyst

t/3

u
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distribution is established during the impregnation or drying stage. Santhanam et al. 

(1994) argued that if the adsorption strength of the precursor is strong then the 

catalyst distribution is established during impregnation and there is little migration 

during drying. However, if there is little or no interaction between the precursor and 

the support then the way in which the catalyst is deposited during drying determines 

the final catalyst distribution. The pH of the impregnating solution may be used to 

adjust the adsorption strength of the catalytic precursor to the support and therefore 

control the catalyst distribution. Komiyama et al. (1980) controlled the radial catalyst 

distribution during impregnation of NiCh on Y-AI2O3 spherical pellets, by modifying 

the pH of the impregnating solution with HNO3. Depending upon the concentration 

of NiCb and HNO3 selected, the distributions were egg-shell, uniform, egg-white or 

egg-yolk. The axial concentration profiles of platinum deposited on Y-AI2O3 

extrudates (by contacting one end of the pellet with hexachloroplatinic acid) were 

studied by Heise and Schwarz (1985). Addition of acidic ingredients (HC1 and 

HNO3) to the impregnating solution decreased the amount of catalyst adsorbed (at pH 

values below 4, y-AbCb begins to dissolve and the availability of active sites 

decreases) and increased the depth of penetration into the support, as the precursor 

had to penetrate father down the support to find adsorption sites. Addition of basic 

ingredients (NaOH) caused the surface charge on the y- A1203 to become less 

positive, the attractive potential difference between the platinate ion and the support 

surface was reduced and the amount of platinum adsorbed decreased. The decrease in 

the potential difference also reduced the number of platinum ions that penetrated into 

the pore structure of the support and the depth of penetration decreased. The authors 

concluded that the depth of platinum penetration into the pellets could be controlled 

by adjusting the pH of the impregnating solution.

If the adsorption strength of the precursor is strong then the final catalyst 

distribution is established during impregnation and the conditions used during drying 

have little effect on the catalyst distribution. However if the adsorption strength of 

the precursor is weak then the final catalyst distribution may be controlled by 

regulating the conditions during drying. Hepburn et al. (1989a and 1989 b) studied 

the effect of the drying rate on the radial distribution of rhodium across the individual 

channels of Y-AI2 O3 monoliths prepared by co-impregnation of RhCl3(H2 0 )x with 

HF. In a related study Hepburn et al. (1991) reported that after impregnation, the
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monoliths had an egg-white catalyst distribution which was attributed to the relative 

magnitudes of the equilibrium chemical adsorption constants K, ( K h f  >  KRhci3(H20)x)- 

However, Hepburn et al. (1989a and 1989b) showed that during drying at 

temperatures ranging from 20 - 400 °C catalyst migration and segregation to the 

external surface of the support occurred, the extent of which increased with 

increasing drying severity. Catalyst migration during drying at 500 °C was minimal. 

The results were rationalised in terms of two different drying regimes; at 

temperatures up to and including 400 °C a constant drying rate regime was said to 

govern the drying process and segregation occurred when the characteristic time for 

back diffusion of the precursor was greater than the time to reach the critical 

moisture content. Hepburn et al. (1989), proposed that the controlling process 

changed at 500 °C, and at this temperature a falling rate regime was said to govern 

the drying process (see 3.4.1 for descriptions of the drying rate regimes). Regardless 

of the regime in which drying took place it was shown that for the egg white 

distribution which existed immediately after impregnation to be preserved, the total 

drying time must be less than the time required for diffusion of the precursor to the 

centre of the support. A model of the catalyst preparation process, developed by Li et 

al. (1994) which accounted for the possibility of catalyst redistribution during drying, 

was used to predict catalyst radial distributions of nickel supported on Y-AI2O3. 

Experimental results for Y-AI2O3 pellets impregnated with Ni(N03)2  and dried at 200 

°C, indicated that the catalyst precursor (which adsorbs very weakly on Y-AI2O3 and 

was reported to be uniformly distributed immediately after impregnation) migrated to 

the exterior of the support during drying. The model used an empirical correlation to 

predict the precursor redistribution during drying and model predictions were found 

to agree well with experimental results.

The goal of this chapter is to study catalyst axial redistribution in monoliths 

during preparation of a  and Y-AI2O3 supported catalysts, and to identify the 

parameters which govern the extent of this redistribution. Many studies have focused 

on the control of radial distribution (Lee and Aris, 1983; Ruckenstein and Karpe, 

1989). Howe vet, there have been no reported experimental studies which have 

addressed the control of axial distribution along monoliths, although it should be 

noted that a theoretical study (Moene et al., 1993) examined the use of chemical 

vapour deposition to control catalyst axial distribution. The ultimate goal of this 

work is to prepare a catalyst with a nonuniform axial distribution (shown in Figure

81



4.1) developed for the reduction of cold-start emissions. While the above studies 

have concentrated on controlling the catalyst distribution during the impregnation 

stage and avoiding catalyst re-distribution during drying our approach is based upon 

taking advantage of redistribution of the catalyst precursor during drying,

The chapter consists of two sections, in the first the preparation of OC-AI2O3 

monoliths, impregnated with tetraamine-palladiumdinitrate is addressed. (X-AI2O3 is 

an inert support, this means that there is no adsorption between the precursor and the 

support, and that the catalyst distribution is established during the drying stage. The 

impregnated monoliths were dried using various gas flowrates and temperatures and 

drying curves were experimentally measured at each set of conditions. Finally, an 

analysis is made of the effect of drying conditions on the catalyst redistribution along 

the monolith length during the drying process.

In the second section, cordierite monoliths washcoated with Y-AI2O3, were 

impregnated with tetraamine-palladiumdinitrate. This support combination is typical 

of that used commercially in automotive converters. The precursor adsorbs on y- 

AI2O3 and an attempt was made to reduce precursor adsorption during impregnation, 

by varying the pH of the impregnating solution. In this way catalyst migration during 

drying could be facilitated.

4.1.1 Preliminary Investigation

Before continuing a brief description will be made of experiments (carried out 

prior to this study) in which attempts were made to prepare Pd/a-Al203 monoliths 

with a uniform catalyst distribution. Five 0C-AI2O3 monoliths were impregnated with 

precursor (tetraamine-palladiumdinitrate, Pd(NH3)4(NC>3)2 palladium concentration 

0.018 g/ml) following the procedure described in section 3.2. The monolith samples 

(Norton, sample number 9469491) were 5 cm long and had square cell geometry, a 

pore volume of 0.317 cc/g, a pore diameter of 1.13 pm and a surface area of 0.87 

m2/g. The impregnated samples were placed in a variety of vessels and dried. In two 

experiments the impregnated monoliths were placed horizontally in an oven and a 

fume cupboard. In three additional experiments cotton thread was passed through one 

of the monolith channels and the impregnated samples were then suspended 

horizontally in either a 5 cm diameter pyrex tube (in which case flowing N2 passed
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horizontally over the monolith sample from left to right) or a 20  cm diameter bulb 

flask (in which case flowing N2 circulated around the monolith). Following drying, 

the samples were calcined and activated as described in section 3.2. The 0C-AI2O3 

monoliths were white in colour and after activation the palladium was brown, thus a 

visual inspection of the monoliths enabled a qualitative description to be made of the 

catalyst axial distribution. Table 4.1 shows a summary of the conditions used during 

drying and the resulting distributions. Monoliths dried in the horizontal tube had a 

non-uniform axial distribution with catalyst accumulating at the left end of the 

monolith where the drying gases entered. However, the monoliths dried in the oven, 

fume cupboard and bulb flask had a uniform distribution.

Drying conditions Drying vessel Catalyst axial distribution

N2, 500 ml/min, 32 °C Horizontal tube Non uniform

N2, 50 ml/min, 32 °C Horizontal tube Non uniform

Static air, 32 °C Oven Uniform

Static air, room temperature Fume cupboard Uniform

N2,50 ml/min, 32 °C Bulb flask Uniform

Table 4.1 Experimental results from preliminary experiments

As OC-AI2O3 is an inert support the precursor distribution following 

impregnation is uniform. Thus it is proposed that the flow of N2 over the monoliths 

during drying caused the precursor to segregate at one end of the monolith. A 

decision was made to investigate precursor migration during drying in a more 

systematic manner and the results of the-investigation are reported in this chapter.

4.2 EXPERIMENTAL PROCEDURE for CX-AI2 O3 supported catalysts

4.2.1 Catalyst Preparation

The palladium catalysts were prepared by dry impregnation. The support 

consisted of an 0C-AI2O3 monolith, (Norton, sample number 9469491), with square 

cell geometry, pore volume 0.317 cc/g, pore diameter 1.13 pm and surface area 0.87 

m /g. The monolith samples weighed approximately 3 g. Tetraamine-
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palladiumdinitrate, Pd(NH3)4(N0 3 )2, was used as the precursor with palladium 

concentration 0.009 g/ml. The monolith, having been dried overnight at 50 °C, was 

added to the solution, which was stirred continuously during impregnation using a 

magnetic stirrer. Impregnation was carried out at room temperature for 10 minutes 

after which excess solution was removed by rolling the monolith on a paper towel 

and blowing compressed air through the channels. Immediately following 

impregnation the samples were dried in a thermogravimetric apparatus (TGA). The 

monolith was vertically suspended using cotton thread, and dried until no further 

weight loss occurred. The drying gases entered the bottom of the TGA furnace, 

passed over the monolith and exited at the top. Four monoliths were impregnated and 

the conditions used during drying of each of these samples are shown in Table 4.2. 

After drying the monoliths were calcined, the preparation procedure is described in 

detail in section 3.2.1.

Sample N2 Flowrate (ml/min) Temperature (°C)

aa-ADl 50 50

aa-AD2 50 33

aa-AD3 100 50

aa-AD4 100 33

Table 4.2 Drying conditions used during preparation of (X-AI2O3 supported 

catalysts

4.2.2 Catalyst distribution

Palladium distributions were determined by X-ray emission spectroscopy 

with wave-length disperse spectrometry, in a JEOL JXA 8600 EPMA. The monolith 

was placed in a cylindrical mould. The moulds were filled with epoxy resin and 

placed under vacuum to fill the pores with epoxy. After curing the hardened mounts 

were sectioned in half and ground wet to 1pm with SiC paper. This procedure 

enabled an externally flat pit-free surface to be obtained. The samples were then 

coated with a thin layer of evaporated carbon to prevent charging under the electron 

beam.
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The La line of Pd and the K a line of Al and Si were analysed at an 

accelerating voltage of 25 kV. Point counting using a focused beam was performed 

at approximately 1 mm intervals along the length of one of the inner walls of the 

monolith. It was necessary to count for 30 s spectrometer live time with a nominal 

probe current of 200 nA to obtain reasonable statistics as the samples contained low 

metal loading approaching the minimal detectability limit of the EPMA. X-Ray data 

was corrected for atomic number, adsorption and fluorescence using the ZAF method 

where Z is an atomic number correction, A an adsorption correction and F a 

fluorescence correction, (c.f. Hepburn et al., 1989a and 1989b). Oxygen was 

calculated by stoichiometry.

4.3 RESULTS

4.3.1 Drying curves

The experimental drying curves (green lines) which resulted from drying 

samples aa-ADl -  aaAD-4 are shown in Figures 4.2 - 4.5. The gradient of each of the 

curves (blue lines) is also shown in each of the Figures. Analysis of the gradients 

shows that each drying curve exhibited 2  regions of decreasing slope the second less 

steep than the first. The cut-off point between these regions is marked with a red line, 

and it is suggested that this point may be attributed to the critical moisture point 

(defined in 3.4) after which the continuous evaporation front breaks down, and the 

impregnating solution is described as existing in a pendular state. It should be noted 

that there was not a sharp cut-off point between the 2 regions of decreasing slope. A 

summary of data measured directly from the drying curves is shown in Table 4.3.

Duration of 

funicular state (h)

Duration of 

pendular state (h)

Total drying 

time (h)

aa-ADl 6.9 1.2 8.1

aa-AD2 19.5 3.5 23.0

aa-AD3 4.3 0.5 4.8

aa-AD4 11.0 1.0 12.0

Table 4.3 Summary of experimental drying data
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4. 3.2 A x i a l  d i s t r i b u t i o n s

The palladium distributions which resulted from drying the samples under 

different conditions are shown in Figures 4.6 - 4.9. The monoliths were suspended 

vertically in the TGA furnace and the left side of the Figures corresponds to the 

bottom of the monolith and the right to the top. To facilitate analysis of the results the 

experimental data was normalised with respect to the average loadings for each 

sample (estimated using the area under the curves). The “trendline” function in Excel 

was then used to smooth the data. The trendlines are shown in Figure 4.10.
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Figure 4.10 Normalised palladium distributions (using data taken from Figures 4.6 

-  4.9. Data has been normalised with respect to the average loading for each sample, 

and smoothed using the average of 5 data points.)
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4.4 DISCUSSION

The result demonstrate that conditions used during the drying of ot-A^Oa 

supported catalysts affect axial distribution. To explain the observed behaviour the 

mechanisms by which drying occurs need to be examined.

4.4.1 Drying regimes, fast and slow drying

During drying of a porous support such as a- AI2O3, mass transfer occurs due 

to liquid flow within the support interior and vapour flow from the evaporation 

surfaces, (which can be in the support interior or exterior). Internal precursor transfer 

occurs due to a combination of liquid capillary flow (which takes place through 

linked systems of pores provided that passageways for continuous flow are present) 

and precursor diffusion.

The drying process may be divided into two limiting regimes, that of fast and 

slow drying (Neimark et al., 1981) the two regimes are described in detail in 3.4.1. If 

the rate of evaporation and vapour removal is much faster than the internal rate of 

liquid transfer due to capillary flow then the drying is described as fast drying. 

Conversely, if the rate of evaporation and vapour removal is much slower than the 

rate of capillary flow then the drying is described as slow drying. Neimark et al., 

(1981) proposed that characteristic rates of capillary flow Jcap, and of evaporation 

Jvap, may be used to determine whether slow or fast drying is occurring. Jcap given

by,

scrLcos9pLrA 

4 tUlK

2
was determined for the 2 drying temperatures examined and found to be 26.4 kg/m s 

at 33 °C and 33.9 kg/m2s at 50 °C. The parameter definitions, values and sample 

calculations are shown in Appendix C. Jyap, taken to be the rate of vapour removal 

from the surface of the support and given by,

_ Dvp,Nu  
•V -
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was also determined for the drying conditions examined. Once again parameter 

definitions, values and sample calculations are shown in Appendix C. The Nusselt 

number, Nu, changes with monolith length and a graph of Nu as a function of 

monolith length is shown in Figure 4.11. The values were taken from Shah and 

London (1978) who solved the equations for developing flow along a cylindrical 

channel. It can be seen that at the entrance of the monolith Nu is enhanced due to the 

developing boundary layers in this region. Figure 4.12 shows the corresponding 

variation in Jyap along the monolith length for the four drying conditions examined. 

As expected the evaporation rate is also enhanced at the monolith entrance. Jyap
9 9varies from 0.015 kg/m s to 0.050 kg/m s. Therefore at all points along the monolith, 

for all the drying conditions studied, Jcap >> Jvap- This demonstrates that the drying 

occurred in the slow drying regime.

4.4.2 Slow drying

As described in 3.4 slow drying consists of 4 stages. During the first stage, 

water evaporates from the external surface of the support, diffuses across a stagnant 

boundary layer, and is carried away by the gas stream. As drying proceeds, pores at 

the support surface are depleted of liquid, a meniscus is formed across each pore, 

capillary forces develop that draw liquid from large to smaller pores, and dry patches 

appear on the surface of the support. During this stage the boundary layer remains 

saturated and thus the drying rate, which is limited by external heat transfer, remains 

approximately constant.

At some point capillary flow of the impregnating solution can no longer 

compensate for the evaporation occurring at the support surface and a saturated 

boundary layer can no longer be maintained at the external surface of the support, 

this marks the beginning of the second stage. As drying proceeds portions of the 

evaporation front penetrate into the support volume, the empty pores serve as 

channels for vapour flow and the drying rate starts to decrease (this stage is also 

referred to as the first falling rate period) and internal vapour transfer starts to 

control the drying rate.
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As drying proceeds, the precursor concentration increases, resulting in an 

accumulation of catalyst at the surfaces where evaporation is taking place. At the 

entrance to the monolith the heat transfer from the gas to the solid is enhanced as the 

gas flow is developing from plug flow to fully developed laminar flow (see Figure 

4.11). The evaporation rate is also greater in this region (see Figure 4.12) and it is 

suggested that the nonuniform catalyst distributions observed in the samples is a 

result of the following: During the stages described above the higher evaporation rate 

towards the monolith entrance induces liquid movement via capillary flow from the 

outlet of the monolith towards the inlet. This flow causes an accumulation of 

precursor at the monolith entrance, ultimately resulting in a nonuniform catalyst 

distribution.

Until this point the impregnating solution has existed in the funicular state, a 

continuous phase connected by menisci of the same curvature. However as drying 

proceeds and more liquid is removed the continuous phase breaks down, isolated 

domains or islands are formed throughout the support volume and the solution is 

described as existing in the pendular state. Liquid evaporation takes place inside the 

support and the drying rate falls as it becomes limited by internal vapour transfer. 

The drying process is said to have entered the third stage or second falling rate 

period, characterised by a drop in the drying rate and the formation of isolated 

domains of liquid. From this point onwards liquid flow along the monolith length 

and the accompanying accumulation of catalyst at the monolith entrance is no longer 

possible. In the final stage a complete breakdown of the liquid phase occurs and 

capillary flow ceases, with liquid present as a film on the pore walls. From the above 

discussion it may be concluded that the constant and first falling rate periods are the 

only periods during which accumulation of precursor at the monolith entrance can 

occur.

It is proposed that the axial nonuniformity may be attributed to the higher 

evaporation rates at the entrance of the monolith, and the associated macro

movement of precursor by capillary flow towards this region. All macro-movement 

of precursor ceases when the impregnating solution enters the pendular state, and the 

extent of the catalyst nonuniformity may be rationalised by examining the duration 

that the impregnating solution exists in the funicular state. This time decreases in the 

following order, aa-AD2 > aa-AD4 > aa-ADl > aa-AD3 (see Table 4.2). Thus the 

precursor in aa-AD2 has a longer time in which to accumulate at the monolith
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entrance than either aa-AD4, aa-ADl or aa-AD3. It can be seen from Figure 4.10 that 

aa-AD2 exhibited the greatest axial nonuniformity.

In conclusion, it is proposed that the nonuniformity in catalyst axial 

distribution is caused by the developing boundary layer and the associated 

enhancement in the evaporation rate at the monolith entrance. In addition, it is 

suggested that the extent of the catalyst nonuniformity is determined by the duration 

that the impregnating solution exists in a funicular state.

4.4.3 Catalyst diffusion

If accumulation of precursor at monolith entrance occurs then the rate at 

which the catalyst accumulates at the evaporation zone must be greater than the rate 

of catalyst diffusion away from this zone and concentration gradients will develop. A 

dimensionless number a  (described more fully in 2.4.) may be used to establish 

whether significant concentration gradients will develop during drying, a  is equal to 

the ratio of the characteristic rate of catalyst diffusion away from the evaporation 

zone (JdiJj) and the rate of precursor accumulation due to evaporation (Jvap) and is 

given by,

a = J_ m _ = £D,.Pl _ 4 3
J Vap * D „ P „ N U

Figure 4.13 shows a  as a function of monolith length, parameter values and samples 

calculations are shown in Appendix C. It can be seen from Figure 4.13 that a  <1 at 

all points along the monolith length, which indicates that precursor diffusion away 

from the evaporation zone may be neglected and that concentration gradients develop 

in the precursor during drying.

95



0.04 

0.03 

8 0.02 4

0.01 -

0 .0 0  H----------------- 1------------------t----------------- 1------------------r -

0.000 0.002 0.004 0.006 0.008 0.010

Axial distance (m)

Figure 4.13 a  as a function of monolith length

4.5 EXPERIMENTAL PROCEDURE for y-Al2 0 3 supported catalysts

4.5.1 Catalyst preparation

The palladium catalysts were prepared by dry impregnation. The support 

consisted of a cordierite monolith (square cell geometry), washcoated with y—AI2O3 

(Johnson Matthey), each monolith sample weighed approximately 2.3 g. 

Pd(NH4)3(N0 3)2 with a palladium concentration 0.009 g/ml was used for the 

impregnation. The pH of the impregnating solution was 8.76, this was altered by 

adding the appropriate amount of NH4OH or HNO3 to 126 ml solution to raise or 

lower the pH to the desired value, in order to adjust the adsorption strength of the 

precursor (see section 4.1). The monolith, which had been dried overnight at 50 °C, 

was added to the impregnating solution which was stirred continuously throughout 

impregnation using a magnetic stirrer (the impregnation procedure is described in 

detail in 3.2). Table 4.4 shows the exact quantities of acid and base added, the pH 

immediately before impregnation and the impregnation time. All impregnations were 

carried out at room temperature. The pH was measured at various intervals 

throughout the impregnation procedure using a Coming pH meter. The meter was 

calibrated every hour using standard buffer solutions.

aa-AD2
aa-AD4
aa-ADl
aa-AD3
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Sample Quantities of acid or base added to 

precursor before impregnation

pH before 

impregnation

Impregnation

time

ga-ADl 8.35 ml NH4OH 10 29 h

ga-AD2 0.245 ml NH4OH 8.49 29 h

ga-AD3 0.98 ml HNO3 followed by 0.07 ml 6.42 25.5 h

NH4OH

ga-AD4 Same as ga-AD3 6.46 10 min

Table 4.4 Experimental conditions during impregnation of Y-AI2O3 supported 

catalysts

After impregnation excess precursor was removed from the monolith by 

rolling it on a paper towel and blowing compressed air through the channels. The 

monolith was dried in a TGA, following the procedure described in section 3.2. The 

sample was vertically suspended using cotton thread, and dried at 33°C in N2 (100 

ml/min) until no further weight loss occurred. The N2 entered at the bottom of the 

TGA furnace, passed over the monolith, and exited at the top of the furnace. After 

drying the monolith was calcined following the procedure described in section 3.2.

In order to investigate if precursor adsorption took place during impregnation 

1 ml aliquots were taken from the impregnating solution before and after each 

impregnation. The palladium concentration of each aliquot was measured using 

Atomic Adsorption Spectrometry, as described in section 6.2.

4.5.2 Catalyst distribution

The palladium distribution along the monolith length was measured using an 

Electron Microprobe, as described in section 4.2.2. Point counting was performed at 

approximately 1 mm intervals, following the Y-AI2O3 washcoat along the length of 

one of the inner walls of the monolith.

4.6 RESULTS

The experimental results, for the preparation of palladium supported on y- 

A I 2 O 3 , are presented in this section. The change in pH during impregnation is shown 

in Figure 4.14. It may be seen that the pH fell during impregnation of ga-ADl and

97



ga-AD2, both of which were impregnated at a pH above 8 . Most of the change in pH 

occurred during the first 5 hours of impregnation. The pH of ga-AD3 and ga-AD4 

did not change significantly during the impregnation, both of these samples were 

impregnated at a pH below 8 .
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Figure 4.14 Change of solution pH during impregnation.

Table 4.5 lists the precursor concentrations before and after impregnation and 

the average palladium loading. If catalyst adsorption occurs then the precursor 

concentration should fall during impregnation. Howeverthere was little change in the 

concentration during impregnation of any of the samples. It should be noted that 

neither the acid nor the base was added to the precursor in sufficient quantities to 

significantly change the precursor concentration.

After impregnation the monolith samples were vertically suspended in the 

TGA furnace and the drying gases passed over the monolith flowing from bottom to 

top. The palladium catalyst profiles which resulted from impregnation at different 

pH’s are shown in Figures 4.15 - 4.18 (the left side of the Figures corresponds to the 

bottom of the monolith).

A selection of the results, including the change in pH and catalyst distribution 

profiles, are shown schematically in Figures 4.19, note that in Figure 4.19 c the scale 

of the y axis is the same for all samples.
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Sample Precursor concentration 

before impregnation 

(mg/ml)

Precursor concentration 

after impregnation 

(mg/ml)

Average palladium 

loading wt%[

ga-AD 1 0.0105 0.0114 4

ga-AD2 0.0109 0.0113 1.5

ga-AD3 0.0109 0.0109 0.9

ga-AD4 0.0109 0.0114 2.7

Table 4.5 Precursor concentration before and after impregnation and average 

palladium loading

( 1 Estimated from Figures 4.15-4.18)

4.7 DISCUSSION

In this section an attempt will be made to provide an explanation for the 

results, which clearly show that the pH of the impregnating solution is an essential 

parameter in regulating catalyst loading and axial distribution.

4.7.1 Impregnation

Three connected phenomena occur during the impregnation of aqueous 

species onto oxide supports, as described in the classic work of Brunelle (1978). The 

development of charge carriers on the surface of the support, the speciation of the 

catalytic precursor, and the adsorption by electrostatic attraction of aqueous metal 

ions by the support. Each of these phenomena will be described in more detail below.

The surface of an oxide support in contact with an aqueous solution tends to 

polarise and become electrically charged. Most oxides, including Y-AI2O3, are 

amphoteric, and the nature of the charge is thus a function of the pH of the solution 

surrounding the particle. In an acidic medium the support surface is positively 

charged and the equation for the surface polarisation may be written as,

A1 - OH + H+A“ A1 - OH2+A" 4.4
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where Al-OH represents a surface adsorption site and H+A‘ a mineral acid. In a basic 

medium the surface is negatively charged and the surface polarisation may be written

as,

A1 - OH + B+OH" A10"B+ + H20  4.5

where B+OH‘ represents a base. By varying the pH the surface may carry a net 

positive or negative charge. Between the 2 cases a value of pH exists for which the 

net surface charge of the support is zero. This value is known as the point of zero 

charge, or the isoelectric point (IEP) of the oxide. The pH at the IEP has a specific 

value for a given oxide, and for Y-AI2O3 the pH falls within the range 7.0 - 9.0 

(Brunelle, 1978). Figure 4.14 indicates that the IEP of the monolith used in this work 

was between 7.0 - 7.5. The pH dependence of surface charge on a Y-AI2O3 support is 

shown schematically in Figure 4.19a. It may be seen from this figure that an 

amphoteric support will polarise positively and adsorb cations from the impregnating 

solution at a pH > pHiEp. The same support will have a negative surface charge and 

compensate by adsorbing anions at a pH < pHiEp.

The chemical speciation of the precursor is also pH-dependent, the term 

speciation referring to the actual form in which the molecule or ion is present in 

solution (Schwartz, 1992b). The speciation of the precursor used in this work is Pd 

(NH3)4 2+ at pH > 8 . Impregnations carried out at a pH above the isoelectric point of 

the oxide should be electrostatically favourable in which case the adsorption of Pd 

(NH3)42+ can be described by,

n(-AlOH) + Pd(NH 3) 4 2+ o - (-A 1 0 ‘ )n -  Pd(NH,)„2+ + nH* 4.6

where n = 1 or 2 .

The speciation of the precursor is complicated and 5 different species were reported 

in a study of adsorption of palladium amino complexes (Spielbauer et al., 1993). 

Thus, the exact speciation of the precursor at pH < 8 is unknown, however it is
'y

suggested that Pd (NO3) ' could be a stable species, the nitrate ions in this case 

coming from the precursor and HNO3. Subramanian et al. (1992) studied the
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a d s o r p tio n  o f  p a lla d iu m  o n  Y -AI2 O 3 a n d  re p o r te d  th a t p r e c ip ita t io n  o f  P d  ( N O 3 ) 2' 

o c c u r r e d  at p H  v a lu e s  o u ts id e  th e  ra n g e  1 .5  <  P H  <  2 .5 ,  ( P d ( N 0 3 ) 2 .x H 2 0  w a s  u s e d  a s  

th e  im p r e g n a t in g  s o lu t io n  a n d  th e  p H  w a s  a d ju s te d  u s in g  e ith e r  H N O 3 or  N H 4 O H ).  

N o  s u c h  p r e c ip ita t io n  w a s  s e e n  in  th is  w o r k , e v e n  th o u g h  th e  im p r e g n a t io n  o f  g a -  

A D 3  a n d  g a - A D 4  w a s  ca rr ied  o u t  a t a  p H  o f  6 .5 ,  w h ic h  s u g g e s t s  th a t i f  P d  ( N O 3 ) ’ 

w a s  p r e s e n t  it  e x i s t e d  in  v e r y  lo w  c o n c e n tr a t io n s . T h e  a d so r p tio n  o f  P d  ( N O 3 ) ' a t p H  

<  8  i s  e le c tr o s ta t ic a l ly  fa v o u r a b le .

4.7.2 Change in pH during impregnation

T h e  p H  o f  th e  p r e c u r so r  f e l l  d u r in g  im p r e g n a tio n  o f  g a - A D  1 a n d  g a - A D 2 ,  

F ig u r e  4 .1 4 .  T h is  w a s  c a u s e d  b y  th e  d e c r e a s e  in  c o n c e n tr a t io n  o f  O H -  io n s ,  w h ic h  

a c c o m p a n ie d  th e  a d so r p tio n  o f  P d  ( N H 3) 42+ ( s e e  e q u a tio n  4 .5 ) .  T h e  r e d u c t io n  in  p H  

w a s  g re a ter  fo r  g a -A D  1 th a n  g a - A D 2  w h ic h  m a y  b e  a ttr ib u ted  to  th e  d if f e r e n c e  in  p H  

b e t w e e n  th e  2  p r e c u r so r s , ( H e is e  an d  S c h w a r z , 1 9 8 7 ) . T h e  p r e c u r so r  u s e d  fo r  

im p r e g n a t io n  o f  g a - A D  1 w a s  2 .5  p H  u n its  a b o v e  th e  IE P  o f  Y -AI2 O 3 ( ta k e n  to  b e  7 .5 )  

w h i le  th a t fo r  g a - A D 2  w a s  o n ly  1 u n it  a b o v e  th e  IE P . T h is  r e s u lte d  in  a  g re a ter  

a d s o r p tio n  o f  P d  ( N H 3) 42+ a c c o m p a n ie d  b y  a  la r g er  r e d u c t io n  in  p H  o n  g a - A D  1 th a n  

g a - A D 2 .

It is  w e l l  k n o w n  th a t H 2 P tC l6  i s  s tr o n g ly  a d so r b e d  o n  Y -AI2 O 3 a n d  B la c h o u  

a n d  P h i l ip p o u lo s  ( 1 9 9 3 )  o b s e r v e d  th a t th e  a d so r p tio n  e q u ilib r iu m  w a s  a tta in e d  in  3 6 0  

s . K o m iy a m a  e t  a l. ( 1 9 8 0 )  u s e d  th e  c h a n g e  in  p H  a c c o m p a n y in g  a d s o r p tio n  o f  

N i(N C > 3 ) 2  o n  Y -A I2 O 3 a s  a  m e a su r e  n o t  o n ly  o f  th e  e x te n t  b u t a ls o  o f  th e  k in e t ic s  o f  

a d so r p tio n . In  o u r  s tu d y  th e  m a jo r ity  o f  th e  r e d u c t io n  in  p H  to o k  p la c e  d u r in g  th e  f ir s t  

5 h o u r s  o f  im p r e g n a tio n , w ith  a n y  fu rth er  d e c r e a s e  in  p H  b e in g  m in im a l.  T h e  

r e la t iv e ly  lo n g  e q u ilib r a t io n  is  th u s  a n  in d ic a t io n  th a t th e  a d s o r p tio n  o f  P d ( N H 3)42+ is  

fa ir ly  w e a k . T h is  is  c o n s is te n t  w it h  th e  w o r k  o f  S c h w a r z  e t  a l. ( 1 9 9 2 a  a n d  1 9 9 2 b )  

w h ic h  s ta te s  th a t  th e  a d so r p tio n  o f  a m in e  s p e c ie s  o n  Y -AI2 O 3 i s  n o t  s tr o n g , d u e  to  th e  

s m a ll  in te r a c t io n  e n e r g y  o f  th e  a m in e  s p e c ie s  w it h  th e  su p p o rt su r fa c e .

T h e  p H  d u r in g  im p r e g n a tio n  o f  g a -A D 3  a n d  g a - A D 4  d id  n o t  c h a n g e  

s ig n if ic a n t ly ,  a n d  it m a y  b e  a rg u ed  th a t n o  a d so r p tio n  o cc u r re d . T h e  s l ig h t  c h a n g e s  in  

p H  r e c o r d e d  d u r in g  im p r e g n a tio n  o f  g a - A D 3 , c o u ld  b e  a ttr ib u ted  to  a d s o r p tio n  o f  P d  

( N O 3 ) 2', th o u g h  a s d e s c r ib e d  in  s e c t io n  4 .7 .1 ,  th e  e x a c t  s p e c ia t io n  o f  th e  p r e c u r so r  at 

p H  <  8  i s  u n k n o w n .
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4.7.3 Effect of pH on loading

The results presented in Figure 4.19c, indicate that catalyst loading is 

dependent on pH. The impregnation method used in this work was dry impregnation, 

during which the support is immersed in the precursor and solution is imbibed into 

the pores of the support by capillary forces. This may be accompanied by sorption of 

the palladium complex from the external solution and/or diffusion of the palladium 

complex, depending upon the conditions used during impregnation. The flow of 

precursor inside the support ceases when the solution reaches the centre, after which 

only diffusion and sorption continue. Huang and Schwarz (1987) proposed that 

catalyst loading may be evaluated by considering the contributions from the pore- 

filling and adsorbed component.

The impregnation of ga-AD 1 and ga-AD2 is carried out at a pH > pHiep of the 

support and as the conditions are favourable for electrostatic adsorption of 

Pd(NH3)42+, the loading is a result of that precursor which has filled the pores of the 

support and that which was adsorbed. As expected, ga-AD 1 had a higher loading 

than ga-AD2, caused by the greater precursor adsorption on ga-AD 1 which was 2.5 

pH units above the IEP, than on ga-AD2, which was only 1 pH unit above the IEP.

The impregnation of ga-AD3 was carried out at a pH < pHiep of the support. 

The catalyst loading is lower than that of ga-AD 1 or ga-AD2 as it results primarily 

from the precursor which has filled the pores of the support and there is little 

contribution to the loading from adsorption of palladium complexes. It should be 

noted that the theoretical loading resulting from imbibed precursor with no 

adsorption taking place is 0 .20  wt%, and that this value is lower than the loading of 

ga-AD3.

Even though the conditions during impregnation of ga-AD3 and 4 were 

identical apart from the impregnation times, ga-AD4 had a higher loading than ga- 

AD3. During the first few minutes of impregnation precursor is imbibed into the 

monolith, and as catalyst adsorption is weak, all the support pores are filled with 

precursor of a uniform concentration. At this point ga-AD4 was removed from the 

precursor, ga-AD3 was left for a further 24 h during which time the precursor 

concentration in the pores of the support must have been lowered. The reason for this 

is unclear. However the following suggestion will be made. Komiyama et al. (1980) 

also prepared samples with lower loading than expected when they impregnated y- 

A I 2 O 3  pellets with NiCE and H N O 3 .  The explanation provided was that the solute
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ions were “excluded” from approximately 50% of the pores whose radius was too 

small. This was verified by determining that the precursor had a higher nickel content 

at the end of impregnation than at the beginning. It is therefore suggested that if the 

formation, adsorption and subsequent exclusion of palladium species from the 

support pores is a slow process, then the difference in loading between ga-AD3 and 4 

could be due to the exclusion of palladium species from the support pores, a process 

which occurred in ga-AD3, but not in ga-AD4 as the impregnation time was 

insufficient. If this process occurred in this study then the concentration of the 

precursor should have been higher after impregnation than before. However it was 

not possible to detect any such differences using atomic adsorption spectrometry as 

the impregnating solution had to be heavily diluted to fall within the linear range of 

calibration of the atomic adsorption spectrometer, making any difference in 

concentration too small to be detected.

4.7.4 Effect of pH on axial distribution

Neimark et al. (1981) proposed that if the electrostatics for adsorption are 

favourable, catalyst distribution is fixed during impregnation, and there is no catalyst 

migration during drying, provided that electrostatic effects are maintained during the 

drying stage. This was verified by Santhanam et al. (1994) for both PdCU ' adsorbed 

onto positively charged Y-AI2O3 and Pd(NH3)42+ adsorbed onto negatively charged 

silica. Santhanam et al., (1994) also observed that the amine complex remains intact 

at temperatures of up to 185 °C. Therefore, if electrostatic adsorption is minimal, 

catalyst migration can occur during drying, as described in the section 4.6 for a- 

AI2O3 impregnated with Pd(NH3)4(NC>3)2.

The electrostatics for adsorption are favourable for ga-AD 1 and ga-AD2. If 

the monolith is left in the impregnating solution (as is the case for ga-AD 1 and ga- 

AD2), the palladium amino complex will diffuse from the external solution, and the 

resulting catalyst distribution should be uniform. It may be seen in Figures 4.15 and 

4.16 that though the catalyst distributions are approximately uniform, there is an 

increase in loading at both ends of the monolith. As the precursor is imbibed into the 

support electrostatic adsorption occurring at the ends of the monolith depletes the 

precursor of absorbable species and the increased loading may therefore be a result of 

catalyst adsorption at the ends of the monolith. Additionally, although the 

electrostatics for adsorption are favourable, the adsorption strength of the amino
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complex on Y-AI2O3 is not strong. It is therefore possible that catalyst migration 

occurred during drying, which would provide an explanation for the increase in 

loading on the left side of the monolith where the drying gas entered. This 

phenomena was described in more detail in section 4.6.

When the adsorption strength of the precursor is very low, the precursor 

imbibed into the monolith during impregnation remains in solution and is deposited 

during the drying stage. The conditions used during impregnation of ga-AD3 and ga- 

AD4 were chosen so that catalyst migration towards the monolith entrance during the 

drying stage would occur. Unfortunately, the results are not consistent with this 

prediction, and Figures 4.15 and 4.16 show that although both samples have a 

nonuniform catalyst profile, there is an accumulation of catalyst at both ends of the 

monolith. A number of processes could have caused the distribution, including 

adsorption and diffusion of catalyst species during impregnation, and catalyst 

migration during drying. A systematic investigation would be required to provide a 

clearer understanding of these results . However as the work presented here was not 

intended to be a rigorous study of the preparation of Y-AI2O3 supported catalysts this 

was not attempted.

107



CHAPTER 5

MODELLING THE COLD-START PERFORMANCE OF A CATALYTIC 

CONVERTER WITH CHANGING INLET SPECIES CONCENTRATION

5.1 INTRODUCTION

Catalytic converters operate under highly transient conditions, an example of 

which is cold-start, during which a cold monolith is exposed to an exhaust gas whose 

temperature and composition is rapidly varying. It is important to understand the 

behaviour of a monolith under such conditions as a large fraction of the total tailpipe 

emission occur during cold-start. Various studies (Mondt, 1976; Oh and Cavendish, 

1982) have also shown that during transients the solid temperature can rapidly rise 

resulting in thermal deactivation of the catalyst.

Transient models, which account for the simultaneous process of heat and 

mass transfer, have been used in many studies to simulate the dynamic behaviour of 

catalytic converters during cold-start (Becker and Zygourakis, 1986; Chen et al., 

1988; Baba et al., 1996). As part of one such study examining the transient behaviour 

of a catalytic converter, Oh and Cavendish (1982) proposed that the cold-start 

behaviour was influenced by the catalyst axial distribution, and demonstrated that the 

monolith warmed-up faster when the catalyst was concentrated near the monolith 

entrance. Psyllos and Philippopoulos (1992, 1993a and 1993b) studied the 

performance of catalysts with various parabolic distributions and also showed that 

catalysts with non-uniform axial distribution have shorter warm-up times than 

monoliths with uniform distributions. The effect of catalyst distribution (in both the 

axial and radial direction) on cold-start behaviour was examined by Baba et al. 

(1996) who proposed several loading patterns that could improve the cold-start 

behaviour of the monolith. Most recently, Tronci et al. (1999) numerically 

determined the optimal catalyst axial distribution for minimisation of emissions 

during cold start, for a representative set of operating conditions and 

physicochemical parameters. This distribution is shown in Figure 4.1 and the work 

showed that a high catalyst loading at the monolith entrance, resulted in high reaction 

rates in this region. This ensured that the solid temperature remained the highest at 

the monolith entrance throughout the transient period which resulted in a reduction in 

the light-off time, compared to a catalyst with uniform distribution.
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Although it is widely recognised that the exhaust gas composition entering a 

converter changes during cold-start, in all reported works investigating the cold-start 

behaviour of catalytic converters, the inlet species compositions are held constant. 

One exception is a study by Kirchner and Eigenberger (1996) who incorporated 

changing inlet reactant species concentration into a model developed to study the 

cold-start behaviour of electrically heated pre-catalysts. This chapter seeks to 

investigate the effect of changing inlet reactant concentrations on cold start 

behaviour. The behaviour of converters with a uniform catalyst distribution will be 

compared to that with an optimal distribution as shown in Figure 4.1, under a variety 

of operating conditions. It should be noted that the optimal distribution was 

determined for cold-start using constant inlet species concentrations (Tronci et al., 

1999).

5.2 MODEL

Automotive catalytic converters have been modelled in one, two and even 

three-dimensions (see Chapter 2). A transient one-dimensional model, proposed by 

Oh and Cavendish (1982) was employed in this study. This means that all dependant 

variables were considered to be a function of axial distance only. Use of a one

dimensional model significantly simplifies the problem, while the conformity with 

the real behaviour of a catalytic converter is kept at an acceptable level, as 

demonstrated by Oh et al. (1993) during cold-start emission tests.

The reactions considered were carbon monoxide, propylene, methane and 

hydrogen oxidation,

Reactions

CO + ' / 2 o2 -> co2
C3H6 + 9/20 2 —> 3C 02+3H20  

CH4 + 2 0 2 -> C 0 2+2H20  

H2+ '/2o 2 - > h 2o

(5.1a)

(5.1b)

(5.1c)

(5-ld)
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The specific reaction rate expressions, rate constants and equilibrium 

coefficients, as proposed by Oh and Cavendish (1982) were used and are shown in 

Table 5.1. Propylene is representative of fast-oxidising and methane of slow- 

oxidising hydrocarbons. Assumptions were made that the kinetic expressions could 

account for the composition and temperature dependence of the reaction rates under 

a wide range of operating conditions, and also that steady state reaction kinetics 

could be used in the transient state. It is important to recognise that these 

assumptions are questionable. However at present they are unavoidable due to lack of 

experimental data.

Rate Laws

Rco = k] CC0 C02/ G (5.2a)

R c 3H6 =  k2Cc3H6C02 /  G (5.2b)

R cH 4 =  k3CcH4C02 /  G (5.2c)

R h2 =  k]CH2C02/G (5.2d)

R 02  =  0 .5 R co+ 4 .5 R c3H6+2R ch4+ 0 .5 R h2 (5.2e)

G = T (1 + K ,C C 0  +  K 2CC3H6)2( 1 + K 3CC02CC3H62)(1+ K 4C N 007) (5.2f)

Rate constants

ki = 6.699 x 1019 exp(-12 556/T) (5.3a)

k2 = 1.392 x 1011 exp(-14 556/T) (5.3b)

k3 = 7.326 x 106 exp(-19 000/T) (5.63c)

Equilibrium coefficients

K, = 65.5 exp(961/T) (5.4a)

K2 = 2.08 X 103 exp (361/T) (5.4b)

K 3 = 3.98 exp(l 1611/T) (5.4c)

K4 = 4.79 x 10s exp(-3733/T) (5.4d)

Table 5.1 Rate expressions

The parameter values, shown in Table 5.2, were obtained from Oh and 

Cavendish (1982) and are therefore not representative of the latest technology. The 

monolith parameters considered in this work correspond to a cell density of 46.5
•y

channels/cm and a wall thickness of 0.254 mm. However developments in extrusion
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technology have resulted in monoliths with a maximum cell density of 93 

channels/cm and 0.15 mm wall thickness, thus increasing the geometric surface area 

for mass transfer controlled reactions (Heck and Farrauto, 1995). Thermal 

conductivity and heat capacity of the reaction mixture were approximated by those of 

nitrogen.

A = 60 cm2 Cps= 1.38 J/g-K 8 = 0.6836

L = 10 cm Cpg= 1.089 J/g-K Ps = 2.5 g/cm3

Rh = 0 .06062 cm Ptot= 101.3 kPa Xs= 1.675x1 O'2 J /cm sK

Wg= 40 g/s 9 9ao= 269 cm Pt/cm monolith tf = 2 0 0  s

Ts° = Tg°= 300 K Tgf = 600 K

Table 5.2 Parameter values used in calculations 

Model Equations

In developing a model the following processes should be taken into account:

1) Transfer of heat from the exhaust gases to the solid catalyst

2) Diffusion of reactants from the exhaust gases, through the concentration 

boundary layers on the gas side and the catalyst pores on the solid side, to the 

catalytic sites

3) Reaction at the catalytic sites

4) Diffusion of products back to the flowing exhaust gases, again through the

catalyst pores and gas concentration boundary layers, where they are carried

downstream

5) Transfer of the heat of reaction away from the catalyst sites by conduction in

the solid or by convection and conduction to the exhaust gases

As such the mass and energy balances for the gas phase are, 

v - ^ -  = - K j i S (cg j - c*j) i = l ,  ....5 (5.5a)
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37;
dx

vpt CK - J -  = -hS(Te -  TJ  (5.5b)

while the mass and energy balances for the solid phase are,

«(*)*, = 1 = 1. 5 (5-5c)
V s

dC T d2T 4
(1 - e ) p , - V r -  = * ,0  " * ) -^ r  + h^ Ts -  Ts) + a i x j Z i - A H J R ,  (5.5d)

u t  UX | _ ]

The subscripts i in equations 5a, 5c and 5d, refer to the species of interest. 

The gas and solid heat and mass transfer coefficients were based on the Sherwood 

and Nusselt numbers obtained from analytical solutions for fully developed laminar 

flow (Shah and London, 1978) and a constant heating rate:

h = Nu„Ag /(2Rh) 

km j=Sh„D,!{2Rh)

Assumptions

A number of assumptions were adopted to simplify the problem and are given below:

1) there are no radial variations in gas phase velocity, temperature, or 

concentration between individual channels.

2 ) there is no axial diffusion of mass or heat in the gas phase

3) the accumulation of mass or heat in the gas phase is negligible, as their time

constants are typically much smaller than that of the solid thermal response (Young 

and Finlay son, 1976)

4) the intrinsic reaction kinetics are so fast that the chemical reaction occurs on 

the external surface of the catalytic wall only

5) radiation effects are negligible

6 ) the reaction is adiabatic

7) no homogeneous reactions take place

8) gas phase conditions follow the plug flow model i.e. the temperature and 

concentration profiles are uniform across the channel cross-section except at the

(5.6a)

(5.6b)

112



boundary conditions where the film theory (which states that the heat and mass 

transfer resistance’s are located in the boundary layer) is applied

Boundary and Initial Conditions

Boundary equations given by 7a were derived from the assumption that heat 

exchange between the ends of the monolith and the surroundings are negligible. 

Additional initial conditions are discussed below.

Transient Temperature and Reactant Composition

Both the temperature and the exhaust gas composition entering the converter 

change during cold-start. The temperature of the exhaust gas stream increases from 

ambient to a steady-state value. The ramp rate and steady state value of the inlet gas 

temperature depend upon the location of the converter as related to the engine 

manifold. For example close-coupled converters, which have been suggested as a 

means of reducing cold-start emissions (Gulati et al., 1995; Ball, 1996; Summers et 

al., 1993; Takada et al., 1996) are placed near the engine manifold (an underfloor 

converter is typically 1500 mm from the exhaust valves whereas a close-coupled 

converter is only 500 mm) and therefore have an extremely short lightoff time. 

However, a disadvantage arising from the use of a close-coupled position is the 

higher thermal load that is exerted on the converter, which can cause catalyst 

sintering and loss of performance. In an experimental study of close-coupled 

catalysts Summers et al. (1993) determined that the exhaust gas temperature ramp 

rates experienced by close-coupled converters during cold-start were faster (4 K/s for 

the underfloor as opposed to 14 K/s for the close-coupled converter) and the steady 

state temperature was 250 K greater (673 K and 923 K for the underfloor and close- 

coupled converters respectively) than those of underfloor converters..

For the purposes of this work it is assumed that the gas temperature increases 

linearly from an initial temperature Tg° = 300 K to a final steady state temperature
r

Tg = 600 K. A range of ramp rates mx= 3.75, 5.0, 7.5, 15 K/s were examined and for

dx
(5.7a)

0 < x < L , t  = 0 TS =T° (5.7b)
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the purposes of this work the changing temperature with time is incorporated into the 

following boundary conditions.

x = 0, 0 < t < (Tgf-Tg°)/mT Tg = Tg° + mr t

t > (Tef-Tg°)/mT Tg= Tgf

(5.8a)

The changes in uncontrolled exhaust gas emissions (emissions upstream of 

the catalytic converter) during cold start are caused by the increasing air-to-fuel 

(A/F) ratio which rises continuously from about 11 to 15. A limited amount of 

experimental data for these emissions has been collected as part of various studies 

examining strategies for reduction in cold start emissions, including ignition-control 

(Zhu and Chan, 1996) electrically heated start up catalysts (Gottberg at al., 1991) and 

preconverter systems (Gulati et al., 1995). In addition Laurikko et al. (1987) 

measured uncontrolled emissions in an experimental study investigating the effect of 

low ambient temperature on exhaust emissions during cold-start, and Boehman and 

Niksa (1986) reported qualitative details of uncontrolled emissions supplied by 

General Motors, as part of a kinetic study investigating hydrocarbon reactivity during 

cold-start.

A summary of experimental data describing uncontrolled exhaust emissions 

reported in the literature is shown in Table 5.3 and it can be seen that there are large 

variations in the experimental data. This is caused by differences in engine type, and 

also in experimental conditions such as idle speed, which affects the mass flow rate, 

and ignition timing. However, two systematic trends are apparent, firstly during cold- 

start the levels of carbon monoxide and total hydrocarbon (THC) typically diminish 

on roughly the same time scale and secondly, as the temperature increases the A/F 

ratio rises and the NOx levels also increase.

For the purposes of this work the reactant species compositions were 

specified to abide by the trends described above. Reactant concentrations at the 

monolith inlet were assumed to change in a linear fashion from an initial 

concentration cg°, to a steady state concentration cgf with a ramp rate mc.

x = 0 , 0 < t < ( |cgf- c g°| )/mc

t Si ( |cgf- cg°| )/mc

cg = cg° + mc-t

c g — c g

(5.8b)
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Authors CO HC NOx

Laurikko et al. (1987) 8 -> 0 .5 %  in 100 1 0 0 0 -> 100  ppm in 0 —> 2 0 0 0  ppm in

s 100 s 2 0 0  s

Gottberg et al. (1991) 8.5 —> 1.0 % in 400 -^-50 ppm in 0 —> 2 0 0  ppm in

40 s 40 s 40 s

Gulati et al. (1995) not reported 6000 —> 2 0 0 0  ppm not reported

in 120  s

Boehman and Niksa 5 —> 2 % 3000 —> 1500 ppm not reported

(1996)

Kirchner and not reported 5000 —> 2000 ppm not reported

Eigenberger (1996) in 50 s

Zhu and Chan (1996) 0.4 —> 1.0 % in 1500 —> 800 ppm in not reported

100 s 100 s

Table 5.3 Summary of experimental data for uncontrolled exhaust gas 

concentrations during cold start

Parameter values used for the calculations were based on data collected by 

Laurikko et al. (1997) (as the most comprehensive data set) and are shown in Table 

5.4. Total hydrocarbons (1000 ppm) were split into 90 % C 3 H 6  and 10 % C H 4 .

Species c 3h 6 c h 4 NO o 2 CO

C*° 900 ppm 100 ppm 0 ppm 5 % 8 %

c / 450 ppm 50 ppm 2 0 0 0  ppm 5 % 2 %

Ramp time 100  s 100 s 2 0 0  s 100  s

mc 4.5 ppm/s 0.5 ppm/s 10 ppm/s 0.06%/s

Table 5.4 Transient reactant concentrations 

Numerical Solution

The numerical solution proposed by Tronci et al. (1999) was used to solve equations 

5 a-d, along with boundary conditions and initial conditions 6 a-c in terms of Ts, Tg, 

cg and cs. The system of partial and ordinary differential and algebraic equations 

were reduced to a system of ordinary differential equations (with respect to time) and
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algebraic equations using adaptive collocation (cf. Villasden and Michelsen, 1978), 

according to this method the location of the collocation points is changed in order to 

follow the region of large axial gradients. The equations were solved using the 

software package DDASSL (Petzold, 1991).

5.3 RESULTS and DISCUSSION

5.3.1 Heat transfer during cold-start

To gain an insight into cold-start behaviour, it is helpful to describe the three 

principal heat transfer mechanisms during cold-start. During the initial stage, heat is 

transferred by gas phase convection from the inlet gases to the solid converter. When 

the solid temperature has risen sufficiently, heat is generated on the converter surface 

by the exothermic reactions occurring there, after which the principal mechanism of 

heat transfer is either conduction along the solid, or gas phase convection, depending 

upon the relative rates of heat generation by reaction and heat removal by the exhaust 

gases.

Light-off

Figure 5.1 shows a schematic of the reaction rate for CO oxidation as a 

function of solid-phase CO concentration. It can be seen that the reaction kinetics are 

negative order at high concentrations, as CO oxidation is a Langmuir-Hinshelwood 

type reaction. It should be noted that the behaviour exhibited in Figure 5.1 is general 

in that it applies to most exothermic reactions over noble metal catalysts (Heck et al., 

1976). Figure 5.2 shows the heat generated by CO and C3H6 oxidation as a function 

of CO and C3H6 concentration for a range of temperatures and it can be see that a 

maximum appears at low reactant concentrations due to the negative order reaction 

kinetics. The heat generated by reaction is given by X (-A H j)R j and since heat is 

primarily generated through oxidation of CO and C3H6 only these reactions have 

been taken into account in Figure 5.2.

During cold start the exhaust gas enters the channels of the monolith and after 

the initial stage (during which heat is transferred by gas phase convection) the 

temperature of the gas increases and the CO concentration decreases, both resulting 

in a higher reaction rate. In Figure 5.1 the rate of mass transfer to the solid appears as 

a blue line with an x intercept equal to the gas phase concentration. The solid phase
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concentration corresponding to a certain bulk gas phase concentration is given by the 

intersection of the reaction rate curve and the appropriate mass transfer rate line. 

Point A represents the solid concentration resulting from an initially cold monolith 

and it can be seen that it is approximately equal to the bulk gas concentration. As the 

gas moves down the channel, the solid and bulk gas concentrations decrease 

smoothly until point B is reached. After this a further decrease in the bulk gas 

concentration results in a jump to solution C. This sudden decrease in solid 

concentration, accompanied by an increase in the solid temperature, is referred to as 

reaction ignition or light-off. At low temperatures chemical reaction rates are low 

and catalytic performance is controlled by the chemical reaction rates, however at 

higher temperatures, mass transfer rates become the limiting factors. The transition 

between the two rate controlling modes occurs during catalyst light-off.

Reaction
Rate

Mass transfer 
rate lines for 
decreasing cgRate

5CO concentration at solid wall (0/«)0

Figure 5.1 Operating points for CO oxidation in a monolith channel during cold- 

start (adapted from Heck et al., 1976)
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5.3.2 The effect of changing inlet reactant species during cold-start

The transient response of a monolith was simulated with continuously 

changing inlet reactant concentration and compared with the response with constant 

inlet reactant concentration. It should be noted that all the simulations considered in 

this work employed continuously changing inlet gas temperatures. Since the lightoff 

curves for CO and C 3 H 6  and C H 4  are similar (Oh and Cavendish, 1982) for brevity 

the pollutant with the highest concentration, CO, is considered in Figures 5.3 - 5.9.

CASE 1 Uniform catalyst distribution

In case 1 the cold-start behaviour was examined in a monolith with uniform 

catalyst distribution. Figure 5.3a shows the wall temperature profile and Figure 5.3b 

the CO concentration profile during cold-start with constant inlet species 

concentration, and Figures 5.4a and 5.4b the corresponding profiles with changing 

inlet species concentration. The Figures demonstrate that both simulations exhibit 

similar features during cold-start. During the first minute heat is transferred by gas 

phase convection from the inlet gases to the monolith wall. As time elapses chemical 

reactions start occurring near the outlet of the monolith, and the heat generated is 

transferred upstream by solid phase conduction. The profiles shown in Figure 5.3 and

5.4 demonstrate that at the point of ignition (defined as the time and location at 

which appreciable reactions start occurring) t = 64 s and cg,co = 1.8%, in the 

simulation using constant species concentrations, whereas t = 80 s and cg,co = 3% in 

the simulation using changing species concentrations. It is suggested that the delay in 

ignition in simulations using a changing inlet species concentration, is caused by the 

negative-order kinetics of CO and C3H6 oxidation. The heat generated by chemical 

reaction for CO and C3H6 oxidation as a function of reactant concentration (shown in 

Figure 5.2b, for T=623 K which is close to the temperature at the point of ignition) 

clearly shows that the reaction is inhibited by high species concentrations.

An interesting feature of the results is that once ignition has occurred, heat is 

generated at a faster rate in the simulation with changing inlet species concentration 

(see Figure 5.4). Until the point of ignition reaction rates are under kinetic controlj. 

However after ignition the reaction rates become limited by mass transfer. The 

increased rate of heat generation in the simulation with changing species 

concentration, may therefore be attributed to the greater inlet species concentration at 

the point of ignition, as given by cgti -  cs>i (see equation 5.5c).
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CASE 2 Optimal catalyst distribution

Cold-start simulations were also run for monoliths with an optimal catalyst 

distribution (as discussed in 5.1). Figure 5.5a shows the solid temperature profile and 

Figure 5.5b the gas-phase CO concentration profile during cold start with constant 

inlet species concentration, and Figures 5.6a and 5.6b the corresponding profiles with 

changing inlet species concentration.

Once again the monolith is warmed by the inlet gases during the first stage of 

cold-start. Ignition occurs at the monolith entrance in both cases (due to the large 

catalyst loading in that region), after which the heat of reaction generated at the 

monolith inlet, is transferred downstream by gas-phase convection. It may be seen 

that ignition occurs at t = 32 s and cg)C0 = 2 % in the simulation using a constant inlet 

species concentration but not until t = 40 s and cg,C0 =5.6 % in the simulation using a 

changing inlet species concentration. It seems reasonable to assume that this delay is 

also caused by the negative order reaction kinetics as discussed in case 1. The heat 

generated by chemical reaction as a function of reactant concentration (shown in 

Figure 5.2b, for T = 623 K which is close to the temperature at the point of ignition) 

clearly shows that the heat generated by chemical reaction at cg)C0 = 2 % is greater 

than that generated at cg)C0 = 5.6 % .

An important feature of the simulations using an optimal catalyst distribution 

is that the rapidly changing inlet reactant species result in a substantial temporary 

temperature rise in the monolith wall. Figure 5.6a shows the wall temperature profile 

as a function of time, and it may be seen that at t = 40 s a temperature transient 

develops at the monolith entrance, resulting in a wall temperature of almost 1200 K, 

300 K above its final steady state temperature. This transient temperature excursion 

results from the combination of large catalyst surface area at the monolith entrance 

and high concentration of combustible species in the inlet gases, (cg,Co' = 5.6 % and 

cg,c3H6' = 700 ppm). This combination causes vigorous reactions to occur at the 

monolith inlet, evidence of which can be seen in Figure 5.6b which shows a rapid 

decrease in gas phase CO concentration at t = 40 s. The accompanying reaction 

exotherm causes the transient temperature rise. As time elapses the heat generated at 

the solid surface is transferred down the monolith and the temperature transient 

moves along the monolith. Exactly the same results were obtained for a simulation 

using negligible solid thermal conductivity indicating that the principal mechanism
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of heat transfer is gas-phase convection rather than conduction. As the inlet species 

concentrations fall, less heat is generated by reaction, and the monolith wall cools 

down, reaching its steady state temperature at t = 120s, at which time the inlet 

species concentrations have also fallen to their steady state values.

It should be stressed that in order for the over-temperature phenomenon to 

occur the following conditions must be satisfied, a large catalyst surface area at the 

monolith entrance and a high reactant concentration in the same region. The former 

is critical before ignition when the reaction is kinetically controlled and the latter, 

after ignition, when the reaction is mass transfer controlled. Therefore as shown this 

temperature excursion does not occur in the simulation using constant inlet species 

concentrations and an optimal distribution, or in either of the runs using uniform 

catalyst distributions.

Several studies (Young and Finlayson, 1976, Oh and Cavendish, 1982) have 

investigated similar temperature excursions that occur in catalytic converters during 

sudden vehicle deceleration, when the exhaust temperature and flowrate suddenly 

decrease. The upstream section of the monolith is cooled by the cold feed exhaust, 

and a gas stream containing high concentrations of reactants is carried downstream 

where it meets a portion of the monolith which is still hot. This leads to vigorous 

reactions and the formation of hotspots, a phenomenon which was observed 

experimentally by Mondt (1985).

It is also interesting to note that the solid temperature can exceed the 

adiabatic reaction temperature even under steady state conditions, see the solid 

temperature profiles at t = 200 s on Figures 5.3 -  5.9 at the monolith entrance. This 

phenomena occurs if the diffusivity of an exhaust gas species is large and was first 

observed during steady state oxidation of H2 by Hegedus (1975) who concluded that 

the high Lewis number for H2 meant that it could diffuse to the solid wall faster than 

the heat generated as a result of reaction could be conducted away. In a study 

modelling the oxidation of CO in monolith converters, Young and Finlayson (1976) 

calculated that temperatures 67 °C in excess of the adiabatic reaction temperature, 

773 °C, could be caused by the presence of H2 in the exhaust gas.
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5.3.3 The effect of temperature ramp rate on cold-start performance

The transient response of the monolith was investigated with a temperature 

ramp rate of 3.0, 5.0 and 7.5 K/s and the results were compared with those of case 1 

and 2 where m j = 15 K/s. All simulations incorporate changing inlet species 

concentration as it is a closer approximation of the conditions that occur during cold- 

start. The temperature ramp rate is a function of the position of the converter and 

converters placed in a close coupled position will have a higher ramp rate. 

Measurements of inlet temperature during cold start by Summers et al. (1993) 

showed that the relative ramp rates for a close-coupled and underfloor mounted 

converter were 14 K/s and 4 K/s respectively.

CASE 3 Uniform catalyst distribution

Figure 5.7 shows the cold-start behaviour of a monolith with uniform catalyst 

distribution and my = 3 K/s. This is compared with the corresponding behaviour 

when m i =15 K/s, Figure 5.4. The curves are similar however as expected, ignition 

is delayed in the case of a slower temperature ramp rate (in the simulation using m j = 

3 K/s ignition occurs at 120 s, while in the simulation using my = 1 5  K/s ignition 

occurs at t = 80 s). Once reactions have started to occur, they are also less vigorous 

and accompanied by a slower rate of heat generation, when a slower ramp rate is 

used. Once again this can be attributed to the difference in species concentration at 

the point of ignition, (when iut = 15 K/s, cg)C0 = 3 % and when my = 3 K/s, cg)C0 = 2 

%) which affects the reaction kinetics.

CASE 4 Optimal catalyst distribution

In case 4 the transient response was examined with an optimal catalyst 

distribution and a temperature ramp rate of 3 K/s. The temperature and concentration 

profiles are shown in Figure 5.8 and compared with those of case 2 (Figure 5.6) 

which used identical conditions but a faster ramp rate, (my = 1 5  K/s). The profiles 

exhibit similar features, and the use of a slower ramp rate results in ignition being 

delayed until 96 s as compared to 40 s in case 2. However, the Figures demonstrate 

that when a lower ramp rate is used there are no temperature excursions. This may be 

attributed to the fact that the inlet reactant concentrations have already reached their 

steady state values by the time ignition has occurred, as is evident in Figure 5.8b. 

Therefore, the high species concentrations which (coupled with a high catalyst
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surface area at the monolith entrance and the shift from kinetic to mass transfer 

control during ignition) give rise to temperature excursions during cold-start are not 

present.

The transient response was also simulated using mT = 7.5 K/s and 5.0 K/s, 

and the respective solid temperature profiles are shown in Figure 5.9. Ignition occurs 

at an earlier time when a faster ramp rate is used (t = 48 s when mx = 7.5 K/s, t = 64 s 

when m j = 64 K/s). Both simulations show evidence of temperature excursions, 

however as the temperature ramp rate is lowered both the maximum temperature 

obtained and the time during which the solid temperature is above the final steady 

state temperature decrease, see Figures 5.6 and 5.9.

The results demonstrate that under identical conditions, use of an optimal 

distribution results in improved cold-start behaviour. This has been attributed to a 

difference in the principal heat transfer mechanism once lightoff has occurred, 

namely gas-phase convection for optimal catalyst distributions and solid-phase 

conduction for uniform catalyst distributions (Tronci et al., 1999). The cold-start 

behaviour of simulations that take changing inlet species into account compared to 

those that use a constant inlet species concentration are similar. However under 

certain conditions, changing inlet species concentration can lead to temperature 

hotspots during cold-start. These are highly undesirable as they accelerate sintering, 

resulting in thermal deterioration of the catalyst. The conditions under which 

temperature excursions occur, namely high temperature ramp rates, result when 

converters are placed in a close-coupled position as a means of reducing cold-start 

emissions. It can therefore be concluded that there is a trade-off to be made between 

minimising cold-start emissions through the use of a close-coupled converter with a 

non uniform catalyst distribution, and thermal deterioration and catalyst sintering 

caused by hotspots.
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CHAPTER 6

INFLUENCE OF LOADING ON PALLADIUM CRYSTALLITE SIZE

6.1 INTRODUCTION

Three way converters, used for pollution control, typically contain a mixture 

of platinum, palladium and rhodium. Palladium is cheaper than either platinum or 

rhodium, as shown in Figure 6.1, and higher loadings may therefore be employed 

than are traditionally used. However, there is little point in using catalysts with 

higher loadings if catalyst activity is not significantly increased.

^  1000 -i<D
g 900 -
0 800 -
g  700 -
S  600 -
£  500 -
8 400 -
£  300
1  200 -
§ 100 -
<  0 —

1992

Figure 6.1 Historical overview of the price of the platinum group metals, 

(Cowley, 1998)

Depending upon the reaction, catalyst activity may be affected by catalyst 

crystallite size, which in turn is influenced by catalyst loading. Little is known about 

the possible influences on catalyst activity for CO oxidation on palladium due to 

variations in loading. As part of a comprehensive study of catalyst preparation, 

Dorling et al. (1971) proposed that the relationship between loading and catalyst 

surface area, which may be linear or non-linear, depended upon the interaction 

between the catalyst precursor and the support. Otto et al. (1992) investigated the 

effect of loading on crystallite size for Pd/y-ALO?. X-ray photoelectron spectroscopy

Pt
Pd
Rh

1993 1994 1995 1996 1997 1998

Year
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was used to demonstrate that oxidised palladium supported on Y-AI2O3 existed in 2 

different chemical entities. At low catalyst loadings (< 0.5 wt%), a shift in the 

binding energy for the majority of the particles was associated with catalyst-support 

interactions where the palladium was highly dispersed, and it was suggested that the 

catalyst probably existed as very small clusters where each supported palladium atom 

is a surface atom. At higher loadings larger particles were formed which had the 

characteristics of unsupported metal powders and this was reflected by a change in 

the catalyst-support interaction strength. In a similar study of Pd/a-AbCb, Goetz et 

al. (1995) examined the effect of low loadings (0.09 - 0.30 wt%) on catalyst-support 

interaction strengths using chemisorption, transmission electron microscopy and X- 

ray photoelectron spectroscopy. Samples with 0.09 wt% loading showed epitaxial 

growth of the catalyst, which the authors attributed to strong catalyst support 

interaction, whereas at higher loadings (0.30 wt%), 6 nm bulk-like palladium 

particles were obtained which exhibited little interaction with the support. Both types 

of particles were formed on samples with an intermediate loading (0.20 wt%). The 

authors concluded that by control of the loading samples could be tailor-made with 

or without catalyst-support interaction. More recently, Dropsch and Beams (1997) 

investigated the adsorption of CO on palladium (2, 5 and 10 wt%) supported on 

y-alumina, silica and titania using adsorption micro calorimetry and temperature 

programmed desorption. The heat of CO adsorption increased with decreasing 

palladium loading, and as small crystallites are known to exhibit distinct differences 

in their electronic properties when compared to larger crystallites, the observed 

results were tentatively attributed to an increasing number of small crystallites for 

decreasing palladium loading.

The issue of how loading affects catalyst crystallite size and activity for CO 

oxidation on Pd/a-A^Oa is addressed in this chapter. It is important to determine the 

relationship between loading and crystallite size as this information may be used to 

determine the optimum catalyst loading based on economic and performance 

constraints. Samples with a range of loadings were prepared and the following 

techniques employed to characterise the samples, X-Ray diffraction, Mercury 

Porosimetry and Electron Microprobe Analysis. These provided information on the 

catalyst crystallite size, the support pore volume, and the catalyst distribution. The 

lightoff temperature for CO oxidation was used as a measure of catalyst activity.
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6.2 EXPERIMENTAL PROCEDURE

6.2.1 Catalyst Preparation

A  s e r ie s  o f  P d /a -A h C b  c a ta ly s ts  w e r e  p rep a red  w ith  d iffe r e n t  lo a d in g s .  T h e  

c a ta ly s t s  w e r e  p rep a re d  b y  d ry  im p r e g n a tio n  o f  (X-AI2 O 3 p e l le t s ,  (N o r to n , ty p e  S A  

5 1 0 2 ,  s a m p le  n u m b e r  8 2 0 0 8 ) ,  w ith  a  s o lu t io n  o f  P d (N H 3 ) 4 ( N 0 3 ) 2  d ilu te d  to  a n  

a p p r o p r ia te  c o n c e n tr a t io n  to  g iv e  th e  d e s ir e d  c a ta ly s t  lo a d in g . T h e  3 m m  d ia m e te r  

p e l le t s  h a d  a  p o r e  v o lu m e  0 .2 5 9  c c /g ,  p o r e  d ia m e te r  1 .3  p m  a n d  su r fa c e  a rea  1 .2  

m  /g .  T h r e e  b a tc h e s  o f  p rec u r so r  s o lu t io n  w e r e  u se d , t w o  fr o m  A lf a  o n e  fr o m  

A ld r ic h . T h e  p e l le t s ,  h a v in g  b e e n  d r ie d  o v e r n ig h t  at 5 0  °C , w e r e  a d d e d  to  th e  

im p r e g n a t in g  s o lu t io n  w h ic h  w a s  stirred  c o n t in u o u s ly  d u r in g  im p r e g n a tio n  u s in g  a  

m a g n e t ic  stirrer. Im p r e g n a tio n  w a s  ca rr ied  o u t  at r o o m  tem p e ra tu r e  fo r  10  m in u te s  

a fte r  w h ic h  e x c e s s  p rec u r so r  w a s  r e m o v e d  b y  r o l l in g  th e  p e l le t s  o n  a  p a p e r  to w e l .  

I m m e d ia te ly  f o l lo w in g  im p r e g n a tio n , th e  s a m p le s  w e r e  d r ie d  in  a  th e rm o  g r a v im e tr ic  

a p p a ra tu s . T h e  p e l le t s  w e r e  s u sp e n d e d  in  a  w ir e  b a sk e t  an d  d r ie d  at 5 0  °C , in  f lo w in g  

N 2 , 5 0  m l/m in  (d r y in g  u n d er  th e s e  c o n d it io n s  h a d  p r e v io u s ly  b e e n  s h o w n , s e e  

C h a p te r  3 , to  r e su lt  in  s a m p le s  w ith  a  r e a so n a b le  c a ta ly s t  d is p e r s io n ) . A fte r  d r y in g  

th e  p e l le t s  w e r e  c a lc in e d . T h e  p rep a ra tio n  p r o c e d u r e  is  d e sc r ib e d  in  d e ta il  in  s e c t io n  

3 .2 .

6.2.2 Catalyst Activity

T h e  l i g h t o f f  tem p e ra tu r e  fo r  C O  o x id a t io n  w a s  u s e d  a s a  m e a su r e  o f  c a ta ly s t  

p e r fo r m a n c e . T h e  p r o c e d u r e  f o l lo w e d  is  d e sc r ib e d  in  s e c t io n  3 .2 .

6.2.3 Catalyst Characterisation 

Atomic Absorption

T h e  p a lla d iu m  lo a d in g  w a s  d e te r m in e d  u s in g  a to m ic  a b so r p tio n  

s p e c tr o p h o to m e tr y . T h e  p e l le t s  w e r e  g ro u n d  to  a  f in e  p o w d e r  an d  th e  p a lla d iu m  

se p a r a te d  fr o m  th e  sa m p le s  f o l lo w in g  a  p r o c e d u r e  u s e d  b y  J o h n s o n  M a tth e y  (S m ith ,  

1 9 9 6 ):  a n  a c c u r a te ly  w e ig h e d  s a m p le  (ra n g e  5 0  -  2 0 0  m g )  w a s  m ix e d  w ith  

a p p r o x im a te ly  3 0  m l aq u a  r e g ia , an d  b o ile d  fo r  a b o u t 6 0  m in u te s  to  n ea r  d r y n e ss . 

T h e  s o lu t io n  w a s  f ilte r e d  ( th e  p r o c e d u r e  d is s o lv e s  p a lla d iu m  b u t n o t  0 C-AI2 O 3 , w h ic h
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remains in solution as a white powder) transferred to a volumetric flask, and made up 

to volume (50 ml) with de-ionised water.

It is important to note that this procedure dissolves palladium but not 

palladium oxide. If any palladium oxide was present, the powder remaining after 

mixing the samples with aqua regia was cream or light brown. If this was the case, 

the palladium oxide was reduced to palladium by heating the sample to 700 °C in 

flowing H2 (BOC, CP grade, 10 ml/min), holding it at this temperature for 2-3 

minutes, then cooling to room temperature in N2 (BOC, Zero grade).

The solution used for atomic absorption measurements contained up to 25 

ppm palladium, this concentration range produced a linear detector response in a 

Perkin-Elmer flame atomic absorption spectrophotometer (model number LS30). 

Calibration standards, were prepared from a 1000 ppm palladium standard solution 

(Aldrich).

X-Ray Diffraction

The palladium crystallite diameters were measured using X-Ray diffraction. The 

powder diffraction patterns were obtained using a Philips, PW1050, powder 

goniometer with Fe-filtered, Co K a radiation. The goniometer was controlled by a 

Philips PW1710 controller. Palladium crystallite diameters, d, were estimated using 

the Scherrer equation, d = 0.9 XI B coscp, in which the peak width at half-maximum, 

B, of an X-ray diffraction peak was used to obtain the particle size. X = 1.79 A for the 

Co source, and the peak for palladium at 2cp = 46.9° was used, as it did not interfere 

with a-AEOs peaks. In actual measurements the instrument makes a contribution to 

the measured width, Bm, called the instrumental broadening, Bj and this was
9 9 9corrected for using Warren’s correction B =  B m - B j . A sample calculation is given 

in Appendix A.

Mercury Porosimetry

To investigate if pore narrowing occurred a Micrometries Autopore II, 9220 

Mercury Porosimeter was used to measure the pore diameter of the samples before 

and after impregnation. The volume of mercury entering the pore structure was 

measured as the applied pressure was gradually increased and the volume vng, at the 

applied pressure, P, gave the cumulative volume of all available pores of radius equal
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to or greater than rp, the pore radius. The pore radius was determined using the 

Washburn equation for cylindrical pores rp = ( 2 q / P ) c o s  0, where a  is the surface 

tension and 0 the contact angle. 5 Samples were examined, they were dried overnight 

in an oven at 50 °C, then evacuated in the porosimeter to 50 |amHg for 1 minute. A 

programmable pressure table generated pressures up to 60 000  psia and dwell times 

of 5 s were employed at each intrusion or extrusion pressure. A sample of the results 

(including an incremental intrusion curve) is shown in Appendix D.

Electron Microprobe Analysis

Samples prepared using certain batches of precursor had a speckled 

appearance. The catalyst distribution on representative samples was investigated 

using dot maps obtained using X-ray emission spectroscopy in a JEOL JXA 8699 

EPMA with a wave-length dispersive analyser, following the procedure described 

below. The L a line of Pd was analysed at an accelerating voltage of 25 kV.

The pellets were sectioned in half and placed in moulds, these were filled 

with epoxy resin. After curing the hardened mounts were ground wet to lpm  with 

SiC paper. This procedure enabled an externally flat pit-free surface to be obtained. 

The samples were coated with a thin layer of evaporated carbon to prevent charging 

under the electron beam.

6.3 RESULTS

Three batches of precursor were used to prepare the samples, two from Alfa, 

one from Aldrich. On all relevant figures, samples prepared using different batches 

of precursor are labelled Alfa, Alfa S and Aldrich S.

The palladium loading of the samples prepared varied from 0.24 to 1.32 wt 

%. The detection limit of X-Ray diffraction limited the minimum loading that could 

be used, and the maximum loading obtainable was limited by the precursor 

concentration available. Figure 6.2 shows the loading as a function of precursor 

concentration used.
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Figure 6.2 Palladium loading as a function of precursor concentration

During impregnation with water at ambient temperature, a-ALCf pellets 

imbibed 0.23 ± 0.004 (95 % confidence interval) ml FLO/g sample, and the line on 

Figure 6.2 represents the predicted loading based on pore filling calculations. It can 

be seen that the loadings obtained for the samples prepared using the precursor 

purchased from Alfa, increased linearly with precursor concentration, and agree well 

with the predicted values. However, samples prepared using precursor from Aldrich, 

did not follow this trend and all had a significantly lower loading than predicted. The 

precursor concentration from Aldrich was checked using Atomic Absorption and 

found to be as specified.

The catalyst is pale brown and after calcination the majority of the pellets 

were a uniform colour indicating that the catalyst distribution was uniform. However, 

samples prepared using certain batches of the precursors, Alfa S and Aldrich S, had a 

speckled appearance. Photographs of a uniform and a speckled sample are shown in 

Figure 6.3. It should be noted that the radial catalyst distribution of all the pellets 

appeared to be uniform.
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Figure 6.3 Photographs showing catalyst distribution on pellets prepared using 

different batches of precursor, (a) Alfa - uniform appearance and 1.44 wt% 

palladium loading, and (b) Aldrich S - speckled appearance and 0.86 wt% palladium 

loading.

Dot maps, obtained with the electron microprobe, were used to analyse the 

samples for regions of palladium and are shown in Figures 6.4 and 6.5 for pellets 

with a uniform and speckled appearance respectively. It should be recognised that 

palladium loading is proportional to the number of counts, which differ by a factor of 

as much as 17 between the 2 samples. The dot maps of the speckled sample show 

evidence of highly concentrated regions of palladium, approximately 100 pm in 

diameter (maximum count number 2277 in Figure 6.5 b) this is similar in size to the 

clusters observed in Figure 6.3 b. Similar regions of high palladium concentration 

were not detected on the uniformly distributed samples (maximum count number 519 

in Figure 6.4 b) confirming that the clusters on the speckled samples consisted of 

palladium.

The average pore diameter of the support before impregnation and the pore 

diameters of 5 of the samples after impregnation, was measured using Mercury 

Porosimetry. The results, shown in Figure 6.6  (dotted lines represent the upper and 

lower 95% confidence intervals of the average pore diameter before impregnation) 

indicate that there is no significant reduction in pore diameter following 

impregnation.
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Figure 6.4 Dot maps showing palladium distribution on sample with uniform 

appearance and palladium loading 0.25 wt% (a) 10 pm scale (b) 100 pm scale
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Figure 6.5 Dot maps showing palladium distribution on sample with speckled 

appearance and palladium loading 0 .86  wt% (a) 10 pm scale, (b) 100 pm scale
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The crystallite diameter of the samples, determined using X-Ray diffraction line 

broadening, was calculated to be between 25 nm and 107 nm for the range of 

loadings investigated. The results of the X-Ray diffraction experiments, shown in 

Figure 6.7, indicate that the crystallite size does not increase with loading. The 

palladium surface area of the samples was also calculated, a sample calculation is 

reported in Appendix E, and the effect of loading on palladium surface area is shown 

in Figure 6 .8 . The data was correlated using a linear equation passing through the 

origin, this is represented by the solid line, and it may be seen that the surface area 

increases linearly with loading. The data points for the speckled samples were not 

included in the correlation as they showed deviations from the trend exhibited by the 

rest of the data.

The lightoff temperature (the temperature at which 50% conversion occurs) 

for CO oxidation was used as a measure of catalyst activity and ranged from 175 °C 

to 246 °C. The results are shown in Figure 6.9 as a function of palladium surface 

area. A summary of the results obtained may be found in Appendix F.

6.4 DISCUSSION

6.4.1 Effect of precursor concentration on loading

Figure 6.2 indicates that the loading increased linearly with precursor 

concentration. This is consistent with the fact that CX-AI2O3 is an inert support, which 

means that there is no interaction between the support and the precursor. Thus the 

loadings obtained result from the precursor which has filled the pores of the support 

during impregnation, as there is no contribution to the loading from precursor 

adsorption.

The loadings agreed well with predicted values based on pore filling 

calculations, apart from the 3 samples labelled Aldrich in Figure 6.2, which had a 

lower loading than expected. Palladium present in the precursor and introduced into 

the support during impregnation must either be “lost” at some point between catalyst 

impregnation and atomic adsorption or alternatively the palladium present might not 

be detected by atomic adsorption. A satisfactory explanation for the low loadings 

cannot be offered at this stage, although two will be proposed. In a study of the 

preparation of Pt/SiCb catalysts by impregnation with FbPtC^, Dorling et al. (1971)
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observed that, under certain experimental conditions, platinum was lost from the 

catalyst. This was attributed to the activation process during which PtCU dissociated 

into the vapour phase, and small crystallites vaporised and disappeared, (the 

dissociation of the amine precursor is far more complex than that of H2PtCl6, five 

different palladium-amino ligands were detected in the work of Spielbauer et al., 

1993). The first suggestion is therefore that during calcination, palladium complexes 

are vaporised and disappear, however this explanation does not account for the fact 

that the low loadings were only found in samples prepared using specific batches of 

precursor. As part of a study investigating metal-support interactions on Pt/a-Al20 3, 

Albers et al. (1994) used X-Ray diffraction to identify the presence of solid phases 

consisting of Pt/Al. An alternative suggestion is that as a result of impurities present 

in the precursor from Aldrich a palladium-aluminium complex was formed, and this 

complex was not detected by atomic absorption. It should be noted that the catalyst 

used in Albers et al. (1994) had been subject to a severe pre-treatment (reduction at 

1200 °C for 100 days). A typical analysis of the impurities present in the precursor 

was obtained from Aldrich and the results shown in Table 6.2 indicate that any 

impurities were present in very low levels.

a-A l203 Si02 < 0.05%, Na20 3 < 0.2%, Fe20 3 < 0.1%, T i0 2 < 0.01%,

CaO < 0.1%, MgO < 0.02%, K20  < 0.02%, Z r0 2 < 0.01%,

H f02 < 0.05%

Alfa precursor Cl 0.03%

Aldrich precursor Na 7ppm, Ca lppm, Mg 0.2ppm, Pt lppm, Si lppm

Table 6 .1 Impurities present in the precursor and support

It therefore seems unlikely that the low loadings might be attributed to either 

vaporisation of a palladium species or the formation of palladium complexes. Future 

work would be needed to resolve the problem, including use of X-ray diffraction to 

detect peaks that might be due to palladium-alumina complexes and an independent 

measurement of impurities present in the precursors. However an important 

conclusion is that the origin of the catalyst precursor can affect the characteristics of 

the catalyst.

144



6.4.2 Catalyst distribution

An interesting feature of the preparation procedure was that samples prepared 

using certain batches of the precursors, Alfa S and Aldrich S, had a speckled 

appearance, see Figure see 6.3. Dot maps obtained using an electron microprobe (see 

Figures 6.4 and 6.5) confirmed that the clusters on the speckled samples were 

palladium. Table 6.1 shows the impurities present in the support and it is proposed 

that the clusters formed due to interactions between the impurities present in the 

support and those present in the precursor, during the impregnation or drying stages. 

Experimental confirmation of the above proved to be difficult, as the electron 

microprobe was missing the necessary spectrometers for detection of the impurities. 

Simone et al. (1991) investigated the effect of impurities present in precursors used 

to prepare Pd/y-A^Os for methane oxidation. Chloride containing precursors 

produced catalysts with inferior performance to those made without chloride and the 

authors suggested that charge effects on the precursor complex were incompatible 

with the carrier surface charge, resulting in poor distribution of the salt. It is also 

possible that impurities present in the precursor used in this work could have affected 

the location of crystallite nucleation (although it should be recognised that the 

surface charge on CC-AI2O3 is much smaller than that on Y-AI2O 3).

6.4.3 Effect of loading on palladium crystallite size and surface area

Figure 6 .8 , indicates that the palladium surface area increases linearly with 

loading and hence when the palladium concentration in the impregnating solution is 

increased, the catalyst surface area also increases. This may be due to either an 

increase in the total number of crystallites formed during the drying stage, a; 

decrease in the mean size of the crystallites, or a combination of both. Figure 6.7 

indicates that the crystallite size does not decrease with loading, it is therefore 

suggested that an increase in the loading results in an increase in the number of 

crystallites, but not their mean size.

The relationship between catalyst loading and surface area may be linear (this 

occurs where an increase in loading results in an increase in the number of 

crystallites formed but not their mean size) or non-linear (in cases where both the 

number of crystallites and their mean size increases). An examination of the 

literature suggests that the relationship is non-linear in cases where there is no 

interaction between the precursor and the support, an impregnated-type catalyst, and
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linear in cases where there is interaction, an adsorption-type catalyst. In a study of 

platinum supported on silica, Dorling et al. (1971) observed that when impregnation- 

type catalysts were prepared, the catalyst surface area was proportional to (loading)273 

and this relationship was interpreted as follows. Initially an increase in loading is 

accompanied by an increase in the number of crystallites formed but not their mean 

size and hence the relationship between catalyst surface area and loading is 

effectively linear. The number of crystallites continues to increase up to a loading of 

3 wt%, above which it remains approximately constant, while the average size of the 

crystallites increases, and this caused the nonlinearity of the relationship. Moss et al. 

(1979) also observed that the relationship between surface area and loading was 

linear up to 3 wt% loading and above this it was non-linear in a study of Pd/SiC>2 (an 

impregnation-type catalyst).

Pd/a-A^Os is an impregnation-type catalyst, and the relationship between 

loading and catalyst surface area was linear, which (due to the low loadings of the 

catalysts considered) is consistent with results found in the literature. This indicates 

that there may be an optimum loading, above which further increases in loading do 

not result in significant increases in catalyst surface area, however in this work the 

highest loading obtainable was limited by the precursor concentration available.

Two further points are worth noting. The first is that the stage (drying or 

calcination) in the preparation procedure when the final crystallite size is established 

is unknown. Dorling et al. (1971) used electron micrographs to provide direct 

evidence of sintering of Pd/SiC>2 (an impregnation-type catalyst) during calcination. 

The sintering was influenced by catalyst loading, and only occurred at loadings 

above 5 wt%. It is possible that sintering of the palladium crystallites in this study 

may have occurred during calcination, and that the sintering behaviour may have 

been influenced by the loading, (Bartholomew, 1993).

The second point is that there are several problems associated with the use of 

X-ray diffraction to determine crystallite size (see section 7.4). Firstly, the Scherrer 

formula is not very effective at characterising a broad particle size distribution. If a 

sample consists of a collection of very small and very large crystallites, then the 

width of the composite diffraction profile is determined almost completely by the 

sharp peak of the large crystallites, and the smaller crystallites (which contribute 

mainly to the wings of the profiles) are scarcely taken into account. As such, the 

Scherrer formula will be primarily sensitive to the large crystallites and the crystallite
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size could be overestimated (Matyi et al. 1987, Sing and Rouquerol, 1997). 

Therefore, if an increase in loading resulted in an increase in the size of small 

crystallites but not larger ones, then this may not have been detected by X-ray 

diffraction.

In addition to this X-ray diffraction has a low sensitivity to large crystallite 

sizes. Crystallite diameters are calculated by determining the line-broadening of the 

diffraction peak and Figure 6.10 shows the relationship between broadening and 

crystallite diameter. It may be seen from this figure that X-ray diffraction is 

relatively insensitive to changes in crystallite sizes in samples with larger crystallites. 

It would therefore be useful to use chemisorption as an additional method of 

crystallite size determination, as a comparison of the results could give a better 

indication of the true crystallite size.

0.4

0.2

50 100 150 200 250 3000

Crystallite diameter (nm)

Figure 6.10 Relationship between X-Ray diffraction line-broadening and 

crystallite diameter

6.4.4 The effect of palladium crystallite size and surface area on catalyst 

activity

The lightoff temperature, T-lightoff, for CO oxidation, was used as a measure 

of catalyst activity. T-lightoff as a function of surface area is shown in Figure 6.9. It
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may be seen that an increase in palladium surface area is accompanied by an increase 

in catalyst activity, (a decrease T-lightoff) as expected for a structure insensitive 

reaction.

CO oxidation over palladium is commonly considered to be a structure 

insensitive reaction, (Stara et al. 1996, Bowker and Joyner, 1995) which means that 

the reaction rate is not influenced by the shape or diameter of the crystallites. 

However, this is not supported by all the experimental data reported in the literature. 

Stara et al. (1995) studied the influence of particle size on CO oxidation on a Pd/a- 

AI2O3 model catalyst and found that small, 2.5 nm, particles were more reactive than 

large, 27 nm, particles (the smallest palladium particle in this work measured 25 nm). 

It is important to recognise that model catalysts can behave very differently from real 

catalyst systems.

An interesting feature of the results, is that samples prepared using the same 

batch of precursor have similar lightoff temperatures. Table 6.2 shows the range in 

T-lightoff for samples prepared using the same batch of precursor, and it may be seen 

that although the overall range in T lightoff is large the range within the individual 

groups is relatively small. The batch of precursor used also affected the catalyst 

distribution as can be seen from Figure 6.9 in which the speckled samples have 

slightly lower activity. Hence it may be possible that there is a connection between 

catalyst distribution (uniform or speckled) and catalyst activity.

Alfa 22 °C

Alfa S 10 °C

Aldrich S 4 °C

Overall range 64 °C

Table 6.2 Range in T-Lightoff for samples prepared using the same batch of 

precursor.
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CHAPTER 7 

THE EFFECT OF THE SUPPORT ON CATALYST SINTERING

7.1 INTRODUCTION

T h e  te r m  s in te r in g  is  u s e d  to  d e s c r ib e  th e  th e r m a lly  in d u c e d  lo s s  o f  c a ta ly t ic  

or su p p o rt su r fa c e  area . It is  im p o r ta n t to  u n d er sta n d  th e  s in te r in g  p r o c e s s ,  as  

d e p e n d in g  u p o n  th e  r e a c t io n  c o n d it io n s  s in te r in g  c a n  b e  o n e  o f  th e  m o s t  im p o r ta n t  

c a u s e s  o f  c a ta ly s t  d e a c t iv a t io n . T h is  w a s  c le a r ly  d e m o n str a te d  in  a  s tu d y  ( D a l la  B e tta  

e t  a l.,  1 9 7 6 )  in v e s t ig a t in g  th e  r e la t iv e  im p o r ta n c e  o f  s in te r in g  an d  p o is o n in g  o n  th e  

d e a c t iv a t io n  o f  a u to m o tiv e  c a ta ly t ic  c o n v e r te r s , w h ic h  s h o w e d  th a t s in te r in g  d u r in g  a  

stan d ard  c o n v e r te r  d u r a b ility  te s t  c a n  c a u s e  lo s e s  o f  u p  to  9 5  % o f  th e  o r ig in a l  

c a ta ly s t  s u r fa c e  area.

C o m m e r c ia l  a u to m o tiv e  c o n v e r te r s  are b a s e d  o n  a  c o r d ie r ite  su p p o r t c o v e r e d  

w ith  a  Y -A I2 O 3 w a s h c o a t  a n d  th e n  im p r e g n a te d  w ith  c a ta ly s t . H o w e v e r  th e rm a l 

d e a c t iv a t io n  o f  th e  c a ta ly s t  c a n  o c c u r  d u e  to  s in te r in g  o f  th e  Y -AI2 O 3 w a s h c o a t . T h e  

u s e  o f  OC-AI2 O 3 a s  a su p p o rt fo r  a u to m o tiv e  c o n v e r te r s  w a s  fir st  p r o p o se d  b y  B h a s in  

e t  a l. ( 1 9 9 3 )  a s  0 1 -A I 2 O 3 i s  th e r m a lly  s ta b le  an d  s in te r in g  o f  th e  su p p o rt sh o u ld  n o t  b e  

a p r o b le m , h o w e v e r  lit t le  is  k n o w n  a b o u t  th e  e f f e c t  o f  th e  su p p o rt o n  c a ta ly s t  

s in te r in g . In  th is  ch a p te r  th e  s in te r in g  o f  a - A l 2 0 3  su p p o rted  c a ta ly s ts  w a s  

in v e s t ig a te d  a n d  c o m p a r e d  to  th a t o f  c a ta ly s ts  su p p o r te d  o n  Y-AI2 O 3 , th e  o v e r a ll  g o a l  

b e in g  to  e x a m in e  th e  e f f e c t  o f  th e  su p p o rt o n  c a ta ly s t  s in te r in g . B e fo r e  th e  r e su lts  a n d  

d is c u s s io n  are p r e s e n te d  th e  s in te r in g  litera tu re  w i l l  b e  r e v ie w e d .

7.1.2 Sintering Mechanisms

T h e  t w o  p r o c e s s e s  b y  w h ic h  lo s s  o f  c a ta ly s t  su r fa c e  area  c a n  o c c u r  are  

a g g lo m e r a t io n  o f  sm a ll c a ta ly s t  c r y s ta ll it e s  in to  la rg er  o n e s ,  c a ta ly s t  s in te r in g , or  

c o l la p s e  o f  th e  su p p o rt p o r e  stru ctu re an d  lo s s  o f  in te rn a l su r fa c e  area , a  p r o c e s s  

k n o w n  a s  su p p o r t s in te r in g .

Catalyst sintering

W h e n  su b je c t  to  h ig h  tem p e ra tu r es  c a ta ly s t  c r y s ta llit e s  g a in  e n e r g y  a n d  start 

m o v in g  a ro u n d  th e  su p p o rt su r fa c e . T h e  c r y s ta ll it e s  te n d  to  c lu m p  to g e th e r , m o v in g  

in to  p o s i t io n s  th a t are m o r e  e n e r g e t ic a l ly  fa v o u r a b le , an d  it  is  th is  c a ta ly s t
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agglomeration that is associated with the thermally induced loss of catalyst surface 

area and activity. Two models have been proposed to describe the mechanism of 

crystallite growth. In the first, developed by Flynn and Wanke. (1974) and called the 

atomic migration model, sintering is described by the escape of metal atoms from 

crystallites, transport of these atoms across the support surface, and the subsequent 

capture of the migrating atoms on collision with other metal crystallites. When the 

mechanism is a global process involving a large number of crystallites, it is called 

Ostwald ripening, whereas if it only occurs in localised regions with migration 

occurring between pairs of neighbouring crystallites, the process is called Direct 

Ripening. The second model, the crystallite migration model was developed by 

Ruckenstein and Pulvermacher (1973). This model visualises sintering to occur via 

migration of catalyst crystallites in their entirety across the support, with subsequent 

coalescence on collision with other crystallites. It should be noted that sintering can 

occur due to a combination of crystallite migration, collision and coalescence, direct 

ripening and Ostwald ripening (Chen and Ruckenstein, 1981a).

Support sintering

As described above, loss of catalyst surface area can also occur due to a 

reduction in the surface area of the support. A high surface area support such as y- 

AI2O3 may lose surface area by two processes, sintering of the support due to the 

collapse of micropores, and phase transformation from y -> 5 -> 9 to a low surface 

area (X-AI2O3, the only stable alumina phase. Unfortunately there is very little work 

examining the influence of support sintering on catalyst surface area loss and the 

associated catalyst thermal deactivation (Bartholomew, 1993).

The surface area loss suffered by Y-AI2O3 at temperatures of 800 -  1000 °C 

was investigated by Schaper et al. (1985) who demonstrated that the majority of the 

loss of surface area is caused by sintering, which occurred by migration of material 

(via surface diffusion) to form necks between the alumina crystallites, whereupon 

small particles grew into larger ones. It was concluded that the phase transformation 

to (X-AI2O3 only commences after sintering of Y-AI2O3 to a low surface area, and that 

the phase transformation does not contribute significantly to support surface area 

loss. Wilson and Stacey (1981) studied the porosity of AI2O3 phases derived for y- 

AI2O3. Results (including mercury porosimetry, BET, TEM and SEM) revealed that 

the phase transformation y -> 8-AI2O3 was accompanied by a substantial decrease in
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accessible porosity as the micropores transformed into closed or occluded pores. 

Following this, the phase transformation 5  -> (X-A I2O 3 was accompanied by a 

significant loss of closed internal (inaccessible) micro-porosity, which was linked to 

the disappearance of the internal system of occluded micro-pores. It is therefore 

suggested that the loss of catalyst surface area following thermal treatment of y- 

AI2O 3 supported catalysts, may be due to the entrapment of catalyst particles in 

occluded micropores following phase transformation of the support. Although the 

phase transformation may not contribute significantly to surface area loss of the 

support, it is possible that the transformation may contribute to the loss of catalyst 

surface area following thermal treatment. This hypothesis is consistent with 

experimental results found in work by Chu and Ruckenstein (1978) who used TEM 

and electron diffraction patterns to investigate the sintering of platinum on alumina 

model catalysts and observed that phase transformation of y -► 0C-AI2O3 was 

associated with severe sintering of the platinum crystallites. It may be concluded that 

although the exact relationship between support and catalyst surface area loss 

following thermal treatment is unknown, the most likely cause for the decrease in 

catalyst surface area is the entrapment of catalyst particles following phase 

transformation of the support and collapse of the support micropores.

7.1.2 Redispersion

In some cases the crystallite size of supported catalysts may be decreased by 

appropriate procedures, in a process known as redispersion. The phenomenon has 

primarily been observed in oxidising atmospheres and two main theories have been 

suggested to describe the process. In the first it is proposed that the decrease in 

catalyst crystallite size is caused by a physical splitting of the individual crystallites, 

while the second theory visualises redispersion to occur by the spreading of the 

catalyst over the support surface. It should be recognised that while a number of 

models exist for the rationalisation of the redispersion process, our understanding of 

the phenomenon is limited.
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7.1.3 Data Correlation

Simple Power Law Equation, (SPLE)

Sintering data has generally been fitted by an empirical rate expression, the

SPLE,

'  D  ' II

'  D  '

m

I a J , A J

where ks is the sintering rate constant, D0 the initial dispersion and m the sintering 

order, which for typical catalyst systems varies from 3 up to 15 (Bartholomew, 

1983). The sintering order varies with time, temperature and atmosphere, which is a 

great disadvantage, as data may only be compared between data sets that have been 

fitted using the same sintering order. Thus, it is often inappropriate to compare 

kinetic parameters for data collected even from the same catalyst system, in addition 

a comparison of data from different catalyst systems is frequently invalid (as the data 

has usually been fitted using a different sintering order).

General Power Law Expression (GPLE)

For this reason the data in this chapter was fitted to the General Power Law 

Equation (GPLE) proposed by Fuentes and Gamas (1991),

- d
(  D_ ^ 

\ D 0 j
'dt = k..

D_

v A

D \  

A y
(7.2)

It may be seen that the GPLE adds a term to account for the asymptotic

approach to a limiting dispersion at infinite time. Deq, which is a function of 

temperature, atmosphere and catalyst, provides an indication of how far sintering has 

progressed for a given catalyst and set of operating variables. The term is also 

physically meaningful as the dispersion is generally observed to approach a limiting 

value with time (Richardson and Crump, 1979). Bartholomew (1993) collated a 

comprehensive database of experimental sintering data and demonstrated that all the
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data could be fitted to the GPLE using a sintering order o f 1 or 2. This is important as 

a number of steps that occur in the sintering process, such as the emission of atoms 

from crystallites and the diffusion of atoms or crystallites across a support surface, 

are either first or second order processes (Fuentes and Gamas, 1991). The rate 

constant (ks) is a kinetic parameter that is a function only of temperature and 

provides a direct quantitative measurement of sintering rate. The activation energy 

(E) provides a measure of the temperature dependence o f sintering and relates to the 

energy required for activation of the sintering process. Data sets for sintering at a 

minimum of two temperatures (Ti and T2) and the respective values of (ks) are 

required to calculate E, in which case E may be determined from;

In * -
J  1_
T T1 \ J 2

(7.3)

Use of the GPLE to analyse sintering data has a number o f advantages. 

Firstly the GPLE has been found to fit sintering data more accurately than the SPLE 

(Bartholomew, 1993). Secondly, use of the GPLE allows physically meaningful 

kinetic parameters (such as ks and E) to be obtained and thirdly, data sets can usually 

be analysed using the same sintering order, (either 1 or 2 ) which means that 

quantitative comparisons between data sets are valid.

7.1.4 Model Catalyst Studies

There have been many attempts to investigate catalyst sintering using 

Transmission Electron Microscopy (TEM) studies of model catalysts, usually 

comprising catalyst crystallites which have been evaporated from the metal onto an 

oxide film. Model catalysts consisting of palladium crystallites supported on thin 

films of Y-AI2O3 were used by Chen and Ruckenstein (1981a) to study the sintering 

behaviour of supported palladium in H2 at 650, 725 and 800 °C. It was concluded that 

sintering in H2 was an extremely complex process which occurred by various 

mechanisms including crystallite migration and coalescence, direct ripening and 

Ostwald ripening. In a similar study, Chen and Ruckenstein (1981b) investigated the 

sintering behaviour of model PCI/Y-AI2O3 catalysts in O2 at 350, 500, 750 and 920 °C. 

The formation of pits and cavities on the palladium crystallites and the spreading of
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PdO over the oxide surface was observed during experiments at 500 and 750 °C. The 

formation of pits was tentatively associated with the oxidation of palladium to PdO, 

which occurred at some of the active sites. The PdO thus formed had a lower 

interfacial tension than the non-oxidised palladium and, in order to decrease the free 

energy, spread over the crystallite surface to cover unreacted palladium. The 

migration of the PdO molecules exposes fresh palladium and as the process proceeds 

a pit develops in the crystallite. The spreading of PdO over the surface of the alumina 

was said to occur as the wetting angle of the oxide is smaller than that of the metal. 

The above phenomena were not observed during heating in H2 at any temperature, or 

in O2 at 920 °C, as at this temperature PdO is unstable.

It is important to recognise that model catalysts, consisting of catalyst 

crystallites supported on thin oxide films are only an approximation of a typical 

supported catalyst. While studies using model catalysts have lead to an indication of 

the predominant sintering mechanisms, the relation between model and commercial 

catalysts is difficult to establish. There may also be problems associated with sample 

preparation, and Glassl et al. (1980) demonstrated that the structure of an evaporated 

model catalyst (Pt/y-AbCb) was altered by preparation for electron microscopy and 

that the changes could be larger than the effects of thermal sintering. This was also 

demonstrated in a study of the thermal deactivation of automotive oxidation catalysts 

by Dalla Betta et al. (1976) who prepared samples for examination by TEM using 

two different techniques, tissue grinding and surface extraction. The results showed 

that the crystallite diameters of samples that had been prepared using surface 

extraction were up to 4.3 times larger than those prepared using the tissue grinding 

technique. Lastly, the thermal properties of the support may cause the crystallites to 

become extremely hot during electron beam radiation, and a potential concern is the 

melting, sintering or even evaporation of the catalyst (Matyi et al. 1987).

It may be concluded that although the high sensitivity and accuracy of the 

measuring techniques employed in model catalyst studies cannot be achieved when 

real catalyst systems are examined, studies on real systems have the potential of 

providing information (such as sintering rate data) that has more commercial 

relevance.
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7.2 OBJECTIVES

The principal goal of this chapter is to measure the sintering rates of various 

catalyst systems as a function of atmosphere and temperature and to correlate the 

data in the form of rate expressions. The motivation behind this is that although 

catalyst deactivation by sintering is often unavoidable, if sintering rates are known, it 

may be possible to identify reaction conditions or catalyst formulations that minimise 

thermal deactivation, or even reverse the process through redispersion. The chapter 

consists of 2 sections, in the first a preliminary investigation was made of the 

sintering of an (X-AI2O3 monolith based catalytic converter which was compared to 

that of a commercial converter. In the second, the sintering behaviour of palladium 

supported on both y and 0C-AI2O3 pellets, in oxidising and reducing atmospheres, was 

studied.

7.3 PRELIMINARY INVESTIGATION

7.3.1 INTRODUCTION

Thermal deactivation of automotive catalytic converters is a serious problem, 

especially as government legislation concerning durability requirements is getting 

stricter and stricter. Commercially used converters are based on a cordierite support, 

covered with a Y-AI2O3 washcoat and then impregnated with the catalyst, a 

combination of platinum, palladium and rhodium. A converter has been developed 

(Bhasin et al., 1993) that has the potential of reducing catalyst thermal deactivation. 

The converter uses a thermally stable material, a-Al2 0 3 s as the catalyst support 

which is coated directly with the catalyst, palladium. Palladium-only converters have 

recently received attention as palladium is both cheaper and more widely available 

than platinum or rhodium (Engler et al., 1995; Skoglundh et al., 1996; Hu et al., 

1996; Cairns et al., 1997). As the converter is thermally stable, it can also be placed 

near the engine manifold (in a close-coupled position) reducing catalyst warm-up 

times and cold-start emissions (Summers et al., 1993; Gulati et al., 1995; Ball and 

Jacque, 1995; Takada et al., 1996). Bhasin et al. (1993) used activity data for CO and 

HC oxidation and NOx reduction, before and after sintering at 1100 °C for 40
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minutes, to confirm that the (X-AI2O3 based converter had good thermal stability 

characteristics when compared with commercial automotive converters.

The goal of the first section is to investigate the thermal stability of an a- 

AI2O3 based converter and to compare it with that of a commercial catalytic 

converter. Data, consisting of the dispersion of samples sintered in N2 at 800 °C for 

extended time periods, was collected and fitted to the GPLE. This enabled a 

comparison to be made between the thermal stability of an (X-AI2O3 based and a 

commercial catalytic converter.

7.3.2 EXPERIMENTAL

Catalyst Preparation

The 0C-AI2O3 based converter consisted of an 0C-AI2O3 monolith (Norton, 

sample number 9469491) of pore diameter 1.13 pm and surface area 0.87 m2/g. The 

monolith was supplied as 5 x 5 x 5 cm cores, which were cut using a scalpel to 

produce a close fit inside a 1.3 cm internal diameter reactor. The monoliths were 

impregnated with a solution of tetraamine palladiumdinitrate, of an appropriate 

palladium concentration (0.0112 g/ml) to achieve the desired catalyst loading of 0.03 

wt%. A low loading was used as Bhasin (1994) proposed that acceptable catalyst 

activity could be achieved in catalytic converters using small amounts of noble 

metal. Following impregnation, the samples were dried in N2 (BOC, zero grade) 50 

ml/min, at 32 °C, calcined and activated. The impregnation, drying and activation 

procedures are described in detail in section 3.2.

The commercial converter, typical of those currently used in automotives, 

was supplied by Johnson Matthey. It consisted of a cordierite support which was 

washcoated with y-Al2 0 3 /Ce0 2  and coated with platinum and rhodium with a 

loading of 0.17/0.03 wt% respectively. The monolith cores were supplied with a 10 

cm diameter and 15 cm length, and were cut to size, then activated, following the 

procedure described above and in section 3.2.

Sintering

A schematic of the set-up used for the sintering experiments is shown in 

Figure 7.1. The activated samples were cut into lengths of 1 cm, each slice weighing
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roughly 1 g. At the start of each experiment a sample was placed in the centre of a 

stainless steel reactor (length 62 cm), it was kept in place using gauze mesh upstream 

and a stop made of coiled wire downstream. Static mixers placed upstream of the 

samples were used (if required) to ensure complete mixing of the reaction gases. The 

flow of the gases through the reactor was controlled using mass flow controllers 

(Chell Instruments Ltd., type MKS 1259B) and a thermocouple (Labfacility Ltd., 

type K, external diameter 2 mm) held in direct contact with the reactor, was used to 

measure the reactor temperature. The reactor was placed in a furnace (Carbolite Ltd., 

CST 10/70), and the sample heated in the reaction gases to 500 °C. The furnace 

setpoint was then raised to the desired value, using the maximum ramp rate (99 

°C/min), and a stopwatch started when the reactor temperature reached within 5 °C of 

the set-point, a process which took 8 - 1 2  minutes. After the sample had been 

sintered for the appropriate time the furnace was opened, and the reactor took 

approximately 2 minutes to cool to 500 °C.

The sintering in the preliminary investigation took place at 800 °C in N2  

(BOC, O2 Free) 50 ml/min, for times of up to 100 h. This temperature was chosen as 

it is representative of the temperature a close-coupled converter is exposed to 

(Summers et al., 1993).

Mass Flow 
Controller N2 Coiled

Stop
Thermocouple

Furnace Mixers Sample
To Fumecupboard <- 

Figure 7.1 Schematic of the set-up used for sintering experiments
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Catalyst Dispersion

A method commonly used for measuring catalyst surface area and dispersion 

is pulse chemisorption. However there were a number of problems associated with 

the use of the pulse chemisorption set-up in the Chemical Engineering department at 

UCL (see section 7.4) and it was decided that the data it provided was unreliable. 

This was probably caused by the low catalyst loadings used on the a-AEOs based 

converter, which meant that any impurities that contaminated the gas steam had a 

large affect on the amount of CO chemisorbed by the catalyst. For this reason the 

catalyst dispersion was measured by Johnson-Matthey. The procedure used at 

Johnson Matthey for pulse chemisorption measurements was as follows: He was 

passed over a powdered sample at room temperature for 10 minutes, this was 

followed by H2 also for 10 minutes, flowrates of 30 ml/min were used throughout the 

experiment. The sample was heated to 300 °C in H2 and kept at this temperature for 

30 minutes before cooling to room temperature. Chemisorption experiments were 

performed at room temperature in H2, CO was pulsed into the carrier gas stream and 

a thermal conductivity detector detected the CO passing unadsorbed over the 

catalyst. Pulsing continued until successive peaks displayed on the chart recorder had 

the same height, indicating that monolayer coverage of the exposed catalyst surface 

has occurred. Knowing the volume of CO per pulse, the amount of CO chemisorbed 

and the catalyst surface area could be determined. A stoichiometry of 1 catalyst 

surface atom to 1 CO atom was used in all calculations.

7.3.3 RESULTS

The catalysts had comparable initial dispersions; Do = 0.22 for Pd/a-Al20 3  

and 0.33 for Pt/Rh/y-Al2 0 3 . The mean crystallite diameter, (d0 is the diameter at t = 

0 , dioo the diameter at t = 100 h) was calculated from the catalyst surface area, dG =

2 .6  and dioo = 280 nm for Pd/a-Al2 0 3  and d0 = 1.7 and dioo = 190 nm for Pt/Rh/y- 

AI2O3 . Sample calculations are shown in Appendix E. A graph of normalised 

dispersion as a function of sintering time is shown in Figure 7.2. It should be noted 

that the crystallite sizes are comparable with those measured by Pisanu and Gigola 

(1996) who found 0.1 wt% Pd/a-AECE to have a crystallite diameter of 1.7 nm.
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Data Correlation

Normalised dispersions versus time data were analysed using first and second 

order rate forms of the GPLE and Kaleidagraph, a graphics package. The Random 

Error Squared (RE ) of the normalised experimental dispersion versus time data 

relative to the calculated curve was used as a measure of the statistical quality, or 

goodness, of the data correlation, thus RE = 1 represents a perfect correlation and 

RE = 0 means that there was no correlation. In all cases the best fit was found using 

m = 1. Three data points, labelled scatter points, were not included in the analysis as 

they showed significant deviations from the trends exhibited by the rest of the data. 

The results from the data correlation, including 95% confidence intervals for Deq/D0 

and ks, are summarised in Table 7.1 and Figure 7.2. The values of RE2 show that the 

GPLE provided a good fit for both the data sets.

Deq/Do ks (h'1) RE2

Pd/a-AEOs 0.095 ± 0.03 0.58 ±0.11 0.979

Pt/Rh/y-Al20 3 0.103 ±0.02 1.38 ±0.33 0.995

Table 7.1 Limiting dispersions, rate constants (both shown with 95% confidence
y

intervals) and RE obtained from data analysis using GPLE, (m=l)

7.3.4 DISCUSSION

As both sets of data were correlated using a fixed kinetic order, it is possible 

to make quantitative comparisons between the two samples. The sintering curves 

indicate that the catalysts have similar thermal stability and that up to 90% of the 

dispersion is lost during the first 5 hours of sintering. Rate constants of 0.58 h ' for 

Pd/a-Al2 0 3  and 1.38 h 1 for Pt/Rh/y-Al2 0 3  provide a measure of the sintering rate, 

and the values indicate that Pt/Rh/y-A^C^ loses surface area more rapidly than Pd/a- 

AI2O3, as may be seen in Figure 7.2. Equilibrium dispersions of 0.095 and 0.103 for 

Pd/a-Al2 0 3  and Pt/Rh/y-Al2 0 3  were used to determine the extent to which the 

sintering process had progressed and comparison of Deq with the dispersion after 100 

h indicated that no further loss of dispersion should occur.
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Figure 7.2 Sintering curves for 01-AI2O3 based and commercial converter 

(symbols correspond to data points, curves to data based on GPLE kinetics, m =l) 

Data has been normalised with respect to catalyst dispersion at time = 0.
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It is expected that catalyst sintering is less likely to occur on the commercial 

converter which uses a support with small pores, as crystallite growth is limited by 

the size of the pores (Ahn and Tein, 1980; Zou et al., 1993) than on the (X-AI2O3 

based converter which has large support pores. It is suggested that the experimental 

results may be attributed to a variation in the strength of metal-support interactions 

between the 2 samples as discussed in 7.4.3.

It should be recognised that although the loss of dispersion during the thermal 

treatments was severe, the results are comparable with the those of other studies. 

Zahradnik et al. (1975) investigated the sintering of Pt/a-Al20 3  (0.036 wt% 

platinum) and showed that after sintering at 800 °C for 10 h in Ar the normalised 

catalyst dispersion fell to 0.3. Beck and Carr (1988) also reported that the catalyst 

dispersion fell to 0.2 after 2 h ageing of 1 wt% Pt/Al203 at 800 °C in 5% O2/N2, the 

phase of the alumina was not reported.

Finally, it is suggested that experimental scatter could also have been caused 

by the monolith cores having a nonuniform axial catalyst distribution. Thus, 

sectioning the samples into 1 cm lengths before the sintering experiments could have 

resulted in differences in catalyst loading between the individual samples.

The results indicate that the thermal stability of the two samples are 

comparable. Coupled with the high temperature stability of 01-AI2O3 this makes the 

use of (X-AI2O3 based close-coupled converters a promising competitor to 

commercial converters. However, although it is important to obtain data that is 

representative of real catalyst systems, differences between the a-A l20 3 based and 

commercial converter, (including the type of catalyst and support, catalyst loading, 

and promoters) meant that it was difficult to attribute differences in sintering 

behaviour to the effect of a specific variable. For this reason further experiments 

were carried out in which the aim was to investigate the effect of the support on 

catalyst sintering, as described below.

7.4 SINTERING OF a-Al20 3 AND y-Al20 3 SUPPORTED CATALYSTS

The goal of this section is to investigate the thermal stability of palladium 

supported on a  and Y-AI2O3 in oxidising and reducing atmospheres. Experimental 

data consisting of the dispersions of samples sintered at 750 and 900 °C for up to 50
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h were collected and fitted to the GPLE. This enabled the effect of the support on 

catalyst sintering behaviour to be examined in a systematic manner.

7.4.1 EXPERIMENTAL

Catalyst Preparation

The (X-AI2O3 supported catalysts were prepared by dry impregnation of oc- 

AI2O3 cylindrical pellets (Norton, type SA5102, sample number 82008) with a 

solution of Pd(NH3)4(N0 3)2, (Alfa) of palladium concentration, (0.018 g/ml) to 

achieve the desired catalyst loading (0.5 wt%). The pellets had an external diameter 

of 3 mm and a height of 5 mm, a pore volume of 0.259 cc/gm, a median pore 

diameter of 1.3 pm and a surface area of 1.2 m /g. After having been dried overnight 

at 50 °C, the pellets were added to the precursor (100 ml) which was stirred 

continuously during impregnation using a magnetic stirrer. Impregnation was carried 

out at room temperature for 10 minutes after which excess precursor was removed by 

rolling the pellets on a paper towel. Immediately following impregnation the pellets 

were dried in a thermo gravimetric apparatus. The pellets were suspended in a wire 

basket and dried at 50 °C in N2, (BOC, O2 Free) 50 ml/min. After drying the pellets 

were calcined and activated. The preparation procedure is described in detail in 

section 3.2. The pellets were prepared in batches of approximately 5 g, the batches 

were subsequently mixed together and samples for the individual sintering 

experiments taken from the bulk mixture.

To enable the effect of the support on the sintering behaviour to be 

investigated in a systematic manner a sample of Pd/y-AbC^ pellets with a specific 

loading (0.5 wt%) and a uniform catalyst distribution was required. Preparation of 

such a sample would have been complex and time consuming as Y-AI2O3 interacts 

with Pd(NH3)4(N0 3)2, Pd/y-A^Cb was therefore obtained from Johnson Matthey. 

Unfortunately, Johnson Matthey were unable to prepare pellets with a uniform 

distribution in the time available (2  months), and we therefore used a batch, supplied 

by Johnson Matthey, which had an egg-shell catalyst distribution. The extruded 

pellets had an external diameter of 3 mm and lengths varying from 3-10 mm.
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Sintering

The sintering procedure is described in section 7.3. Approximately 1.5 g of 

sample was used in each experiment and a different sample was used for each 

sintering experiment. The gases used were either 5% H2, balance N2, total flowrate 

60 ml/min, or 5% O2, balance N2, total flowrate 60 ml/min, at temperatures of 750 or 

900 °C. The grades of the gases used were as follows: H2 (BOC, CP grade), N2 

(BOC, O2 free grade), O2 (BOC, Zero grade).

Catalyst Characterisation

Palladium loading and support pore diameter

The catalyst loading of Pd/a-A^Os and Pd/y-AbOs was determined using 

atomic absorption spectrometry, following the procedure described in section 6 .2 . 

Mercury porosimetry was used to determine the pore diameter and support surface 

area of the Pd/a-A^Oa pellets before and after sintering, following the procedure 

described in section 6 .2 .

X-Ray diffraction

The catalyst crystallite diameter of Pd/a-A^Os after the thermal treatments 

was determined using X-ray diffraction line broadening, using a Philips, PW1050, 

powder goniometer with Co K a radiation, as described in section 6.2.3. After 

sintering in oxygen it is likely that some of the palladium will have been oxidised to 

PdO and, in an attempt to measure the change in size of the PdO crystallites during 

sintering, a diffraction pattern for both 0C-AI2O3, and Pd/a-Al203 after treatment at 

750 °C, in O2 for 15 h, was collected.

An attempt was also made to measure the catalyst crystallite diameter of 

Pd/y-Al203  using X-ray diffraction line broadening, as use of the technique to 

measure the crystallite diameter of 5.5 wt% Pd/y-Al203 had been reported (Scholten 

and Van Montfoort, 1962). However the peaks corresponding to palladium were 

obscured by the diffraction pattern for y-AfeC^ as can be seen from Figure 7.3 which 

shows the diffraction patterns for 2 samples of Pd/y-A^Cb (lines marked on the 

Figure correspond to the peak positions for palladium).
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An attempt was made to remove the palladium from the samples using aqua 

regia, after which the diffraction patterns obtained from the remaining Y-AI2O3 could 

have been subtracted from the patterns obtained from Pd/y-AhC^. Unfortunately, y- 

A I 2 O 3 dissolves in highly acidic solutions (Subramanian et al., 1992) and this method 

was not successful as the small amount of Y-AI2O3 remaining after mixing the 

samples with aqua regia was not sufficient for analysis.

The diffraction pattern for fresh PCI/Y-AI2O3 and Pd/y-A^Cb sintered in O2 at 

900 °C, for 15 h, was used to determine whether any support phase changes occurred 

during sintering (see Figure 7.3).

Pulse Chemisorption

Chemisorption was used to measure the dispersion of PCI/Y-AI2O3 as X-ray 

diffraction could not be used for reasons described above. It should be noted that 

there had been concerns regarding the reliability of the results obtained using the set

up at UCL (see section 7.3) due to the presence of impurities in the chemisorption 

gases, however this should have caused significantly fewer problems as the catalyst 

loading in this section was higher than that used previously. For example acceptable 

levels of O2 contamination in the carrier gas rise from < 0.02 ppm for 0.03 wt% 

palladium loading to < 0.4 ppm for 0.6 wt% loading, (calculations are shown in 

Appendix E). A schematic of the chemisorption set-up is shown in Figure 7.4.

The procedure used for chemisorption measurements was as follows: He (BOC, 

ECD grade) was used as the carrier gas and a mixture of 10% CO in He (BOC, CP 

grade) as the adsorbing gas. The crushed sample was placed in a Pyrex tube, held in 

a vertical split tube furnace (Carbolite, VST 11/40/400). Before each chemisorption 

run, He was passed over the sample at room temperature for 30 minutes, the sample 

was then heated to 400 °C at a rate of 10 °C/min in a stream of H2 (BOC, CP grade), 

and kept at this temperature for 30 minutes before cooling to room temperature in a 

stream of He. It was necessary to pre-treat the catalyst in this way to remove traces of 

oxygen adsorbed on the catalyst surface. Flowrates of 40 ml/min were used, these 

were measured using rotameters. The He, O2 and H2 gas streams were purified by 

passing them through gas purifiers containing 5A molecular sieves (Hewlett- 

Packard), to remove traces of water and hydrocarbons. In addition the He stream was
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further purified by passing it through a heated gas purifier (Supelco) to remove traces 

of O2 and water, followed by an indicating O2 trap (Peak Scientific).

Chemisorption experiments were performed at room temperature. CO was 

pulsed into the carrier gas stream using a sampling valve equipped with a lOpl 

sample loop (Valeo). A thermal conductivity detector (Gow-Mac model no. 40-202) 

detected the CO passing unadsorbed over the catalyst. Pulsing continued, at 5 minute 

intervals, until successive peaks displayed on the chart recorder had the same height. 

This indicated that monolayer coverage of the exposed catalyst surface has occurred. 

Knowing the volume of CO per pulse, the amount of CO chemisorbed and the 

catalyst dispersion could be determined, a sample calculation is shown in Appendix 

E. A stoichiometry of 1 palladium surface atom to 1 CO atom was used in all 

calculations.

Fumecupboard

3WV A
h 2
0 2

CO

s v

4WV 3WV

Reactor

Furnace----

TCD +  3WV 
Fumecupboard ^ ________ ■ ■ ■ 4 — ^—̂ 4-

3WV: 3 way valve 
4WV: 4 way valve 
SL: Sample valve
TCD: Thermal conductivity detector

Figure 7.4 Schematic of the set-up used for pulse-chemisorption measurements
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7.4.2 RESULTS

Palladium loading

The catalyst loading, measured using atomic absorption, was 0.55 ± 0.01 wt% 

for Pd/a-AhOs and 0.65 ± 0.02 wt% for Pd/y-A^Os. It is important to recognise that 

the Pd/y-Al203 pellets had an egg-white distribution and as a consequence the 

loading across the pellet radius was not uniform.

Support surface area - Pd/a-ALOj

The average pore size and support surface area of Pd/a-AbCb, measured 

using mercury porosimetry, is shown in Table 7.2. It can be seen that neither the 

support surface area nor the average pore diameter change significantly during 

sintering.

Sintering time and Surface area (m /g) Pore diameter (qm)

temperature h 2 0 2 H2 0 2

Oh 1.23 1.6 ±0.08 1

50 h, 750 °C 1.22 1.30 1.75 1.7

10 h, 900 °C 1.26 1.26 1.75 1.75

30 h, 900 °C 1.24 1.32 1.70 1.6

95 % Confidence Interval

Table 7.2 Support surface area and average pore diameter of Pd/a-ALCb before 

and after sintering.

Sintering Curves

The crystallite diameters and corresponding catalyst dispersions were 

measured using chemisorption for Pd/y-AhCb and X-ray diffraction line broadening 

for Pd/a-AbCb. Table 7.3 shows the crystallite diameters with sintering time. It can 

be seen that the crystallite diameters for fresh Pd/a-AhOs fell within the range 57 - 

96 nm while that for fresh Pd/y-AbCb fell within the range 6.4 - 8.4 nm. After 

sintering the palladium crystallites supported on 0C-AI2O3 grew to a maximum of 138 

nm, while the maximum size reached by the crystallites supported on y-Al203 was

167



62.4 nm. Graphs showing the loss of catalyst dispersion with time for Pd/a-Al20 3 

and Pd/y-Al203 are shown in Figure 7.5 and 7.6 respectively.

Sintering Palladium crystallite diameter (nm)

time (h) Pd/a-A l20 3 Pd/y-Al20 3

750 °C 900 °C 750 °C 900 °C

o 2 h 2 o 2 H 2 o 2 h 2 o 2 h 2

0 64 65 65 57 6.4 8.4 6.5 8.4

0.25 5.5 9.2 16.5 24.4

0.5 94 62 96 129 5.1 9.8 18.1 29.5

1.0 105 95 99 68 5.1 10.4 17.5 37.4

2 .0 105 123 5.2 10.4 28.1 51.0

2.5 103 45

5.0 102 120 100 98 5.5 14.8 20.8 51.0

10.0 103 94 105 138

15 7.8 19.4 28.1 62.4

30 105 101 10.8 37.4

50 103 99

Table 7.3 Catalyst crystallite diameters during sintering
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Data Correlation

Normalised dispersions versus time data were analysed using the first and 

second order rate forms of the GPLE as described in section 7.3.3. The best fit in all 

cases was obtained using a sintering order of 1. The results from the data correlation 

are summarised in Table 7.4 and Figures 7.7 - 7.8. It should be noted that some 

liberties were taken to smooth the data and two data points in Figures 7.7 a and b, 

labelled scatter points, were not included in the analysis. The values for RE2 

demonstrate that the GPLE provided a good fit for 5 of the 8 sintering curves, 

however the sintering curves for Pd/a-ALOs sintered in FL (Figure 7.7 b) exhibited a 

significant amount of data scatter and the GPLE only provided a fair fit for each of 

these curves. Catalyst redispersion occurred during the sintering of Pd/y-ALOs in O2 

at 1023 K and it was not possible to analyse the data using the GPLE. The rate 

constant for sintering at 1173 K was slightly lower than that for sintering at 1023 K 

and hence the value for E could not be determined for Pd/a-ALOs sintered in H2.

Sintering of Pd/a-AhOs

The experimental data for Pd/oc-ALOs sintered in O2 and the analysis of it 

using the GPLE (ks = 3.9 and 4.1 h’1 and Deq/D0 = 0.62 and 0.64 for sintering at 1023 

K and 1173 K respectively) demonstrate that Pd/a-ALCL sintered in O2 at 1023 K 

and 1173 K has a similar sintering rate and overall loss in dispersion. These results 

are surprising as the sintering rate is generally a strong function of temperature. 

Bartholomew (1993) determined the rate constant at 3 different temperatures, using 

data collected for 0.77% Pt/y-ALOs sintered in N2. Values of the rate constant were 

0.067, 0.93 and 9.82 h ' 1 for sintering at 873, 923 and 973 K respectively. It is worth 

noting that 85% of the overall loss in dispersion was lost in the initial 30 minutes of 

sintering.

The experimental data for Pd/a-ALCL sintered in H2 indicates that although 

the sintering rates are similar at the two temperatures, the overall loss in dispersion is 

smaller at 1023 K than at 1173 K. It should be recognised that care should be taken 

when drawing conclusions from the data analysis for Pd/a-ALCL sintered in H2 as 

the data scatter is large (see Table 7.4).
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Sintering of Pd/y-AhOj

The experimental data for Pd/y-A^Cb sintered in both H2 and O2, (Figure 7.6) 

clearly shows that when higher temperatures are used catalyst sintering is more 

severe. This is consistent with the results from the data correlation (Table 7.4) which 

show that the rate constants are higher, and the equilibrium dispersions lower, after 

sintering at a higher temperature. There is no data reported in the literature for the 

analysis of sintering data for PCI/AI2O3 using the GPLE. The closest comparison that 

may be made consists of rate constants determined by Bartholomew (1993) who 

reported that ks = 0.41 and 0.75 h' 1 for 0.6 % Pt/y-AhC^ sintered in air at 973 and 

1073 K respectively and 0.53 and 1.32 h’1 for 0.6 % Pt/y-A^Os sintered in H2 at 973 

and 1073 K. It may be seen that the rate constants for Pt/y-Al203 sintered in air are 

lower than those for the same catalyst sintered in H2. However the experimental 

results in this study indicate that at 750 °C, sintering of Pd/y-Al203 is more severe in 

H2 than in O2 and that at 900 °C the catalyst sinters at a similar rate in both H2 and 

O2, although the overall loss in dispersion is higher after sintering in H2. These 

results are consistent with the works of Leonte et al. (1986) and Baker et al. (1984) 

both of whom reported that supported palladium is less stable that other Noble metals 

in reducing environments. In addition Figure 7.6 a clearly demonstrates that 

redispersion of Pd/y-Al203 occurred during the initial 5 h sintering at 750 °C in O2, 

however there was no evidence for redispersion occurring during sintering in O2 at 

900 °C.

The activation energies, Eact = 4.1 and 5.8 kJ/mol for sintering of Pd/a-Al203 

in O2 and Pd/y-A^Cb in H2 respectively, are smaller than Eact for process occurring at 

the atomic level on the surface of crystallites. Eact for desorption of an atom from a 

crystallite is close to 96 kJ/mol while that for surface diffusion falls within the range 

1 0 - 4 0  kJ/mol (Fuentes and Gamas, 1991). The activation energies for sintering of 

Pd/a-Al203 in O2 and Pd/y-Al203 in H2 are similar which suggests that the 

mechanisms by which sintering occurs are the same. The values are small in 

comparison to values reported by Bartholomew (1993) who calculated Eact using the 

GPLE and found that the activation energies ranged from 24 kJ/mol for 

0 .6 %Pt/Al2C>3 sintered in air to 333 kJ/mol for 0 .77%Pt/y-Al2C>3 sintered in N2. 

Zahradnik et al. (1975) determined Eact to be 278 and 242 kJ/mol for 0.036 wt%

174



P t /a - A ^ O s  s in te r e d  in  a ir a n d  a r g o n  r e s p e c t iv e ly ,  h o w e v e r  it  s h o u ld  b e  r e c o g n is e d  

th a t th e s e  v a lu e s  w e r e  c a lc u la te d  u s in g  th e  S L E .

T o  su m m a r ise , v a lu e s  fo r  th e  e q u ilib r iu m  d is p e r s io n s  p r o v id e  e v id e n c e  th a t  

s in te r in g  o f  p a lla d iu m  in  O 2  an d  H 2  w a s  m o r e  s e v e r e  w h e n  th e  c a ta ly s t  w a s  

su p p o r te d  o n  Y -AI2 O 3 th a n  (X -A I2 O 3  a lth o u g h  e x p e r im e n ta l sc a tte r  m e a n t  th a t  

c o n c lu s io n s  c a n n o t  b e  m a d e  r e g a r d in g  th e  s in te r in g  ra tes . It is  a ls o  s u g g e s t e d  th a t th e  

s in te r in g  o f  p a lla d iu m  su p p o rted  o n  b o th  y - A l2 C>3 a n d  OC-AI2 O 3 w a s  m o r e  s e v e r e  in  

H 2 th a n  in  O 2 .

X-ray Diffraction Patterns / y-AEOj

F ig u r e  7 .3  s h o w s  th e  X -r a y  d if fr a c t io n  p a tter n s  fo r  fr e sh  a n d  s in te r e d  (O 2 , 9 0 0  

°C , 15 h ) P d /y -A l2 0 3 . B o th  th e  d iffr a c t io n  p a ttern s d is p la y  p e a k s  c o r r e s p o n d in g  to  y -  

A I 2 O 3 , th e  o n ly  d if f e r e n c e  b e t w e e n  th e  t w o  p a ttern s b e in g  th e  a p p e a r a n c e , a fter  

s in te r in g , o f  a  p e a k  at 2 0  =  9 9 .7 .

A fte r  s in te r in g  in  O 2  it  is  l ik e ly  th a t s o m e  o f  th e  p a lla d iu m  w i l l  h a v e  b e e n  

o x id is e d  to  P d O , a lth o u g h  it s h o u ld  b e  n o te d  th a t P d O  d e c o m p o s e s  at 8 7 0  °C  in  1 a tm  

O 2  (C h e n  e t  a l., 1 9 8 1  b ). A  d if fr a c t io n  p a ttern  fo r  a  s a m p le  o f  P d /a -A ^ C E  s in te r e d  at 

7 5 0  °C  fo r  2 5  h  an d  p u re  0 C-AI2 O 3 w a s  c o l le c te d  in  a n  a tte m p t to  m e a su r e  th e  c h a n g e  

in  s iz e  o f  th e  P d O  c r y s ta llit e s . T h e  p a ttern s w e r e  su b tra c ted  fr o m  o n e  a n o th e r  an d  

a lth o u g h  e v id e n c e  fo r  P d O  w a s  s e e n , th e  p e a k s  d id  n o t  h a v e  s u f f ic ie n t  in te n s ity  fo r  

u s e  in  lin e  b r o a d e n in g  c a lc u la t io n s ,  s e e  F ig u r e  7 .9 .
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7.4.3 DISCUSSION

7.4.3.1 Support sintering

A reduction in catalyst surface area during thermal treatments may be caused 

by sintering of the support, as discussed in 7.1.2. The support surface area and 

average pore size of Pd/a-AbCb were measured before and after ageing, to determine 

if sintering of (X-AI2O3 had occurred, however no evidence was seen for either an 

increase in pore size, or a decrease in support surface area (see Table 7.2). Y-AI2O3 

may lose surface area during thermal treatments due to phase transformations, and the 

X-ray diffraction patterns of a fresh and an aged sample of Pd/y-AI2O3 were analysed 

to investigate changes in the support phase during sintering, as transformation of one 

phase to another will generate a different diffraction pattern. No changes were 

detected, (see Figure 7.3) and it was concluded that the decrease in catalyst 

dispersion with sintering was not associated with the bulk transformation of Y-AI2O3. 

In addition, X-ray diffraction would show a sharpening of the diffraction patterns of 

the various crystal planes if sintering of the support occurred. There is no evidence 

for such a narrowing in the peak widths (see Figure 7.3) which indicates that the pore 

size of Y-AI2O3 did not change and support sintering did not occur during thermal 

treatments. It is therefore proposed that any loss of dispersion during thermal 

treatment of Pd/a-Al2C>3 and Pd/y-AkC^ may be attributed to catalyst, and not to 

support, sintering. This is consistent with the work of Hong et al. (1997) who 

reported that Y-AI2O3 retained a high surface area at temperatures up to 1000 °C. 

While Chu and Ruckenstein (1978) reported that although the transformation of y- 

AI2O3 to 0C-AI2O3 generally occurred at temperatures higher than 1100 °C, the 

presence of either platinum or H2 lowered the temperature at which this 

transformation occurred.

7.4.3.2 Catalyst sintering

It is generally acknowledged that the support can affect the thermal stability 

of a catalyst. This has been attributed to a number of factors, including the catalyst- 

support interaction strength and the pore size of the support, both of which will be 

discussed below.

177



1023K

Deq/D0

1173K

ks (h’1)

1023K 1173 K

Pd/a-Al20 3 0 2 0.62 ±0.005 0.64 ±0.006

H2 0.63 ± 0.07 0.50 ± 0.07

Pd/y-Al20 3 0 2 0.30 ± 0.02

H2 0.30 ±0.06 0.18 ±0.02

1023K 1173K

Pd/a-Al20 3 0 2 0.996

H2 0.730 

Pd/y-Al20 3 0 2

H2 0.937

0.991

0.805

0.961

0.985

3.9 ±0.4 4.1 ±0.6

0.79 ± 0.6 0.77 ± 0.4

7.2 ±2.1 

0.19 ±0.05 5.8 ±0.9

E (kJ/mol)

4.1

Table 7.4 Parameters (shown with 95% confidence interval) and RE2 obtained 

from correlation of the sintering data using the GPLE (m = 1)

The effect of catalyst-support interaction strength

It has been suggested (Bartholomew, 1993) that the strength of the catalyst- 

support interaction (commonly known as metal-support interaction or MSI) affects 

catalyst thermal stability. However, the exact nature of this interaction and its affect 

on thermal stability is far from clear, and the unambiguous identification of the 

effects of MSI on catalyst thermal stability is therefore very difficult. Metal-support 

interactions are classified as weak (with irreducible oxides such as A120 3), medium 

(with zeolites) or strong (with reducible oxides such as T i02). It should be noted that 

metals supported on irreducible oxides can, after high temperature reduction, also 

exhibit strong metal-support interaction (SMSI). Dautzenberg and Wolters (1978) 

showed that after treatment of Pt/y-Al20 3 in H2 at 850 °C, both the hydrogen 

chemisorption capacity and the activity for benzene hydrogenation decreased to a 

greater extent than could be accounted for by sintering, and proposed that as a result 

of a SMSI effect, part of the platinum reacted with the alumina surface to form 

Pt- A120 3_x, although no direct experimental evidence for this complex was reported.
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S e v e r a l p h e n o m e n a  th a t are a  d ir e c t  r e su lt  o f  M S I  h a v e  b e e n  r e p o r ted  in  th e  

litera tu re , o n e  o f  th e  m o s t  im p o r ta n t b e in g  th e  d e c o r a t io n  o r  e n c a p s u la t io n  o f  th e  

c a ta ly s t  b y  th e  su p p o rt or  v i c e  v e r sa . In  a n  e x p e r im e n ta l s tu d y  o f  p a lla d iu m  

su p p o r te d  o n  T i0 2  an d  Y-AI2 O 3 , B a k e r  e t  a l. ( 1 9 8 4 )  o b s e r v e d  th a t a fte r  a g e in g  in  H 2  

at 7 0 0  - 8 0 0  °C  s in te r in g  o f  th e  c a ta ly s t  w a s  m o r e  e x c e s s iv e  o n  Pd/TiC>2 . T h e  

d if f e r e n c e  in  th e r m a l s ta b ility  w a s  r a t io n a lis e d  in  te r m s o f  a  m o d e l  w h e r e b y  

r e d u c t io n  o f  th e  t ita n ia  su p p o rt le d  to  m o b ile  t ita n iu m  s u b o x id e s  w h ic h  w e r e  fr e e  to  

m ig r a te  o n to  th e  p a lla d iu m  p a r t ic le s , u lt im a te ly  r e su lt in g  in  th e ir  d e c o r a t io n  a n d  

e n c a p s u la t io n . It w a s  t e n ta t iv e ly  p r o p o se d  th a t th is  e n c a p s u la t io n  w a s  a  r e su lt  o f  

s tr o n g  m e ta l-su p p o r t  in te r a c tio n s  (S M S I ) .  T h e  S M S I  e f f e c t  w a s  u s e d  to  e x p la in  th e  

o b s e r v e d  tr a n s fo r m a tio n  o f  th e  su p p o rt su r fa c e  to  a  lo w e r  o x id e  s ta te  (T iC >2 -*  T i ^ ? )  

a c c o m p a n ie d  b y  a  d e c r e a s e  in  b o th  th e  H 2  c h e m is o r b e d  an d  a b so r b e d  f o l lo w in g  

r e d u c t io n  at e le v a te d  te m p e r a tu r e s . In  c o n tr a st , a fter  a g e in g  in  H 2 , P d /y -A b C h  

e x h ib it e d  n o  s ig n s  o f  d e c o r a t io n  o r  e n c a p s u la t io n  o f  th e  p a lla d iu m  b y  Y-AI2 O 3 . A  

s im ila r  p h e n o m e n o n  w a s  a ls o  o b s e r v e d  in  a  s tu d y  in v e s t ig a t in g  M S I  in  w h ic h  Y a o  e t  

al. ( 1 9 8 0 )  d e m o n str a te d  th at th e  th e rm a l s ta b ility  (m e a su r e d  u s in g  C O  a d so r p tio n )  o f  

R h / a - A l 2 0 3  (c a ta ly s t  lo a d in g  0 .0 1 4  w t% ) w a s  g rea ter  th a n  th a t  o f  R h /y -A k C L  

( c a ta ly s t  lo a d in g  0 .0 1 8  w t% ) a fte r  tre a tm en t in  a ir  at 7 7 3 - 1 0 7 3  K . L o s s  o f  C O  

a d s o r p tio n  o n  RI1/Y -A I2 O 3 o c c u r r e d  a fter  a g e in g  at tem p e ra tu r es  o f  8 7 3 ,  9 7 3  an d  1 0 7 3  

K , h o w e v e r  a  s im ila r  lo s s  o n  R h / a - A l 2 0 3  o n ly  o c c u r r e d  at 9 7 3  an d  1 0 7 3  K . T h e  lo s s  

o f  C O  a d so r p tio n  w a s  a ttr ib u ted  to  th e  d if fu s io n  o f  RJ1 O 2  in to  th e  su p p o rt, an d  o n c e  

a g a in  th is  d if f u s io n  w a s  lin k e d  to  S M S I . T h e  h e a t  tre a tm en t in  a ir  a t 1 2 2 3  K  sh a r p ly  

d e c r e a s e d  th e  to ta l N O  c o n v e r s io n  to  N 2 , N 2 O  an d  N H 3 fo r  RI1/Y -A I2 O 3 an d  

m o d e r a te ly  d e c r e a s e d  th e  a c t iv i ty  fo r  R h /o c-A l2 0 3 . T h is  w a s  a ls o  a ttr ib u ted  to  th e  

la r g e r  RI1/Y -A I2 O 3 in te r a c tio n  c o m p a r e d  to  R h /a - A l 2 0 3  a n d  to  th e  d if f u s io n  o f  RI1O 2  

in to  Y -AI2 O 3 d u r in g  o x id a t iv e  h e a t  trea tm en t. It s h o u ld  b e  n o te d  th a t Y a o  e t  a l. ( 1 9 8 0 )  

d id  n o t  rep o rt a n y  e x p e r im e n ta l e v id e n c e  fo r  th e  d if fu s io n  o f  R h  in to  th e  su p p o rt. It is  

th e r e fo r e  p r o p o s e d  th a t th e  e f f e c t  o f  M S I , w h ic h  r e su lts  fr o m  e n c a p s u la t io n  o f  th e  

c a ta ly s t  b y  th e  su p p o rt o r  v ic e  v e r sa , is  to  r e d u c e  c a ta ly s t  th e r m a l s ta b ility . T h u s  a  

p o s s ib le  in te rp re ta tio n  fo r  th e  grea ter  th e rm a l s ta b ility  o f  P d /a -A ^ C ^  c o m p a r e d  to  

P d /y -A l2 0 3  i s  th a t th e  M S I  is  s tro n g er  (a n d  a s  a  c o n s e q u e n c e  o f  th is  c a ta ly s t  

e n c a p s u la t io n  o c c u r s  to  a  g rea ter  e x te n t)  w h e n  p a lla d iu m  is  su p p o r te d  o n  Y-AI2 O 3 .
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Other phenomena that have been linked to MSI include the wetting of the 

support by the catalyst and the formation of metal-support alloys (Bond, 1982). In an 

experimental investigation of the thermal ageing of Pd/y-AhOs in O2 using in-situ 

TEM Rodriguez et al. (1994) demonstrated that palladium was converted to PdO at 

temperatures in excess of 325 °C. The oxide was said to undergo a wetting or 

spreading action as a result of strong catalyst-support interactions, and particle size 

measurements indicated that the strength of the interaction was sufficient to inhibit 

particle sintering to an appreciable extent over the range 350-700 °C. A similar 

wetting action was also observed using TEM by Chen and Ruckenstein (1981b) who 

reported that during thermal treatment of Pd/y-AhOs at temperatures up to 750 °C in 

O2, PdO undergoes a wetting and spreading action on the support surface, which 

prevents crystallite migration and coalescence. It is therefore suggested that the 

sintering of supported palladium in O2 at 750 °C occurs via the movement of PdO, 

and that the thermal stability of palladium sintered in O2 at 750 °C (see Figures 7.5,

7.7 a and 7.8 a) is a result of MSI effects which cause the wetting or spreading of 

PdO on the support. The decomposition temperature of PdO in 1 atm O2 is 870 °C 

(Chen and Ruckenstein, 1981b) and at temperatures above this the oxide decomposes 

and sintering occurs by the movement of the resulting palladium particles. In the 

study of the thermal ageing of Pd/y-AhCE in O2 Rodriguez et al. (1994) observed that 

PdO disproportionated to form palladium which subsequently exhibited a chemical 

interaction with the support to form large needle like structures at temperatures 

above 800 °C. Evidence (consisting of an analysis of electron diffraction d-spacings) 

was reported to suggest that the material consisted of a chemical mixture of Pd and 

AI2O3 and this type of MSI was said to reduce the catalyst thermal stability. 

Although it was noted that it was not possible to identify the chemical composition 

of the structures with any degree of certainty since crystallographic data of mixed 

alumina-palladium oxides were not available. It is therefore proposed that the 

sintering of supported palladium in O2 at 900 °C occurs via the movement of 

palladium. This may be accompanied by the formation of catalyst-support alloys, as 

a result of MSI, the effect of which is to reduce catalyst thermal stability. It should be 

noted that X-ray diffraction pattern for Pd-y/A^Os after sintering in O2 at 900 °C for 

15 h (see Figure 7.3) showed no evidence for the presence of catalyst-support alloys 

although masking of peaks corresponding to alloys can not be discounted.
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The studies described above have investigated sintering in O2 Chen and 

Ruckenstein (1981a) used transmission electron microscopy (TEM) to study the 

ageing behaviour of Pd/y-AkCb in H2 at temperatures of up to 800 °C, however no 

evidence for MSI was reported. Zou and Gonzalez (1995) studied the ageing at 650 

°C for 22 h of silica supported palladium in H2 and proposed that the H2 penetrated 

sub-surface layers of palladium to form a thermally unstable palladium (3-hydride. 

This was said to relax the surface layers of the catalyst and facilitate catalyst 

sintering by atom dissociation, migration and particle growth. The reduced thermal 

stability of palladium sintered at 1023 K in H2 compared to O2 (see Figure 7.6 a and 

b) may therefore be attributed to the formation of thermally unstable p-hydrides. It 

should be noted however that the formation of p-hydrides at temperatures above 600 

°C is questionable (Zou and Gonzalez 1995).

To conclude, it is suggested that the effect of MSI on catalyst thermal 

stability depends upon the kind of interaction that occurs: encapsulation of the 

catalyst by the support and the formation of metal-support alloys (both of which have 

been linked to MSI) have been shown to reduce thermal stability, conversely the 

wetting of the support by the catalyst, as a result of MSI, has been shown to enhance 

catalyst thermal stability. An interpretation of the results may be made based upon a 

combination of these effects. The greater thermal stability of palladium supported on 

a  compared to Y-AI2O3 may be attributed to the encapsulation of palladium by the 

support, which has been shown to occur to a greater extent when palladium is 

supported on y-AbOs. The difference in the thermal stability of Pd/y-A^Cb sintered 

in O2 at 750 and 900 °C may be explained by differences in catalyst-support 

interaction at the 2 temperatures, the strong interaction and subsequent wetting of 

PdO with the support at 750 °C, and the weaker interaction of palladium with the 

support at 900 °C. Lastly the relative instability of palladium sintered in H2 as 

compared to O2 may possibly be attributed to the formation of thermally unstable p- 

hydrides.

It is important to recognise that catalyst loading has also been shown to affect 

the strength of MSI. Goetz et al. (1995) proposed that the loading of palladium 

supported on ( X - A I 2 O 3  affected the catalyst-support interaction strength. 

Experimental results, consisting of photoelectron spectroscopy, TEM and 

chemisorption, indicated that samples with a low loading (0.09 wt%) exhibited a
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large catalyst-support interaction. It was suggested that this was due to the palladium 

particles growing epitaxially with the support in which case the palladium was said 

to be nearly chemically bound to the catalyst-support interface. However samples 

with a higher loading (0.3 wt%) were found to form bulk like palladium particles, 

which exhibited little interaction with the support. McCabe et al. (1995) 

demonstrated that superior thermal stability could be achieved using rhodium 

supported on (X-AI2O3 relative to 8  or 0 -AI2O3 and (although no satisfactory 

explanation was offered for these results) demonstrated that a-Al203 was optimal for 

preserving the dispersion of rhodium after high-temperature ageing in 10% H2 0 /air 

at 1223 K for 24 h. After ageing 0.60 wt% Rh/y-AfeOs the dispersion fell 93% (from 

65.2 to 4.5%) and after ageing 0.07 wt%Rh/a-Al2C>3 the dispersion fell 83% (from

57.1 to 9.9 %), these results may be compared to those in this study which show that 

after ageing at 1173 K in O2 for 30 h the dispersion of PCI/Y-AI2O3 fell 77% (from 8.6 

to 2 %) while the dispersion of Pd/a-Al203 fell 37.4 % (from 0.86% to 0.54%). The 

results may be rationalised if it is recognised that sintering in a hyrdothermal 

atmosphere is generally more severe (Bartholomew, 1993). McCabe et al. (1995) 

noted that the thermal stability was contingent upon the use of dilute surface 

concentrations of rhodium, which for (X-AI2O3 translated into a loading of 0.07 wt%. 

It is therefore suggested that any catalyst-support interaction on 0.55 wt % Pd/a- 

AI2O 3 and 0.65 wt% Pd/y-A^Os would be weak.

7.4.3.3 The effect of support pore size

The pore size of the support has also been shown to affect catalyst thermal 

stability. Using a theoretical model, Ruckenstein and Pulvermacher (1975) 

demonstrated that if the catalyst crystallite size was matched to coincide with the 

pore diameter of the support, then catalyst mobility by diffusion would be inhibited. 

Ahn and Tein (1980) also developed a model to describe the sintering process which 

demonstrated that when the crystallite and pore radius were closely matched then 

crystallites migrate to the concave pores of the support, as a result of which the 

crystallite growth rates in the initial stages of sintering were enhanced. However the 

model was used to predict that long term crystallite growth by interparticle transport 

was retarded when compared to the sintering of crystallites on flat surfaces. 

Experimental evidence for the migration of crystallites from convex to concave sites
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was also provided for a model Pt/Al203 catalyst with controlled surface curvature, 

treated at 1100 °C for times of up to 20 h. In an experimental study (Zou and 

Gonzalez, 1993) the sintering of Pt/SiC>2 was investigated using TEM and it was 

observed that, when the catalyst crystallite size was matched to coincide with the 

pore diameter, no sintering occurred after treatment in O2 at 675 °C for 72 hours. 

More recently, Zou and Gonzalez (1995) studied the sintering of Pd/Si0 2  and also 

observed that when the catalyst crystallite size was matched to coincide with the pore 

diameter, the resultant catalyst had a high degree of thermal stability after treatment 

in O2 at 650 °C. However, regardless of the match between pore diameter and 

particle size, sintering in H2 at 650 °C was substantial and this was attributed to the 

formation of a p-hydride which diffused out of the concave pores. Stassinos and Lee 

(1995) developed a model to account for the sintering kinetics, by both atom and 

crystallite migration, during the initial stage of sintering. Theoretical results were 

presented which demonstrated that the effect of the pore size on sintering is 

contained within the sintering rate constant which decreased in an exponential 

manner with increasing pore size.

Our experimental results indicate that the thermal stability of palladium 

supported on (X-AI2O3 is slightly better than that of palladium supported on Y-AI2O3. 

These results have previously been interpreted as due to MSI effects including 

catalyst encapsulation however another possible explanation for the results is as 

follows: in the initial stages of sintering palladium crystallites supported on a-Al203 

migrate from the convex “hills” to the concave “valleys” of the pores, as it has been 

shown (Ahn and Tien, 1980) that there is a driving force to migrate preferentially 

towards regions of positive curvature, i.e. valleys. After the initial stage, the 

crystallites become trapped in the valleys, movement of palladium crystallites from 

pore to pore is impeded, and crystallite growth can be said to be essentially complete. 

However it is proposed that as a consequence of the significantly smaller pore size of 

Y-AI2O3 (typical value for pore size 5 nm) compared to (X-AI2O3, (pore size 1.5 pm) 

the Pd/y-Al203 crystallites are too large to be located within the pores of the support, 

the inhibition described above does not occur, and the sintering of PCI/Y-AI2O3 is 

more severe as it is similar to that which takes place on a flat surface.
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7.4.3.4 Redispersion

An interesting feature of the results is the catalyst redispersion that occurs on 

Pd/y-A^Os during the first 2 h of ageing in O2 at 750 °C. Redispersion was not 

observed during sintering of PCI/Y-AI2O3 in O2 at 900 °C or in H2 at 750 or 900 °C. 

Two theories have been used to explain the phenomenon of redispersion. In the first, 

redispersion is proposed to occur via the physical splitting of catalyst crystallites, 

while in the second, spreading of the crystallites over the support surface is 

envisioned, these theories will be discussed in more detail below. Various 

investigators have reported increases in dispersion following heat treatments, 

including Leonte et al. (1986) who investigated the redispersion of 0.5 wt% 

Pd/LiAbOg. Samples were sintered at various temperatures in H2 then subjected to 

alternate treatments in reducing and oxidising atmospheres. Results showed that 

redispersion occurred when samples were subjected to treatments in H2 at 500-600 

°C for 10 h, followed by oxidation in air at 500 °C. Transmission Electron 

Microscopy, (TEM) was used to provide evidence of redispersion, which was 

reported to have consisted of splitting or cracking of the crystallites. The splitting of 

the palladium crystallites was attributed to strains in the lattice caused by the phase 

transformation PdH Pd PdO. Crystallite splitting was also observed after 

samples were sintered in H2 at 500-600 °C followed by a drop in temperature to 80 

°C, which was attributed to the following phase transformation, (3-PdH a-PdH. It 

was reported that splitting of the palladium (Pd, PdH or PdO) crystallites only 

occurred when the crystallite size exceeded 8 nm, as it was only at sizes above this 

that the resulting strain generated a sufficiently large stress to initiate a crack. It is 

tentatively suggested that the scatter seen in the experimental data for sintering of 

Pd/a-Al203  in H2 (Figure 7.5 b) may be linked to a redispersion effect. It is possible 

that crystallite splitting occurs as a result of strains in the crystallite lattice following 

a phase transformation of the kind p-PdH <-» a-PdH caused by the drop to room 

temperature after each sintering experiment. However an explanation has not been 

made for the experimental scatter or “oscillations” in the data and more work would 

be needed to clarify the point.

Wanke (1984a) also reported evidence for the redispersion of Pt/y-AbCb 

which occurred after treatment in H2 for 1 h at 500 °C followed by O2 for 16 h at 

temperatures ranging between 500 and 600 °C. It was proposed that the redispersion
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occurred via the transport of PtO species, and that the nature of the PtO-support 

interaction governed the redispersion behaviour, with a strong catalyst-support 

interaction resulting in redispersion. The results indicated that redispersion did not 

occur as a result of H2 treatment of Pt/y-AkOs or as a result of any treatment for 

Pt/SiC>2. In a study investigating the ageing of a model Pd/y-A^Cb catalyst for times 

of up to 24 h in an oxidising atmosphere, Chen and Ruckenstein (1981b) also 

reported evidence of redispersion. TEM was used to observe spreading of the 

oxidised catalyst crystallites over the support surface after heating at 350, 500 and 

750 °C. The extent of spreading was highest at 500 °C (at this temperature spreading 

was first observed after 1.5 h) while no evidence for spreading was detected during 

heating at 920 °C. It was suggested that this spreading, caused by a decrease in the 

wetting angle, increased the number of catalyst atoms on the support surface, thus 

increasing catalyst dispersion. After ageing at 500 °C for longer periods (24 h) 

rupture and fragmentation of the crystallites occurred. As in the study by Leonte et 

al. (1986) this was attributed to the stresses generated by spreading of the crystallites, 

which in turn, caused the propagation of existing small cracks on the surface of the 

crystallites.

Redispersion has primarily been observed in oxidising atmospheres, as 

discussed above, and it is therefore suggested that the stability of the catalyst oxide 

must be important to the redispersion process. This is consistent with the fact that 

redispersion was observed during sintering in O2 at 750 °C but not at 900 °C, see 

Figure 7.6 a, if it is recognised that at 900 °C PdO is unstable. It also provides an 

explanation as to why redispersion was not observed during sintering of Pd/y-AkCE 

in H2.

Redispersion behaviour has been shown to be affected by the choice of 

catalyst support. Wanke (1984) investigated the redispersion behaviour of Pt and Ir 

supported on different types of y-A^Cb after thermal treatment in O2. The results 

(redispersion occurred at 300 °C for Alon alumina, surface area 100 m /g and at 400 

°C for Kaiser alumina, surface area 200 m /g) indicated that even minor changes in 

the support affected redispersion. This was attributed to differences in catalyst oxide- 

support interaction strength and also to the differing nature of so-called “redispersion 

sites” on the 2 samples, however a more comprehensive explanation was not given. 

In general redispersion was not observed during sintering of Pd/oc-AbCb in O2 or H2.
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Wanke (1984) suggested that the strength of the metal-support interaction governs 

the redispersion behaviour, with a strong catalyst oxide-support strength resulting in 

redispersion. The fact that redispersion only occurred during ageing of Pd/y-Al2C>3 

may be due to differences in the MSI strength of PdO supported on a  and y-Al2 0 3 .

7.4.3.5 Problems associated with catalyst characterisation

In this next section problems associated with the use of chemisorption and X- 

ray diffraction for the determination of crystallite sizes will be examined. 

Chemisorption measurements relate the uptake of the chemisorption gas to the 

exposed catalyst surface area and the main difficulty arises from the fact that the 

relationship between exposed surface area and uptake depends upon the 

chemisorption stoichiometry. The stoichiometry is defined as the average number of 

surface catalyst atoms associated with each gas molecule and this can lead to 

problems as CO chemisorbs on palladium in a linear or bridge-bonded form, giving 

stoichiometries of 1:1 or 1:2, CO:palladium respectively (cf Butt and Peterson, 

1988). In addition the stoichiometry is also known to be particle size dependent 

(structure-sensitive) for CO chemisorption on supported palladium (Matyi et al., 

1987). Another difficulty relates to the fact that the average crystallite size is 

determined from the catalyst surface area and is therefore relatively insensitive to 

particle size distribution. As discussed in 7.3.3.4 problems can also be caused by 

contamination of the chemisorption gases, which can lead to unreliable 

measurements. Use of the pulse technique for the sample size and loading typically 

employed in this study ( 0.1 g with catalyst loading 0.03 or 0.6 wt %) requires the 

carrier gas to be of ultra high purity with acceptable levels of O2 contamination of the 

carrier gas < 0.02 ppm for 0.03 wt% palladium loading and < 0.4 ppm for 0.6 wt% 

loading, (calculations are shown in Appendix E). Finally it should be noted that 

chemisorption only provides information about the accessible surface area and it 

does not provide information about the size of the palladium crystallites if some of 

the palladium is below the surface of support (through catalyst-support interaction 

effects) and therefore inaccessible to the chemisorption gas.

Use of X-Ray diffraction to measure crystallite size was discussed in Chapter 

6 and it was noted that the Scherrer formula was not effective for characterising a 

broad particle size distribution, for example if a sample consists of a collection of 

very small and very large crystallites then the width of the composite diffraction
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profile would be determined almost completely by the sharp peak of the large 

crystallites. Therefore, if Pd/a-A^C^ had a broad particle size distribution consisting 

of small particles and a relatively small number of larger particles, then the Scherrer 

formula will be primarily sensitive to the small number of large crystallites, and the 

apparent crystallite size will be larger than the true average crystallite size. A more 

fundamental problem is that the particle size is not the only source of broadening and 

both microstrains or stacking faults in the crystallites, and instrumental factors (due 

to finite slit sizes and misalignment of the diffractometer) can contribute to the 

broadening, although corrections may be made for instrumental broadening. It should 

also be recognised that if any particles <5 nm diameter were present they would have 

been too small to be detected by X-ray diffraction line broadening (see section 3.2).

The problems that can occur when using different techniques to determine 

crystallite sizes were examined in a study by investigating the activity of automotive 

diesel catalysts (Van den Tillaart et al., 1996). Catalysts, consisting of platinum 

supported on Y-AI2O3, TiC>2 and ZrC>2, were aged in air with 10 vol% water for 16 h 

at 1023 K. The crystallite sizes analysed using TEM, X-ray diffraction and CO 

chemisorption and a selection of the results are shown in Table 7.5. The particle sizes 

determined from X-Ray line broadening, chemisorption and TEM were said to agree 

quite well for Y-AI2O3 impregnated with Pt(NH3)4(OH)2. However, the particle size 

of fresh Y-AI2O3 impregnated with H2PtCl6 measured using X-Ray diffraction was 

larger than the particle size measured using CO chemisorption. TEM micrographs 

were used to observe that the samples consisted of large open aggregates (about 100 

nm) of small platinum particles (2 nm) and Van den Tillaart et al. (1996) argued that, 

if the crystal structure was continued in the primary particles, then the disparity 

between X-ray diffraction and chemisorption measurements could be explained by 

the fact that X-Ray diffraction probed the size of the repetitive structure of the crystal 

but not the form, whereas chemisorption probed the surface area of the aggregate. In 

contrast, after ageing of Y-AI2O3 impregnated with H2PtCl6 the particle growth 

measured by chemisorption was far larger than that measured by X-Ray diffraction. 

This was also explained using TEM micrographs which showed that the catalyst had 

sintered to closed aggregates without any trace of smaller particles. A comparison of 

the experimental results (see Figure 7.8) for sintering of Pd/y-Al203 clearly shows 

that the relative loss in dispersion between sintering at 1073 and 1223 K is greater
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after thermal treatments in O2 than in H2. However the relative loss in dispersion 

after sintering of Pd/a-A^Os at the two temperatures is similar (see Figure 7.7). It is 

suggested that the relatively small amount of crystallite growth observed using X- 

Ray diffraction during sintering of Pd/a-A^Os could possibly be due to the fact that 

the fresh palladium particles consist of open aggregates that upon thermal treatment 

sinter to closed aggregates. It may be concluded that care must be taken when 

comparing catalyst crystallite sizes that have been measured using different 

techniques and it is important to recognise the limitations of each procedure.

Crystallite size (nm)

TEM Chemisorption X-Ray

Diffraction

Precursor Fresh Aged Fresh Aged Fresh Aged

Pt(NH3)4(OH)2 10 30 11 101 9 17

H2PtCl6 100 100 4 519 25 26

(open (closed

aggregates) aggregates)

Table 7. 5 Average particle sizes of fresh and aged Pt/y-Al203  measured using 

TEM, chemsiorption and X-ray diffraction (Van Den Tillaart, 1996)
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

As legislation drives pollution limits continually downwards, a major 

challenge facing the automotive industry is meeting the ever decreasing emission 

levels. Current converter designs (ceramic monoliths washcoated with Y-AI2O3 and 

impregnated with catalyst) are adequate in the sense that they provide good warmed- 

up performance. However for about 100 s after cold-start of the engine, significant 

amounts of pollutants pass unconverted through the converter, as the catalyst 

temperature is too low for reactions to take place. Thus, cold-start emissions 

constitute a significant fraction of the total tailpipe emissions and improving the 

cold-start performance of catalytic converters has been the subject of a significant 

amount of research. One of the strategies currently being explored to reduce cold- 

start emissions is to position the converter nearer the exhaust manifold. However a 

key disadvantage to this approach is catalyst deactivation at the high temperatures 

encountered, due in part to sintering of the Y-AI2O3 washcoat. Research focusing on 

catalytic converters that may be used at higher temperatures has concentrated on 

thermal stabilisation of the washcoat by addition of oxides such as lanthanum which 

reduces but does not eliminate sintering. To ensure that future legislative 

requirements can be met it is important that converters are developed that have even 

better performance capabilities and thermal stability characteristics. This study 

examined the use of a-Al203 as a thermally stable catalyst support for automotive 

catalytic converters.

8.1 Catalyst preparation

Firstly issues relating to catalyst preparation using CC-AI2O3 as a support were 

investigated. Catalyst preparation generally consists of four stages, (impregnation, 

drying, calcination and activation) all of which can influence the final catalyst 

properties, including the catalyst distribution and crystallite size. Research into 

catalyst preparation has concentrated on the impregnation stage, little attention has 

been given to the drying stage and the few experimental studies reported in the 

literature are generally poorly documented. The goal of Chapter 3 was to examine
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the effect that the drying rate had on catalyst crystallite size and performance of 

Pd/oc-AEC^ and to identify the key parameters which govern the drying process.

a-Alumina pellets were impregnated with a palladium salt and the 

impregnated pellets dried in a TGA at temperatures ranging from 25 - 200 °C and 

drying curves were experimentally acquired at each temperature. The crystallite size 

was determined and the lightoff temperature for CO oxidation was used as a measure 

of catalyst performance. Experimental results demonstrated that the catalyst 

crystallite size increased with increasing drying severity, this was accompanied by a 

decrease in the catalyst activity for CO oxidation. It was proposed that a slow drying 

rate was critical in attaining a small crystallite size and good catalyst activity.

Experimental drying curves enabled the observed behaviour to be rationalised 

in terms of the relative rates of capillary flow, evaporation and diffusion and the 

crystallisation processes that occur during drying. It was proposed that if catalysts are 

dried in the slow drying regime then the stage in the drying process at which 

crystallisation starts to occur plays an important role in determining the final catalyst 

crystallite size. Finally the work provided evidence of the way in which the 

conditions used during drying can be adjusted to control, and ultimately to optimise, 

catalyst properties.

The aim of the next section was to investigate the technique of NMR imaging 

as applied to the drying of porous catalyst supports. NMR imaging was used to 

follow the drying of a water saturated CC-AI2O3 pellet. The results showed evidence 

for evaporation occurring at the surface of the support during the constant drying rate 

period and also for the evaporation front moving into the support volume (and an 

associated drop in the drying rate) during the falling drying rate period. It is 

suggested that, by providing direct evidence of moisture transport during drying, 

NMR imaging may be used to increase our understanding of the transport 

mechanisms that occur during drying. Recommendations for future work include an 

extension of the range of gas flowrates used during the imaging experiments. In this 

way the effect of drying severity on the transport mechanisms that occur during 

drying may be directly examined. In addition drying curves obtained gravimetrically 

should be compared with curves obtained using NMR data.

The goal of chapter 4 was to study catalyst axial redistribution during 

preparation of a-and Y-AI2O3 supported catalysts. The ultimate objective being the
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preparation of catalysts with a non-uniform axial distribution as discussed in a work 

by Tronci et al. (1999).

The first section focused on the preparation of (X-AI2O3 supported catalysts. 

Catalyst migration occurred during the drying stage and four monoliths were 

prepared with a nonuniform catalyst distribution. It was proposed that the 

accumulation of catalyst at the monolith entrance was caused by the developing flow 

in this region and the associated enhanced heat transfer and evaporation rate. An 

analysis of the characteristic rates of liquid and vapour flow during drying confirmed 

that the drying took place in the slow drying regime. It was argued that the degree of 

catalyst migration during drying was controlled by the flow rate (which affects the 

magnitude of the enhancement in evaporation rate) and also by the duration that the 

impregnating solution exists in the funicular state.

In the second section an attempt was made to manipulate the pH during 

impregnation, so as to control and ultimately to optimise the axial distribution of y- 

A I2O 3 supported catalysts. Samples were prepared with nonuniform distributions and 

the results demonstrated that the pH was an essential parameter in regulating not only 

axial distribution but also catalyst loading. An analysis was made of the preparation 

process which indicated that there are a large number of parameters that affect 

catalyst migration, during both the impregnation and drying stages. The influence of 

pH on catalyst distribution remained unclear, although several suggestions were 

made. Further work would be needed to address the control of axial distribution of y- 

A I2O 3 supported catalysts and it is suggested that in order to reduce precursor 

adsorption during impregnation a range of precursors should be examined.

Models describing the transient behaviour of catalytic converters are 

important as during cold-start a significant amount of pollutants pass unconverted 

through the converter. In Chapter 5 the cold-start behaviour of catalytic converters 

with uniform and nonuniform catalyst distribution was examined using a one

dimensional model. Simulations, comparing the cold-start behaviour using a constant 

and a changing exhaust gas inlet species concentration, demonstrated the importance 

of including changing inlet species concentrations in transient models. This was 

attributed to the fact that the heat generated by chemical reaction is a function of 

species concentration. Cold-start simulations using a variety of operating conditions 

and changing inlet species concentrations, enabled a potential disadvantage
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accompanying the use of converters with a non-uniform catalyst axial distribution to 

be identified. The results demonstrated that use of a fast inlet temperature ramp rate 

during cold start, combined with a non-uniform catalyst distribution resulted in 

temperature excursions, with temperatures as high as 1200 K being reached. No 

evidence of temperature excursions was seen in simulations using converters with a 

uniform distribution. It was therefore concluded that there is a compromise to be 

made between rapid cold-start and thermal deterioration caused by sintering.

In order to verify the validity of the model, results from simulations described 

above should be compared with data obtained experimentally, and if necessary a 

more detailed two-dimensional model developed. This could incorporate terms such 

as axial conduction in the support, heat losses to the surroundings, and non-uniform 

temperature and flow distributions across the monolith diameter. The model could 

also be extended to incorporate terms to describe the effect of catalyst deactivation 

by sintering or poisoning on the transient behaviour. A further extension of the work 

could include simulations of the transient response during deceleration.

The goal of Chapter 6 was to experimentally establish the influence of 

catalyst loading on crystallite size and activity. Samples of Pd/a-Al203 were 

prepared with a range of loadings and the catalyst crystallite size, distribution and 

activity for CO oxidation, measured. The results demonstrated that the relationship 

between catalyst loading and surface area was linear and this was attributed to the 

fact that the loadings studied were relatively low. Thus, it is recommended that future 

work should include an extension in the range of loadings tested, obtained by 

repeated impregnations of a single sample. In addition the results showed that 

catalyst activity increased with catalyst surface area, supporting the view that CO 

oxidation is a structure insensitive reaction.

The results exhibited several interesting features, firstly, although the majority 

of the samples had a uniform catalyst distribution, samples prepared using two 

specific batches of precursor had a speckled appearance. Dot maps were used to 

demonstrate that the speckles consisted of clusters of palladium. In addition, samples 

prepared using one of these batches had a lower loading than expected and it was 

concluded that the origin of the catalyst precursor can affect the characteristics of the 

catalyst. Although a satisfactory explanation for the results would require additional 

experiments, several suggestions were proposed. This demonstrates that the factors 

which can affect catalyst preparation are numerous and more complex then we, at
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present, are able to evaluate. These results warrant further attention and the effect of 

impurities present in precursors on catalyst properties should be investigated in a 

systematic manner.

8.2 Thermal Stability

The primary goal of the final chapter was to investigate factors which affect the 

sintering behaviour of supported catalysts including the type of catalyst support, 

temperature and atmosphere. In the first section the thermal stability of an (X-AI2O3 

based catalytic converter was compared to that of a commercial converter. Data 

consisting of the dispersions of samples sintered in N2 at 800 °C for up to 100 h, was 

collected and fitted to an empirical rate expression, the GPLE. The results indicated 

that the two converters had similar thermal stability, however the large number of 

variables that existed made a systematic evaluation of the results difficult. For this 

reason further experiments were carried out in which the aim was to investigate the 

thermal stability of palladium supported on a  and Y-AI2O3 in oxidising and reducing 

atmospheres. Experimental data consisting of the dispersion of samples sintered at 

750 and 900 °C for up to 50 h were collected and also fitted to the GPLE. This 

enabled the effect of the support on the thermal stability of the catalyst to be 

examined in a more systematic manner. The results indicated that the thermal 

stability of palladium supported on 0C-AI2O3 was slightly better than that of palladium 

supported on Y-AI2O3 which was attributed to differences in the catalyst-support 

interaction strength and also to the differing support pore sizes. The thermal stability 

of palladium after ageing in O2 was explained by the strong catalyst-support 

interaction and associated wetting of PdO on the support, and the relative instability 

of palladium sintered in H2, to the formation of thermally unstable p-hydrides. 

Evidence for catalyst redispersion was seen during sintering of PCI/Y-AI2O3 in O2 at 

750 °C and this was attributed to a combination of the stability of PdO at this 

temperature and the catalyst-support interaction strength. Overall, these results make 

the use of an (X-AI2O3 based close-coupled converter a promising competitor to 

commercial converters.
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APPENDIX A

A.l Sample X-ray diffraction calculations

X-ray diffraction was used to measure crystallite sizes using the Scherrer 

equation,

d = 0.9 XI B cos(p,

where d is the crystallite diameter, B the peak width at half-maximum measured in 

radians, X the wavelength of the x-radiation employed, cp the angular position of the 

peak maximum and B the peak width also measured in radians.

In actual measurements the instrument makes a contribution to the measured
2 2 2width, this may be corrected for using Warren’s correction, B = Bm - Bj where Bm 

is the measured width and Bi the instrumental broadening. The instrumental 

broadening was estimated by running a diffraction pattern on large silica particles (>  

5 pm ) in the form of a powder (Sing and Rouquerol, 1997). A graph of broadening 

versus peak position (Figure A l) was obtained and it may be seen that the 

instrumental broadening at 2 Theta = 46.9 was 0.09.

0.12

bO
•g 0.1

l o . o ,
PQ

0.08

0.07
50 60 7030 40

2 Theta

Figure A l Curve for estimation of instrumental broadening

212



A sample calculation is shown below;

B peak width at half-maximum = 0.2367 °

X wavelength of the x-radiation employed = 1.79 A for Co source

cp angular position of the peak maximum, 2cp = 46.9 °

Bm measured width = 0.2367 °

Bi instrumental broadening = 0.09 °

Thus, the crystallite diameter d = 686 A
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APPENDIX B

The following calculations relate to the drying of 0C-AI2O3 pellets.

B.l Calculations determining characteristic rate of capillary flow

The characteristic rate of capillary flow (Jcap) was calculated using an 

equation derived by Neimark et al. (1981),

£<j l cos6pLrA

where

s  specific support porosity = 0.5427

<jl impregnating solution surface tension, N/m (see Table B l)

6 impregnating solution wetting angle, cos 0 = 1

p i impregnating solution density, kg/m (see Table Bl)

r mean support pore radius = 0.65 pm = 0.65 x 10"6 m

A dispersion of the pore distribution along the radius, = ( r max -  r mjn) /  r  = 6.7

(where r max is the maximum and r mjn the minimum pore radius) 

r  coefficient of pore tortuosity =3.4 (Gavriilidis, 1993)

p i  impregnating solution viscosity, Ns/m (see Table B l)

R0 pellet radius = 1.5 mm = 1.5 x 10'3 m

It should be noted that as the precursor concentration in the impregnating solution 

was very low the impregnating solution surface tension, density, viscosity and 

wetting angle were assumed to be those of water. Using these values Jcap was 

determined for the range of drying temperatures examined,

2 5 °C 5 0 °C 7 5 °C 100°C 150°C 200°C

Jcap (kg/m2 s) 9.2 13.3 18.0 23.1 25.0 27.2
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B.2 Calculations determining the characteristic rate of evaporation

The characteristic rate of vapour removal during the first stage {Jyap) was 

calculated using an equation derived by Neimark et al., (1981),

D p  Nuj    v r  v
J  Vap ~

Rr

where

Dv coefficient of vapour molecular diffusion (see below)

p v vapour density (see Table B l)

Nu Nusselt number (see below)

R0 pellet radius =1.5 mm = 1.5x1 O' 3 m

Coefficient of vapour molecular diffusion

The Hirschfelder (Hirschfelder et al 1954) equation was used to calculate 

the molecular diffusion coefficient of A (H2O) through B (N2)

0.001858T3/2
1 1

------------  + ------------

1 /2

to 1

P<j 2Q.

where,

Dv mass diffusivity of H2O through N2, cm /s 

T temperature, K

Ma molecular weight H2O = 18

Mb molecular weight N2 = 28

P absolute pressure in atmospheres = 1 atm

<7 collision diameter, A (see below)

Q. collision integral, dimensionless (see below)
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The collision integral, Q, was evaluated using

+ ° . i 96^
u j- *

where

Sa b = (S aSb)^

and

^ 1 .94*10V

VJ>

where,

pp dipole moment, H2O = 1.85 debyes, N2 = 0 debyes

V b liquid molar volume at normal boiling point, for H2O = 18.79 cm /gmol, N2

31.2 cm3/gmol

Tb normal boiling point, for H2O = 373.2 K, for N2 = 77.4 K

therefore,

8a = 18.81, 83 = 0 and 8ab = 0

T* = kT / s AB

where,

' A B

K

e
£ A S B 

K K

£/fc = \AS(\ + \ 3 S 2)Th

where,

s energy of molecular interaction for the system, ergs

k Boltzman constant = 1.38x 1 O' 16 ergs/K

therefore,

Sa/k = 202906, sb/k = 91.5 and Sab/k = 4305
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T* was calculated for the range o f drying temperatures used,

25 °C 50 °C 75 °C 100 °C 150 °C 200 °C 

T* 0.0692 0.075 0.0808 0.0866 0.0983 0.1099

Qo was evaluated using,

_ 1.06036 t 0.193 | 1.03587 | 1.76474
0 -  ^0.1561 + exp(o.47635r*) exp(l.529967*) exp(3.8941 ir*)

Thus, the collision integral was determined for the range of drying temperatures,

25 °C 50 °C 75 °C 100 °C 150 °C 200 °C 

Q 4.03 3.97 3.92 3.86 3.76 3.66

The collision diameter, c t a b , was evaluated using 

Cab =  (-CAC B)'/2

and each components characteristic length, a, evaluated using 

(  1.585K Y/3cr =
V1 + 1.3£ j

therefore,

cta = 0.4, gb= 3.666, oab = 1.21 A

thus, the coefficient of vapour diffusion was calculated for the range of drying 

temperatures used,

25 °C 50 °C 75 °C 100 °C 150 °C 200 °C

Dv cm2/s 0.487 0.558 0.633 0.712 0.883 1.071

Dv m2/s (xlO’5) 4.87 5.58 6.33 7.12 8.83 10.71
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Nusselt number

The Reynolds number was calculated using,

Re = ^
M

where,

p N2 density (see Table A 1)

u N2 velocity for volumetric flowrate 50 ml/min (see Table A l)

d reactor diameter = 10 cm

p, N2 viscosity (see Table A l)

Thus the Reynolds number was determined for the range of drying temperatures 

used;

25 °C 50 °C 75 °C 100 °C 150 °C 200 °C

Re 0.076 0.071 0.067 0.064 0.059 0.054

McAdams (1949) used experimental data from 13 separate investigations to plot a 

figure of Nu versus Re, for the flow of air normal to single cylinders. Values for Nu 

were extrapolated from this figure, which showed that at low (< 0.1) Reynolds 

number, Nu approaches a limiting value of 0.4. Thus, the coefficient of vapour 

molecular diffusion was determined for the range of drying temperatures used:

25 °C 50 °C 75 °C 100 °C 150 °C 200 °C

Jvap (kg/mJs) 0.0003 0.0012 0.0041 0.0113 0.0628 0.2169
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B.3 Concentration gradient calculations

A dimensionless complex a, derived by Neimark et al. (1981) was used to 

estimate the rate of removal of concentration gradients in the precursor resulting 

from evaporation of water;

£DlP la  =
?D,pv{Nu) 

where

8 specific porosity of support = 0.5427

Di diffusion coefficient in the liquid phase (see below)

Pl water density (see Table B 1)

pv water vapour density (see Table B l)

r coefficient of pore tortuosity =3.4 (Gavriilidis, 1996)

Dv coefficient of vapour molecular diffusion (see above)

Nu Nusselt number (see above)

Diffusion coefficient in the liquid phase

The diffusion of a single salt may be treated as molecular diffusion in the 

absence of a chemical potential (Reid, 1977). The liquid diffusion coefficient Dl = 

Dab of A, Pd(NH3)4, through B, H2O, was calculated using the following empirical 

correlation (Welty et al., 1984) for an infinitely dilute solution;

DabMb 7.4x10'8(® bm b)
1/2

0.6T VA

where,

Dab mass diffusivity of A diffusing through liquid solvent B

Pb viscosity of water, cP (see Table A l)

T absolute temperature, K

Mb molecular weight of water =18
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■J
V a molal volume of water at the normal boiling point = 102.4 cm /gmol (Welty 

et al., 1984)

association parameter for water = 2.26 (Welty et al., 1984)

Using these values the diffusion coefficient for the liquid phase was determined;

25 °C 50 °C 75 °C 100 °C 150 °C 200 °C

1.08 1.82 2.88 4.35 6.66 10.64

1.08 1.82 2.88 4.35 6.66 10.64

m2/s) x 10 5
.2 / X „  -I r>-9

This enabled a  to be calculated for the range of drying temperatures used;

25 °C 50 °C 75 °C 100 °C 150 °C 200 °C

a  0.434 0.184 0.092 0.052 0.014 0.007
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B.4 Calculations estimating the warm-up time

The warm-up time for D200 (the time to reach the drying temperature after 

impregnation at room temperature) was estimated as follows. Firstly an 

approximation of the thermal conductivity k, heat capacity Cp, density p  and thermal 

k
diffusivity a d =  of the impregnated pellets was made using the % (by volume)

pCp

of alumina and precursor in the impregnated pellets, (dry pellet weight 3090 mg, 

impregnated weight 3800 mg, thus the impregnated pellets contained approximately 

63 % alumina and 37 % precursor). The values are shown in Table B2.

k (W/mK) Cp (J/kgK) p  (kg/m3) a j

Water 1 0.682 4211 958.4 1.689x10''

Alumina 2 1.675 890.0 2500 7.528x10'7

N2 at 200 °C 0.0319 1045 0.8533 3.577xl0 ' 5

Dry pellets 1.067 947 1575 7.154x1 O' 7

Impregnated pellets 1.307 2119 1930 3.196xl0'7

1 values at 112.5 °C (Welty et al., 1984)

2 values for 7-AI2O3 ( Oh and Cavendish, 1982)

Table B2 Estimated values for pellet properties

The Biot number (ratio of internal conductive resistance to external convective 

resistance) was determined for the impregnated pellets

B ip _ m
k

where

h heat transfer coefficient of N2 at 200 °C = 3 W/m2K (see below)

V volume of pellet = 7iD2l

A surface area of pellet = 47iDl
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Dp pellet diameter = 0.003 m

1 pellet length

therefore V/A = D/4 = 0.00075 m

k thermal conductivity of the impregnated alumina pellets = 1.307 W/mK

Therefore Bi = 0.04

The Biot number is the ratio of the conductive (internal) resistance to heat transfer to 

the convective (external) resistance to heat transfer, and its magnitude therefore has a 

physical significance in relating where the greater resistance to heat transfer occurs. 

Bi «  1 and this represents a case where internal resistance is negligibly small, the 

controlling heat transfer phenomenon is convection and the temperature gradients 

within the pellet are small. Therefore, a lumped parameter analysis may be used to 

determine the heating up time (Welty et al., 1984) as follows;

Convective heat transfer coefficient of N2 at 200 °C

7 Nuk n = ------
D r

where

Nu Nusselt number = 0.4 (see above)

Dp pellet diameter = 0.003 m

k thermal conductivity of N2 = 0.0319 W/mK

thus, h = 4 W/m2K

T*, ~ T  _ BjFo
----------= e
T - Tco o

where

Fo = — ——r  = 0-6 t
( V I A )1

V/A = 0.00075 m (see above)

222



t time (s)

Bi Biot number = 0.04
 n

ad thermal diffusivity of the impregnated pellets = 3.2 x 10 m /s 

Too steady state temperature = 200 °C

T0 temperature at t = 0 = 25 °C

Using these values the time to reach T = 199 °C is 215 s

Water

25 °C 50 °C 75 °C 100 °C 150 °C 200 °C

<jl surface tension, N/m 0.0696 0.0651 0.0606 0.0561 0.0471 0.0381

p i liquid density, kg/m3 997 988 975 958 915 863

pv vapour density, kg/m 0.0230 0.0831 0.2420 0.5977 2.6681 7.5930

p i viscosity, kg/ms (xlO-6) 870 560 380 270 200 140

p i viscosity, cP 0.87 0.56 0.38 0.27 0 .20 0.14

Nitrogen

25 °C 50 °C 75 °C 100 °C 150 °C 200 °C

pv viscosity, Ns/m2 (x 10'5) 1.77 1.88 2 .00 2.09 2.28 2.48

pv vapour density, kg/m 1.14 1.06 0.97 0.92 0.81 0.79

u velocity, m/s (x 10"4) 1.17 1.26 1.38 1.45 1.65 1.69

Table B 1 Properties of H2O and N2 at various temperatures (Welty et al., 1984)
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APPENDIX C

The following calculations relate to the drying of GC-AI2 O 3 monoliths.

C.l Calculations determining the characteristic rate of capillary flow

The characteristic rate of capillary flow (Jcap) was calculated using an 

equation derived by Neimark et al., (1981), (see Appendix B for detailed 

explanations)

_  s g l  c o s OpLrA

where

s  specific support porosity = 0.5

<j i impregnating solution surface tension, N/m (see Table Cl)

0 impregnating solution wetting angle, cos 0 — 1

pL impregnating solution density, kg/m (see Table Cl)

r mean support pore radius = 0.565 pm = 0.565 x 10‘6 m

A dispersion of the pore distribution along the radius, = (rmax -  r mjn) /  r  = 6.4

(where r max is the maximum and r mjn the minimum pore radius) 

t  coefficient of pore tortuosity =3.4 (Gavriilidis, 1993)
'y

p i  impregnating solution viscosity, Ns/m (see Table Cl)

R0 monolith wall radius = 0.45 mm = 4.5 x 10'4 m

Using these values Jcap was determined for the range of drying temperatures 

examined;

33 °C 50 °C 

J  Cap (kg/m2s) 26.4 33.9
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C.2 Calculations determining the characteristic rate of evaporation

The characteristic rate of vapour removal during the first stage (Jvap) was 

calculated using an equation derived by Neimark et al., (1981),

Dvp vNu

coefficient of vapour molecular diffusion (see below) 

vapour density (see Table C l)

Nusselt number (see below) 

monolith wall radius = 0.45 mm = 4.5 x 10"4 m

The coefficient of vapour diffusion was calculated for the range of drying 

temperatures used, (see Appendix B for details of the calculations)

33 °C 50 °C

Dv cm2/s 0.509 0.558

Dvm2/s (xl0‘5) 5.58 5.09

Nusselt number

Values for the Nusselt number were taken from Shah and London (1978) who 

solved the equations for developing flow along a cylindrical channel, and tabulated 

the resulting Nusselt numbers as a function of channel diameter, dCh, axial length, x, 

Reynolds number, Re, and Prandtl number, Pr (see Table Cl). The Reynolds number 

for this work was calculated using,

M

where,

p N2 density (see Table Cl)

u N2 velocity

where

Dv

Pv

Nu

Ro
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N2 velocity was determined for volumetric flowrates 50 ml/min and 100 ml/min and 

the results are shown below

50 ml/min 100 ml/min 

33 °C 0.297 m/s 0.597 m/s

50 °C 0.314 m/s 0.631 m/s

dCh channel diameter = 0 .002  m

j.i N2 viscosity (see Table Cl)

Thus the Reynolds number was determined for the drying temperatures and flowrates 

used,

5 0 ml/min 100 ml/min

33 °C 36.4 73.1

50 °C 35.2 70.8

Values for the Nusselt number as a function of axial length are shown in Figure 4.12
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C.3 Calculations estimating the development of concentration gradients

A dimensionless complex a, derived by Neimark et al. (1981) was used to 

estimate the rate of removal of concentration gradients in the precursor resulting 

from evaporation of water.

rDrp ,(N u )

where;

s specific porosity of support = 0.5

d l diffusion coefficient in the liquid phase (see Appendix B)

PL water density (see Table Cl)

Pv water vapour density (see Table Cl)

T coefficient of pore tortuosity =3.4 (Gavriilidis, 1996)

Dv coefficient of vapour molecular diffusion (see above)

Nu Nusselt number (see above)

Water

33 °C 50 °C

cjl surface tension, N/m 0.0682 0.0651

p i liquid density, kg/m 995 988

pv vapour density, kg/m 0.0356 0.0831

p i viscosity, kg/ms (xlO-6) 758 560

p i viscosity, cP 0.76 0.56

Nitrogen

33 °C 50 °C
2 5p v viscosity, Ns/m (x 10 ') 1.83 1.89

pv vapour density, kg/m 1.12 1.06

Pr 0.701 0.703

Table C1 Properties of H2O and N2 at various temperatures (Welty et al., 1984)
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APPENDIX D

AUTOPORE I I  9880  VS . 03 PAGE 1

SAMPLE DIRECTORY/NUMBER! LUCY 
OPERATOR i Idb  
SAMPLE ID i  LD3_a 1 4 /8 /9 7  
SUBMITTER i Idb

/9
LP
HP

0 4 ( E 4 i50  0 1 /0 1 /0 0  
0 5 i 3 5 iS l  0 1 /0 1 /0 0

REP 0 5 ( 4 1 iE5 0 1 /0 1 /0 0

PENETROMETER NUMBER: 140094  
PENETROMETER CONSTANT: 1 0 .7 9  ML/pF
PENETROMETER WEIGHT: £ 9 .3 8 8 6  g
STEM VOLUME: 0 .4 1 E 0  mL
MAXIMUM HEAD PRESSURE: 4 .6 8 0 0  p s ia
PENETROMETER VOLUME: 3 .1 9 8 6  mL

ADVANCING CONTACT ANGLE: 1 3 0 .0  deg 
RECEDING CONTACT ANGLEi 1 3 0 .0  deg 
MERCURY SURFACE TENSION: 4 8 5 .0  dyn/cm  
MERCURY DENSITY: 1 3 .5 8 4 8  g/mL
SAMPLE WEIGHT: 0 .3 8 7 4  g
SAMPLE+PEN+Hg WEIGHT: 1 0 9 .0 1 3 7  g

LOW PRESSURE:
EVACUATION PRESSURE: 50 MmHg
EVACUATION T IM E : 1 min
MERCURY F IL L IN G  PRESSURE: 1 .5 1 3 4  p s ia
EQUILIBRATION T IM E : 5 sec

HIGH PRESSURE:
EQUILIBRATION T IM E: 5 sec

BLANK CORRECTION BY F IL E  BLANKS /3 4
BLANK CORRECTION F IL E  ID :  b la n k  c o r r e c t io n  1 4 .0 0 9 4

INTRUSION DATA SUMMARY
(FROM DIAMETER 0 .0 5 0 0  TO 10 ,.0000  Mm)

TOTAL INTRUSION VOLUME 0 .3 5 8 7 mL/g
TOTAL PORE AREA — 1 .8 1 8 sq -m /g

MEDIAN PORE DIAMETER (VOLUME) - 1 .4 1 0 7 Mm
MEDIAN PORE DIAMETER (AREA) a* 0 .9 3 6 5 Mm

AVERAGE PORE DIAMETER (4V /A ) = 1 .1 5 7 7 Mm
BULK DENSITY = 1 .3 8 9 9 g/mL

APPARENT (SKELETAL) DENSITY = 8 .5 0 4 5 g/mL
STEM VOLUME USED = 33 y.

Figure D1 Sample mercury porosimetry results including intrusion curve
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AUTOPORE I I  '9220 V 2 .0 3 PAGE 2

SAMPLE DIRECTORY/NUMBER: LUCY_1 / 9
OPERATOR: Id b  LP 0 4 : 2 4 : 5 0  0 1 / 0 1 / 0 0
SAMPLE I D :  LD3_a 1 4 / 8 / 9 7  HP 0 5 : 3 5 : 2 1  0 1 / 0 1 / 0 0
SUBMITTER: Id b  REP 0 5 : 4 1 : 2 5  0 1 / 0 1 / 0 0

INCREMENTAL INTRUSION vs DIAMETER

I®1
DIAMETER , ( m ic r o m e t e r s  >

Figure D1 Sample mercury porosimetry results including intrusion curve cont.
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APPENDIX E

E.l Sample calculations determining catalyst surface area (from X-ray 

diffraction data)

Calculations determining the exposed catalyst surface area were based on 

measurements made of the palladium loading and crystallite size, obtained from 

atomic absorption and X-Ray diffraction respectively.

The total exposed palladium surface area (SA) was calculated assuming that 

the particles were semispherical in shape. The volume of a single semispherical

'2.7U'̂
particle V = — — (where r is the particle radius) while the gas-exposed surface area

_ . 3Kof a single particle A = 27tr therefore; A =
r

The total palladium surface area SA = nA, where n is the total number of palladium

3V
crystallites and the total palladium volume Vt = nV  therefore; SA = —L

r

Vt may be calculated from the palladium loading (1) and palladium density (p). 

P

3 L
Thus palladium surface area may be calculated from; SA = —

pr

Palladium loading = 0.76 Pd wt %

Palladium crystallite radius = 68.6  nm

Palladium density = 1.2 x 107 g/m3 (Sing and Rouquerol, 1997)

SA = 3 0.0076 _1___  _ J _  JO!

1 1 1.2x l07 68 .6  1

g Pd m _1  nm

g sample g Pd nm m

SA = 0.028 _m^

g sample
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E.2 Sample calculations determining catalyst dispersion (from X-ray

diffraction data)

The catalyst dispersion may be calculated from the values for the palladium
10 0surface area calculated above, the palladium surface density = 1.27 x 10 atoms/m 

(Satterfield., 1991) and the molecular weight of palladium = 106.4;

D = 0.028 1.27 x 1019 106.4 1 1 100

1 1 1 6.02 xlO 23 0.0057 1
•y

m  atom Pd gPd gmol Pd g sample %
<y

g sample m gmol Pd atom Pd g Pd 1

D = 1.10%
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E.3 Sample calculations determining catalyst dispersion (from chemisorption

data)

Values for the palladium dispersion and catalyst crystallite size may be based 

upon measurements of the amount of CO chemisorbed. A stoichiometry of 1 CO : 1 

palladium atom was used throughout the calculations;

Sample weight = 0.1079 g sample 

Loading = 0.57 wt %

Average pressure in sampling valve = 4 psig 

Maximum pulse height = 126 cm 

Total adsorbed pulses = 121 cm 

Sampling valve pulse volume =10 pl/pulse 

Temperature = 296 K 

Molecular weight palladium = 106.4 

Gas Constant = 0.0821 atm 1 / mol K

CO chemisorbed

The amount of CO chemisorbed and hence the dispersion was calculated 

assuming that at 296 K and 4 psig, CO exhibits ideal gas behaviour:

CO Chemisorbed = J _  121_ J_ 10 1 18.7 1 J_

0.1079 1 126 1 106 14.7 0.0821 296

1 cm pulse pi CO \ psia gmol K I

g sample 1 cm pulse pi psia/atm atm 1 K 

= 4.5 x 10 -6 gmol CO 

g sample
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Palladium dispersion

D = 4.5xl0~6 6.023x1023 J_  J_ 1 106.4 1 100

1 1 1 1  6.02 xlO 23 1 0.0057 1

gmol CO molecule CO atom CO atom Pd gmol Pd gPd g sample % 

g sample gmol CO molecule CO atom CO atom Pd gmol Pd g Pd 1

D = 8.4 %

233



E.4 Sample calculations determining catalyst crystallite radius (from

chemisorption data)

Exposed Surface Area

The gas exposed palladium surface area (SA) can be calculated from the CO 

chemisorbed and the palladium site density = 1.27 x 10 19 palladium surface atoms / 

m2 (Satterfield 1991);

SA = 4.5 x IQ"6 6.02x 1023 J_ J _  1

1 1 1 1  1.27x10 19

gmol CO molecule CO atom CO atom Pd m 

g sample gmol CO molecule CO atom CO atom Pd 

= 0.2133 m2 

g sample

Palladium crystallite radius

Thus, the crystallite radius of a semispherical particle is;

= 3 0.0057 1 1___  109

1 1 1.2 x lO 7 0.213 1

gPd m g sample nm

g sample g Pd m2 m

r = 6.7 nm
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E.5 Calculations determining maximum acceptable level of contamination in 

carrier gas

The following calculation determines the maximum acceptable contamination of the 

carrier gas by O2;

Dispersion = 10 %

Loading = 0.03 wt%

Sample weight = 0.5 g sample 

Carrier gas flowrate = 50 ml/min 

Experiment time = 60 min

Palladium surface atoms

0.5

1

g sample 

1

0.0003 1 6.02  x 1023

1 106.4 1

gPd gmol Pd atom Pd

g sample g Pd gmol Pd

= 8.4 x 1016

0.10

1

surface atoms Pd 

atom Pd

If maximum acceptable O2 contamination taken as chemisorption on 5 % of surface 

palladium atoms = 4.2 x 1015 surface palladium atoms

Translating surface palladium atoms into moles O2;

gmol 0 2 = 4.2 x 1015 1

1 1 

contaminated Pd atoms atom O

1 atom Pd

= 3.5 x 1 O'9moles O2

1 1

2 6.02 x lO 23

molecule gmol O?

atom O molecule O2
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Assuming that at 296 K and 4 psia, the gases exhibits ideal gas behaviour, the 

maximum allowable volume of O2 contamination may be calculated as follows:

O2 Chemisorbed = 3.5 x 10~9 0.0821 296 14.7

1 1 1 18.7

gmol 0?_ atm 1 K psia/atm 

1 gmol K 1 psia 

= 6.7 x 10'8 10 2

Total volume of carrier gas flowing over catalyst during experiment 

= 60 50 1 = 3 1

1 1 1 0 3

min ml 1

min ml

Maximum O2 impurity in carrier gas (for catalyst loading 0.03 wt %)

6.7 x 10'81 O2 in 3 1 carrier gas = 0.02 ppm

Repeating the calculations for catalyst loading 0.6 wt%

Maximum O2 impurity in carrier gas (for catalyst loading 0.6 wt %)

1.3 x 10‘6 1 O2 in 3 1 carrier gas = 0.4 ppm

236



ta
XHH
Q
X
W

Ph

Ph
<D

I
H

a
.2
, 0
»

£c«
' S
-4-*CO
3
3
o

<H
0H->

pp
bD

31
H

<DIhOPh
G
G

JD
13
t;G

T3
3
"3
Ph

ox

£
bOa

•G
G
O

hJ
G
O• rH4->
GVhH->
G<D
O
G
O

U
?h
o

o
<u!hPh

!h
ocoSo
(D!h

Ph

*h<DH-><D

I
G

bfl

CO G" VO G" m m Os r—H 1—H m
o 00 00 G - G - O G" oo <N 1-H i—1 1—1 o o
<N t*H <N (N (N CN 1—1 <N <N <N (N 1

U

a
3

V h<UH-><D r- Os 00 VOvo r-~ IT) in Osp Ĥ ■̂H *—|
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APPENDIX G 

NUCLEAR MAGNETIC RESONANCE (NMR)

The theory of Nuclear magnetic resonance is well known and the reader is 

referred to several texts on the subject (Callaghan 1991a) as a detailed discussion is 

not appropriate here. Briefly however, nuclear magnetic resonance occurs when 

nuclei possessing a magnetic moment, p are placed in an external magnetic field, Bo, 

and irradiated with radio-frequency (RF) radiation, Bi, perpendicular to B0. Nuclei 

having a magnetic moment also posses ‘spin’, a form of angular momentum 

characterised by the spin quantum number, /, which for the hydrogen nucleus is 

equal to Vz. When a sample containing nuclei with a magnetic moment is placed in a 

static magnetic field, Bo, (pointing along the laboratory z-axis) the nuclear moments 

populate themselves between two distinct energy levels. The population difference 

between these two levels is governed by the Boltzmann distribution and gives rise to 

a net magnetisation vector Mo = (iMx, jMy, kMz). Transitions between these two 

energy levels may then be induced by irradiating the system with electromagnetic 

irradiation whose frequency is proportional to the difference of the energy level 

spacing;

AE  =  yh B Q = ha>0

Where y is the gyromagnetic ratio for lH, h is Planck’s constant and ©o is known as 

the Larmor frequency. In modem NMR spectroscopy and imaging a pulse of 

electromagnetic radiation in the radio frequency (RF) region is used to perturb the 

distribution of spins between the two energy levels. After the pulse, an RF NMR 

signal is detected as the equilibrium distribution between the two levels is restored. 

The time dependence of the signal is then monitored from which a frequency 

spectrum may be obtained via Fourier transformation. A single sharp line in the 

frequency domain will result if the sample contains a single proton chemical species, 

e.g. water.
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MAGNETIC RESONANCE IMAGING (MRI)

Spatial resolution is achieved by the superposition of additional smaller 

magnetic field gradients (usually in the x, y, and z) to the main field Bo. Gradient and 

RF excitation pulses may then be combined to produce one, two and three- 

dimensional spatial maps of the spatial spin distribution, more commonly known as 

the ‘spin-density’ given by;

exp[- z'2 ;rk.r]dk

where p(r) is the spin density, S(k) is the signal, r is the position vector of the spin(s) 

in the sample and k is defined as the reciprocal space vector (Callaghan, 1991);

k = (2n)'1 yGt

where G is the strength (and direction) of the additional magnetic field and t is the 

time for which G is applied. In this study one and two dimensional spin-density 

magnetic resonance imaging was used to obtain one-dimensional and two- 

dimensional spin-density images of water protons within the alumina pellet.
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