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ABSTRACT 

This investigation explores the use of environmentally friendly solid acid 

catalysts based on immobilised Lewis acids in liquid phase organic reaction using the 

spinning disc reactor. The reaction studied was the rearrangement of a-pinene oxide 

to campholenic aldehyde, which is an important intermediate used by the fragrance 

industry in the synthesis of santalol (sandalwood). By focusing on liquid phase 

reactions and by addressing the particular problems associated with catalysis for such 

reaction systems the aim of this work is to develop new catalytic technology of value 

to the highly successful UK fine and speciality chemical industries, where acid 

catalysis is widely used but normally involves the use of corrosive and toxic reagents, 

unselective processes, and the production of unacceptable levels of hazardous waste. 

The performance of a compact catalytic spinning disc reactor (SDR) with 

good heat and mass transfer characteristics for continuous conversion of a-pinene 

oxide to campholenic aldehyde using supported Zn(OTf)2 catalysts was studied. The 

spinning disc runs were performed at various conditions and conversion and 

selectivity were monitored. A 100% conversion of a-pinene oxide was easily 

achieved for most of the conditions. Lower residence time enhanced selectivity 

towards aldehyde up to a maximum of 82%, at 60% conversion. SDR empirical 

models were developed and activation energies determined for each catalyst used. 

Comparison of SDR with batch process is also made. 

Results suggest that the catalytic SDR can significantly enhance the reaction 

rates, reaction selectivity and improve process safety whilst eliminating the loss of 

catalyst. The findings of this investigation indicate that the vision of realising a truly 

intensified plant using green chemistry to achieve greener technology is a real 

possibility. 

Keywords: Process Intensification, Green Chemistry, Spinning Disc Reactor, 

Rearrangement of a-pinene oxide, Campholenic aldehyde 
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CHAPTER 1 

INTRODUCTION 

In a today's world it is becoming increasingly difficult to abide by the latest 

innovative processes and technologies in a very competitive market. Consumers not 

only demand a product to be reasonably cheap, which, for industrialised countries, is 

a problem in itself (since developing countries have an advantage of inexpensive 

workforce), but there is also an overwhelming concern about environment and safety 
issues which need to be addressed and resolved sooner rather than later. In order to 

stay on the market, industries need to act fast. It is a double challenge that they are 
facing now in order to evolve [1]: 

1. Selecting processes only on the basis of economic exploitation is an old 

attitude which needs to be rejected. Implementation of novel non polluting 

processes is necessary with the intention of improving selectivity, overall 

safety, reduction of raw materials and energy losses, health and 

environmental aspects as well as materials recyclability. Only this will 
increase the final product saleability and ensure the sellers to stay on the 

global market. 

2. Traditional chemistry needs to be surpassed and new speciality and active 

material chemistry employed to facilitate better end-product properties (such 

as its quality, shape or size) which could be easily controlled by new process 

parameters. 

It is also very important to identify the latest demands and take action fast 

both in improving and promoting the product as soon as possible to be first on the 

market. 

Better understanding of elementary phenomena makes it viable to envisage 

new operating modes of equipment, or to design novel equipment based on scientific 

principles. The way forward is to put Process Intensification (PI) into practice. 
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1.1 PROCESS INTENSIFICATION 

A long time ago, when an idea of PI was just in a cradle, it was thought that 

by cutting down of the size of equipment in a chemical plant such as reactors, heat 

exchangers and separators by applying PI techniques, a reduction in capital cost of 

production system would be achieved [2]. Although it would be good to achieve this 

goal only, all the other immensely attractive advantages of PI technology were not 

foreseen at the beginning. 

As mentioned above, money has always been a primary issue - if less 

material is present, capital cost decreases; vessels, pipes, structures and foundations 

become smaller and cheaper. The obvious advantage of using PI techniques -a 

small, compact, highly intensified plant could, in the near future, replace the existing 

plants, therefore create a far more attractive sight. A pilot plant in such a small size 

could be moved to manufacturer's sites, which would enable them to study the 

suitability of PI in real-time on their own processes [3]. As an example, traditionally, 

Caro's acid (H2SO5) has been produced by reacting concentrated sulphuric acid with 

hydrogen peroxide at sub-ambient temperatures to avoid product decomposition. 

The equipment was bulky and relatively costly - typically, a refrigerated 30-litre 

reactor vessel operating with a residence time of 30 minutes was needed to produce 

300 kg of product per day. By applying the principle of intensification a continuous 

adiabatic reactor has been developed with an output three times greater than the 

previous unit, using a reactor volume of only 20 ml (equivalent to a size reduction of 

1500: 1). The residence time was less than a second and it was capable of operating 

without cooling [4]. Intensification is becoming a reality. 

Lately, it became very important for the chemical process industries to 

remain cost competitive, but in an environmentally friendly, "green" manner. Every 

now and then you hear about disasters taking place all over the world. A number of 
fatal incidents have occurred involving large inventories of hazardous materials and 

exothermic runaways in batch reactors [5-7]. In the case of disaster in Bhopal (India) 

in 1984, material which leaked killed 2000 people and was in fact convenient 
intermediate. That is why process minimisation is very important, "what you don't 

have, can't leak" [8,9]. Having an ultra-compact process plant, inherently safer 
designs can be accomplished by reducing the inventory of hazardous material and 



Chapter 1: Introduction 3 

hence the intrinsic safety of a process can be substantially improved [10]. 

Furthermore, novel reactor designs based on the PI concept will enable practising of 

the "clean" technology. High selectivity operations in intensified reactors will 

reduce or eliminate the formation of unwanted by-products, which can cause 
irreversible damage to the environment. ý Along with renewed interest for PI there is 

also a greater awareness for Green Chemistry, as the two cannot be separated these 

days. 

Additionally, one of the objectives of PI is to move away from batch 

processing, often associated with inherent processing difficulties, to small semi-batch 

or continuous reactors [11], the latter giving more efficient overall operation 

especially in the case of hugely exothermic reactions whereby the heat can be 

removed continuously as it is being released. Another attractive benefit of the PI is 

the improved energy efficiency [12] envisaged in intensified unit operations. There is 

an enormous and urgent need for the development of new process technologies, 

which will utilise energy in an efficient way. Two of the most fundamental 

operations in chemical engineering processes, heat and mass transfer, as well as 

mixing, can be enhanced in intensified units [13-15], thus the interest from the 

industry is potentially enormous. 

1.2 INTENSIFICATION STRATEGIES 

In order to improve the performance of equipment, e. g. heat transfer, many 
techniques can be employed, which may be categorised as active or passive in nature. 
Surface roughening and surface extensions in the forms of fins are some of the 

passive methods which have long been used on a commercial basis [16] and have 

been proven to give better film heat transfer coefficients in evaporators. Some of the 

active methods are stirring, scraping, surface vibration and surface rotation. One of 

the simplest and most commonly met (wherever adequate heat and mass transfer 

rates are needed) is stirring (agitation). For more specific applications scraping and 

surface vibration can be implemented involving complex installation methods. 
Surface rotation has provoked an interest in academic workers for many years. First 

successful centrifugal evaporator used in sea-water desalination was developed in the 

1950s as a result of Hickman's research efforts into two phase heat transfer on 
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spinning disc [17]. Some of the benefits from the exploitation of high centrifugal 
fields created by rotation are: 

  The rotational speed of the spinning surface provides an additional degree of 
freedom which can be effortlessly controlled for optimum equipment 

performance; 

  Extremely high gravity fields generated as a result are capable of producing 

very thin films in which heat transfer, mass transfer and mixing rates are 

expected to be greatly intensified; 

  Applications, in which the solid content of a process fluid often poses a 

number of problems with regard to fouling in conventional devices, can be 

handled by the rotating equipment. The rotating action in itself provides a 

scraping or `self-cleaning' mechanism strong enough to shift any solid 
deposit away from the surface of revolution, thereby ensuring maximum 

exposed area at all times during operation; 

  The effect of very short and controllable residence times achieved under the 

centrifugal action will enable heat sensitive materials to be processed with 

minimised risk of degradation. 

The practical implementation of intensified processes will engage the 

application of entirely ground-breaking designs. So far industrialists were hesitant to 

embrace the novel and therefore unestablished nature of the technology, even though 

the advantages could be enormous. But the interest in PI is nevertheless huge and 
there are more and more industries keen on exploring new and exciting opportunities 
that PI has to offer [18]. 

1.3 SPINNING DISC TECHNOLOGY 

The spinning disc technology uses the centrifugal accelerations to create thin 

(100-200 µm), highly sheared films on rotating surfaces (Figure 1.1). Studies have 

indicated that the fluid dynamics within these films result in significant enhancement 
in heat and mass transfer rates. For that reason it is expected that a reactor based on 
this technology should allow rapid mixing in the liquid film, short liquid residence 
time, rapid solid/liquid heat/mass transfer and rapid liquid/vapour heat/mass transfer 
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[19]. This makes spinning disc reactors strong contenders for performing fast 

exothermic reactions and reactions which are limited by mass transfer rates. The 

Process Intensification and Innovation Centre (PIIC) at Newcastle University has 

studied and developed this technology (namely a spinning disc reactor) with possible 

applications in processes involving separation, heat transfer, gas liquid reactions, 

crystallisation etc. [17,20]. Previous work carried out on rotating discs has 

concentrated mostly on understanding the hydrodynamics of thin film flow [21-24] 

and measuring heat and mass transfer rates from solid to liquid and liquid to vapour 
[22,25-27]. 
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Figure I. I. Thin film on the surface of the rotating disc 

In addition to significant enhancement in the heat and mass transfer rates, it 

has also been demonstrated that a reactor based on this technology may have the 

following advantages: 

0 Rapid mixing in the liquid film; 

  Short liquid residence time; 

  Rapid solid/liquid heat/mass transfer and 

  Rapid liquid/vapour heat/mass transfer. 

A typical example for the mass transfer limited reaction is the polymerisation 

of unsaturated esters where the reaction is driven by the removal of water from the 
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reaction system. Previous studies [19] have shown that using spinning disc reactor 

systems can significantly reduce the total reaction time for the manufacture of 

unsaturated polyester. Studies carried out on the polymerisation of styrene have also 
indicated that, apart from increasing the rate of polymerisation, the disc reactor can 

also improve the product quality by tightening the molecular weight distribution of 

the polymers [28]. 

The sectors of the chemical industry being targeted with the spinning disc 

technology are the pharmaceutical and fine chemicals industries. Traditionally, 

reactions have been carried out in batch processes which are associated with inherent 

processing difficulties, especially in the case of hugely exothermic reactions [29]. 

As a result, there is a clear motivation to replace batch reactors with intensified, 

continuous units [I I1]. 

A process can be improved in many ways, but it is a reactor which is still the 
heart of it. This study will involve the use of spinning disc reactor with the aim of 
intensifying catalytic process utilised by the fragrance industry, not only to improve 

the product quality, but to find novel, greener, safer technology which can match 
today's thirst for carefully designed processes with all the issues mentioned 

previously well thought of; and essentially, quality end-products. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 INTRODUCTION TO INDUSTRIAL REACTORS 

In the first part of this Chapter, reactors used for industrially utilised chemical 

reactions will be introduced. As said in previous section, reactor is the most 
important part of the process, therefore it is important to understand the capabilities 

of currently available technologies and see the potential for implementation of new 

ones. 

Chemical reactions are classified from various viewpoints with individual 

characteristics. On the basis of their kinetic behaviour, reactors can be classified as 
follows [30] (Figure 2.1). 

1. Batch type 

2. Continuous flow type 

a) Tubular reactor, plug flow 

b) Tank reactor, mixed flow. 

TIM, wlrý 
a-a A+B 
(-+P) P 

C *IOUDM Flor IWO 

(a) (b) (c) 

P 

Figure 2.1. Types of reactor: (a) Batch type, (b) Tubular reactor, (c) Tank 

reactor 
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Table 2.1. Comparison of characteristics of reactors 

Reactor Continuous flow 
Batch 

Comparison item Tubular type Tank type 

1. Temperature, Uniform at each " Concentration " Complete 
pressure, composition moment changes in the mixing 
in reactor direction of flow " Uniform 

" No gradient of composition 
:° reaction rate and (equal to that at 

temperature in the outlet) 
v radial direction 

" No mixing and 
diffusion in axial 
direction 

2. Residence time None None Yes 
distribution of reactant 
1. Required reaction Relatively small Relatively small Large 
volume (Equal 
conversion basis) 
2. Distribution of Large yield of Large yield of Small yield of 
products (Consecutive intermediate product intermediate product intermediate 
reaction) product 
3. Probability of Impossible Impossible Possible 
reaction with specific 
composition ratio 
1. Flexibility Large Small Medium 
2. Application Multi-purpose and Mass production Medium 

small-scale 
production 

Operation in batch reactor starts by feeding the raw materials into the reaction 

vessel, followed by sealing or heating if necessary. After several hours or days of 

operation, the reaction proceeds nearly to completion and it is terminated by cooling 

of reactor, followed by the recovery of the product from the reactor. This type is 

generally used for liquid-phase systems with relatively slow reaction rate. 
Commercially it is suitable for small-scale plants (dyes and pharmaceuticals). 

In the continuous type raw materials are continuously fed and products taken 

out making it suitable for large-scale chemical processes with relatively high reaction 

rate at substantially constant operating conditions. In the case of the tubular reactor, 
highest concentration of raw materials is at the inlet of the reactor, gradually 
decreasing along the reactor, without back-mixing or diffusion of reacting molecules 

along the direction of the material flow, making the residence time of the molecules 

passing through the reactor equal (for all the molecules). In a tank reactor, however, 
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reactants are vigorously stirred, making this reactor completely mixed (if operated 
ideally), where the chemical composition and temperature are kept constant 
throughout the reactor vessel. In tank reactors molecules do not have the same 

residence time; average residence time can be determined instead by dividing the 

volume of the reactor by the feed rate in the volume under the reacting conditions, 
but it has to be kept in mind that some molecules remain in the reactor for a long 

time and others for short time only. Characteristics of each reactor can be observed 
in a comparison Table 2.1. 

Furthermore, reactors can be classified into homogeneous and heterogeneous 
depending on their internal states. In the former type gas, liquid or solid 

(homogeneous) phase is present and in many cases materials are mixed uniformly 
before they are supplied to the reactor, hence changes in behaviour involving mass 
transfer do not normally take place. The later can contain two or more phases. 

2.1.1 HOMOGENEOUS REACTORS 

2.1.1.1 Tubular reactors 

Tubular reactors and their modes (depending on locations of inlet and outlet 
locations for reactants and products) are shown in Figure 2.2. For heat transfer, two 

methods can be considered: one is transferring heat through the tube wall and the 

other is transferring heat through heat exchanger tubes into or out of the reactor (this 

method is used when relatively large diameters are used). 

(a) (b) 

(c) (a) 

Figure 2.2. Operational modes of tubular reactors: (a) single inlet and outlet; (b) 

multi-inlets and single outlet; (c) single inlet and multi-outlets; (c) multi-inlets 

and multi-outlets 

The larger the aspect ratio (length/diameter), the closer the flow turns to 

piston flow, which promotes ideal reactions and normally better selectivity. Small 
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tube diameters offer good heat transfer and are easy to control, however, if the 

diameter is too small, resistance to flow increases, which results in a large pressure 
drop between inlet and outlet. 

Tubular reactors are used for continuous homogeneous reactions such as 
thermal cracking in a gas phase [31], neutralisation in a liquid phase [32], 

esterification with an acid catalyst, saponification and acid hydrolysis. 

2.1.1.2 Stirred tank reactors (STR) 

Stirred tank reactor (as previously mentioned) is a mixing tank with perfectly 

mixed flow. The liquid phase is usually used in this type of reactor which can be 

operated with a batch, semi-continuous or continuous mode. 

Rea Rea 
cts 

ration 
mit 

(a) 

roducts 

(b) 

Figure 2.3. Typical types of systems using stirred tank reactors (a) continuous 

stirred tank reactor (b) stirred tank reactor combined with separation unit 

Typical types of systems using stirred tank reactors are shown in Figure 2.3. 
Due to its good mixing performance and high capacity, this reactor is suited to 

regulate reactions which might succumb to runaway, or for the careful control of 

reacting conditions. Depending on the heat exchange method, stirring method and 
size of the reactor, there are slight differences in stirred tank structures. A mixing 
blade ought to be designed carefully when the reactants contain solid particles, when 
solids are formed by reaction, or when the viscosity of the materials is increased. 

Stirred tank reactors are used for neutralisation, hydrolysis, esterification 
[33], amide formation, chelate formation as well as polymerisation [34]. 



Chapter 2: Literature review 11 

2.1.1.3 Other homogeneous reactors 

Reactors with an aspect ratio of about 3-20 (between tubular and STR) can 
be classified as column reactors. This reactor can be positioned vertically or 
horizontally (in which case it is called a lateral reactor). Circulation in this type of 

reactors is sometimes preferred to control reacting conditions (e. g. temperature and 

pH). 

2.1.2 HETEROGENEOUS REACTORS 

If more than one phase is present, reactor can be described as heterogeneous. 

These can be used for both non-catalytic and catalytic reactions. Further 

sub-division can be made within this group of reactors, as some of them are mainly 

used in laboratories, whilst some are more suitable for industrial exploitation. 

2.1.2.1 Laboratory scale reactors 

2.1.2.1.1 Fixed bed reactor 

Fixed beds are formed by packing solid particles in a reactor. Although 

catalysts are usually applied, there may be cases in which solids react with fluids, 

i. e., not the catalyst bed. Typical types of this reactor are shown in Figure 2.4. In a 

reactor of this type, fluid flow behaves similarly to plug flow, offering high 

conversion and good reaction selectivity. The reaction feed should be well designed 

in a fixed bed to disperse the feed of reactant uniformly over the cross-section. In 

addition to mass flow, temperature control is also crucial. Radial heat transfer is 

realised by radial fluid flow (convection) and by heat conduction through solids. 
Rate of heat transfer is relatively low in fixed beds therefore full attention must be 

devoted to temperature control. 

Fixed bed microreactor is typically used for testing of 0.1-1 g of the catalyst 

and for catalyst screening. It works isothermally, but it is not ideal for kinetic 

studies. 
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(a) (b) (c) 

Inlet 

Coolant 
In/Out 

Outlet 

(d) 

12 

Figure 2.4. Several types of fixed bed reactor: (a) Down flow type, (b) 

Self-thermal-exchange type, (c) Cooling type, (d) Intermediate cooling type 

2.1.2.1.2 Moving bed reactor 

Fixed beds offer fluid mixing close to that of piston flow with good reactor 

performance; however, solid particles can not be removed from the reactor. If the 

catalyst deteriorates or solid-gas reactions are performed, particles ought to be 

supplied and removed continuously (or semi-continuously) in order to perform 

steady state operations. Solid particles then move slowly in the reactor towards 

outlet. This is a moving bed (Figure 2.5). 

The fluid property of the moving bed is almost identical to those of the fixed 

bed. 

Gas Outlet 
t 

Feed Solids Inlet 

-ý Product Solids Outlet 

Gas Inlet 

Figure 2.5. Moving bed 
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2.1.2.1.3 Fluidised bed reactor 

Fluidised beds are useful when solid particles which are involved in reactions 

must be removed frequently. In a fluidised bed, particles move freely floated by the 

fluid flowing upward. This motion of particles allows their easy removal from the 

bed. The liquid fluidised bed shows a very smooth flow with small particles. Larger 

the particle size (or the bed diameter), the more the flow turns into circulation 
because of channelling, which enlarges longitudinal mixing of liquid and particles. 
Some types of fluidised bed reactor are presented in Figure 2.6. Typically, fluidised 

bed is used in fluidised catalytic cracking (FCC) [35] as well as synthesis of 

acrylonitrile [36], as an example. 

Outlet To Cyclone 

Cyclone Gas Ouda 

c 

äas ßat Reaction Out Outlet i 

opper i dui 

. 47 uidizing Gas 
G Gas Inla e f as Inlet Intel 

Gau Lokt 
N. 

(a) (b) (c) 

Figure 2.6. Several types of fluidised bed reactor: (a) Bubbling fluidised bed, (b) 

Spouted bed, (c) Circulating fluidised bed 

2.1.2.1.4 Membrane reactor 

These reactors (Figure 2.7) are operated while separating catalysts from 

reactants and/or products using a membrane, and are often used as bioreactors. For 

example, a system that holds enzymes or tissue culture cells of micro-organisms, 
animal or plant cells (biocatalysts) inside a part of the reactor divided by membrane 
to separate them from reactants or products may be considered as a kind of 
immobilised biocatalyst. Membrane reactor offers a variety of immobilising 

methods: mixing biocatalysts with reactants or products; contacting reactants with 
biocatalysts through a membrane; and reacting by biocatalysts immobilised inside a 

membrane. 
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iah Reactants 
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Catalyst 

Scction Membrane 
Products 
Recovery 
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Products 

Catalyst Reactants Liquid outlet 
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Reactants 
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Catalyst 

Reactants Liquid Outlet 
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ioý 

Products 
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(e) 

Catalyst 
u 

Figure 2.7. Membrane reactors: (a) Products filtration (suspended catalysts), (b) 

Diffusion through membrane, (c) The catalyst is immobilised inside the 

membrane, (d) The catalyst accumulates and is attached on the membrane, (e) 

The membrane serves as the carrier of the catalyst 

Additionally, other type of reactors, such as spinning basket reactor, can also 

be used to perform the catalytic reactions in order to minimise diffusion 

limitations/concentration effects and to obtain low conversion kinetic data. 

2.1.2.2 Industrial reactors 

Industrial catalytic reactors exhibit a great variety of shapes, types and sizes. 

A survey of the most important reactor types is given by Ullmann [37]. In general, 

heterogeneous catalytic reactors can be divided in two categories, depending on the 

size of the catalyst particles, large and small. 
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2.1.2.2.1 Large Particle Catalyst Reactors 

Large particle catalysts can be kept stationary, so that packed in a bed they 

can be kept in the reactor and the reaction mixture passes through the bed of 

particles. The aim is to keep the catalyst charge as long as possible in the reactor, 

say for many years. This method avoids all the trouble of eliminating the catalyst 

from the product stream coming out of the reactor. Whatever the shape of the 

particles, their size in industrial reactors is usually larger than 2 mm. Some examples 

of reactors with catalyst beds are given in Figure 2.8. Figure 2.8 (a) shows the 

common adiabatic packed bed reactor. This reactor is used for single-phase reaction 

mixtures, either gases or liquids with moderate heat effects [38-41]. Systems with 

multiple beds with cooling in between the beds are frequently used, such as for NH3 

and CH3OH production. The cooled tubular reactor is used for reactions with high 

heat effects (Figure 2.8 (b)) [42-45]. This reactor consists of a large number of 

parallel tubes, which are cooled with a coolant flowing around the outside of the 

tubes. To maintain the catalyst bed in the tubes as isothermal as possible, only a 

small number of particles across a tube diameter is permitted, say between 3 and 20 

particles. Depending on the required reactor capacity the number of tubes varies 
between 30 to 30,000 [46]. Both adiabatic packed bed and cooled tubular reactors 

can be used for gaseous and liquid reactor feeds. 

Product 

Feed 

(a) 

Product 

+ Coolant out 1 

Tubes filled 
Catalyst with catalyst 

-Coolant in 

Feed gas 

(b) 

Liquid 

`Z 
ý- Gas 

as 

Liquid 

(c) 

Gas 

Gas 

(d) 

Liquid 

Liquid 

Figure 2.8. Examples of reactors with fixed catalyst beds: (a) Adiabatic Packed 

Bed; (b) Cooled Tubular Reactor, (c) Cocurrent Trickle Bed Reactor; (d) 

Packed Bubble Column 

When a mixture of gas and liquid is to be fed to a packed bed reactor then, 
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depending on the required residence times in the reactor, two reactor types are 

commonly used. In Figure 2.8 (c) the trickle flow reactor is shown, in which the gas 

and the liquid streams are fed cocurrently at the top of the reactor [47-49]. The 

liquid wets the catalyst particles and slowly trickles to the bottom through the bed. 

The gas dissolves in the liquid and is transported to the catalyst surface, where 

reaction takes place with reactants coming from the liquid phase. A counter current 
flow of gas and liquid can also be applied. Residence times for the liquid phase in 

industrial trickle flow reactors can be as high as 10-15 min. If much larger residence 

times are required for the liquid phase, the packed bed bubble column reactor in 

Figure 2.8 (d) is often used [50-54]. Here gas and liquid are both fed to the bottom 

of the reactor. The reactor is filled with liquid through which the gas bubbles slowly 

upwards. In these reactors liquid residence times of the order of hours can easily be 

achieved; the catalyst is fully wetted with the liquid phase. 

2.1.2.2.2 Small Particle Catalyst Reactors 

For small catalyst particles completely different reactor types are used. The 

catalyst is now suspended in the flowing reaction mixture and has to be separated at 

the reactor exit or is carried along with the fluid. Particle sizes are now from 10 µm 

up to 1 mm. In Figure 2.9 some of the common reactor types are shown. Figure 2.9 

(a) shows the fluid bed reactor [55-59], where the gaseous feed keeps the small 

catalyst particle in suspension. Catalyst carried over in the exit stream is separated, 
for example, in cyclones. For even shorter contact times, riser reactors are used in 

which the solid catalyst is transported in the gas stream. Fluid bed reactors are also 

used for feed mixtures of a liquid and a gas. 

In cases when the feed stream is a liquid, which requires rather long residence 
times, the suspension bubble column [60,61] or an agitated tank reactor [62-64] is 

used (Figures 2.9 (b) and 2.9 (c)). Here, in the reactor exit, quite elaborate filtering 

systems are required to remove the catalyst from the liquid stream. In these reactors 

a gas is generally supplied, because these suspension reactors are mostly used for 

hydrogenations and oxidations. 
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Figure 2.9. Example of reactors with moving catalyst beds: (a) Fluid-bed 

Reactor; (b) Bubble Column with suspended catalyst; (c) Sparged Stirred Tank 

with suspended catalyst 

2.2 PROCESS INTENSIFYING EQUIPMENT 

2.2.1 SPINNING CONE REACTORS 

Intensified mixing devices, which have tight control not only on the intensity 

of mixing, but also on the flow pattern, may be used to produce nano to larger size 

particles by addressing the appropriate process parameters. Producing in situ nano 

particle slurry with narrow crystal size distribution can transform the chemical 

mechanical polishing (CMP) process for the electronic industry. A typical example 
for the continuous production of tailored particles is the spinning cone reactor, shown 

in Figure 2.10, where precipitates of barium sulphate have been formed by using 

equimolar concentrations of sodium sulphate and barium chloride solutions having 

initial supersaturation ratios of 500 and 5000 [65]. It was shown that at high 

supersaturation conditions, the particle size formed with the spinning cone is much 

smaller than in the batch reaction. 

2.2.2 ROTATING PACKED BEDS 

Rotating packed beds (RPBs) [66,67] utilise centrifugal acceleration to 

intensify mass transfer processes previously conducted in packed columns. The 

RPBs were used for separation processes (absorption, extraction, distillation), but can 

be used for reacting systems. One of the main applications of RPBs is 

counter-current gas/liquid mass transfer [68]. 

Liquid + 
Catalyst 
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(a) (b) 
Figure 2.10. Spinning cone reactor (a) Schematic of the BaSO4 precipitation 

process; (b) View on the spinning cone reactor 

2.2.3 MICRO-REACTORS 

Improved methods of manufacturing at the micro scale are opening up new 

avenues for development of compact devices for functions ranging from reactions to 

separation. Much of the initial work in this field has concentrated on the 

development of systems using single phase flow with diffusive transfer between 

parallel reacting fluid streams. Work within Newcastle University has however 

focused on the more complex system of multiphase flow in narrow channels and in 

particular immiscible liquid-liquid processes [69]. The main method adopted to 

perform multiphase reactions is the use of slug flow to allow both convective and 

diffusive processes to operate within the reactor channel. An illustration of the 

mechanisms involved is presented in Figure 2.11. A titration process involving 

acetic acid transfer from kerosene into an aqueous solution of NaOH and KOH was 

used to visualise the mass transfer. 
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Figure 2.11. Circulation patterns within slug flow provide high mass transfer 

performance between phases 
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Experiments using slug flow reactors were performed for the industrially 

relevant process of organic nitration. Results from benzene and toluene nitration 

showed that slug flow could be used to provide significant conversion to 

nitrobenzene and nitrotoluene in seconds using coiled PTFE reactors of 30 cm to 

180 cm length and compared favourably with industrial processes [70]. 

2.2.4 MULTIFUNCTIONAL REACTORS 

These can be described as reactors that, in order to enhance the chemical 

conversion taking place and to achieve a higher degree of integration, combine at 

least one more function that conventionally would be performed in a separate piece 

of equipment [71,72]. Example of this type of a reactor is reverse-flow reactor 

which integrates reaction and heat transfer in a multifunctional unit. This is of 

importance for exothermic processes, where heat of reaction is utilised by keeping it 

within catalyst bed and after reversion of the flow direction, using it to preheat the 

cold reactant gases. Catalytic Plate Reactors can be described as multifunctional as 

well. Other applications include reactive distillation and reactive extraction 

(integrating reaction and separation), to name but a few. 

2.2.4.1 Catalytic plate reactors 

Supplying heat directly into an endothermic reaction, rather than via 
inter-stage heaters or by radiation to a packed tube is a vital key to intensifying many 

important chemical processes. The catalytic plate reactor (CPR) offers an attractive 

route for achieving this. In a CPR, metal plates coated with a suitable catalyst are 

arranged in such a manner that exothermic and endothermic reactions take place in 

alternate channels (Figure 2.12). These channels typically have a height of order of 

millimetres and a catalyst thickness of the order of microns [73,74]. 

EXOTHERMIC 
PROCESS GAS 

EXOTHERMIC 
CATALYST 

L ýr HEAT PLATE 
ENDOTHERMIC 
PROCESS GAS ENDOTHERMIC -ý 

CATALYST 

Figure 2.12. A pair of adjacent channels in the catalytic plate reactor 

The advantages of CPR designs over conventional reactors arise due to 

excellent heat transfer characteristics and minimal intra-catalyst diffusion resistance. 
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The heat transfer mechanism within a CPR is via conduction through the plates 

separating alternate process channels and as such is largely independent of the 

process gas superficial velocity. The catalyst layers within a CPR are thin which 

results in minimal diffusion limitations and thus high catalyst utilisation. These 

advantages result in reactors which are smaller, lighter and with a small associated 

pressure drop than conventional alternatives. 

2.2.5 POLYMER FILM COMPACT HEAT EXCHANGERS (PFCHE) 

A novel concept of thin film polymer heat exchangers has been developed [75], 

which offers high thermal efficiency, reduced fouling, significant reduction in weight 

and cost, resistance to chemically aggressive fluids and the ability to handle both 

liquids and gases [76]. The units are of compact construction and can be of square or 

spiral configuration (Figure 2.13). An important feature of these heat exchangers 

that sets them apart from those on the current market is the use in some variants, of a 
high temperature resistant polymer, poly ether ether ketone (PEEK). PEEK has a 

continuous use temperature of up to 220°C. Although the thermal conductivity of the 

polymer is not as high as metals, the PFCHE made of 100 µ thick PEEK films offers 

negligible thermal resistance when the heat transfer coefficient is less than 

4000 W/(m2K). 
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Figure 2.13. Configurations of PFCHEs 

The potential market opportunities are very wide ranging and include 

applications in the chemicals and food and drink industries, with possible 

applications in generic equipment such as condensing boilers and refrigeration 
plants. There are also opportunities in the aviation, fuel cell and automobile 

industries in the form of cabin air coolers, filter coolers and radiators. Case studies 
on the PFCHEs as a metal alternative in the aviation and fuel cell industries have 
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been carried out using heat transfer and pressure drop correlations developed from 

different fluid systems. The fluid systems investigated are air/air, water/water and 

glycerol-water mixtures/water for the square PFCHE whilst a water/air system was 

studied for the spiral PFCHE. The results are very positive as huge cost and energy 

savings can be achieved [77]. 

2.2.6 SCFs REACTORS 

Supercritical fluids (SCFs) are used industrially for the processing of natural 

products, because of their unique properties, SCFs are 

attractive media for mass-transfer operations (e. g. 

extraction and chemical reaction) [78]. Many of the 

physical and transport properties of SCFs are 

intermediate between those of a liquid and a gas. For 

example, diffusivity in a SCF falls between a liquid and a 

gas, therefore reactions which are diffusion limited in the 

liquid phase could become faster in a SCF phase. 

Because of their unique solubility properties, compounds 

that are largely insoluble in a fluid at ambient conditions 

can become soluble in the fluid at supercritical 

conditions. SCFs have been investigated for number of 

systems including polymerisations, enzyme reactions and 
heterogeneously catalysed reactions. 

Figure 2.14. SCF reactor 1791' 

A photograph of the continuous flow reactor used in Nottingham to study 
heterogeneous catalysed reactions [80] is shown in Figure 2.14. 

2.2.7 OSCILLATORY BAFFLED REACTORS (OBRS) 

The OBR offers enhanced fluids mixing at very low and uniform shear rate in 

comparison with traditional stirred vessels and this is advantageous especially for 

biochemical, biomedical and pharmaceutical applications where shear sensitive 

Photo reproduced from The Clean Technology Research Group web site with permission from 

Professor Poliakoff 
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cultures are involved. Some research at Heriot-Watt University, for example, 

includes studies into continuous crystallisation, fermentation of biopolymer and cell 

cultures, continuous production of nano-particles and defouling [81]. 

OBR used in the Centre for Oscillatory Baffled Reactor Applications 

(Edinburgh) is shown in Figure 2.15 below. 

Figure 2.15. Oscillatory baffled reactor 18212 

The Spinning Disc Reactor technology will be described in details in Chapter 

3. All of these new technologies (not all of them mentioned above) may result in the 

extinction of some traditional types of equipment, if not whole unit operations [83]. 

2.3 HETEROGENEOUS CATALYSIS 

A catalyst is a substance that increases the rate at which a chemical reaction 

approaches equilibrium without, itself, becoming permanently involved in the 

reaction. The key word in this definition is permanently since there is ample 

2 Photo reproduced from The COBRA web site with permission from Professor Ni 
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evidence showing that the catalyst and the reactants interact before a reaction can 

take place. The product of this interaction is a reactive intermediate from which the 

products are formed. This substrate-catalyst interaction can take place 
homogeneously with both the reactants and the catalyst in the same phase, usually 

the liquid, or it can occur at the interface between two phases. These 

heterogeneously catalysed reactions generally utilise a solid catalyst with the 

interaction taking place at either the gas/solid or liquid/solid interface [84, 85]. 

Additional phase transport problems can arise when a gaseous reactant is also present 

in the liquid/solid system. Since a catalyst merely accelerates the rate of reaction it 

can not be used to initiate a reaction that is thermodynamically unfavourable. The 

enthalpy of the reaction as well as other thermodynamic factors (see Appendix A) are 

a function of a nature of the reactants and the products only and, thus, can not be 

modified by the presence of a catalyst. Kinetic factors, such as the reaction rate, 

activation energy (Figure 2.16), nature of the transition state, and so on, are the 

reaction characteristic that can be affected by a catalyst. 
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Figure 2.16. Catalyst Effect on Activation Energy 

In heterogeneous catalysis reactants have to be transported to the catalyst 
through the pores of the particle to the active material. In this case all kinds of 
transport resistances may play a role, which prevent the catalyst from being fully 

effective in its industrial application. Furthermore, because appreciable heat effects 

accompany most reactions, heat has to be removed from the particle or supplied to it 
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in order to keep it in the appropriate temperature range, where the catalyst is really 

fully effective. Heterogeneous catalysis is one of the most complex branches of 

chemical kinetics. Rarely do we know the compositions, properties or concentrations 

of the reaction intermediates that exist on the surfaces covered with the catalytically 

effective material. The chemical factors that govern reaction rates under these 

conditions are less well known than in homogeneous catalysis. Yet solid catalysts 

display specificities for particular reactions, and selectivities for desired products, 

that in most practical cases can not be equalled in other ways. Thus use of solid 

catalysts is essential. 

2.3.1 THE CATALYST CYCLE 

Unlike in a homogeneously catalysed reaction where the determination of the 

kinetic factors for the process is usually straightforward, a heterogeneously catalysed 

process is more complex because the catalyst is not uniformly distributed throughout 

the reaction medium. In a two-phase system, either vapour/solid or liquid/solid, with 

the solid phase the catalyst, several steps are needed to complete the catalyst cycle: 

1. Transport of reactants to the catalyst; 

2. Interaction of the reactants with the catalyst (adsorption); 

3. Reaction of adsorbed species to give the product(s); 

4. Desorption of the product(s) from the catalyst; 

5. Transport of the product(s) away from the catalyst. 

Reaction only takes place in Step 3, but Steps 2 and 4 also involve chemical 
changes and that is why any rate data obtained from such reactions includes all three 

steps. Steps 1 and 5 merely involve a physical transport and either one can be the 

rate limiting step for the overall reaction process [86]. 

2.3.2 ADSORPTION 

Adsorption on a catalyst surface must be energetically favourable, have 

relatively low activation energy and lead to the formation of reactive surface species. 
While the adsorption of the reactants on the catalyst surface is a necessary feature in 
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catalytic processes, adsorption, of itself, does not necessarily lead to a catalysed 

reaction. For a reaction between adsorbed species to take place the adsorption of the 

reactants can not be too strong nor too weak. When the adsorption is too weak the 

amount of adsorbed species is too low to sustain the reaction. When strong 

adsorption occurs the substrate can not leave the surface and the catalyst becomes 

poisoned for further reaction. For instance, hydrogen can be adsorbed on almost all 

metals and ethylene on most of them [85] yet only a few are capable of promoting 

the hydrogenation of ethylene. On metals such as Ti, V, Cr, Mo or W, ethylene 

adsorbs so strongly that the hydrogenation can not be promoted. On other metals 

such as Mn, Au, or Ag hydrogen chemisorption is too weak so the formation of the 

active surface hydride can not take place. 

For practical purposes all adsorptions can be classified as one of two types. It 

can involve merely the van der Waals interaction between the substrate and the 

catalyst, a process that is termed physical adsorption or physisorption. Alternately, it 

can involve the formation of catalyst-substrate bonds. This is termed chemical 

adsorption or chemisorption. While the latter is the basis for the chemistry of 

catalysts, physisorption is the basis for the Brunauer, Emmett and Teller (BET) 

procedure which is commonly used to measure the surface area of solids [87,88]. 

2.3.3 CHEMISORPTION 

Physisorption involves only a weak attraction between the substrate and the 

adsorbent but in chemisorption a chemical reaction takes place between the 

adsorbent and atoms on the catalyst surface [89]. As a result, chemisorbed species 
are attached to the surface with chemical bonds and are more difficult to remove. If 

the adsorption of hydrogen on nickel is considered as an example, the reaction 
involves the breaking of an H-H bond and the formation of two Ni-H bonds on the 

surface. 

The activation energies of most chemisorptions are very low, sometimes even 
zero [85]. The reason for this low activation energy is shown in Figure 2.17 which 
illustrates the potential energy curves for both the physisorption (curve P) and 
chemisorption (curve C) of hydrogen on a nickel surface. The reaction involves the 

physisorption of the hydrogen on the nickel with the energy minimum of curve P 

corresponding to the sum of the van der Waals radii of hydrogen and nickel (z). This 



Chapter 2: Literature review 26 

physisorption process brings the hydrogen molecule close enough to the nickel so the 

electron orbitals of the atoms on the surface can begin to interact with the molecular 

orbitals of the hydrogen. As this interaction strengthens, the hydrogen molecule is 

attracted closer to the nickel surface and the potential energy for the interaction 

increases slightly following the physisorption energy curve (P) until it intersects with 

the chemisorption curve (C). At this point attractive forces predominate resulting in 

a shortening of the Ni-H distance along with the weakening and ultimate breaking of 

the H-H bond [86]. 
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Figure 2.17. Potential energy curves for adsorption 

The minimum of the chemisorption potential energy curve (C corresponds to 

the sum of the Ni and H atomic radii (y)) is a result of the formation of the Ni-H 
bonds. Figure 2.17 also shows the atomic arrangements at the various stages of this 
interaction as related to the appropriate positions on the potential energy curves. 

2.3.4 DIFFUSION 

If we consider a long, slender cylinder filled with catalyst pellets and a flow 

of reactants entering at one end where the reactant stream may be a gas, a liquid or a 
gas/liquid mixture, the flow occurs in the interstices between the catalyst granules. 
The rate of flow, relative to the catalyst particle, is the prime factor, together with 
temperature and catalyst properties, in determining the amount of conversion. The 
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velocity and turbulence of the flow determine how rapidly molecules are carried 

from the fluid phase to the exterior surfaces of catalyst pellets. Rapid transfer from 

fluid to solid outer surface is obtained with highly turbulent flow, which means a 

highly irregular flow pattern with momentary velocities strongly deviating from the 

main flow direction. High turbulence is obtained with high flow velocities, large 

particles and low viscosities. The amount of turbulence also has a strong influence 

on the rate of heat transfer between the catalyst pellet and the fluid, and also to the 

wall of the cylinder. 

If diffusion is fast relative to the rate of reaction, then all the interior surfaces 

of a catalyst pellet are bathed in fluid of the same composition. This composition 

will depend on the position of the pellet in the reactor, that is, on the distance from 

the inlet. But if the diffusion rate is of the same order of magnitude as the reaction 

rate, or slower, the concentration of the reactants and product will vary within the 

pores: we then speak of a diffusion limitation of the transport of reactants, generally 

resulting in a lower conversion rate. Diffusion limitation can have quite profound 

effects. Some of these are listed below [85]. 

  The apparent activity of the catalyst is generally lowered; 

  The apparent order of the reaction may be changed; 

  The selectivity may be altered markedly; 

  The temperature gradient within a pellet may become large; 

  Inner portions of pellets may be more or less rapidly deactivated than outer 

portions, or vice versa. 

Temperature differences between catalyst and fluid will exist even without a 
diffusion limitation. For an exothermic reaction the entire catalyst pellet must be 

somewhat hotter than the surrounding, flowing fluid, as only this temperature 
difference serves as the driving force for removal of the heat of reaction. This excess 
temperature is usually only some tenths of a degree to a few degrees centigrade. 
When reaction rates are extremely high compared to the heat removal capabilities, 
the temperature difference between pellet and fluid may become very large and can 
be around the local adiabatic temperature rise of the reaction. This adiabatic 



Chapter 2: Literature review 28 

temperature rise OTad is an extremely important property of a reaction and is given 
by [46]: 

ATed=(-OH)ACA (2.1) 
pcp 

where (-0 H)A - is the heat of reaction evolved (kJ/mol), 

CA - the inlet concentration of the reactant in the fluid (kmol/m3) and 

pep - the sensible heat per unit of volume of the reaction mixture. 

When OTad is low, heat effects are relatively unimportant, for high values 
heat removal is a must in catalyst utilisation. 

2.4 CATALYST PERFORMANCE 

The two most important performance properties of a catalyst are deactivation 

behaviour and its selectivity. 

2.4.1 DEACTIVATION 

Deactivation of the catalyst is caused mostly by fouling (e. g. coke formation) 

or by poisoning. In most organic reactions a decomposition may occur, which leads 

to fine carbonaceous deposits, which are generally called coke. When these coke 
deposits occur at the inlet of the pores of a porous catalyst, deactivation may occur 

rather rapidly [90]. Deactivation also may occur due to extremely small amounts of 

contaminants in the feed to the reactor. Sulphur is a well-known poison, as are traces 

of many metals. 

To reactivate a coked catalyst; the coke can usually be removed by burning 

off the deposits at a controlled temperature with a mixture of air and an inert diluent, 

such as nitrogen or steam. The temperature level at which the coke deposits ignite 
has to be determined experimentally. The allowable content of 02 in the air-diluent 
mixture can be premeditated [91]. 

2.4.2 SELECTIVITY 

The selectivity of a catalyst plays a role as soon as multiple reactions occur. 
The following main types of multiple reactions can be distinguished: 
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  parallel reactions; 

  consecutive reactions; 

  combination reactions, consisting of a combination of parallel and 

consecutive reactions 

For the reaction: 

VAA+VBB --* vpP+vQQ 

The selectivity, a,, is the ratio between the amount of desired product P 

obtained and the amount of key reactant A converted; both quantities are usually 

expressed such that up ranges between 0 (no P formed) and 1 (all A converted to P). 

This definition leads to: 

aP = 
`c -wp'O) M" 

(2.2) 
(J)A, O -(OA MP VP 

where: 

cox - is the mass fraction of component X (X = A, B, P, Q); 

w, c, o - the mass fraction of component X at time t=0; 

vX - the stoichiometric coefficient for component X. 

For constant density of the reaction mixture, this can be written as: 

aP = 
(CP 

- CP, o) (2.3) CA, 
O - 

CA VP 

The yield, Yp, is the ratio between the amount of desired product P obtained 
and the amount that could be obtained if all of key reactant A was converted to P 

with 100% selectivity. Therefore, Yp can be calculated from: 

Yp -ap 
(J)A, O -COA 

wA, O 
(2.4) 

Like ap, the yield Yp usually varies between 0 and 1. It is high when both the 
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selectivity and the relative degree of conversion are high; it is low when either of 

them is low. 

If in the product separation section of the reactor, the key reactant A can be 

removed and recycled to the reactor, selectivity is the key factor in economical 

operation of the plant. However, if A cannot be recycled, then yield is the key factor. 

2.5 FINE CHEMICALS PRODUCTION AND NOVEL CATALYSTS 

Conventional homogeneously catalysed processes utilised by the fine and 

speciality chemicals industries produce vast amounts of waste on removal of the 

catalyst from the reaction. Tightening environmental legislation has led to a drive to 

develop new heterogeneous systems that offer ease of catalyst separation combined 

with high activities and selectivity, thus reducing the production of waste [92-94]. 

The manufacture of fine chemicals and especially of pharmaceuticals can be 

characterised as follows: 

  Rather complex molecules (isomers, stereochemistry, several functional 

groups) with limited thermal stability; 

  Production via multistep synthesis, with short product lives; 

  Production usually in solution, at ambient pressure and low to medium 

temperature in relatively small (500 1- 10 m3) multipurpose batch equipment; 

  Relatively small-scale products (1-1000 t per year); 

  High purity requirements (usually >98%); 

  High value added and therefore tolerant to higher product costs (particularly 

for very effective, small-scale products); 

  Short development time for the production process (few months to 1-2 years) 

since time to market affects the profitability of the product; 

  Typically relatively high E-factor with large amounts of unwanted products 
(solvents, salts, by-products, etc., that must be eventually recycled or 
discarded). 
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Catalysis can contribute on two levels to the clean production of chemicals; 
firstly, by providing improved production processes and secondly, by helping to 

remove or transform unwanted, or even toxic by-products. Lately, impressively 

large number of highly selective catalytic transformations is recorded in the literature 

that in principle can be applied to the synthesis of fine chemicals. When 

heterogeneous catalysis is applied to manufacture of fine chemicals, a few key 

problems might occur, such as: 

  Insufficient performance (selectivity, activity, productivity, stability) of 

catalysts developed in academic research; 

  Substrate specificity of highly selective catalysts leading to lack of 

predictability and making synthesis planning very difficult; 

  Lack of time (and money) to find suitable, commercially available catalyst; 

  High demands on the purity of starting materials and control or reaction 

conditions. 

Many prerequisites must be fulfilled in order to render a catalytic process 
technically viable. Once applied, novel catalytic methods could lead to a better, 

more environmentally friendly and often cheaper production. 

The use of solid heterogeneous catalysts in the chemical industry is very 
important, especially in cracking and isomerisation reactions. Nevertheless, 

application of such catalysts in liquid phase reactions has been limited to the field of 
hydrogenation and it is only in the last decade that solid catalysts become important 
in liquid phase applications. One of the reasons for rapid expansion of such catalysts 
has been the development of supported reagents. Early ones consisted mainly of 
stoichiometric reagents adsorbed onto a high surface area solid such as alumina, 
silica or clay, following the idea that the dispersion of the reagent over the large 

surface areas typical of these supports would allow more rapid reaction through 

greater accessibility of the reagents and substrates. Furthermore, inorganic supported 
reagent and spent reagent can be easily filtered or centrifuged from the reaction 
system, contrary to their unsupported equivalent. Main disadvantage of 
stoichiometric supported reagents remains the large amount of solid required in the 
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reaction mixture. New supported reagents are catalytically active, therefore they 

retain all the advantages of stoichiometric supported reagents, without the drawback 

of requiring excessive quantities of solid. Not only are the catalytic supported 

reagents easy to separate and recycle, but it has often been shown that they display 

enhanced selectivity compared to their solution phase counterparts. Solid acid 

catalysts have found application in Friedel-Crafts reactions, nitrations and 

halogenations of aromatics, to name but a few [95]. Review of preparation 

techniques for some of the novel catalysts can be found in [92]. 

A second group of materials which have contributed in the expansion of solid 

catalysts are zeolites [96], used for many years in gas phase reactions, but only 

recently exploited in liquid phase systems. This was due to the microporous nature 

of the original zeolites, which limits their application to small molecules. More 

recently the field of zeolites has expanded with significant variety of structures and 

types of zeolitic materials, including mesoporous materials prepared in similar way 

to zeolites, but having pores with tightly defined dimensions which can be 

controllably varied from 1.8 - 10 nm (e. g. MCM - Mobil Composite Materials) and 

the fact that porosity is in mesoporous range is very important in the field of fine 

chemicals. Areas in which zeolites show strong environmental potential, by 

minimising the output of pollutants and by secondary treatment of effluents produced 

are: 
0 

  reduction of atmospheric oxides of nitrogen (NO. ); 

  cutting emissions of volatile organic compounds (VOCs), including from cold 

starting of automobiles and 

  process improvements in the chemical process industries. 

Narrow pore sized hexagonal mesoporous silica (HMS,, where x denotes the 

0 
pore size in A ), as a support to immobilised AiC13, have been shown to improve 

selectivity towards monoalkylation in the reaction of alkylation of aromatics with 
alkenes [97,98], whereas zeolites, such as HZSM-4, have very poor activity, 
especially in the reactions involving large alkene molecules. Increased selectivity of 
the catalyst was related to the alkylation taking place within the pores of the catalyst. 
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2.5.1 REACTIONS CATALYSED BY SOLID ACIDS 

There are many reactions which fall into this category. The ones which will 
be mentioned have been selected because of their commercial importance, the 

environmental unacceptability of current manufacturing processes, the range of the 

chemistry and the catalysis required, and the opportunities for exploiting the new 

chemistry in novel or original ways. These are: 

(a) Friedel-Crafts acylations [99] based on the use of carboxylic acids, acid 

chlorides and anhydrides and including the preparation of acetophenones 
(important pharmaceutical and agrochemical) [100]: 

_O + CH3COX 30 G>-ý X= Cl, OH, McCO2 

(b) Rearrangements including the highly sensitive acid-catalysed rearrangement 

of a-pinene oxide to campholenic aldehyde, an important intermediate in the 

manufacture of several fragrances: 

n 

-' ý 

This reaction will be discussed later in more detail. Another important 

traditionally acid-catalysed rearrangement is that of cyclohexanone oxime to the 

nylon-6 intermediate caprolactam [1011: 

O=NOH 
º 

(DN=o 

\H 

The above reaction is carried out in industry using concentrated sulphuric 
acid with serious problems resulting from corrosion and waste salts. It is believed 

that the rate-limiting step in solid-acid catalysed reactions is diffusion of the product 
from the catalyst and control of the steric and electronic properties of solid acid 
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catalytic sites as well as an understanding of adsorption-desorption are essential if an 

effective alternative to the liquid acid route is to be developed. 

(c) Aromatic halogenations including the bromination of the deactivated 

compounds benzaldehyde and benzotrifluoride: 

CHO(CF3) CHO(CF3) 

NIZI 
+ Br 2 

Br 

The meta-bromoproducts are important pharmaceutical intermediates. 

3-bromobenzaldehyde is normally produced using large quantities of A1C13 whereas 
3-bromobenzotrifluoride requires the use of highly corrosive HF since HCl (almost 

inevitably present in A1C13 systems) causes loss of the valuable fluorine through 

acid-catalysed halogen exchange. 

(d) Alkene oligomerisations [102] leading to hydrocarbon resins of value in 

adhesives and other applications. The reactions of interest are based on the 

use of cationic catalysis to promote the oligomerisation of cracked petroleum 
distillates made up of mixtures of low molecular weight aromatics and 

alkenes to give resins based on a degree of polymerisation of ca. 10 monomer 

units. Current manufacturing processes are typically carried out in 

continuous stirred tank reactors at up to 10 t h'1 with A1C13-based catalysts 
and suffer from contaminated products and large volumes of hazardous waste 
resulting from the need for continuous water quenching of the product/A1C13 

mixtures. 

(e) Lewis acid catalysed peroxide reactions where the ability to prepare strong 

solid acids that are largely or entirely Lewis acid in character would be very 
important in preventing side-reactions that lead to explosive peroxy products. 
A good example of this is the oxidation of cyclohexanone to caprolactone 
using hydrogen peroxide [103], which is known to be subject to Lewis acid 
catalysis: 
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0=0 30 
0=0 

The reaction chosen for the study is that of rearrangement of a-pinene oxide 

to campholenic aldehyde. 

OH 
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Figure 2.18. Main products from the rearrangement of the a-pinene oxide 

2.5.2 REARRANGEMENT OF a-PINENE OXIDE 

One of the conventionally homogeneously catalysed processes is the 

rearrangement of the a-pinene oxide to campholenic aldehyde, which is an 

important intermediate used by the fragrance industry in the synthesis of several 

sandalwood fragnances, and is currently prepared by Lewis acid catalysed 

rearrangement of a-pinene oxide [104]. The reaction can lead to production of over 

100 products that have been reported, under different reaction conditions. Only the 
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major products formed during acid catalysed rearrangement are summarised in 

Figure 2.18, however a more detailed overview is available elsewhere [101,105]. 

The use of mild Lewis acids favours the production of campholenic aldehyde, while 

Brönsted acid sites will result in the formation of trans-carveol, trans-sobrerol and 

p-cymene. In general, Brönsted acids give maximum selectivities of 55%, while 

solid Lewis acids, especially the zinc halides, can give selectivities of up to 85%. 

The most active and selective homogenous systems used in this reaction are ZnC12 

and ZnBr2, but the problem is that aqueous extraction of these catalysts from the 

reaction results in the formation of huge quantities of zinc contaminated water which 
is environmentally unacceptable. That is why there is an urgent need for the 

alternative heterogeneous catalysts. 

One of the attempts to develop heterogeneous catalysts for this reaction have 

involved the use of mixed oxide solid acids [106], and US-Y zeolites [101,107]. 

Depending on reaction conditions, selectivities towards campholenic aldehyde of 
55-80% have been reported. In the recent reports authors have used zeolite titanium 

Beta to rearrange a-pinene oxide in both the liquid and vapour phase, with the later 

conditions forming campholenic aldehyde with an initial selectivity of up to 94% (at 

conversions of above 95%), dropping to 80% after 6 hours [108]. Maximum 

achieved selectivity in liquid phase was 89%. Ravasio et al. [109] reported 

maximum of 72% selectivity at full conversion using mixed cogels in the presence 
and in the absence of copper. They concluded that the presence of copper lowers the 

support activity and modifies the product distribution in a significant way. 
Vialemaringe et al. [110] recently reported 90% selectivity when reaction is 

performed in benzene with Lewis acid catalyst (ZnBr2). 

Possible isomerisation pathway is shown in Figure 2.19. Protonation of the 

oxygen induces epoxy ring opening with a subsequent alkyl shift. At several points 
in this mechanism, the intermediates can react with other components, solvent 
molecules or undergo isomerisation to form different products [111]. 
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Figure 2.19. Reaction pathway for the acid catalysed isomerisation of a-pinene 

oxide (A) to campholenic aldehyde (B) 

Different solvents, as well as catalysts, affect conversion and selectivity; 

hence it is very important to choose an appropriate solvent. Generally, activity and 

selectivity were found to decrease with increasing polarity of the solvent. Effect of 

some solvents on catalysed isomerisation of a-pinene oxide at 20°C with ZnC12 as a 

catalyst is shown in Table 2.2 [105]. 

Table 2.2. Solvent effects on Brönsted acid catalysed isomerisation 

Solvent Time (h) Conversion (%) Selectivity (`%º) 

Benzene 1 100 87 
Dichloroethane (DCE) 1 100 85 

Diethyl ether 2 50 82 
Dioxanee 1 61 66 

THE 27 37 

When operating with high activity catalysts, high substrate/catalyst ratios are 

needed to control the exothermic reaction (for heat of reaction calculations see 

Appendix A). The reaction can become violent at higher catalyst concentrations 

even at room temperature. 

Comparison between Brönsted and Lewis acids catalysed reactions is shown 

in Tables 2.3 and 2.4. It can be seen that some Lewis acids are very active and 

selective towards campholenic aldehyde. 
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Table 2.3. Isomerisation with different Brönsted catalysts in I)CE (20°C) 

Catalyst Time (h) Conversion (%) Selectivity (`%) 

HCOOH 2 19 58 
1-I000H/NaA 5 100 50 

DOWEX 6 78 54 
H3BO4 1 27 49 

l, a(CF3SO3)3 1 100 31 
Zn2Si W 1204() 5 84 49 

A14(SiW 12040)3 20 100 51 
H4SiW 12040 2 86 48 

........ ... H3PW 12040/Carbon 3 51 50 

Table 2.4. Isomerisation with different Lewis acids catalysts in DCE (84"C) 

Catalyst Time (h) Conversion (%, ) Selectivity (%) 

ZnF2 1 14 41 
ZnCI2 1 100 85 
ZnBr2 1 100 72 
CuC12 4 100 52 
CoC12 4 17 45 
NiCI2 1 40 42 
CdCI-2 1 11 37 
AIC13 0.5 100 45 
TiCI4 __w.... _ _1 90 28 

New solid acid catalysts based on silica supported zinc triflate have been 

prepared in the University of York for use in the rearrangement of a-pinene oxide to 

campholenic aldehyde [ 112]. These catalysts have considerable activity and can be 

recycled without loss of selectivity towards the aldehyde. The selectivity towards the 

aldehyde can be increased to 80% (at 50% conversion) when the reaction is 

performed at 25°C using Hexagonal Mesoporous Silica (11MS24) as the catalyst 

support. 

The main problem of having such an active catalyst for this rearrangement 

reaction is that the products formed are themselves highly reactive, and consecutive 

reactions will decrease the observed selectivity towards campholenic aldehyde. In 

other words, reaction is not as simple as presented in Figure 2.20. 
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Figure 2.20. Schematic of the reaction (A - a-pinene oxide, B- Campholenic 

aldehyde) 

Simplified reaction paths look like those presented in Figure 2.21, where at 

the same time a lot of parallel and consecutive reactions are taking place. 
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FK 

Figure 2.21. Schematic of simplified reaction paths 

Therefore, it is very important not only to "direct" reaction towards forming 

campholenic aldehyde (B), but to stop the reaction at that point. It is hoped that this 

can be achieved by use of novel catalysts. Furthermore, it is also expected that by 

use of alternative intensifying reactors "greener" process with improved selectivity 

will be accomplished. 



CHAPTER 3 

SPINNING DISC REACTOR TECHNOLOGY 

The Spinning Disc Reactor (SDR) has already been introduced in Chapter 1. 

To provide more insight into this technology, in this Chapter a detailed review of the 

hydrodynamics (including flow visualisation) and heat and mass transfer 

characteristics of the thin films is given. 

3.1 HYDRODYNAMICS OF THIN FILM FLOW 

First studies of thin film flow were conducted in the early XX century, 

instigated from realisation that thin film flows on the plane surfaces due to gravity 

have great practical importance in chemical engineering operations [113-117]. It 

was clear back then that such films enhanced heat and mass transfer as well as 

mixing action due to the creation of surface waves subjected to the gravitational field 

[118-122]. However, there is a limit to a force that can be applied to a system in 

order to form thinner films and increase mass transfer, since the force along the 

vertical axis is that of terrestrial gravity. More recently it was discovered that the 

centrifugal force generated on a horizontally rotating disc is much greater than the 

force acting on films flowing under gravity and films produced in this way have been 

shown to have improved characteristics. Extensive research into the flow over 

rotating disc has been done by Bassom and Seddougui [123]. 

3.1.1 FLOW MODELS 

On rotating surfaces, the centrifugal acceleration provides a known driving 

force for liquid flow across these surfaces, making this a convenient system for 

achieving sustainable and controllable flow of very thin films. 

The modified Navier-Stokes equations for the conservation of momentum 

and the equation of continuity can fully describe the flow of thin liquid films on a 

smooth horizontal rotating disc [124]. The full nonlinear equations of motions can 
be seen in work by Baddour and Zu [125]. Simplified versions of the Navier-Stokes 

equation are treated in several models from which expressions for velocity 
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distribution, film thickness and residence times on the rotating surface can be 

obtained. The equations derived from these models are applicable to smooth, fully 

developed laminar flow which is only obtained for a very restricted range of 

conditions. 

Several models developed to describe the flow in the spinning disc, were 

conveniently summarised and analysed by Boodhoo [124]. The following review 

will show the equations for flow on a horizontal smooth disc rotating about a vertical 

axis (Figure 3.1) which can be represented by considering vertical cylindrical 

coordinates (r, 0, z). The modified Navier-Stokes equation is given by the following 

expressions: 

In the radial direction, r: 

P 
dvý 

P 
ve 

µ 02 yr _v2 
2 öve 

_- +Pgt (3.1) 
dt rrr0A Or 

In the angular direction, 0: 

dve_ vevr_ e2 av 
_1ap p dt prµ 

(V' 
ve 

r2 
+r2 

ae r a6+pge 
(3.2) 

In the vertical z- direction: 

d v,, P dt = µV2vZ-aP-p9 
z 

where: 

asa 
ä-ä+`'i ar+`'e 

a 
ä+`'Z 

a 
az 

o2 
2+2 

a2 _a i a+i a 
are rar r2 ae 2+ az2 

(3.3) 

The following equation must be fulfilled (governing the conservation of 
mass): 
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aP+v(pv)=o 

Small fluid element 

If a horizontal rotating disc is concerned, equation (3.4) can be expressed as: 

aP+l a (Prv)+1 a (Pve)+ a (PAZ)=o at rar rao az 
Z direction of liquid flow onto disc 

e 
r elm 

W dis 
shaft 

(a) Side view of film flow 

(3.4) 

(3.5) 

=-mº Centrifugal force acting radially 

Viscous shear force acting radially 

(b) Top view of film flow 

Figure 3.1. Thin film flow on a rotating disc 

For an incompressible fluid (where the density p is constant), equation (3.5) 

can be simplified: 

1a (rv�)+ 1 ave +avz _o (3.6) rar r ae az 

or, on expansion, 

a vT + vi +i 
a vo 

+a vZ 
=O (3.7) ar rr ae az 

Fluid flow in a rotating system is fully defined by equations (3.1), (3.2), (3.3) 

and (3.7). 

The general Navier-Stokes equations (3.1), (3.2), (3.3) can be simplified, as it 
has been done by a number of workers, to obtain an adequate model describing the 
flow on the rotating disc [126,127]. 
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3.1.1.1 Centrifugal model 

Emslie et al. [127] have described the hydrodynamics of thin film flow on a 

smooth disc by means of a simple balance between the centrifugal force and the 

opposing viscous forces in the radial direction. They made following assumptions to 

simplify the Navier-Stokes equations: 

I. Liquid. The liquid is a continuum incompressible fluid and has a viscosity 
that is independent of the rate of shear (i. e. a Newtonian fluid). 

2. Disc. The surface of the rotating disc is smooth. 

3. Symmetry. The system is axisymmetric. The thickness of the liquid is a 
function of the distance to the rotation axis, r, and time, t. The radial velocity 

at the height z from the surface is also a function of r, and S: yr (r, z, S). 

4. Forces. Forces due to the following are negligible: gravity, Coriolis 

acceleration (since yr « ve =r co where co is the angular velocity) and 

disjoining and capillary pressure gradients (since the slope (M&) and 

curvature (äZ6/6-2r) are both very small). Only centrifugal and viscous forces 

are relevant to the flow. 

5. Inertia terms. Inertia terms in the Navier-Stokes equation are negligible in 

comparison with the viscous and centrifugal terms. 

6. Lubrication approximation. This approximation states that both shear 

resistance and flow are only appreciable in horizontal directions (in this 

axisymmetrical system, only in the radial direction). 

With these assumptions, the Navier-Stokes equation becomes: 

- 
veZ a2 

=v 
v` (3.8) 

r az2 

Substituting ve = rco, equation (3.8) becomes: 

-wx r=v 
ax v' (3.9) 
az2 
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where v is the kinematic viscosity. 

3.1.1.2 Velocity profile 

The radial velocity profile across the thin film on the rotating disc can be 

obtained by integration of equation (3.9) with following boundary conditions: 

atz=0 yr=0 

atz=S 
av' 

=0 az 

Therefore, 

w2 r z2 
yr = Sz-- 

v2 

where 8 is the thickness of the film. 

Liquid Feed, Q= const. 
A 

II Spinning Disc Reactor 

2 

Zt 

T 

I Film thickness, 8 

(3.10) 

Figure 3.2. Thin liquid film flow (velocity profile) in the SDR 

It was shown experimentally [128] that once a fluid spreads on the disc it 

('no slip' at the disc surface) 

(zero shear at the free surface of the film) 

quickly adjusts to the rotation rate of the disc in an entrance region of small radii. 
The flow is dominated to the first order by a balance of centrifugal and viscous 
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forces. Shear stress at the free surface of the thin film at low gas pressures is 

negligible therefore a semi-parabolic velocity profile develops in the radial direction 

(Figure 3.2). 

First approximation is that circumferential velocity component v of the film is 

equal to that of the disc v=2tfr=wr over the full height of the film, so that no 

shear stress occurs in circumferential direction (where f is the rotation rate in Hz). 

The radial velocity field v(r, z) (3.10) can be also expressed as: 

r w2 S2 z1z2 
v(r, z) --- - v82S 

(3.11) 

The shear rate in radial direction y is formed by the two velocity gradients: 

" 'y(r, av am z)=-+- az az 
(3.12) 

but since the axial velocity component of is very small, y can be expressed as: 

Q 

y(r, z) 
öv_ 3 w4r 

"3 

1_ (f)) ( 3.13) 
2v2 

It can be seen that the shear rate is zero when z=S, linearly increases with 
decreasing axial co-ordinate z and has a maximum value at the surface of the rotating 
disc. Furthermore, it increases in radial direction from the centre to the rim of the 

rotating disc (applied to spinning disc experiments, see Appendix B). The shear rates 

across the disc are higher than in a conventional batch reactor, in order of at least one 

magnitude. 

3.1.1.3 Film thickness 

From the equation for the velocity distribution in the film, the average radial 
film velocity can be presented as: 

s23 
vi=s jvrdz=w3 S 

(3.14) 
v0 
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where v is the kinematic viscosity; or in terms of the volumetric flow rate Q per unit 

area of cross-section available for flow: 

V=Q 
2icr 

(3.15) 

An expression for the film thickness as a function of the system parameters is 

then formulated by combining equations (3.14) and (3.15): 

Q co' r82 
2itr6 3v 

which, on rearrangement, yields: 

Qy S_3v (3.16) 
2nw2r2 

3.1.1.4 Mean residence time 

The mean residence time of the film between two radial positions on the disc 

can be calculated from equation (3.14), substituting for 6 from equation (3.16). 

Following can be obtained: 

dr 
_ 

wZ Q2 
y 

r_X 
dt i27-v) 

After integration within the limits given below: 

t=0, r=r; 

t= tres, r= ro 

where: r; - is the radial distance of the inlet from the centre of the disc, 

ro - is the radius at exit; 

(3.17) 

expression for the residence time treS can be presented as: 
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817c' v )Y3 
tree 

16 C02 QZ 

(ro%_i%) 

(3.18) 

As the simplest formulation of the Navier-Stokes equation, centrifugal model 

validity is strongly dependent on many assumptions which for some systems do not 
hold true. In such cases, alternative models have to be applied. 

3.1.1.5 Other models 

In many models, such as centrifugal, the Coriolis acceleration, ac,, =2 yr w, 

can be disregarded since radial velocity, vr, is negligible. Therefore if the radial 

velocity component has to be taken into account the Coriolis model has been 

formulated to give a more rigorous description of film flow. Coriolis force acts on 
the film in an azimuthal direction opposite to the direction of disc rotation and as a 

result, the fluid velocity in the angular direction is lower than that for the disc. Bell 

[22] took the Coriolis effect into consideration and used equations (3.19) and (3.20) 

in the analysis: 

- 
vet 

=v 
a2 yr (3.19) 

r äz2 

V0 yr 
+v 

aVe 
=v 

a2 ye (3.20) 
r ar az2 

In the above equations ve can be replaced by rw2 giving equations (3.21) and (3.22) 

which have been solved by Bell [22] and Lim [24] to obtain a velocity profile for ve 
in terms of the radial position r and the upward vertical distance z: 

- Co 
2 

r=va2 
yr 

(3.21) 
az2 

2 

2vr w=v e (3.22) aZ2 
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Emslie et al. [127] have specified that the Coriolis effect can be ignored if 

v» co S2, therefore the applicability of the much simplified centrifugal model is 

limited to relatively thin films of high viscosity fluids at a given angular velocity. 

Several other models have also been developed to include inertial and 

gravitational effects on the film flowing on a rotating disc. Momoniat and Mason 

[129] have neglected inertia terms but retained Coriolis force terms and derived an 

equation which determines the evolution of the free surface of the thin film due to 

effect of viscous, centrifugal and Coriolis forces. They observed that the correction 
due to Coriolis force to the height of the free surface is of the same order of 

magnitude as the inertia terms neglected in Navier-Stokes equation. If S/E (where 8 

is film thickness and E is Ekman's boundary layer thickness) is small, they found 

that Emslie et al. have derived extremely accurate equation. Myers and Charpin 

[130] have shown that in the absence of surface tension and gravity (axisymetric 

flow) the Coriolis term in the radial velocity equation is negligible, which again led 

to equation derived by Emslie et al. [127]. 

Simple centrifugal model was found adequate to describe the flow on a fairly 

large disc since inertia, gravity and Coriolis acceleration were found to have any 

significant effect on the thin film flow behaviour only at relatively small distances 

from the discharge point of the fluid on the disc [131]. 

3.1.2 FLOW REGIMES 

3.1.2.1 Reynolds number 

Reynolds number (Re) directly affects the rate of mixing, heat and mass 
transfer in the fluid. As the velocity varies with r, Re is radius-dependent, but not 

rotation rate-dependant. The Reynolds number of the thin film is evaluated using the 

average velocity: 

Re= V8 
_2Q� (3.23) 

V nrv 

where v- average velocity (m/s) 

v- kinematic viscosity (m2/s) 
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Qv - volumetric flow rate (m3/s) 

r- radius at point of measurement on disc (m) 

The criteria governing the type of flow (smooth laminar, wavy laminar and 

turbulent) obtained on a plane vertical surface have been measured experimentally by 

various researchers [114,115,118,122]. These criteria are: 

Re < 16: smooth laminar flow (no surface waves) 

16<_ Re < 40: Undulations across the film (small amplitude waves) 

40: 5 Re < 80: Sinusoidal waves gradually replaced by regular waves 

80: 5 Re < 1000 - 2000: Random surface waves (wavy laminar flow) 

Re; -> 1000 - 2000: Turbulent regime 

Although the above criteria have been defined on the basis of film flow under 

gravity, they are also applicable to films formed by the action of high centrifugal 
fields. 

Shear instabilities in thin film flow arise at very large Re (>950). On the 

other hand, thin liquid flows are unstable with respect to surface waves even at the 

lowest Re. 

3.1.3 FLOW VISUALISATION 

The direct visual observation of the generated flow pattern can also help to 

determine the operating flow regime on the rotating surface. Small waves appear 
initially on a liquid film falling down a smooth surface and quickly develop into 

large waves further downstream (lumps of liquid moving on a thin film) [132]. If the 

feed rate is kept constant along horizontal entrance, two-dimensional waves, with 
horizontal wavefronts, appear at low Reynolds numbers and are very sensitive to 

disturbances. Within a short distance from the wave inception line waves tend to 

become three-dimensional and therefore more chaotic. 

Most of the flow visualisation experiments were performed using smooth 

surfaces [21-24,133]. A separate study involving tailored rotating surfaces [27] 
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showed a difference in the flow regimes obtained on such mechanically treated 

surfaces. Three different surface configurations were tested and compared to the 

flow on a smooth disc: metal sprayed, re-entry grooved (Figure 3.3 (a)) and normal 

grooved discs (Figure 3.3 (b)). Results showed that for a given flow rate and 

rotational speed, tailored surfaces (grooved types in particular), created more waves 

of small amplitude and short wavelength at the film surface than the smooth disc. 

More waves were observed for the re-entry grooves at low rotational speeds 

compared to those on the normal grooved disc. At high rotational speeds the normal 

grooved disc generated more waves, hence more instabilities and thus was more 

efficient. 

15 I. S 15 

2 IS 4"2 

6 Ip 672 

(a) (b) 

Figure 3.3. Grove geometry [271 (a) re-entry grove; (b) normal grove 

Tzeng et al. [134] have developed a scheme for visualisation which utilises 
the strong adhesion forces between micrometer-sized particles and solid surfaces to 

register surface streaklines or streamlines for steady flows. They used fluorescent 

particles to allow the spectral separation of particle fluorescence emission from 

morphology-related elastic light scattering from the surface. The surface streaklines 
provided information about the boundary layers on the disc while the spreading angle 
of the jets in the self-pumped through-flow revealed details about the bulk flow 

outside the boundary layer. The spreading of the streaklines (Figure 3.4) was found 

to increase linearly with radius and the spiral angle of the streaklines (a) over a 
major portion of the disc surface and was found to be in good agreement with the 
theory for laminar Ekman boundary layers. 

Dhanak [135] has estimated the wave angle of the spiral vortices that precede 
turbulent flow from critical conditions under suction (which was found to have 

stabilising effect on the flow, whereas blowing is destabilising). Wave angle was 
shown to decrease with increase in suction rate. 
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Ll 

Figure 3.4. Trajectory of the surface streaklines 

The stability of the rotating disc flows has been the subject of many studies, 

one reason for this being that the basic boundary layer flow given by Von Karman's 

[136] exact solution is fully three dimensional. Interest also stems from the observed 

similarities in the type of instability occurring in rotating disc work [137]. This 

instability, known as cross-flow instability, is due to inflectional character of the 

basic velocity profile and was first extensively studied by Gregory et al. [137]. The 

authors suggested, using inviscid theory, that the instability could be associated with 

a particular inflectional profile in which inflection point coincided with a point of 

zero velocity somewhere in the flow. 

Several attempts have been made to explain the observed spiral patterns by 

means of a linear stability theory [138-140]. Malik et al. [139] showed that Coriolis 

force and streamline curvature can not be neglected. This point was first made by 

Faller and Kaylor [ 141 ] and Lilly [ 142] in the context of the Ekman boundary layer. 

The theoretical results of Mack [140] strongly suggest that a spiral streaks observed 
in flow visualisation experiments are the constant phase lines of the merged wave 

patterns produced by several random sources on the disc. This was first found by the 

experiments of Wilkinson and Malik [143] who revealed that the wave patterns from 

each point source spread out circumferentially downstream of the cover of the entire 

circumference of the disc. 

Fedorov et al. [144] showed that for various rotational rates of the disc an 
instability occurred which also appeared as a pattern of spiral vortices. Malik [138] 

calculated the neutral stability curve for stationary disturbances and demonstrated 
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that two types of mode could exist. The first, the upper branch of the neutral curve, 

corresponds to the inviscid mode described by Stewart [137]. The second, the lower 

branch mode, is an essentially viscous disturbance which corresponds to zero wall 

stress of the crossflow velocity profile. 

Charwat et al. [145] had identified stability boundaries for different types of 
flow pattern generated on rotating disc. Smooth film flow was typically 

characterised by low flow rates and low rotational speeds. At many other conditions 

of disc rotational speeds, flow rates, surface tension and viscosity of the fluid 

studied, different types of waves were observed. When the flow rate increased at 
low rotational speeds concentric waves were noticed and they remained close to the 

centre of the disc due to the outflow from the nozzle distributor and not because of 

surface instabilities in the film. Tendency of those waves was to move radially 

outwards and inevitably decay at a certain radial distance from the centre of the disc 

leaving a smooth film surface on the outer part. At higher rotational speeds and 

relatively low flow rates spiral waves appeared, originating from some radius away 
from the centre, and then decayed close to the edge of the disc. A combination of 

very high flows and rotational speeds led to the highly unstable film and the spiral 

wave fronts were seen to break up into numerous individual three-dimensional 

wavelets decaying at large radii. 

Wave-associated flow regimes on rotating discs were also considered by 
Woods [21]. He carried out study on the formation and propagation of waves at the 
free surface of films of water mixed with a coloured dye flowing on a rotating disc. 

Three distinct flow regions were observed at different radial locations on the disc: an 
inner region with a smooth flow, middle section with a single tightly wound spiral 
having a longer wavelength as the rate of rotation was stepped up and an outer region 
up to the boundary of the disc with a multitude of spirals with irregularities along the 

wavefronts eventually disintegrated into random three-dimensional wavelets on 
propagation across the disc. 

Lim [24] observed that at the highest flows and rotational speeds the whole 
surface of the disc was covered with three-dimensional wavelets or ripples. He 
introduced correlations for the `wave inception' wave amplitude and wavelength in 

terms of the non-dimensional Reynolds number Re and Taylor number Ta. 
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Makarytchev et al. [146] have studied wavy liquid films in the spinning cone 

and developed models for film thickness and velocity, since thickness of the film 

significantly influences the mass transfer characteristics and capacity of gas-liquid 

contacting devices. They also gave comparison to rotating discs as a limiting case of 

a cone. 

A method of rapid measurement of liquid film thickness on a spinning disc 

surface is currently under development by Burns et al. [147]. The concepts used are 
based on the analysis of the electrical resistance of the liquid film and its relationship 
to film thickness when high frequency voltages are applied. 

3.1.4 HEAT AND MASS TRANSFER 

As mentioned before, the first studied thin films were those falling under 

gravity and it has been known for a long time that the heat transfer in such thin films 

is enhanced. The phenomenon is greatly exploited in condensers or evaporators, the 

commonly encountered falling film equipment. First centrifugal evaporator used in 

sea-water desalination, developed by Hickman [148] illustrated the successful 

application of the spinning surface technology in the field of heat transfer. Ever 

since, a number of researchers have investigated use of the high centrifugal fields 

created by rotating surfaces for enhancement of the heat and mass transfer. It has 

been shown [16] that the heat transfer coefficient during boiling/evaporation or 

condensation under those acceleration fields, has been incredibly increased by 
1000%. Wood and Watts [133] tested the heat transfer properties of a small disc 

rotating about a horizontal axis and the results showed that high heat transfer rates 
could be achieved by increasing the liquid flow rate and rotational speed. 

Heat transfer coefficients on rotating disc can be calculated using correlations 
such as (3.24) for turbulent flow in tubes [149]: 

a d. 
_ j6 Re Pro'33 

(ILbuak 0.14 

(3.24) 
'%fluid wu 

where: 

a- heat transfer coefficient (Wm 2K') 
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de - equivalent hydraulic diameter (m) 

X- thermal conductivity (Win" K71) 

ih - heat transfer factor 

µ- dynamic viscosity (Pa s) 

For the calculation of d. in (3.24), the channel width and film thickness can 

be used to obtain values of heat transfer coefficient for heat transfer fluid, cLHTF and 

coefficient for process fluid, UPF respectively. Overall heat transfer coefficient, U, 

can be computed as a function of the radial distance from the disc centre, r: 

1 
-_ 

1+X+1 
U(r) UHTF 

(r) a 
disc ('PF 

(3.25) 

where x is the disc thickness (m). 

Oxley et al. [150] have used various heat transfer fluids and disc types (with 

n-heptane as a process fluid) to determine the profile of overall heat transfer 

coefficient on the disc. It was shown that disc material did not have much influence 

on overall heat transfer coefficient when the thermal conductivity of a heat transfer 

fluid was low. To promote effective heat transfer, a heat transfer fluid with high 

thermal conductivity and a narrow channel underneath the disc is essential. 

Yanniotis and Kolokotsa [151,152] explored the heat transfer characteristics 

of boiling liquid films and condensing vapours on both smooth and grooved spinning 

disc surfaces. The results indicated large enhancements in heat transfer with heat 

coefficients of up to 16 kW/(m2K) for boiling and 30 kW/(m2K) for condensation for 

a rotational speed of 1000 rpm. They also showed that the local heat transfer 

coefficient does not change with radius. 

Evaporation on the surface of a horizontal rotating disc heated by condensing 

steam on the underside was studied by Bell [22]. He tried to correlate the measured 

evaporation film coefficient with Reynolds number and Taylor number. Khan [25] 

investigated heat transfer on a rotating disc with and without phase change. And 

recently, Jachuck and Ramshaw [27] studied the effect of different types of grooves 

in the disc surface on the convective heat transfer characteristics of the disc. As the 

test fluid authors used water. Results demonstrated that surface instabilities and heat 
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transfer coefficients were significantly increased in the presence of grooves to an 

average value of 18 kW/(m2K) in comparison to the smooth surface. 

Rahman et al. [153-155] have done a computational analysis of the heat 

transfer characteristics using an iterative procedure applied to a three-dimensional 

co-ordinate system. Their results showed that heat transfer coefficients became 

much larger with increases in radial distance, rotational speed and liquid flow rate. 

Improvements in the theoretical model and computational procedure for the 

prediction of film height and heat transfer coefficient are presented in the latest work 

of the same authors [156]. 

Lim [24] investigated the mass transfer rates during the absorption of oxygen 
in thin liquid films on a rotating disc. Mass transfer coefficients reported in this 

work were much larger than can be predicted on the basis of molecular diffusion in a 

smooth laminar liquid film alone. This was attributed to vigorous bulk mixing action 

of the many ripples formed on the film surface. The effect of rotation on mass 
transfer processes using various perforated and smooth plates as the active mass 
transfer surfaces was investigated by Moore [26]. He observed that mass transfer 

coefficients for the perforated surfaces were much higher than those on the smooth 
disc due to excessive random turbulent waves. 

Many researchers tried to model the mass transfer processes inside the thin 

wavy liquid films flowing on rotating surfaces [157-160], but as with heat transfer 

models, there is not a universally accepted model to predict the mass transport 

phenomenon in the presence of surface waves on thin liquid films. Many 
developments have been patented as a result of the success of the intensified 

processes, such as Higee contactor [161] for intensified mass transfer operations. 
For more insight into heat and mass transfer equations, see Appendix C. 



CHAPTER 4 

AIMS OF THE PRESENT INVESTIGATION 

4.1 INTRODUCTION 

The fine and speciality chemical industries are among the most successful in 

the UK but their future growth will heavily depend on the development and 

application of new more environmentally friendly technologies aimed at the 

reduction of waste at source. The manufacture of fine and speciality chemicals in 

batch processes has commonly been associated with the production of large 

quantities of hazardous waste. Many of these processes employ large quantities of 

traditional mineral acids or Lewis acids as catalysts leading to serious operational 

and environmental hazards including: 

  handling difficulties (e. g. with corrosive acids and water-sensitive reagents 
leading to health and safety as well as engineering difficulties); 

  inorganic contamination of the organic products (requiring additional 

separation/purification stages leading to loss of product and additional waste); 

  the formation of large quantities of inorganic waste which is often 

contaminated with organics making treatment and disposal especially 
difficult (e. g. ca. 7,500T of AIC13 is currently imported into the UK per 

annum leading to 6,000T of HCl produced and 26,000T of aqueous acidic 

effluent containing aluminium salts and organic residue which must be 

removed prior to discharge [162]); 

  poor reaction selectivity leading to the formation of unwanted isomers and 
high molecular weight side-products. 

There is definitely much scope for applying new reactor technologies and 

catalysts for improved control, selectivity, product quality and intrinsic safety. 
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4.2 AIMS AND OBJECTIVES 

The suitability of the spinning disc reactor for performing organic catalytic 

reaction involving the rearrangement of a-pinene oxide will be investigated. Novel 

supported catalysts, prepared at the University of York, will be tested. In order to 

carry out a systematic investigation, the following objectives were established: 

  Performance studies using a batch reactor for obtaining reaction rate data for 

characterisation and bench marking the performance of a SDR; 

  Design and fabrication of the SDR; 

  Performance studies of the SDR for carrying out the a-pinene oxide 

rearrangement reaction and studying the influence of the disc rotational 

speed, feed flow rate and disc temperature on conversion/selectivity; 

  Study of a range of catalysts (e. g. 0.05 mmol/g Zn(OTf)2/SiO22 0.01 mmol/g 
Zn(OTf)2/K100 and 0.05 mmol/g Zn(OTf)2/HMS24) for the model reaction in 

the SDR; 

  Reaction rate kinetics investigation and establishment of performance 

models; 

  Scale up/scale out investigation and methods for improving selectivity and 
conversion. 

4.3 OUTLINE OF THE APPROACH 

In order to make a realistic evaluation of the implementation of the spinning 
disc reactor for catalytic reaction of a-pinene oxide isomerisation, performance data 
from the SDR will be benchmarked against data obtained using a laboratory batch 

reactor. Data containing the reaction rate, conversion and selectivity will be 

compared as a function of temperature and residence time. The above data will be 

obtained by using liquid/gas chromatography (LC/GC) analysis. 

Spinning Disc runs will be tried initially at different temperatures (ranging 
from 25-85°C) for evaluation of the optimum temperature, whilst other parameters 
such as rotational speed and flow rate will be varied subsequently. A range of 
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catalysts will be investigated and optimum conditions for each of them will be 

determined with regards to selectivity towards campholenic aldehyde. The product 

from each run will be analysed for conversion and selectivity using LC/GC. 

The concept of using the SDR in a cascade fashion will also be theoretically 

investigated for achieving longer residence time. 

Using the batch data, activation energies will be determined for each catalyst. 



CHAPTER 5 

APPARATUS AND EXPERIMENTAL 

PROCEDURES 

5.1 INTRODUCTION 

This section describes the experimental facility, analytical equipment and 

experimental procedures used in this study. The apparatus used in this investigation 

can be divided into two main parts. The first part is the batch reactor used for 

kinetics and benchmarking purposes and the second part is the SDR. Each of them 

have been used to study the influence of three catalyst systems, namely 0.05 mmol/g 

Zn(OTf)2 supported on Si02,0.01 mmol/g Zn(OTf)2 supported on K100 and 0.05 

mmol/g Zn(OTf)2 supported on HMS24 for performing the a-pinene oxide 

rearrangement reaction. The analytical technique used has been consistent for all the 

three catalysts that were used. 

In order to compare the performance of the catalytic SDR with that of a batch 

reactor, a range of experiments were performed. Details of these experiments along 

with the details of experiments carried out to investigate the reaction kinetics have 

been presented in this Chapter in section 5.3. 

Analytical techniques employed in this investigation have been detailed in 

section 5.4. 

5.2 CATALYTIC EXPERIMENTS 

5.2.1 BATCH APPARATUS 

A batch reactor, shown in Figure 5.1 and schematically in Figure 5.2, was 

used to obtain the data needed to benchmark the performance of the SDR using 

comparable reaction temperatures. It consisted of a 250 ml capacity volume `Pyrex' 

glass vessel surrounded by a water circulator system. The circulating water was 

pumped from a constant temperature bath which was provided with a digital 

controller unit for temperature control. The reactor was placed in the centre of a 
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magnetic plate which, together with a magnetic stirrer in the reaction mixture, was 

used to provide uniform temperature and adequate mixing. The speed of mixing in 

the batch mixture was manually controlled by a knob on the magnetic plate. Access 

to the glass vessel was provided by two stopped arms and a thermocouple was 

inserted through one of them and connected to the data logger to record the 

temperature of the mixture. The other arm was used for feeding reactant, solvent and 

catalyst into the reactor and for taking samples from the reaction mixture as required. 

The top end of the vessel was fitted with a vertical condenser system to prevent loss 

of volatile material. 
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Figure 5.1. Batch Reactor 
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Figure 5.2. Schematic of Batch Reactor 

5.2.2 SPINNING DISC APPARATUS 

As a part of the project, a new SDR was designed and constructed. Delay of 
fabrication meant that slightly modified existing SDR, as shown in Figure 5.3, was 
used for this investigation. Nevertheless, as an evidence of expertise and knowledge 

about SDR design, the detailed drawings of the new SDR, which has now been 

constructed and used extensively in the Centre, is presented in Appendix D. 
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Figure 5.3. Outside view on the SDR 

The spinning disc test facility consisted of the following: 

1. Spinning Disc Reactor (SDR) 

2. External temperature bath 

3. Instrumentation (temperature data acquisition unit, speed control 

regulator and rotational speed measuring device) 

5.2.2.1 Spinning Disc Reactor 

A view of the SDR is presented in Figure 5.3. Most of the main parts of the 

reactor can be seen schematically in Figure 5.4, which consist of the following: 

spinning disc surface, thermocouples and motor, liquid feed distributor, product 

collector and reactor housing with external exchanger and glass dome. 

Most of the design features of the spinning disc reactor which has been 

described in this section were adopted from the previous work [163], where the disc 

was designed and used for exothermic reactions studies. A few modifications with 

regard to the feed distributor and the disc surface coating have been made for this 

study. Details of the modifications are given in sections 5.2.2.1.3 and 5.3.2 

respectively. 

MO VOR (UNDERNEATH THE I RAM1. ) 
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Figure 5.4. Schematic of the Spinning Disc Reactor 

5.2.2.1.1 Spinning disc surface 

The disc itself was constructed of stainless steel and is 200 mm in diameter 

(Figure 5.5), giving a heat transfer area of 0.03 m2 for the exchange of heat between 

the liquid film and the disc. Two smooth discs of thickness 3 mm and 5 mm were 

constructed, but only a3 mm disc was used in this investigation. 

Figure 5.5. Disc surface 

The disc was bolted onto a circular stainless steel frame, 65 mm in depth, to 
form an effectively hollow disc. This frame was then attached to the drive shaft 

which had an external diameter of 35 mm and an internal of 25 mm. Fitted inside the 

drive shaft was a thin tube (approx. 17 mm diameter) which formed the inlet channel 

for the heat transfer fluid (water in this case) to flow (Figure 5.6). 
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Circular 
rotating 
frame 

Figure 5.6. Hollow disc assembly 

At the top of this tube was a thin circular plate, presented in Figure 5.7, which 

was located inside the frame and was positioned several millimetres below the 

underside of the top disc. The disc assembly can be seen in Figure 5.8. The drive 

shaft had several holes located towards the lower end to allow the cooling water to be 

removed from the shaft. A rotary union (Deublin 57-000-094) was attached to the 

lower end of the drive shaft. 
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Figure 5.7. Internal plate 
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Figure 5.8. Assembled disc system 

5.2.2.1.2 Thermocouples and motor 

Five thermocouples have been used to measure the temperature of the disc, 

feed inlet and outlet and the temperatures of the heat transfer fluid. The locations of 

these thermocouples have been shown in Figure 5.9. 

Thermocouples in Positions 1 and 3 were utilised to obtain the temperature of 

the heating/cooling fluid on the inlet and outlet positions. Thermocouple in Position 

2 was used to detect the fluid temperature on the contact with disc surface. 

Remaining two (Positions 4 and 5) were used to measure the feed temperature before 

it hits the disc and product temperature as it has been thrown off the disc 

respectively. 

Feed inlet 

4 

Bition 2 

Heating/cooling 
fluid inlet 

Figure 5.9. Position of thermocouples 

WULIUL Position 1 
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The disc was driven by a variable 3/4 kW motor allowing rotational speeds in 

the horizontal plane of up to 2000 rpm. For almost the whole duration of the study 

the ratio between the motor speed and disc speed was 1.454: 1, allowing the disc 

speeds of up to 1375. This ratio was changed towards the end of the studies 

therefore higher speeds (up to 1600 rpm) were obtained. 

5.2.2.1.3 Liquid feed distributor 

Liquid feed was transferred onto the disc surface through a feed distributor 

(Figure 5.10) incorporating a2 mm in diameter tube. The distributor was fixed on 

top of the glass dome, as seen in Figure 5.3, located at the centre of the disc surface 

and was placed 2-5 mm above the surface. This height could be easily adjusted by 

using a shim. Liquid was delivered from the batch by means of peristaltic pump 

using suitable tubing connected to distributor. Pulsing was minimised by adjusting 

the tube and feed distributor diameters. 

Figure 5.10. Feed distributor 

5.2.2.1.4 Product collector 

When the liquid feed was introduced to the centre of the rotating disc, a thin 
film was formed. This film, upon contact with the catalyst on the surface, formed the 

product which was thrown off at the edge of the disc. It hit the inner wall of the 

housing and flowed down on the housing base. For the purpose of collecting the 

samples, there were four holes on the base as shown in Figure 5.11; only two can be 

seen on the schematic, through which product continued to flow down and could be 

collected for analysis and storage. 
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Figure 5.11. Schematic of the Spinning Disc Reactor (SDR) 

5.2.2.1.5 Reactor housing with external exchanger and glass dome 

The spinning disc surface together with associated parts described above 

were housed in an enclosure which consisted of a removable, but securely bolted, top 

glass dome (as shown in Figure 5.3) and 

stainless steel bottom section fixed to the 
framework support, as shown in Figure 5.12. 

To make sure that the top and bottom sections 

were completely sealed, PTFE joint sealant 

was used. Glass top had three ports, of which 

central one was used for distributor and 
thermocouple, second one for thermocouple 

only while the third one was kept closed. 
Direct visual observation of the flow over the 
disc was possible due to transparency of a 

glass dome at the top of the reactor. On the 
bottom section, several copper coils were 

wound around the outside, as a cooling jacket 

and padded. 

Figure 5.12. View on the SDR 

(without the glass top and cooling 

coils) 
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5.2.2.2 Temperature bath 

An external water bath was used to enable appropriate heating of the disc. 

The bath was capable of maintaining constant temperature in the range of 20°C to 

about 90°C. 

-+ -+ -_i i-<- 

Internally Cooled/ 
Heated Spinning Disc 

-ý Inlet path of Cooling/Heating Fluid 
--ý Outlet path of Cooling/Heating Fluid 

Figure 5.13. Arrangement of heating 

Cooling water jacket 

_ 
Sample for 
Analysis 

Water was pumped through the inner tube in the drive shaft, then in between 

the plate and the disc surface, giving the heat away and heating the reacting surface 

to desired temperature, and finally out through the drive shaft into the water bath. 

Schematic of the arrangement of internal heating of the disc is shown in Figure 5.13. 

5.2.2.3 Instrumentation 

Temperature of the disc was regulated by a digital controller unit on the 

external water bath. All the thermocouples could be connected to a data acquisition 

unit and a full profile of temperature could be obtained. Handheld digital 

thermometer was also used to measure and record temperatures. 

Speed control regulator system was used to vary the disc speed in the range 

of 150 up to a maximum 1600 rpm. The rotational speed of the spinning disc was 

measured on a digital device with an accuracy of ±1 rpm. 

Experimental set up of the rig is presented in Figure 5.14. 
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Figure 5.14. Experimental set up 

5.3 PROCEDURES 

5.3.1 BATCH CALIBRATION RUNS 

In order to compare the results achieved in the spinning disc reactor, 

preliminary batch reactor experiments were performed for each catalyst. Conversion 

and selectivity data were gathered and plotted against time of reaction. Afterwards 

they were compared to SDR results at given temperature. 

Previously described glass batch vessel was used for calibration runs. 1g of 

a-pinene oxide (reactant, Aldrich 99%), 100 ml of 1,2-dichloroethane (solvent, 

Aldrich 98%) and 0.5 g decane (Aldrich 99%, used as internal standard) were put in 

a reactor which was preheated to an operating temperature. Magnetic stirrer (15 mm 

in diameter) was used to provide uniform temperature control in a batch reactor. The 

catalyst was added to the mixture (0.15 - 0.2 g, depending on catalyst loading), 

samples were taken by pipette through one of the arms every 10 minutes at the first 

stage of the reaction and analysed straight away. If a full conversion was achieved in 

a shorter time, reaction was performed again and samples taken more often in an 
interval of interest (from the beginning to a point when a full conversion was 

accomplished). If 100% conversion was not achieved, reaction was performed again 
for a longer period until full conversion was attained. Results in terms of conversion 

and selectivity were plotted as a function of time. 

h 
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5.3.2 CATALYST COATING 

For the purpose of this study, the disc had to be coated with catalyst 

(provided by the collaborators from the University of York) before the experiments 

were performed. Epoxy based glue (two component UHU plus") was applied to the 

disc surface with a spatula, in a very thin layer, as uniform as possible (to ensure 

uniform coating and reproducibility, catalyst and glue quantities were measured after 

each coating, as presented in Appendix G), and catalyst sprinkled on the glued 

surface straight after. The disc was then left for 24 hours to allow the glue to dry 

completely. Disc coated with the catalyst is shown in Figures 5.15 and 5.16, ready to 

be assembled back to the SDR. 

Figure 5.15. Catalyst coated on the disc surface 

Figure 5.16. Top view on the catalyst coated disc 
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5.3.3 SPINNING DISC RUNS 

Before the reactant mixture was transferred on to a spinning disc reactor, all 

the ̀ ingredients' without catalyst were put in a glass feed vessel (same amounts as in 

a batch reactor, 1g of a-pinene oxide, 100 ml of 1,2-dichloroethane and 0.5 g of 
decane). From the pot to a feed distributor mixture was delivered through Tygon 

tubing by a peristaltic pump (see Figure 5.14). 

Peristaltic pump was calibrated with 1,2-dichloroethane (DCE) for 

determination of flow rates (instead of flow marks). Pump was set to a mark and the 

time required to achieve a given flow volume was recorded. Linear plot of flow rates 

versus flow marks on the pump is presented in Figure 5.17. 
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Figure 5.17. Pump calibration 

Preparing the disc for a run involved heating the disc surface up to a desired 

temperature, which was achieved by rotating the disc at a low speed. When the disc 

reached the required temperature, the speed was set on a control panel and cooling 
water to skirt jacket turned on. The reactant mixture was then delivered to the disc 

surface using the feed distributor system (as described earlier) onto a disc. As the 

reactant contacted the rotating disc surface it flowed across the disc and was thrown 

off the edge into the collector pipe, being cooled on the way from the disc by the 
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water jacket wall. Samples were collected immediately and analysed. One sample 
from each run was taken from a glass pot to ensure that reaction did not take place 
before the disc stage. 

5.3.4 KINETIC EXPERIMENTS 

For the purpose of acquiring information about reaction kinetics in a batch 

reactor and evaluating activation energies of the catalysts, series of experiments were 

performed. a-pinene oxide, 1,2-dichloroethane, decane and 0.15 or 0.2 g of the 

catalyst (for 0.05 mmol/g and 0.01 mmol/g respectively) were used in each run with 

the temperature of the batch varied. Temperatures in the range of 25-85°C were used 
for each catalyst, samples were taken at appropriate interval (depending on reaction 

time; one experiment was performed several times if reaction time was long in order 

get more data points at different intervals) and conversion and selectivity data 

obtained and plotted versus time. 

5.4 ANALYTICAL PROCEDURES 

5.4.1 LIQUID/GAS CHROMATOGRAPHY 

All the samples were analysed using FID UNICAM Series 610 LC-GC 

system, shown in Figure 5.18. This GC had a HP1 packed (100% 

dimethylpolysiloxane) column. An internal standard method as explained in 

Appendix E was used. Concentration data obtained from the GC analysis were used 
to calculate the overall conversion and selectivity of the process. Calibration was 

performed using several prepared solutions of a-pinene oxide in 1,2-dichloroethane 

as well as known concentration solutions of campholenic aldehyde. 

Additionally, several samples were re-analysed at the University of York 

using a HP5890 Gas Chromatograph fitted with a 25 m HP I capillary column for 

confirmation and reproducibility of results. Tests carried out at both Universities 

showed identical results. Samples of chromatographs can be seen in the Appendix E. 
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Figure 5.18. Liquid/gas chromatograph 

5.4.1.1 Sample analysis 

Before injection, LC/GC software was started with an appropriate method 

which has been described below. The sample was injected when the set temperature 

was reached. Every sample was filtered prior to analysis, making sure that there was 

no residue of catalyst in it. 

Operating conditions for the GC were as follows: 

Ramp one: 

Injector temperature: 60°C 

Injection time: 0 

Rate: 10°C/min 

Final temperature: 150°C 

5.4.2 VISCOMETRY 

Ramp two: 

Rate: 25°C/min 

Final temperature: 280°C 

Viscosity of the feed as well as the product samples were measured by using 

a Bohlin Visco 88 BV viscometer. This set up can be seen in Figure 5.19. Hot water 
from a temperature controlled water bath was used to maintain the temperature of the 

base plate of the viscometer. 
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Three different cone and plate geometries namely CP5/30, CP2.5/15, 

CP2.5/30 (where CP5/30 refers to a cone angle of 5° and a cone diameter of 30 mm 

etc. ) were used to measure shear stress, shear rate and viscosity of samples. 

Viscosity measurements were carried out in order to calculate the film 

thickness, residence time and shear rates of the liquid on the disc reactor. 

(a) (b) (c) 

Figure 5.19. Viscometer set-up (a) Viscometer, (b) Temperature controlled 

water bath, (c) Data logger 

5.4.2.1 Sample analysis 

The gap between the truncated cone and the plate was first set using the 

appropriate shims provided, that is 70 p. m for 2.5° cone and 150 µm for the 5° cone. 
The temperature of the water bath was set to operating temperature (according to 

equivalent temperatures on the disc). A small amount of the test sample was placed 
on the plate and the cone was lowered to the preset position determined by the gap 
setting procedure described above. The excess sample after compression was 
removed, leaving only a slight bulge around the edge of the cone. Measurements 

were immediately started using the software "Viscometry" (supplied by Bohlin 
Instruments Ltd. ) installed on the external computer system. The data was collected 
and processed by the software together with an associated file converter used to save 



Chapter 5: Apparatus and experimental procedures 74 

the data in ANSI format in order to enable direct transfer into Microsoft Excel for 

producing the required theological plots. 

5.4.3 DENSITY MEASUREMENTS 

Density of samples was calculated using equation (5.1): 

p 
(_kg 

_m 
(kg) 

7m7 Vm (s. i) 

Therefore simple measurement of mass for a given volume was used to 

obtain density values. Results from viscosity and density measurements can be 
found in the Appendix F. 

5.5 TREATMENT OF MEASURED DATA 

Concentration data (in terms of molarity) obtained by GC were used to 

calculate conversion and selectivity. 

Conversion of a-pinene oxide (xA) was calculated using the following 

equation: 

xa (%)= Ca°C CA 
"100 

ao 
(5.2) 

where CAO is the concentration of a-pinene oxide at the beginning of the experiment 
(starting concentration, at time t= 0), while CA is the concentration of a-pinene 
oxide at any given time (the time when the sample was taken). 

Selectivity (ßp) of the catalyst for the a-pinene oxide rearrangement reaction 
towards campholenic aldehyde can be calculated using the equation (2.3), knowing 

that in all the experiments vp is 1 (equimolar reaction) and the starting concentration 
of campholenic aldehyde (Cpo) is zero. 

UP (%) _ 
(Cr 

- cp, o) 
-100= 

CP 
" 100 (5.3) 

CA, O - CA VP CA O- CA 

In the above equation, Cp is the concentration of campholenic aldehyde at any 
given time. 
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Example: In a batch process for Catalyst 1 at 85°C (section 6.4.1; data from 

Table G. 2 in the Appendix G) after 4 minutes of reaction collected sample is shown 

to have a concentration of a-pinene oxide of 0.0045 mol/dm3 and concentration of 

campholenic aldehyde of 0.0389 mol/dm3. 

Initial concentration of a-pinene oxide can be calculated since the initial 

amount of a-pinene oxide (1 g) and volume of solvent (100 ml) are known and 

constant in experiments using the following expression: 

_ 
number of moles of the reactant (kmol) 

(5.4) CAO = 
Volume m3 

Number of moles (nA) of reactant (a-pinene oxide) can be calculated as: 

nA= 
MA 

=1g=0.006578 mo1= 6.578 mmol (5.5) 
MA 

152 9 

mol 

where: mA - Mass of the reactant (a-pinene oxide) [g] =1 g 

MA - Molecular mass of a-pinene oxide [g/mol] = 152 g/mol 

C 
6.578.10-6 

_6.578.10-Z 
kmol 

AO = 10-4 m3 
(5.6) 

Conversion of a-pinene oxide can be calculated using equation (5.2) as: 

XA (%) 
0.06578-0.0045 

0.06578 . 100 = 93.16 

xA=93% 

Selectivity of the Catalyst 1 for the a-pinene oxide rearrangement reaction 

towards campholenic aldehyde is calculated using the equation (5.3) as: 

6P 100 = 0.6352.100 to/ = 0.06578- 0.0045 . 

ap = 63% 
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All the data collected are treated in this manner. If not stated otherwise, 

conversion always means conversion of the reactant (a-pinene oxide) in the 

rearrangement reaction and selectivity always means selectivity of the catalyst for the 

a-pinene oxide rearrangement reaction towards the desired product (campholenic 

aldehyde). 



CHAPTER 6 

EXPERIMENTAL RESULTS 

6.1 OVERVIEW OF EXPERIMENTS 

Using the experimental facility described in Chapter 5, tests were carried out 

to investigate the performance of a catalytic SDR. Three different catalysts, namely 

0.05 mmol/g Zn(OTf)2 supported on Si02,0.01 mmol/g Zn(OTf)2 supported on 

K100 (silica) and 0.05 mmol/g Zn(OTf)2 supported on HMS24 (silica) were used and 

their influence on the a-pinene oxide rearrangement reaction has been presented in 

three separate sections. Each of the sections has experimental findings in terms of 

reaction conversion and selectivity as a function of temperature, feed flow rate and 

disc rotational speed. 

Details of preliminary experiments carried out to demonstrate the reaction 

took place only in the presence of the catalyst have also been presented. 

6.2 TREATMENT OF DATA (SAMPLE CALCULATIONS) 

As described in section 5.5, all the collected data were used to calculate the 

conversion and selectivity for the performed runs (both the SDR and batch) in the 

same manner as already illustrated. 

For each SDR experiment, the independent variables included: disc rotational 

speed (the speed was set-up before the experiment and recorded), feed flow rate (also 

set-up and recorded), disc temperature (heated to required temperature and recorded) 

and the dynamic viscosity of the feed (obtained as described in section 5.4.2.1). The 

parameters needed for this study (residence time, film thickness, shear rate, Reynolds 

number, Fourier number) were then calculated using the independent variables. The 

sample calculations for each dependant variable will be presented in the following 

sections. 
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6.2.1 RESIDENCE TIME CALCULATION 

Residence times in the SDR were estimated for each run using the equation 
(3.18). In all calculations, values for outer and inner radius were constant as the disc 

size had a constant diameter of 200 mm (therefore outer radius had a value of 100 

mm) and the feed was always introduced to the centre of the disc, hence the inner 

radius had a value of zero. 

Kinematic viscosity, v, was calculated using the following equation: 

v=µ 
P (6. i) 

where µ is dynamic viscosity (independent variable) and p is density of the sample. 

Angular velocity, co, was determined from the rotational speed of the disc, N, 

using the following formula: 

27tN 
w= 60 

(6.2) 

Example: For the run performed in the SDR at T= 85°C, with the feed flow 

rate of 4 cm3Is and with the disc rotating at N= 1000 rpm (Run 17 from the Table 

G. 5 in the Appendix G), kinematic viscosity and angular velocity can be determined 

by using equations (6.1) and (6.2) respectively. 

E=6.109.10-4Pas 
= 6.32.10'' m2 (6.3) 

s P 964 kg 

m 

_2 
7t N_2 it " 1000 rad w 60 60 = 33.33 7s =104.72 

s 
(6.4) 

Equation (3.18) can now be re-written and residence time for Run 17 

computed as: 
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01 y 
81126.32.10-7 m 

s ties =Z 
(O. 

1[mI%) 
3 

16 104.72 
[d]]2 

4.10"6 m 
ss 

Ij 
) 

tree = 0.2615 S (6.5) 

6.2.2 FILM THICKNESS CALCULATION 

Film thickness at any radial position for each run was approximated by using 

the equation (3.16). 

Example: For the same run as in section 6.2.1 (Run 17 from Table G. 5 in the 

Appendix G), film thickness at the edge of the disc (r = 0.1 m) can be calculated 

using the values for kinematic viscosity and angular velocity given by equations (6.3) 

and (6.4). 

01 
7 mZ 6 m3 

6.32.10- - 4.10" 
s_ 3Ss 

2n Z 
104.72 rad (0.1 Im] )2 

\( 
1s 

8=2.22444.10-5 m=2.22444.10-2 mm (6.6) 

6.2.3 SHEAR RATE CALCULATION 

Shear rate at any radial point (r direction in the Figure 3.2 in Chapter 3) and 

very close to the surface of the disc (z direction in the Figure 3.2) can be calculated 
by using the equation (3.13). 

Example: Considering Run 17 in this example as well, using the independent 

variable of feed flow rate of 4 cm3/s, already determined values of kinematic 

viscosity, given by equation (6.3), angular velocity, given by equation (6.4), average 
film thickness, calculated in previous section and having z very close to zero, 

equation (3.13) becomes: 
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vs 01 4 

3.4.10"6 m 1104.721 rad 0.1 [m] 
"ss 
1= 2 

2ý 6.32. lo 7m 
s 

3.8597.104 
1 

s 

6.2.4 REYNOLDS NUMBER CALCULATION 

Reynolds number is calculated from the equation (3.23). 

(6.7) 

Example: For the above used Run 17, knowing the flow rate (4 cm3/s) and 

using the already determined value of kinematic viscosity (equation (6.3)), Reynolds 

number can be calculated as: 

m3 2.4.10"6 - 
Re = 

7c . 0.1Im]. 6.32.10-7 m 
- s 

Re= 40 (6.8) 

6.2.5- FOURIER NUMBER CALCULATION 

Fourier number is determined using the equation (8.2). Diffusion coefficient, 
D, is estimated by Hayduk & Laudie's method [164] (as the properties of DCE and 

water are similar), as well as using a web software [165]. 

Example: For Run 17, knowing the residence time (calculated in section 
6.2.1) and the film thickness (calculated in section 6.2.2), Fourier number can be 

calculated as: 

2 

3.49.10'' Lm 0.2615[s] 
Fo =s 

2.22444.10-5 [m]) 

10'15 
1- 

2.224.10-5 [ml 

Fo =184.87 (6.9) 
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6.3 TEST RUNS 

6.3.1 TEST RUN 1- UNCOATED DISC 

In order to check the performance of the SDR, a `blank' test was performed 

on an uncoated spinning disc. The disc was heated to 85°C and rotated at 500 rpm 

before the reactant was fed to it. The collected product was analysed by GC and 

showed no traces of campholenic aldehyde. It was therefore concluded that no 

reaction had occurred on the uncoated disc surface. 

6.3.2 TEST RUN 2- GLUE TEST 

Tests were also carried out using a disc coated with epoxy based glue. The 

reason for this test was to check if there is any component in the glue which may 

react with a-pinene oxide. The disc was coated with a very thin coat of glue. No 

catalyst was sprinkled on and such coated disc was left to dry out. Test runs similar 

to the conditions in Test run 1 were carried out and the result showed that no 

isomerisation had occured. 

6.3.3 TEST RUN 3- SUPPORT REACTIVITY TEST 

Tests were also carried out by using a silica coated disc. Silica, which is used 

as a support for the catalysts, was used in order to check for support reactivity. 

These tests again showed no conversion of a-pinene oxide confirming that neither 

the stainless steel disc, not the glue or the silica had any chemical reactivity in the 

isomerisation reaction. 

6.3.4 CATALYST QUANTITY 

In order to determine the actual mass of the catalyst used for coating, the disc 

was weighed before the coating, after the glue coating and after the sprinkling of the 

catalyst every time the coating was performed. 

For the purpose of accuracy, the disc coated with the glue and catalyst was 

weighed before and after the glue dried on the surface. No difference was observed. 
The results for measuring the amount of catalyst can be seen in Appendix G (Table 

G1). 



Chapter 6: Experimental results 82 

6.4 CATALYST 1 

The first catalyst used in this investigation was 0.05 mmol/g Zn(OT fl2 

supported on Si02. 

6.4.1 BATCH REACTION 

Batch reactor used for benchmarking the SDR performance consisted of a 

glass vessel with water jacket around for temperature control, as described in the 

previous Chapter. The batch temperature was additionally controlled by a 

thermocouple immersed in the reactant/product mixture. Samples were taken every 

minute during the reaction, and every five minutes after the reaction was finished. 

The reason for taking samples after the reaction had achieved completion was to 

check the stability of the campholenic aldehyde. Samples were immediately 

analysed on the GC. Test results obtained at the temperature of 85°C are shown in 

Figure 6.1 and also presented in Appendix G. 
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Figure 6.1. Batch reaction data (Catalyst 1) 

6.4.2 CATALYST ACTIVITY INVESTIGATION 
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A series of experiments were performed to investigate how the supported 

catalyst will perform in the spinning disc reactor. The objective of the study was 

also to investigate the long-term performance and re-usability of the catalyst as well 

as to compare batch and SDR processes. 
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Therefore first 15 runs were completed at chosen temperature of 25°C, flow 

rate of 4 cm3/s and fixed disc speed of 150 rpm. As said, the aim of this 

investigation was to determine if the catalyst activity remained unchanged over time. 

The gap between any two experiments was 2-3 days (the results are shown in Figure 

6.2). No traces of the desired product (campholenic aldehyde) were observed 

whatsoever, but the conversion of the a-pinene oxide remained constant at 

approximately 20% during the time. 
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IU 

Figure 6.2. Conversion values for the first 15 runs with the same layer of 

catalyst on the disc (Catalyst 1) 

The obtained results in Figure 6.2 therefore justified the repeat use of the 

same coated catalyst on the disc for (at least) one month. 

6.4.2.1 Influence of temperature 

It was very important to find the optimum temperature for given catalyst 
before all other conditions were varied (e. g. disc speed, flow rate). Figure 6.3 shows 
the performance of the SDR (in terms of conversion of a-pinene oxide) at different 

temperatures, ranging from 25 to 85°C. For the purpose of determining the optimum 

temperature, all the other conditions were kept constant: disc speed at 500 rpm and 
flow rate at 4 cm3/s. It was already established before (Figure 6.2) that conversion at 
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1Run 
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25°C was not high enough; as the temperature got higher, the conversion increased 

from -27% to a 100%. A temperature of 85°C was chosen as the optimal 

temperature for this catalyst; this temperature was also the highest that could be 

achieved on the disc, since water bath was used to heat the disc. For achieving 

higher temperatures, heating fluid would have to be changed. 

  Conversion (%) 
  Selectivity(%) 

Flow rate =4 cm3/s 
Disc speed = 500 rpm 
Catalyst 0.05mmolg' Zn-triflate/SiO7 

25 37 50 62 85 
Temperature (°C) 

Figure 6.3. Conversion at different disc temperatures 

6.4.2.2 Influence of disc speed and f ow rate 

Next runs were tried at 85°C, with various disc speeds. Feed flow rate was 

constant at this stage (4 cm3/s). Conversion of 100% was achieved, but selectivity 
towards campholenic aldehyde was very low, even zero at lower speeds (Figure 6.4). 

This can be explained by the extremely sensitive nature of the rearrangement of this 

particular reaction. Not only is the reactant itself highly reactive and can form many 

products, but the desired product is even more reactive and the high performance of 
the spinning disc enhanced consecutive rearrangement. This could be investigated if 

all the products coming of the disc were known and from appropriate mechanisms of 

the consecutive reactions. The maximum observed selectivity towards aldehyde at 

this point was -40%. As the selectivity increases on higher rotational speeds, 

residence time is a decisive factor in the reaction. 
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The conditions and results of these runs are also presented in the Appendix G. 

60 ä 

50 

40 

30 

1 
20 

10 

0 
0 

loo 

90 

so 

m 

60 

5U 

30 

20 

10 

0 
0 

Figure 6.4. Results for the feed flow rate of 4 cm3/s (Catalyst 1) 

Figure 6.5. Results for the feed flow rate of 5 cm3/s (Catalyst 1) 

Conditions 
Disc Temperature = 85°C 

Catalyst: 0.05mmolg ' Zn-triflate/Si02 

Flow rate =5 cm3/s 

1600 

Instead of pushing the disc speeds up to the limit (1500 rpm was the 

maximum) residence time was reduced by increasing the flow rate. The observed 

200 400 600 800 1000 1200 14(Xr 1600 

Disc Speed (rpm) 

200 400 600 800 IOW 12(1) 14(1) 

Speed (rpm) 
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selectivities for flow rates of 5 and 6 cm3/s are shown in Figures 6.5 and 6.6 

respectively. 
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Conditions 
Disc Temperature = 85°C 

Catalyst: 0.05mmolg-' Zn-triflate/SiO2 

Flow rate =6 cm3/s 
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Figure 6.7. Summary of the conversion data for all experiments (Catalyst 1) 

Conditions 
Disc Temperature = 85°C 

Catalyst: 0.05mmolg-' Zn-triflate/SiO2 

200 400 600 800 1000 1200 1400 1600 

Disc Speed (rpm) 

Figure 6.6. Results for the feed flow rate of 6 cm3/s (Catalyst 1) 
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High conversions in excess of 78% of a-pinene oxide were achieved in all 

the runs. Summary of conversion and selectivity data collected for all conditions are 

presented in Figures 6.7 and 6.8 respectively. 
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Figure 6.8. Summary of the selectivity data for all experiments (Catalyst 1) 

6.4.2.3 Cascade simulation 

In order to improve the performance of the SDR at 25°C, where conversion 
was very low a simulation of cascade of three SDRs was performed. First pass was 
done in usual way as for all the experiments, but the entire product was collected and 
fed onto the disc again (pass 2) and product from that pass collected and once more 

run through (pass 3). After each pass sample was taken and analysed. The results 

are presented in Figure 6.9. It is seen that after only three passes, conversion was 

almost two times higher and whilst there was no aldehyde after pass one in the 

product, after 3 passes selectivity increased to 76%. Disc was rotating at 500 rpm. 

0 200 400 600 800 1000 1200 1400 1600 

Disc Speed (rpm) 
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  Conversion (° ° 
 Selectivity (%) 

Figure 6.9. Simulation of cascade of three SDRs showing conversion and 

selectivity improvements at 25°C disc temperature 

6.5 CATALYST 2 

Second catalyst used for the isomerisation reaction was 0.01 mmol/g 
Zn(OTf)2 supported on K100. Similar set of experiments as for the first catalyst 

were performed. 

6.5.1 BATCH REACTION 

Batch reaction for the second catalyst was performed at 85°C, with same 

procedures as for the previous catalyst. Since the reaction was slower this time, there 

was no need to take samples more frequently than once in every 2.5 minutes. All the 

samples were immediately analysed after collection. 

The conversion and selectivity as the reaction progress are shown in Figure 

6.10. It can be seen that conversion steadily increases during the course of reaction 

up until all reactant is used (-22 minutes), while selectivity initially increases to a 

maximum of 80% after which point it gradually drops. Latest recorded selectivity 

after the point of 30 minutes is 30%. 

23 
(Number 

of passes 
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Figure 6.10. Batch reaction data (Catalyst 2) 

6.5.2 CATALYST ACTIVITY INVESTIGATION 
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First part of the study of proposed reaction in the spinning disc reactor was 

performance of the catalyst under the same disc conditions and same catalyst coating 

over period of time to test re-usability and reproducibility of data. Again, one run 

was performed every 2-3 days, with fixed conditions as follows: 

  Disc speed: 500 rpm 

  Disc temperature: 45°C 

  Flow rate: 4 cm3/s 

Results can be seen in Figure 6.11. Conversion values were observed to be 

consistent run after run at ca. 40%, but more importantly this catalyst was more 

selective at low conversions towards campholenic aldehyde. A selectivity of 70% 

was observed at this initial stage. 
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#M Conversion (%) 

  Selectivity (%) 

Disc temperature = 45°C 

Flow rate =4 cm3/s 
Disc speed = 500 rpm 
Catalyst: O. Olmmolg° Zn-triflate/K100 

Figure 6.11. Conversion values for the first 15 runs (Catalyst 2) 

6.5.2.1 Influence of temperature 

Again, first optimum factor to be found for the reaction was the temperature 

of the disc. Temperatures in the range of 25°C to 85°C were tested with rotational 

speed of the disc kept at 500 rpm and feed flow rate at 4 cm3/s. Results are presented 

in Figure 6.12. 

Conversion of a-pinene oxide increased with temperature, with 70% 

achieved at 85°C. Change in temperature did not have as significant influence on the 

observed selectivities, nevertheless much higher selectivity values were observed 

using this catalyst (65-74%); 

- ;i9 11 Iý Iý 1.1 15 

Run 
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H 

  Conversion (%) 
  Selectivity (%) 

11 Flow rate =4 cmJ/s 
Disc speed - 500 rpm Temperature (o( 7 
Catalyst: O. Olmmolg Zn-tnflate/K100 

Figure 6.12. Conversion and selectivity at different disc temperatures 

6.5.2.2 Influence of disc speed and flow rate 

As the highest conversion/selectivity were observed at 85°C, this was the 

temperature chosen for the SDR experiments. Various disc speeds, ranging from 200 

to 1500 rpm, were tested as well as different flow rates in the range from 3 to 

6 cm3/s. Influence of disc speed on selectivity towards campholenic aldehyde for 

flow rates of 4,5 and 6 cm3/s can be seen in Figures 6.13,6.14 and 6.15 respectively. 
Overall, selectivity was higher than for the previous catalyst even at the low flow 

rates, which was not the case before. If we compare the batch reactions for the two 

catalysts used so far, it can be seen that the first catalyst was about 4 times more 

active than the second one, therefore increased selectivity achieved in the SDR using 

second catalyst was due to lack of time for the consecutive reactions to take place. 

This is to be confirmed later when conversion results are analysed. Maximum 

selectivity achieved was 83% (at 850 rpm and 4 cm3/s) with a general trend of lower 

selectivities at higher flow rates, with peaks going towards lower speeds as the flow 

rate increases. 
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Figure 6.13. Results for the feed flow rate of 4 cm3/s (Catalyst 2) 

Conditions 
Disc Temperature = 85°C 

Catalyst: 0.01 mmolg" Zn-triflate/K 100 
Flow rate =4 cc/s 
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Conditions 
Disc Temperature = 85°C 

Catalyst: 0.01 mmolg-1 Zn-triflate/K 100 
Flow rate =5 cc/s 
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Figure 6.14. Results for the feed flow rate of 5 cm3/s (Catalyst 2) 
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Figure 6.15. Results for the feed flow rate of 6 cm3/s (Catalyst 2) 

Conversion results for flow rates of 4,5 and 6 cm3/s are presented in Figures 

6.16,6.17 and 6.18 respectively. Full conversion of a-pinene oxide was never 

achieved, which confirms that this catalyst was less active for this reaction than the 

previous one. 
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Figure 6.16. Conversion for the feed flow rate of 4 cm3/s (Catalyst 2) 
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Catalyst: 0.01 mmolg" Zn-triflate/K 100 
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For all the flow rates used in experiments, maximum conversions were 

achieved at lower flow rates and as the disc rotational speed was increased, 

conversion was steadily dropping in values. 
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Figure 6.17. Conversion for the feed flow rate of 5 cm3/s (Catalyst 2) 
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Figure 6.18. Conversion for the feed flow rate of 6 cm3/s (Catalyst 2) 
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6.5.2.3 Cascade simulation 

Cascade simulation was performed the same way as for the previous catalyst. 

®Conversion (% 
" Selectivity (%) 

Disc Temperature = 25°C 
Flow rate =4 Ws 0 
Disc speed = 500 rpm 
Catalyst: O. Olmmolg 1 Zn-triflateiK100 

Figure 6.19. Simulation of cascade of three SDRs 

Three passes on the disc were performed and after each pass a sample was 

taken and analysed. Temperature of 25°C was selected again as an operating 

temperature, since observed conversion was much lower than for any other condition 

on the disc. The results are presented in Figure 6.19. After three passes, conversion 

improved from 15%, already observed in previous experiments, to 54% (almost 4 

times) whilst selectivity increased from 72% to 81% which is not a great 

improvement on itself, but considering that conversion increased significantly, the 

combination of both enhancements is very important and encouraging. 

6.6 CATALYST 3 

Third catalyst used for the reaction was 0.05 mmol/g Zn(OTf)2 supported on 

HMS24. Next section will describe conditions and results accomplished using 

Catalyst 3. 

Number of passes 
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6.6.1 BATCH REACTION 

Batch reaction for the third catalyst was performed at 45°C, with the same 

procedures employed as for the previous two catalysts. Samples were taken once in 

every 2.5 minutes. All the samples were immediately analysed after collection. 

The results are presented in Figure 6.20. 
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Figure 6.20. Batch reaction data (Catalyst 3) 

6.6.2 CATALYST ACTIVITY INVESTIGATION 
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As practiced before, the catalyst was checked for activity and stability. 15 

runs performed on 25°C with disc rotating at 500 rpm and with feed flow rate of 

4 cm3/s, showed great reproducibility; therefore coated catalyst could be repeatedly 

used without concern of lost activity over time (Figure 6.21). Furthermore, initial 

results at temperature this low were very encouraging since 70% conversion was 

achieved (with -66% selectivity). 



Chapter 6: Experimental results 97 

i 

 Conversion ("/. ) 

Selectivity (%) 

Flow rate =4 ai) 
Temperature = 25"C 
Disc speed = 500 rpni 
Catalyst: 0.05 mmolg ' Zn-tritlateiHMS24 

Figure 6.21. Conversion values for the first 15 runs (Catalyst 3) 

6.6.2.1 Influence of temperature 

When investigated at different temperatures ranging from 25-85°C, obtained 

results showed different trend than the two catalysts used before (Figure 6.22). 

While previous two showed improvement in conversion each time the temperature 

was increased, this catalyst followed similar trend from 25-45°C, when full 

conversion was accomplished. If all the catalysts had the same behaviour, it would 

be expected that from 45°C above conversion would remain full. But instead there 

was a slight drop after 45°C, and at 85°C, where the results were the best for the other 

two catalysts, conversion was 60%. For that reason 45°C was selected as the 

optimum temperature for the third catalyst and was kept as a fixed condition in order 

to investigate the influence of other parameters. 

H ? -i ti 7 '1 11i il 1_ li 14 

Run 



Chapter 6: Experimental results 98 

r  Conversion (' I  
Selectivity (%) 

Flow rate =4 an'/s 
Disc speed = 500 rpm 
Catalyst: 0.05 mmolg'1 Zn-trifate/HMS24 

32_ 
(Temperature (°C) 

Figure 6.22. Conversion and selectivity at different disc temperatures 

6.6.2.2 Influence of disc speed and flow rate 

As previously stated, next runs were undertaken at 45°C, with various disc 

speeds. Feed flow rate was constant at this stage (4 cm3/s). Selectivity results for 

this flow rate can be seen in Figure 6.23. The trend is similar as that of the first 

catalyst, but selectivities were much higher (by 20%). Conversion at this stage was 

full at all conditions (see Figure 6.26). 

The maximum observed selectivity towards aldehyde was 52%. As for the 

first catalyst, as selectivity increases on higher rotational speeds, residence time was 

a critical factor in the reaction. 

Experimental results for the feed flow rates of 5 cm3/s and 6 cm3/s are shown 
in Figures 6.24 and 6.25 respectively. Similar pattern can be observed as for the 

flow rate of 4 cm3/s, but the selectivity at higher flow rates was greater. At 45°C 

with disc spinning at 1500 rpm and for the feed flow rate of 6 cm3/s, 75% selectivity 

was achieved, which was the maximum selectivity observed. 

As far as conversion of a-pinene oxide is concerned for these two flow rates 
(Figure 6.26), for the disc speeds up to a 1000 rpm conversion was 100%; at 

rotational speeds higher than 1000 rpm conversion was in between 80-95% which 
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was an improvement comparing to the first catalyst tested, but combined with much 

higher selectivities reached the third catalyst overall performed better. 
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Figure 6.23. Results for the feed flow rate of 4 cm3/s (Catalyst 3) 
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Disc Temperature = 45°C 
Catalyst: 0.05mmolg' Zn-triflate/HMS24 
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Figure 6.24. Results for the feed flow rate of 5 cm3/s (Catalyst 3) 
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Conversion results for all the conditions used for performing experiments are 

presented in Figure 6.26, while all the selectivity results are shown in Figure 6.27. 
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Figure 6.26. Summary of the conversion data for all experiments (Catalyst 3) 

200 400 600 800 1000 1200 1400 

Disc Speed (rpm) 

Figure 6.25. Results for the feed flow rate of 6 cm3/s (Catalyst 3) 
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Figure 6.27. Summary of the selectivity data for all experiments (Catalyst 3) 

6.6.2.3 Cascade simulation 

As for the other two catalysts, another simulation of cascade of three reactors 

was tried. Experimental procedure was the same as before. 

1, 

 Conversion ("/. ) 
  Selectivity (Y. ) 

Temperature = 85°C 

I: Flow rate =4cm'ls a Disc speed = 500 rpm 
Catalyst: 0.05 mmolg-' Za-triflate(HMS24 = 

------ 
3 

Number of P2, ses 

Figure 6.28. Simulation of cascade of three reactors 

Obtained results are presented in the Figure 6.28. Temperature of 85°C was 

selected as this was the temperature with the lowest conversion (Figure 6.22). As it 
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can be seen, conversion improved significantly (full conversion after the third pass), 

whilst selectivity increased to 84% after second pass, but dropped to 61% after the 

third pass. 

6.7 REGRESSION ANALYSIS 

All the data obtained in the spinning disc were analysed using Microsoft 

Excel Regression Analysis Tool. Conversion, XA, can be represented as: 

XA=f(N, T, Q) (6.10) 

where N is rotational speed (rpm) of the disc, T is the disc temperature (K) and Q is 

liquid feed flow rate (cm3/s). 

Or: 

XA=I (N Y (T)b (Q )c 

where I, a, b and c are regression parameters in the equation. 

Equation (6.11) can be written in a more suitable form: 

1nxA =1n I+a"lnN+b"InT+c"lnQ 

Regression analysis results are presented in Table 6.1. 

Table 6.1. Regression analysis results 

(6.11) 

(6.12) 

Catalyst 1 Catalyst 2 Catalyst 3 

In 1 -48.32 ± 1.6 -30.19 ± 1.69 -17.35 ± 2.66 

1 1.03 10-21 7.71 10-14 2.90 " 10-1 

a 0.02 t 0.02 -0.46 f 0.03 0.04 ± 0.02 

b 8.26±0.3 5.76±0.31 2.94±0.47 

c -0.30 ± 0.1 -0.82 ± 0.09 0.06 ± 0.09 

1(2 0.96 0.87 0.42 

Standard error 0.13 0.11 0.12 
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Therefore following model equations which describe conversion in the 

spinning disc reactor can be written: 

O A2 8.26 (6.13) For Catalyst 1: xA =1.03.10 
2ý (N) T) (Q 0.30 

,4=7.71.10-14 
(NY 0.46 (T)5.76 (Q)-° 82 (6.14) For Catalyst 2: x,, =7.71.10-14 

For Catalyst 3: xA = 2.90.10-8 (N)° 04 (T)2.94 (Q)° 06 (6.15) 

R2 values for the first two correlations were very close to I (ideal fitting); 

while the third correlation was not as good (0.42). 

In order to check the model equations, XA values were calculated using 

(6.13) to (6.15) and compared to real (experimental) values by plotting predicted 

values against experimental. If the two were in good agreement, the best linear fit 

would be y=x. It would be more realistic to expect y= Kx, where coefficient K 

would be close to 1. These graphs are presented in Figures 6.29 (Catalyst One) to 

6.31. 
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Figure 6.29. Evaluation of developed model for Catalyst 1 

Model equation for Catalyst One is in very good agreement with obtained 

values and well describes conversion on the disc. 
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Figure 6.30. Evaluation of developed model for Catalyst 2 
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Figure 6.31. Evaluation of developed model for Catalyst 3 

The other two fittings are also as good as the first one implying that predicted 

values of conversion are very much in agreement with the obtained experimental 

data. 
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CHAPTER 7 

BATCH REACTION KINETICS 

7.1 INTRODUCTION 

7.1.1 LANGMUIR-HINSHELWOOD KINETICS 

The first step in any catalysed reaction is the activation of the substrate by 

adsorption on the catalyst as represented below, where M is an active site on the 

catalyst, S is a substrate molecule, and P is the product. In such situations the rate of 

the reaction will depend on the amount of S adsorbed on the catalyst, that is, on the 

concentration of M-S [84]. 

M+S, M-S 
2> 

M+ P 
k_1 

Reaction rate =r= k2 [M 
- S] 

Figure 7.1. Steps in catalytic reaction 

It is generally recognised that a catalyst surface is composed of a number of 
different types of surface sites with varying adsorption and reaction characteristics, 
but this model is not easily used for kinetic analyses. Instead, it is assumed that 

every surface atom on the catalyst is capable of adsorbing a substrate molecule, that 

they all do so with equal energy and that there can be only one substrate molecule 

adsorbed on each surface atom. The amount of the substrate, S, added to the reaction 

mixture is known, but the amount of S adsorbed on the catalyst as M-S is not. 
However the total number of surface atoms, Mo, can be determined as: 

[Mo]=[M]+[M-s] (7.1) 

Then the equilibrium constant for the adsorption equilibrium, K, can be 

written as: 
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k, 
__ 

[M-S] 

k-, [M] [S] 
(7.2) 

If we combine last two reactions following equation can be derived: 

K-[M-S] 
IM-S] 

(7.3) 
[M}[S] ([Mol-[M-S])[S] [Mo}[S]-[M-S [S] 

Or, after rearrangement: 

K[Mo][S] [M -S]= 1+K [S] (7.4) 

With [Mo] =1 and having [M-S] defined as 0, previous equation becomes: 

O= 
K [S] 

(7.5) 
1+K[S] 

So, therefore, reaction rate can be expressed as: 

r=k20=k2K[S] (7.6) 
1+K[S] 

In this case r is generally expressed as an areal turnover frequency (TOF), the 

number of molecules reacted per unit time per unit surface area. If the catalytic 

process follows this model, the rate r will be related to [S] as shown in Figure 7.1. 

The rate is first order at low values of [S] and decreases to zero order as [S] 

increases. By analogy [M-S] is expected to be small when S is weakly adsorbed and 

the reaction should be first order. When S is strongly adsorbed a larger value for 

[M-S] should result and the reaction will be zero order. 

In order to explore the kinetics of the reaction as well as the value of the 

activation energies of the catalysts as a part of the kinetics, data from the batch 

reaction performed at York University for Catalyst 1 at 25°C [112] and data from the 

batch experimental work performed as a part of the study at other temperatures, as 

well as other catalysts (at different temperatures) were analysed using an integral 

method for determining reaction order [30,166]. 
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Considering a very complex nature of the chosen reaction and many unknown 

product (and mechanisms) to which a reaction could lead, following assumptions had 

to be made: 

1. There were no products formed from campholenic aldehyde 

2. The reaction can be summarised simply by A --> B+C 

7.2 RATE EQUATIONS 

7.2.1 DERIVATION FOR ZERO ORDER REACTIONS 

Rate expression for zero order reaction can be written as: 

r=k; 
dCA 

__k (7.7) 
dt 

Or after integration: 

CA -CAD=-kt, (7.8) 

where: 

CA - concentration of the reactant at time t; 

C�o - concentration of the reactant at t=0; 

k- rate coefficient 

t- time (s) 

R2 value from linear fit CA = time defines how well results can be correctly 
determined as those corresponding to a zero order reaction. 

7.2.2 DERIVATION FOR FIRST ORDER REACTIONS 

In the case of first order reaction, rate of reaction is expressed as: 

r=kCA=_dCA dt 
(7.9) 

After integration, equation (7.9) becomes: 
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CA. t 

kjCA =- fdt (7.10) 
CAO A0 

In ýEAO =-kt (7.11) 

Fitting experimental data into the equation (7.11) relates In 
CA 

and time, 
A0 

where negative value of the slope in the linear fit is k. 

7.2.3 DERIVATION FOR SECOND ORDER REACTIONS 

Equation for the second order reaction is: 

r=kCA2 =_dd ^ (7.12) 

1_1 
=kt (7.13) 

CA CAQ 

If we plot C versus time, slope is k and the intercept is 1 
A CAO 

7.3 EXPERIMENTAL RESULTS 

7.3.1 CATALYST 1 

All the acquired data from the batch reaction for Catalyst 1 can be seen in 

Figure 7.2. Thereafter data for each temperature were used in equations (7.8), (7.11) 

and (7.13) for evaluation of the reaction order. Results at 25°C are presented in 

Figures 7.3 (for zero order), 7.4 (first order) and 7.5 (second order). 

The fittings for all other temperatures can be found in Appendix H. 
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7.3.2 CATALYST 2 

Figure 7.6 shows the data from the batch reaction for Catalyst 2 at different 

reaction temperatures. Equations (7.8), (7.11) and (7.13) were used in a same way as 

for Catalyst I to evaluate the reaction order. 

Results at 25°C are presented in Figures 7.7 (for zero order), 7.8 (first order) 

and 7.9 (second order), whilst the results for all the other temperatures can be found 

in Appendix H. 
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7.3.3 CATALYST 3 

O 

Data from the batch reaction for Catalyst 3 at different temperatures are 

presented in Figure 7.10. 

Fittings for different reaction orders for results at 25°C are showed in Figures 

7.11 (for zero order), 7.12 (first order) and 7.13 (second order). Other results and 

fittings can be found in the Appendix H. 
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Collected and analysed data suggest that reaction rate is zero order (R2 values 

of 0.9 and above) and therefore rate of reaction can be expressed as: 

r )=k (7.14) 

Values of rate constants (at different temperatures) can be determined from 

(zero order) plots as a negative value of the slope (presented in Table 7.1). 

Table 7.1. Reaction rate constant values* 
"ý< 

25°C 33°C 45°C 57°C 65°C 70°C 85°C 

Catalyst 1 1.10 - 2.10 - 2.10 - 3.10' 
Catalyst 2 1.10' - 2.10" - 3.10" - 5.10" 
Catal yst 5 . 10" 10-4 11 . 10 2 . 10 - 3.10 5.10 

* For units of rate constant see Table 7.2. 

Table 7.2. Units of rate constant, k, based on volume of voids in the reactor (see 

section 8.9.1) 

Reaction order Units of k 

0 mol r n" 
1 s' 
2 m mol' s' 
3 mmol's" 

7.4 PRE-EXPONENTIAL FACTOR AND ACTIVATION ENERGY 

The influence of temperature on the reaction is accounted for by the reaction 

rate constant k, referred to as a constant because it does not depend on the 

composition of the reaction mixture. The temperature dependence of k is given by 

Arrhenius equation: 

k=A"exp - 
E' 

R"T 
(7.1 s) 

where E. is called the activation energy of the reaction, whilst R is the universal gas 

constant (R = 8.314 Jmol"K ). The term Ea/R is sometimes referred to as the 

activation temperature. 
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For most reactions the activation energy lays in the range 40-300 kJ/mol, 

hence the activation temperature Ea/R ranges from 5000 K to 35000 K. For 

industrial purposes, only the range RT/Ea <1 is of interest [85]. 

For the analysis of batch experimental data, equation (7.15) is used in a more 

suitable form: 

Ea lnk=lnA- 
R"T 

(7. l 6) 

By plotting In k against -1, intercept will subsequently give value of 
T 

pre-exponential factor A, whilst value of the slope will be 
Ea 
R. 

For each catalyst 

used, activation energy can be determined in this way. This is presented in Figures 

7.14 - 7.16 for Catalyst 1,2 and 3 respectively. 
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Figure 7.14. Determination of activation energy for Catalyst 1 
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Hence the values of activation energies can be calculated (Table 7.3). 

Table 7.3. Values of activation energies and pre-exponential factors 

Intercept A Slope E$ (J/mol) 

Catalyst 1 8.24 3.78.103 5.31- 103 4.41- 104 

Catalyst 2 -2.09 1.24.10"1 2.80-10 3 2.33- 104 

Catalyst 3 3.20 2.45-101 3.88.103 3.22.104 

Now the rate equation for each catalyst can be expressed as follows: 

Catalyst 1: k=3.78.103 "exp _ 
4.41.10° (7.17) 

R"T 

Catalyst 2: k=1.24.10"' "exp _ 
2.33.104 (7.18) 

R"T 

Catalyst 3: k=2.45.10' . exp - 
3.22.104 (7.19) 

R"T 



CHAPTER 8 

DISCUSSION 

8.1 INTRODUCTION 

In this Chapter the results from the experimental studies in the SDR and 

kinetic studies in a batch reactor (Chapters 6 and 7) are discussed in detail. Not only 

that catalytic processes were never before tried on a spinning disc reactor, but a 

process as a whole (even when performed in a conventional equipment) offers 
innovative approach to the old-fashioned and ever so often not-so-clean-and- 

environmentally-friendly catalytic chemistry. 

Spinning disc results for all three catalysts are analysed, compared and 
discussed and optimal conditions given for accomplishing best 

conversion/selectivity. An experimental model is presented to describe the catalytic 

reaction kinetics in the SDR. These results are compared to a reaction performed in 

a laboratory batch reactor. 

Results of experiments carried out in a batch reactor in order to explore 
reaction kinetics in more detail are also discussed in this Chapter. Activation 

energies for each catalyst are also given. 

Three catalysts developed and characterised at the University of York were 

tried for the rearrangement reaction of a-pinene oxide. The differences between 

these three catalysts were: 

1. Loading of Zn(OTf)2 (0.05 and 0.01 mmol/g); 

2. Type of catalyst support (Si02, K100 and HMS24). 

These characteristics are used to explain some of the results obtained in the 
SDR. 
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8.2 SDR RUNS 

8.2.1 PURPOSE OF THE TEST RUNS IN THE SDR 

For the reasons mentioned in Chapter 6, three test runs were performed in the 
SDR before any actual experimental work was commenced. These runs proved that 

reaction did not happen without the presence of the catalyst and both silica support 

and glue had no influence on the rearrangement reaction. Since the results of the test 

runs showed that reaction did not take place it was concluded that the data obtained 

on the catalyst coated disc were due to the catalyst activity in the spinning disc 

reactor only. 

Actual mass of the catalyst used for coating was measured each time the 

coating was performed (Appendix G) and it was a constant value of 0.8 g each time. 

Before each catalyst was tested, a set of 15 runs was performed to evaluate 
the activity/life of each catalyst, suitability of the catalyst coating in the long run, as 

well as reproducibility of the experiments. The experimental conditions were kept 

the same during each individual run (fixed feed flow rate, predetermined disc speed 

and disc temperature). Over one month period (for each tested catalyst) the trials 

were performed with the following conditions: 

  Feed flow rate =4 cm3/s; 

  Disc speed = 500 rpm (for Catalysts 2& 3); 150 rpm (for Catalyst 1); 

  Disc temperature = 25°C (for Catalysts 1& 3); 45°C (for Catalyst 2). 

Summary of results can be observed in Figure 8.1. 

Over the trial period the catalysts performance remained the same, therefore 

proving that one coat of catalyst could be used over and over again for at least a 
month (or 15 runs) without loosing its activity. 

If the performances of the catalysts at these conditions are compared, it is 

clear that the most active was Catalyst 3, with 70% conversion at 25°C. However, 

not much difference was seen in the long-term performance of the other two catalysts 
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at this stage, Catalyst 2 being more active than Catalyst l (due to the higher 

temperature used for experiment with Catalyst 2). 
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Figure 8.1. Reproducibility and re-usability of catalysts 

8.2.2 THE EFFECT OF DISC TEMPERATURE 

First parameter to be tested for each catalyst was the disc temperature. At 

this point, in order to assess the influence of the disc temperature on the results, feed 

flow rate was kept constant at 4 cm3/s, and the disc rotational speed was fixed at 500 

rpm. Disc temperature was varied, ranging from 25 to 85°C. Results from these runs 

are given in Chapter 6 for each individual catalyst and summarised in Figure 8.2 

below. Increased activity at higher disc temperatures was observed for both 

Catalysts I and 2. Although similar trend was observed for these two catalysts, 
Catalyst 1 was 10-20% more active at each tried temperature. Since the best 

conversion was obtained at 85°C for both catalysts, this temperature was chosen as 

an optimal temperature for the spinning disc runs. As for Catalyst 3, increase of 

temperature to 50°C increased the conversion to 100%, but after this point it started 

to drop. It peaked at the interval of 45° - 50°C, hence 45° was the chosen (optimal) 

temperature for the rest of the spinning disc experiments. The rate of reaction is 

highly influenced by temperature, in cases of the first two catalysts by the power of 8 

and 6, whilst in case of Catalyst 3 the influence of temperature is lower by almost 3 
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orders of magnitude, as the model equations suggest. This will be discussed in more 

detail in section 8.6. 
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Figure 8.2. Influence of temperature on the conversion for all catalysts 

The effect of temperature on selectivity for each of the three catalysts is 

summarised in Figure 8.3. At lower temperature reaction only just started and 

initially the rate of formation of other products (apart from campholenic aldehyde) 

was much higher resulting in 0% selectivity when using Catalyst 1. In other words, 

parallel reactions were promoted much more than formation of campholenic 

aldehyde. However, at higher temperatures consecutive reactions occurred which 

again resulted in 0% selectivity. 

The most selective was Catalyst 2 (around 70%) but it needs to be mentioned 

again that this catalyst had the lowest conversion of the three. Catalyst 3 had very 

reasonable selectivity - around 70%, except at temperatures around 45"C where it 

was -20%, which again made this temperature worth exploring further. 

After the effect of disc temperature was assessed, the effects of disc rotational 

speed and feed flow rate on conversion and selectivity were considered. 
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Figure 8.3. Influence of temperature on the selectivity for all catalysts 

8.2.3 THE EFFECT OF DISC SPEED AND FEED FLOW RATE 

As reported in Chapter 6, all catalysts were tested (at chosen temperatures) at 

various disc speeds ranging from 100 to 1500 rpm. Feed flow rate was constant at 

each stage, varying from 3 to 6 cm3/s. This section will provide comparison between 

the three catalysts used for this reaction as well as give overview of the individual 

catalyst's performance. 

8.2.3.1 Comparison of all catalysts 

Conversion and selectivity results for all three catalysts at 4 cm3/s are 

summarised in Figures 8.4 and 8.5 respectively. 

These trends may be explained by connecting the catalyst activities and 

residence times achieved. As shown in Figure 8.4, with catalysts 1 and 3 full 

conversion of ct-pinene oxide was achieved no matter what disc speed was used 
because of the fast reaction, with 100% conversion obtained within the minimum 

residence time provided. Catalyst 2 did not have the same activity and the reaction 
involving Catalyst 2 was not as fast as when using the other two catalysts. Lower 

disc speeds (and therefore higher residence times) resulted in 90% conversion being 

accomplished, steeply dropping to as low as 40% when the residence time of the 

0 
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Disc Tempe ratum (°Cý 
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material on the disc was too short at higher disc speeds - resulting in reaction not 

being completed. 
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Figure 8.4. Conversion for all catalysts at 4 cm3/s 

Temperatures: 85°C (Catalysts 1 and 2); 45°C (Catalyst 3) 

1600 

When trends for selectivity results are compared (Figure 8.5) it is noticeable 

that both "fast" catalysts (1 and 3) have very low selectivity towards campholenic 

aldehyde comparing to less active Catalyst 2; in fact when residence time was long, 

none of the aldehyde was observed when using Catalyst 1. This could be explained 
in two ways: either the catalysts 1 and 3 were promoting other reactions, or the 

aldehyde is being formed, but due to its high reactivity, rearranged itself which 

resulted in not as much aldehyde being seen at the end of the reaction on the disc. 

Knowing that aldehyde that is formed in a batch reaction is easily consumed after its 

formation, second explanation looks more likely, but needed further exploration. 

All conversion and selectivity results for the flow rate of 5 cm3/s are 

summarised in Figures 8.6 and 8.7 respectively. By increasing the flow rate, 

residence time is reduced and therefore higher selectivity is expected (to confirm 

consecutive reactions theory). 
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Figure 8.5. Selectivity for all catalysts at 4 cm3/s 

Temperatures: 85°C (Catalysts 1 and 2); 45°C (Catalyst 3) 
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Figure 8.6. Conversion for all catalysts at 5 cm3/s 

Temperatures: 85°C (Catalysts 1 and 2); 45°C (Catalyst 3) 

Very similar conversion results are obtained as for the flow rate of 4 cm3/s, it 

is only at higher speeds that a small drop in reaction rates is observed. 
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Figure 8.7. Selectivity for all catalysts at 5 cm3/s 

Temperatures: 85°C (Catalysts 1 and 2); 45°C (Catalyst 3) 

Whilst not much change is seen regarding conversion, much higher 

selectivity at every point is obtained (Figure 8.7) for Catalysts 1 and 3. If a batch 

process, already presented in Figure 6.1 (for Catalyst 1), is analysed, it is notable that 

every selectivity value has two time values. For example (Figure 8.8) 40% 

selectivity can be achieved after about 1 minute from the start of experiment (Point 

A), but also after 15 minutes (Point B). Major difference between Point A and B is - 
in what happens after. After Point A is reached, more campholenic aldehyde is 

created from the reactant - reaction goes on in favour of creation of aldehyde, in 

other words, rearrangement of a-pinene oxide is much faster than isomerisation of 

campholenic aldehyde. On the other hand, after Point B, there is no a-pinene oxide 

left, campholenic aldehyde can not be formed, just consumed, therefore amount of 

aldehyde drops. Usually batch reaction is performed until full conversion is 

achieved, and selectivity values taken at, say, 50% and 100% conversion. In this 

case it was important to see what is happening to reaction after all of the reactant is 

consumed. In most of the cases when very high conversion is obtained on the disc, 

not much aldehyde in the product was observed, as it would be expected, due to all 

the reactant being consumed. Final product analysed from the disc is equivalent as 

taken somewhere around Point B (or after Point B) in a batch process. 
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Figure 8.8. Batch process analysis (example) 

Hence the increase in selectivity values is observed at higher flow rates, 

approximately 20% more at 6 cm3/s as showed in Figure 8.10. Conversion results 

for all three catalysts with the feed flow rate of 6 cm3/s are presented in Figure 8.9, 

whereas selectivity results are summarised in Figure 8.10. 
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Figure 8.9. Conversion for all catalysts at 6 cm3/s 

Temperatures: 85°C (Catalysts 1 and 2); 45°C (Catalyst 3) 
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Figure 8.10. Selectivity for all catalysts at 6 cm3/s 

Temperatures: 85°C (Catalysts 1 and 2); 45°C (Catalyst 3) 

Effect of residence time on conversion and selectivity results will be 

presented in some detail in sections 8.2.3.2 (Catalyst 1), 8.2.3.3 (Catalyst 2) and 

8.2.3.4 (Catalyst 3). 

8.2.3.2 Catalyst 1 

Figure 8.11 relates achieved selectivities in the SDR with the time spent on 

the disc surface for different flow rates. If we look at any particular flow rate, it can 
be observed that if reactant spends less time on the disc, selectivity improves. If 

residence time is greater than 0.8 seconds virtually no desired product is formed. On 

the other hand, in the range 0.15-0.3 seconds reaction becomes very selective and 

very sensitive, since only a small change in residence time can significantly influence 

formation of the aldehyde. 

r I,, - \-"% 
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Figure 8.11. Selectivity change with residence time 

At the same time, when the selectivity rises as a result of increased flow rate, 

a drop in conversion can be seen (Figures 8.12 and 8.13 for different disc speeds). A 

profile of conversion with residence time is shown in Figure 8.14. Again, the same 

interval (0.15-0.3 seconds) of residence time is of interest. The residence time 

needed for full conversion is around 0.3 seconds. But if reactant spends too much 

time on the disc, the side reactions begin and campholenic aldehyde starts to 

disappear; therefore although the reaction is completed in full, there is no aldehyde 

remaining in the product mixture; in other words selectivity is very low. A 

compromise had to be found - either conversion to be lower than 100% to get high 

yield of aldehyde, or a reaction could have been performed to completion, with a 

lower yield of aldehyde. 

This investigation however was concerned about campholenic aldehyde as a 

product, therefore the best achieved selectivity was 62% at 77% conversion; 

optimum disc conditions were: disc speed 1500 rpm, disc temperature 85°C and flow 

rate 6 cm3/s, all combining to give a residence time of 0.15 seconds. 
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Figure 8.14. Conversion change with residence time 

Change of residence time and film thickness with flow rates (ranging from 3 

to 6 cm3/s) is demonstrated in Figure 8.15. Disc speed was kept constant at 800 rpm 

and the disc heated to 85°C. 
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Figure 8.15. Change in residence time and film thickness with flow rate 

As the flow rate increases, reactant spends less time on the disc increasing the 

amount of campholenic aldehyde in the product, since campholenic aldehyde does 

not have enough time to react itself (Figure 8.16). 
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Figure 8.16. Residence time and selectivity change with flow rates 

Again the critical point time of less than 0.3 seconds influenced conversion, 

lowering its value to -90% at the flow rates around 6 em3/s (Figure 8.17). 

Nevertheless 90% conversion is still competitive enough. 
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8.2.3.3 Catalyst 2 

Summary of selectivity and conversion results for all conditions is shown in 

Figures 8.18 and 8.19 respectively. Compared to the other two catalysts used this 

was the only one where the conversion and selectivity did not increase as the flow 

rates increased. The reaction using the Catalyst 2 was slower than in the case of 

other two catalysts and longer residence time was needed for the reaction to be 

completed. 
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Figure 8.18. Summary of the selectivity data for all experiments (Catalyst 2) 

Achieved selectivities in the spinning disc with regard to the time spent on 
the disc surface is presented in Figure 8.20 Although data were more scattered than 
for the previous catalyst, some trends can be observed. For each flow rate, optimum 

residence time can be found for best selectivity to be reached. 
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Figure 8.19. Summary of the conversion data for all experiments (Catalyst 2) 
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Figure 8.20. Selectivity change with residence time 

If various flow rates are considered for the fixed rotational speed (and the 

disc temperature) it can be observed that conversion decreases with the increase of 
flow rate, which is not the case for selectivity results. The best agreement can be 
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accomplished with a flow rate of 4 cm3/s, where conversion is not much lower than 

for the flow rate of 3 cm3/s, but selectivity is the highest (75%), as in Figure 6.21. 

  Conversion (%) 

  Selectivity (%) 

Disc speed = 800 rpm 

Figure 8.21. Selectivity and conversion change with flow rate at 800 rpm 

For the disc speed of 1000 rpm, optimum flow rate was 4 cm3/s again, as 

shown in Figure 6.22. 

For higher conversions in the spinning disc, residence time had to be much 

longer (for full conversion, residence time around I second would be needed) (Figure 

6.23). This is where a compromise has to be made, either to have high conversion, 

with reasonable selectivity, or a reasonable conversion with high selectivity. 
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Figure 8.22. Selectivity and conversion change with flow rate at 1000 rpm 
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Figure 8.23. Conversion change with residence time 

Residence time and film thickness changes with flow rates do not depend on 

the catalyst utilised; therefore Figure 8.15 can be used for each of the three catalysts. 
Residence time and selectivity changes with flow rates are presented in Figure 8.24. 
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Figure 8.24. Residence time and selectivity change with flow rates 

8.2.3.4 Catalyst 3 

Selectivity change with residence time (for different flow rates) is shown in 

Figure 8.25. 
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For the fixed disc speed, changing the flow rates (for 800 rpm see Figure 

8.26; for 1000 rpm see Figure 8.27) not much change in conversion was observed, 

but apparent selectivity increase can be noticed. 

I 

  Conversion (%) 

  Selectivity (%) 

Disc speed = 800 rpm 

Temperature - 45°C I M, t u, t s,, uu 6 ou 
Catalyst: 0.05 mmolg' Zn-triflate/}{MS24 Flaw Rate (cm3/s) 

Figure 8.26. Selectivity and conversion change with flow rate at 800 rpm 
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Figure 8.27. Selectivity and conversion change with flow rate at 1000 rpm 

Therefore optimum flow rate for the third catalyst was the same as for the 

first one, 6 cm3/s. 
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Figure 8.28 is showing conversion change with residence time for various 

flow rates. 
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Figure 8.28. Conversion change with residence time 

Residence time and selectivity changes with flow rates are presented in 

Figure 8.29 below. 
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8.3 REYNOLDS NUMBER AND FLOW REGIMES 

Reynolds number can be determined from the Equation (3.23). As said in 

Chapter 3, it is radius-dependent, but not rotation-rate dependent. Values of 

Reynolds number for different flow rates are shown in Figure 8.30 below. Using the 

criteria discussed in section 3.1.2.1 following observations can be made: 

  Turbulent regime of flow appears only at very small radius (i. e. 0.1 mm), 

  More than half of the disc surface is covered with random surface waves 

where wavy laminar flow is predominant, 

  On the other (less than) half of the disc sinusoidal waves which are 

progressively replaced by regular waves are formed; 

  Smooth laminar flow (Re < 16) is not observed in the range of flow rates 
between 4 and 6 cm3/s; in order to get the smooth laminar flow near the 

edge of the disc, flow rate has to be in the region of 1.5 cm3/s. 
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Figure 8.30. Reynolds number profile across the disc for different flow rates 

Profile of Reynolds number change with flow rates (at different positions on 

the disc) is shown in Figure 8.31 (a). As it is obvious from (3.23) Reynolds number 
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is proportional with Q, therefore increase of Re is distinguished with the increase of 

the flow rate. 

Reynolds number values increase more nearer to the centre of the disc, as it is 

evident from the Figures 8.31 (b) and (c) (where the scale is not logarithmic) and in 

the Figure 8.31 (c) (cut-scale, in order to see the trend more clearly). 

Film thickness can be expressed using Reynolds number [167]: 
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Figure 8.31. Reynolds number change with flow rate at different positions 
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As said, Reynolds number, hence wave formation, is independent of the disc 

rotational speed. Nevertheless, many researchers have found that the rate of rotation 
influenced the type of wave pattern (concentric, spiral or irregular waves) on the film 

surface, whilst Epsig and Hoyle [167] observed that a decline in the speed of rotation 

causes the amplitude of the wave to rise and vice versa. Woods [21] detected that 

increase of the rotational speed results in the surface waves appearing closer to the 

centre of the disc, hence occupying a larger area of the disc. However, using data 

from this study, no influence of rotational speed on Reynolds number is observed 
(Figure 8.32), since the viscosity of processed material did not vary noticeably. 
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Figure 8.32. Reynolds number (no) change with disc rotational speed 

8.4 MIXING AND SHEAR RATES 

It has long been recognised that surface waves have an important role in the 

enhanced mixing, firstly investigated in the case of films flowing on inclined 

surfaces under gravity. Significant improvements in heat and mass transfer rates for 

thin liquid films on the rotating disc have also been acknowledged [24-26]. Recent 

study [168] on mixing characteristics involving dye-tracer measurements on a 

grooved surface is yet another confirmation of strong mixing action, the degree of 

which is predisposed by disc rotational speed, volumetric flow rate and radial 

position. 
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In the Appendix B shear rate profile across the disc for different rotation 

speeds (for the system used in this study) can be seen. In some cases shear rates as 

high as 7.5 - 105 s"' are calculated and it is noted that with current systems available 

in the Centre it would be very easy to increase the shear rate by one more order of 

magnitude. 

Applied to the results achieved in the SDR for conversion and selectivity, it 

can be observed that there is an opposite effect of the observed shear rate on these 

parameters. Overall, higher conversion can be expected with decreasing shear rate. 

The effect of the shear rates on conversion can be seen in Figures 8.33,8.35 and 8.37 

for Catalysts 1,2 and 3 respectively. 
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Figure 8.33. Average shear rate (per time unit) and conversion connection for 

Catalyst I 
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Figure 8.34. Average shear rate (per time unit) and selectivity connection for 

Catalyst 1 

Nevertheless, higher shear rates are needed to achieve better selectivities as 

shown in Figures 8.34,8.36 and 8.38 for Catalysts 1,2 and 3 respectively. 
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This is partly true for Catalyst 2, as the conversion trend follows the above 

guidelines (Figure 8.35). Selectivity trend however, especially at higher flow rates, 
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follows the same trend as conversion, opposite to other catalysts, making this catalyst 

easier to optimise (Figure 8.36). 
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Figure 8.38. Average shear rate (per time unit) and selectivity connection for 

Catalyst 3 

Fourier number (Fo) can be used to determine the degree of mixing: 

Fo = 
Dz 

(8.2) 

where: D is diffusion coefficient, t is the residence time in the SDR and L is 

characteristic length (film thickness). 

The Fo profile in the SDR for the performed experiments is given in Figure 

8.39. 

As it can be observed, Fo values are very high, therefore mixing is very good 
through the thin film - practically there is no gradient in a vertical direction. 

Minimum residence times on the disc can be found from the condition Fo = 1, in 

order to achieve good degree of mixing, but not to overdo it, as in this case of 

rearrangement reaction. 
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Relation between residence time achieved in experiments and residence time 

that would be needed for the above condition are given in Figure 8.40. It can be 

concluded that residence time needed to be much less than it was in order to stop the 

reaction. This can be done in many ways: 
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  Using smaller diameter disc; 

  Increasing the disc speed; 

  Increasing the flow rate. 

8.5 OTHER REMARKS 

Results from the theoretical heat transfer investigation (Appendix C) 

suggested that liquid film reaches the set temperature in the first 1/3 of the disc 

(Figure 8.41) as a consequence of the enhanced heat transfer from the disc surface to 

the liquid film. 

The intensive mixing offered by the numerous instabilities on the film surface 

has an important part in the high conversion results achieved in the SDR in the 

rearrangement reaction of a-pinene oxide. 
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Figure 8.41. Temperature profile on the disc surface (from Table C. 1 in the 

Appendix C) 

An increase in temperature is used to speed up chemical reactions, but it can 
have an undesired effect when the reaction is reversible and exothermic, in which 
case equilibrium is reached quicker but with a reduced yield because the increased 

temperature moves the equilibrium to the left. Instead reaction rate can be increased 
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(without decreasing the yield) by using catalyst. In the Appendix A some valuable 

thermodynamic data were calculated in order to obtain the value for the heat of 

reaction, most importantly. It was shown that the reaction is exothermic with 

OH°, 298 = -73.17 kJ/mol. Consequently equilibrium constant was calculated; the 

high value of it confirmed that reaction is not reversible (only the product is present 

at equilibrium) therefore only proceeds from left to right. 

When compared to results achieved in the batch reactor, it was concluded that 

good mixing and excellent heat/mass transfer characteristics of the SDR [27] 

promoted the isomerisation much further than expected, initialising consecutive 
isomerisations and that was the only reason why selectivity was not even higher than 

75%. Since this study was concerned about campholenic aldehyde as a product, the 

optimum SDR conditions to achieve maximum selectivity are presented in Table 8.1 

below. 

Table 8.1. Optimal conditions for each catalyst 

Catalyst Disc Disc speed 
Feed flow 

rate 
Conversion Selectivity 

temperature CC) (rpm) 
cm /s (%) (%) 

1 85 1500 6 77 62 
2 85 850 4 59 83 
3 45 1500 6 85 75 

8.5.1 CASCADE SIMULATIONS 

In order to improve the performance of the SDR at 25°C (for the first two 

catalysts) and 85°C (for Catalyst 3), where conversion was low considering other 

tried temperatures, a simulation of cascade of three SDRs was performed. Summary 

of conversion results for all three catalysts can be seen in Figure 8.42. It can be 

observed that in all cases conversion improved 10-20% after each pass. 
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Flow rate =4 cm'/s 

Figure 8.42. Conversion change for all catalysts after three passes 

Flow rate =4 cm3/s 

Figure 8.43. Selectivity change for all catalysts after three passes 

Considering that residence time, if using a cascade of several discs, would not 

change dramatically (it would still be in order of seconds), improvements in both 

conversion and selectivity (Figure 8.43), are very significant. Especially in the cases 

where conversion was very low to begin with (e. g. for Catalyst 1, after first pass 

conversion was only 27% with no campholenic aldehyde in the product, but after the 
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third pass 52% of a-pinene oxide was converted and almost all of it to campholenic 

aldehyde (76%). 

8.5.2 CATALYST SUPPORT AND LOADING 

Many researchers' interest nowadays lies in developing new catalysts. As 

mentioned in Chapter 2 supported solid heterogeneous catalysts have already found 

application in many reactions, such as Friedel-Crafts, exhibiting enhanced 

selectivity, ease of separation and recycling. HMS supported A1C13 catalysts have 

been found to be superior even compared to zeolites in the alkylation of benzene 

[98). 

When the reaction mixture diffuses into a porous catalyst, simultaneous 

reaction and diffusion have to be considered when obtaining an expression for the 

overall conversion rate. The pore system is normally some kind of complex maze 

and must be approximated to allow mathematical description of mass transport inside 

the particles, such as a system of uniform pores. It is important to note that catalyst 

pellets can be of many structural types, which all have an influence on the degree of 
diffusion limitation of the overall conversion rates. An extreme type is the gel 

catalyst with tiny pores, which have quite low effective diffusion coefficients: silica, 

alumina and zeolites are examples of this structure. Another extreme type of pellet is 

an aggregate of quite large particles cemented together at points of contact. The 

channels in the ultimate particles may be as big as 100 µm in diameter. A third type 
is an aggregate of aggregates, where there are large pores leading into the interior 

and smaller pores leading to the major portion of the active surface. Such a structure 
is close to ideal from the standpoint of low diffusion resistance and high internal 

surface area. 

Characterisation of all catalysts used in this study has been performed by the 

collaborators at the University of York and the results can be seen in [112]. SEM 

images of all the supported catalysts used in this investigation are presented in Figure 

I. 1 in the Appendix I. Different types of silica were used as a catalyst support, the 

main difference between them being the size of the pores. HMS24 (Figure I. 1 e and 
0 has the more regular pore structure, therefore diffusion rates of the reactants and 
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products is enhanced. This was confirmed in the SDR as well, since the catalyst with 

this support (Catalyst 3) performed the best. 

It was also noticed that the loading of the catalyst has significant influence on 

the reaction. Higher loadings of the catalyst (e. g. 2 mmol/g - 7.5 wt% Zn) result in a 

very fast (batch) reaction, finished in less than 30 seconds [112]. Lower loadings 

however (e. g. 0.05 or 0.01 mmol/g) result in reaction times of around 60 minutes. 

For this study, lower catalyst loadings were chosen in order to completely see 

advantages and potential of the SDR technology as well as for better understanding 

of the time savings and improvements in the SDR. 

Catalysts 1 and 3 used in this study had the loading of 0.05 mmol/g, whilst 

Catalyst 2 had the loading of 0.01 mmol/g. This could explain slightly different 

behaviour of Catalyst 2 in the SDR and somewhat inferior performance compared to 

other two catalysts. 

8.6 SDR MODEL EQUATIONS 

All the data obtained in the spinning disc were converted into a model 
equation which connects achieved conversion, XA, with the disc parameters 

(rotational speed, disc temperature and feed flow rate). For each catalyst, parameters 

I, a, b and c were found (equation 6.11) and the model equations obtained (Equations 

6.13-6.15 in Chapter 6). 

It is notable for all three catalysts that conversion is highly dependent on 

temperature, more significantly for catalysts 1 and 2 where small temperature change 

can increase conversion much more than in case of reactions involving Catalyst 3. 

The reactant flow rate has the opposite effect; the higher throughput reduces final 

conversion, apart from Catalyst 3 where flow rate does not have as significant effect. 

The effect of disc rotational speed is the least significant factor and it does not 
influence reaction as much as the other two variables, especially for Catalysts 1 and 

3. For Catalyst 2 disc rotational speed is a significant factor and it can be expected to 

obtain higher conversions at lower speeds. 

When the model equations (6.13) - (6.15) were tested using experimental data 

it was seen that all three empirical models can be used to predict conversion very 
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well (all theoretical values were almost the same values as experimental, see Chapter 

6). 

The model equations were developed under the following conditions: 

150<_N: 
_1500 

25°C: 5 T5 85°C 

3 cm3/s <_ Q: 5 6 cm3/s. 

8.7 PROCESS ADVANTAGES 

In this section a comparison between batch and SDR processes will be made 

and advantages of using new technology pointed out. 

Catalyst 

Reactant º 

Figure 8.44. Schematic of the Batch Process 

In a batch reactor, both catalyst and reactant are mixed and processed. Times 

may vary, depending on conditions, but are usually in order of 30-60 minutes for this 

particular reaction. After the reaction is finished, the catalyst and solvent have to be 

removed from the mixture in order to get clean product (Figure 8.44). This is not the 

case for the process carried out in the spinning disc. Not only that reaction times are 

very low (in order of seconds, rather than hours), but there is no need for the 

separation process to be completed, since there is no catalyst in the product mixture 

Product 
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(Schematic in Figure 8.45) and the process is fully continuous which is a huge 

advantage of its own. 

Reactant 

Catalyst 
I 

Product 

Figure 8.45. Schematic of the Spinning Disc Process 

Comparison Table 8.2 demonstrates the advantages of using Spinning Disc 

Technology. There is an apparent difference between processed feed per hour in a 

batch and SDR (by order of magnitude). SDR had competitive conversion and 

selectivity, not as high as in a batch reactor in every experiment, but together with all 

the other benefits the process is just too good to be dismissed. 

Table 8.2. Comparison between Batch and Spinning Disc Reactor 

Batch Process3 SDR Process4 

Processed Feed /h 12 2.16.10 
Conversion % 56 85 
Selectivity (%) 82 75 

Additional Notes Catalyst separation 
No loss of catalyst 
Continuous process 

3 Based on a process at 45°C with 0.05 mmol/g Zn-triflate/HMS24 

° Based on a process at 45°C, feed flow rate of 6 cm3/s and disc rotational speed of 1500 rpm 

with 0.05 mmol/g Zn-triflate/HMS24 as a catalyst 

The use of spinning disc surfaces at a commercial level may be associated 

with several other important benefits. It is envisaged that exceptionally good heat 

transfer characteristics that can be achieved on the rotating disc will allow the use of 

much smaller discs, hence in case of isomerisation reaction described here it will be 

possible to achieve even better selectivities. Furthermore, as the process described 

will be operated under continuous mode with reaction times drastically reduced, the 

amount of inventory in the reactor at any given time will be small and as a result the 

intrinsic safety of the process will be improved. This applies to all processes carried 

out in the spinning disc reactors. 
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8.8 PROCESS ECONOMICS 

It is important to consider the economic viability of a catalyst and catalytic 

process early in the selection process. The economics of using a supported catalyst 
depend on catalyst turnover number, i. e. the amount of product produced per amount 

of catalyst used, and on catalytic activity or turnovers per unit time. For supported 

catalysts it is often convenient to calculate costs in terms of the weight of product 

produced per weight of catalyst used, or catalyst productivity. Catalyst productivity, 
P, is defined as: 

P=nap 
w 

(8.3) 

where n is the number of times a catalyst is used, ß' is reaction selectivity as a 

weight percent (weight of desired product produced per weight of feedstock), and W 

is catalyst loading as a weight percent (weight of catalyst used per weight of 
feedstock). The cost of the catalyst per unit weight of product can be determined by 

dividing the total cost of the catalyst by the catalyst productivity. 

Catalysts used in this study are highly active, exhibiting turnover numbers 
(TON) of 3000 or more. 

8.9 BATCH KINETIC RESULTS 

The rate of reaction of reactant (A) on a porous catalyst particle may depend 

on: 

(1) Surface kinetics, or what happens at the surfaces, interior or exterior of 
the particle. This may involve the adsorption of reactant A onto the surface, reaction 

on the surface, or desorption of product. 

(2) Pore diffusion resistance which may cause the interior of the particle to 

be starved for reactant. 

(3) Particle AT or temperature gradients within the particle. This is caused 
by large heat release or absorption during reaction. 
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(4) Film AT between the outer surface of the particle and the main stream. 

For example, the particle may be uniform in temperature throughout but hotter than 

surrounding. 

(5) Film diffusion resistance or concentration gradients across the fllnl 

surrounding the particle. 

For gas/porous catalyst systems slow reactions are influenced by (1) alone, in 

faster reactions (2) intrudes to slow the rate, then (3) and/or (4), but (5) unlikely 

limits the overall rate. In liquid systems the order in which these effects intrude is 

(1), (2), (5), and very rarely (3) and/or (4). Different combinations of these five 

factors can be seen in Table 8.3 for different applications. 

Table 8.3. Factors which influence the rate of reaction of particles 1851 

Rate influencing 
factor 

Porous catalyst 
particle 

Catalyst coated 
surface 

Burning of a 
droplet of fluid 

Cells and simple 
living creatures 

Surface reaction Yes Yes No Yes 
Pore diffusion Yes No No Maybe 
Particle AT Not too likely No No No 
Film AT Sometimes Rare All important No 
Film mass transfer No Yes All important Could be 

These are all the possible factors which can affect the rate, however in 

majority of situations with porous catalyst particles only factors (1) and (2) are 

considered. 

8.9.1 THE RATE EQUATION FOR SURFACE KINETICS 

Since catalytic reactions have great importance in the industrial application, 

considerable effort has been spent in developing theories from which kinetic 

equations can be realistically developed [89]. The most useful supposes that the 

reaction takes place on an active site on the surface of the catalyst. Thus three steps 

are viewed to occur successively at the surface: 

1. A molecule is adsorbed onto the surface and is attached to an active site. 
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2. It then reacts either with another molecule on an adjacent site (dual-site 

mechanism), with one coming from the main stream (single-site mechanism), 

or it simply decomposes while on the site (single-site mechanism). 

3. Products are desorbed from the surface, which then frees the site. 

Rate expressions derived from various postulated mechanisms are all of the 
form: 

rate of reaction = 
inetic term) (driving force or from equilibrium 

e term 

In catalytic systems the rate of reaction can be expressed in one of many 

equivalent ways. For example, for first order kinetics: 

Based on volume of voids 1dNA 
_k C mols reacted 

in the reactor 
(-r") 

Vdt "' m3 voids "s 
Based on weight of '__1 dNA 

=k C mol reacted 
catalyst pellets ý 

r^ýW d t"' kg cat "s 

Three steps mentioned above are all chemical in nature and may be regarded 

as jointly constituting the catalytic reaction. Two additional steps, as noted in section 
2.3.1 (Chapter 2), involve transport of reactant(s) to the catalyst (before it is 

adsorbed) and transport of product(s) away from the catalyst (after being desorbed) 

and are physical processes, whereby the reactant(s) are brought through the gaseous 

or liquid phase surrounding the solid catalyst to the active site. This is a diffusion 

process and the phenomenon is called mass transport or mass transfer. Diffusion 

limitation at the external surface of catalyst is recognised by the following 

characteristics [85]: 

1. The rate is proportional to the catalyst weight (or to the concentration of the 

active component) raised to a power less than unity, which in the limit may 
be zero. 

2. The rate is increased by improving the movement of the gas or liquid with 

respect to catalyst. 
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3. The temperature coefficient is low and the apparent activation energy may be 

as low as 10 - 15 kJ/mol: gaseous diffusion processes do not in fact obey the 

Arrhenius equation, their rates being proportional to T". 

On the other hand, reactions whose rate is truly governed by a chemical step 

show the following characteristics: 

1. The rate is accurately proportional to catalyst weight or the concentration of 

the active component. 

2. The rate is unaffected by better agitation. 

3. The apparent activation energy is usually in excess of 25 kJ/mol. 

Since diffusion coefficients are much lower in liquids than in gases, reactions 
where a liquid phase is present are more likely to become diffusion limited than 

those where only gaseous reactants participate. Diffusion can only occur in the 

presence of a concentration gradient and the diffusion coefficient D is defined by 

Fick's first law of diffusion: 

_! AD.. dc 
(8.4) 

A dt dx 

where - 
dd 

tA 
is the flux of molecules across an area A at which there is a 

concentration gradient of 
dc 
dx 

Diffusion limitation can also occur within porous catalyst particles and the 
indicators are similar to those listed above for diffusion limitation outside the 

particles, however, significant difference is that improved motion of the fluid phase 
with respect of the catalyst has no effect on the rate of diffusion within the catalyst 
pores. To avoid the problem, catalysts have to be prepared in such way that pore size 
distribution is appropriate to the particular application. 

In the design of catalysts, every care is taken that internal diffusion would not 
be a limiting step in the reaction; external diffusion was also carefully considered, 
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using different stirrer speeds as well as different catalyst concentrations. Activation 

energies obtained are also an indicator weather a reaction is a mass transfer limited. 

A set of experiments for each catalyst at different temperatures was 

performed in order to get concentration profile with time and as a result reaction rate 

order, using an integral method. Integral method for determining reaction order 
involves developing rate expressions in a suitable form (integration) to get linear 

terms in which x value should include time and y value concentration of reactant. 
These terms can be seen in sections 7.2.1 - 7.2.3. 

After the data for any particular experiment have been plotted for different 

rate order terms (zero, first and second order), it was then evaluated which line fits 

the experimental data best (using R2 values). 

In all experiments the best fitting was obtained using zero order expression, 
implying that reaction rate is zero order with respect to reactant concentration. R2 

values were very high, 0.9 or more and thus it was concluded that reaction rate can 
be expressed as: 

-rA)=k (8.5) 

Since an assumption was made at the beginning that a simple path can 
describe this reaction (valid assumption since reaction rate equation was determined 

as rate of disappearance of a-pinene oxide), it is very probable that rate expression is 

more complicated than Equation (8.5) shows. Usually heterogeneous catalytic 
systems are well described by Langmuir-Hinshelwood's equation (7.6); if we 
assume that reaction actually obeys Langmuir-Hinshelwood kinetics, case of zero 

order means that substrate molecule for this reaction (a-pinene oxide) is strongly 
adsorbed to a catalyst's active site, causing the values of concentration of the 

adsorbed molecule to be greatly enhanced. As a result, 
K IS] 

=1 (see section 1+K[S] 

7.1.1) and thus reaction is zero order as it is confirmed by experimental data. There 
is currently an ongoing discussion regarding the kinetics of isomerisation of 
a-pinene to camphene, which is a very similar reaction [169]. Latest claim is that it 
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follows the first order kinetics, but there are also a lot of claims that it is a zero order 

reaction [ 170]. 

Rate constant (k) values at different temperatures were then determined from 

the slope values and are given in Table 7.1 in Chapter 7. Whilst k does not depend 

on the composition of the reaction mixture, it does depend on the temperature, which 
is taken into account in the Arrhenius equation (7.15). 

Once a rate constant dependence on temperature is known (for several 

temperatures, not less than three, but the more experiments the better), values of 

activation energy (Ea) and pre-exponential factor (A) can be easily gained for each 

catalyst (Table 8.3). 

Table 8.4. Activation energy and pre-exponential factor values 

A Ea (J/mol) " 10-4 

Catalyst 1 3.78 " 10' 4.41 
Catalyst 2 1.24 " 10' 2.33 
Catalyst 3 2.45 " 10 3.22 

The expressions to include temperature dependence for rate constant 
(therefore reaction rate since rate is equal to k) for each catalyst can be seen in 

section 7.4 (equations 7.17-7.19). 

Values of pre-exponential factors clearly show that Catalyst 2 is the least 

active of the three (A = 1.24 " 10-1) whilst Catalyst I is the most active of the tried 

catalysts (A = 3.78 - 103). This factor (often called frequency factor) is a constant 

that indicates how many collisions have the correct orientation to lead to products 
[171]. 

As mentioned in Chapter 7, the activation energy for most reactions is in the 

range 25-300 kJ/mol and consequently the activation temperature Ea/R ranges from 

5000 K to 35000 K. Ea/R values for all the catalysts utilised for the study are given 
in the Table 8.4 below. 
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Table 8.5. Activation energy evaluation3 

Ea (J/mol) Ea/R (K) 

Catalyst 1 44130.7 5308 
Catalyst 2 23280.0 2800 
Catalyst 3 32240.0 3878 

It can be seen that activation energies are higher than 25 kJ/mol, which 

indicates that reaction is not mass transfer limited and that obtained kinetic 

expressions are accurate. 

3 For the temperature range 25 - 85°C 



CHAPTER. S 

CONCLUSIONS AND RECOMMENDATIONS 

In this Chapter the key scientific findings which may be drawn as a result of 

the current investigation are pointed out. In addition, the next section of the Chapter 

is dedicated to potential followers and contains some recommendations for future 

work to be carried out in this field. 

9.1 CONCLUSIONS 

It has been shown that the Spinning Disc Reactor (SDR) can be used to 

perform organic catalytic reactions, such as that of isomerisation of a-pinene oxide. 
Overall, approximately 500 experiments were performed in both SDR and batch 

reactor for this investigation. SDR proved to be capable of enhancing the overall rate 

of reaction at 85°C by as much as 60-100 times in comparison to reaction in a batch 

reactor, due to an intense mixing mechanism within the thin film in a SDR. 

Additionally, the selectivity towards campholenic aldehyde is not only as high as in 

batch processes (as reported in literature), but also easily controlled (i. e. by disc 

diameter and disc speed). 

High conversions (full conversions) achieved in a SDR compromised even 
better selectivity towards campholenic aldehyde; however, campholenic aldehyde is 

not the only valuable product of this reaction. Almost every product is an important 

component in pharmaceutical industry. 

Novel heterogeneous catalysts developed at the University of York proved to 

be very successful for this type of reaction and depending on the catalyst loading 

reaction times in a batch reaction could be in order of minutes. To investigate the 

performance in a catalytic SDR, lower catalyst loadings were used to explore the 

time savings and reaction rates properly. 

For each catalyst, an investigation of catalyst activity was performed and it 

was proved that there was no catalyst poisoning or reduced activity over time. 
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Primary parameters studied for each catalyst used were disc rotational speed 

and feed flow rate with the aim of fully assessing the influence of residence time on 

conversion and selectivity. A rise in selectivity values from 0 to 75% was observed 
by changing the rotational speed from 200 to 1500 rpm, while influence on 

conversion was not as significant since the conversion values were high for most of 

the conditions, varying from 80 to 100% (this is valid for Catalysts 1 and 3; for 

Catalyst 2 conversion varied from 40 to 90%). It was also observed that increase of 

the flow rate by 1 cm3/s resulted in the increase of selectivity of at least 10% in cases 

of more active catalysts 1 and 3. However, different disc temperatures were also 

studied, as it was one of the main factors that influence the rate of reaction. From the 

results it can be concluded that higher disc temperatures increased the conversion of 

a-pinene oxide in cases of the first two catalysts, whilst optimum temperature for 

accomplishing highest conversion for third catalyst was seen at 45°C. 

From the performed batch processes it was clear that reaction does not stop 

after all the a"pinene oxide was used, a range of consecutive reactions take place and 

campholenic aldehyde disappears as well, therefore even when conversion is 100% 

on the SDR, reaction has gone much further and for this reason selectivity towards 

campholenic aldehyde is reduced. It is expected that more campholenic aldehyde 

can be obtained at full conversion if smaller discs are used. 

Investigation of flow rates showed that better selectivity was obtained when 
higher flow rate was used. Conversion values were not compromised as much, as a 
drop of 10% (conversion) was seen when selectivity value increased from 0 to 40%. 

Optimal SDR conditions were determined (Table 8.1) for all the catalysts for 

accomplishing highest conversion/selectivity. These conditions are as follows: 

  Catalyst 1: disc temperature of 85°C, disc rotational speed of 1500 rpm and 
feed flow rate of 6 cm3/s for achieving 62% selectivity at conversion of 77%; 

  Catalyst 2: disc temperature of 85°C, disc rotational speed of 850 rpm and 
feed flow rate of 4 cm3/s for achieving 83% selectivity at conversion of 59%; 

  Catalyst 3: disc temperature of 45°C, disc rotational speed of 1500 rpm and 
feed flow rate of 6 cm3/s for achieving 75% selectivity at conversion of 85%. 
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By using a simulation of cascade of three reactors it was shown that reaction 

can be carried out further even when the rate of reaction was lower (e. g. at lower 

temperature) 

  Catalyst 1: conversion from 27 (first pass) to 52% (third pass), selectivity 
from 0 to 76%; 

  Catalyst 2: conversion from 15 to 54%, selectivity from 72 to 81%; 

  Catalyst 3: conversion from 60 to 100%, selectivity from 75 to 61%. 

Regression analysis was used to obtain SDR models which can describe 
dependency of conversion of a-pinene oxide upon the SDR variables (disc rotational 

speed, feed flow rate and disc temperature): 

i Catalyst 1: XA =1.03.10'21 
NO* 02 T 

o. 3o 
826 

,R=0.96 

Catalyst 2: xA =7.71.10-14 
T 5.76 

No. a6 Qo. s2 R2 = 0.87 

Catalyst 3: xA =2.90.10'8 T2*94 No. oa Q0.06; R2 = 0.42 

Batch experiments were performed in order to study the kinetics of reaction 
and order of reaction was determined using the integral method as zero. 
Assumptions made in Section 7.1 can be considered as fully valid as the campholenic 
aldehyde reacts to form further products more rapidly only after the oxide was used. 
Also the kinetic equation is in the form of disappearance of a-pinene oxide from the 

reaction mixture and not formation of campholenic aldehyde. Activation energy for 

each catalyst was also determined and Arrhenius equations given in Section 7.4. 

Other potential benefits apart from enhanced reaction rate to be gained from 

the proposed process may include an improvement in its intrinsic safety as a result of 
reduced inventory in the system at any given time and minimal risk of thermal 

runaways at high operating temperatures due to short residence times and enhanced 
heat removal rates. 
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9.2 RECOMMENDATIONS FOR FUTURE WORK 

The present investigation has shown that SDR can be successfully employed 

to perform organic catalytic reactions. It was also revealed that problems of using a 

heterogeneous catalyst with regards to catalyst separation can be avoided by 

supporting the catalyst on to the reaction surface. However, a number of possibilities 

still remain to be explored before a complete and thorough understanding of the 

principles behind the spinning disc technology as applied to catalytic systems in 

general can be acquired. It is hoped that the following section will give a useful 

suggestions in the future exploration of Spinning Disc Reactors for performing 

organic catalytic reactions. 

Rearrangement of a-pinene oxide was chosen as a model reaction for this 
investigation for its high commercial potential. However the complicated and 

unpredictable reaction paths (e. g. parallel/consecutive reactions) make this reaction 

very difficult to study. It is expected that much more understanding into the catalytic 

systems can be gained by using simpler model reactions, such as benzoylation of 

anisole. 

Variables such as disc rotational speed and feed flow rate are well explored in 

this investigation. However, it is recommended that the disc temperature variable be 

explored in greater detail, especially for conditions already presented in this study 

where both conversion and selectivity were low. Simulation of cascade of SDRs has 

shown that both conversion and selectivity can be improved greatly with longer 

residence times without much compromise in the overall reaction time. This also 
leads to exploration into the use of different size discs, as the residence time is the 

most important variable. Depending on reaction conditions smaller disc can be used 
at higher temperatures to quench the reaction sooner; it is also expected that larger 
discs can be used at lower temperatures to obtain high conversion/selectivity. The 

construction of an empirical relationship which will predict the effect of all the 

spinning disc variables on the product conversion/selectivity would therefore be 

possible and not limited to certain disc size and restricted conditions. 

A detailed kinetic study into a-pinene oxide isomerisation (or similar 
catalytic reaction) should be carried out in the spinning disc to determine the 
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elements responsible for the rate enhancements observed in the present investigation. 

In order to do this, the concentration profile across the disc should be determined. 

The method used in this investigation for kinetic studies in the batch can also be 

employed for spinning disc (concentration) results. 

Additionally, to achieve the full Green Chemistry process, the amount of 

solvent used in the reaction should be reduced, or the reaction should be even tried 

without any solvent on the SDR 

Ultimately, the development of a pilot plant scale spinning disc reactor 

operating in continuous mode would allow relevant industrial processes to be 

practically evaluated in the Spinning Disc Reactor. 
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APPENDIX A 

THERMODYNAMIC PROPERTIES 

A. 1 THERMOCHEMICAL DATA ESTIMATIONS 

Accurate thermodynamic data are available for relatively few compounds. A 

chemical reaction: A -º B (which corresponds to the rearrangement of a-pinene 

oxide), if proceeded to a state of dynamic equilibrium, is completely described by 

specification of temperature (T), pressure (P) and chemical composition. 
Equilibrium constant, Keq, is defined by: 

Keq =CA (a. 1) 
CB 

where CA-concentration of a-pinene oxide; 

CB - concentration of campholenic aldehyde. 

Standard Gibbs free-energy change (AG°) for the reaction can be written as: 

AGT =-RT1nKP =AGIT (B)-OGIT (A), (a. 2) 

where: OGH. (A) and OGH. (B) are standard Gibbs free energies of formation for 

reactant (A) and product (B) and R is universal gas constant. Relation between 

Gibbs free energy, standard enthalpy A HT and standard entropy change L S' for the 

reaction is defined by the following equation: 

AGO = AHT -T AST 
. (a. 3) 

A HT and AS'. connection with standard absolute enthalpies/entropies of the 

species is specified by equations a. 4 and a. 5: 

OH;. =OHA. (B)-OHS. (A) (a. 4) 

iS =E S (B)-AS' (A). (a. 5) 
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Standard entropies and standard heats of formation of reactant and product give the 

value of the equilibrium constant and thus they represent our basic thermochemical 

data. Their variation with temperature is given by: 

Ia ex° 
=ecP aT 

P 
_LC [a(s°)1 

TPT 
(a. 6) 

where iCP is the standard molar heat capacity for the reaction and can be calculated 

as: 

OCp =CP(B)-Cp 
(A). (a. 7) 

AC' (A) and AC' (B) are standard molar heat capacities of reactant and product 

respectively. 

To obtain the values for LH;. and AST , if the values for AHO and ASO are TO TO 

known, functional dependence of AC' between temperatures T and To is needed. 

Integration of equation (a. 6) gives next relations: 

DHT =OH; + j(OCP )dT 
; (a. 8) 

To 

AS;. =ASo + 
MCP 

dT. (a. 9) 
To T 

Since AC' for reactions tend to be very small and change very little over 

intervals of temperature, it seems adequate to take an average value OCp over the 

(T -To) interval and therefore previous formula becomes: 

BHT =EiHTO +OCPT. (T-T0) (a. 10) 

es;. =ASO +iCPTý In T (a. 11) 
To 

ACP is commonly represented by polynomial expression: 
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L CP =a+bT+cT2 (a. 12) 

where a, b, c are polynomial constants. 

Several groups of authors have proposed empirical methods of correlation 
that allow us to estimate the thermodynamic properties of compounds. All of these 

methods are based on the assumption that a given thermodynamic property, such as 

entropy, of an organic substance can be resolved into contributions from each of the 

constituent groups in the molecule. With tables of such group contributions 

assembled from available experimental data, we can estimate the thermodynamic 

properties of any molecule by adding the contributions of the constituent groups. 
Additional corrections can be made for the effect of neighbouring groups. 

A. 1.1 BENSON'S METHOD 
a 

One of the principles of this method [Al] is to calculate the data by adding 

partial bond contributions that the molecule consists of. For example, CHC13 

consists of one C-H and three C-Cl bonds, so AC' and AST can be represented as: 

ocP (cxc13)-ecP (c - H)+3 AC (c - cl) (a. 13) 

OST (CHC13)=AS;. (C -H)+3OS;. (C-Cl)-R1n3. (a. 14) 

The (-R 1n3) is added for a symmetry correction (-R Ina, where a is the 

symmetry number). There are other types of corrections for molecules in this 

method, such as various ring corrections; cis-, ortho- and gauche corrections. 

Other more useful principle is calculation of data by treating the molecule as 

composure of groups and again adding the data values of those constituent groups (a 

group being a polyvalent atom with ligancy z2 in a molecule with all his ligands). 

First step is to identify the polyvalent atom and then its ligands. In the Tables given 
by Benson [Al], C-(H)3(C) represents aC atom connected to three H atoms and one 
C atom, therefore it is a primary methyl group. One group molecules, such as CHC13 

or CH4 have only one such atom and are irreducible entities; therefore can not be 

treated by group contribution method. 
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A. 1.1.1 Data for a-pinene oxide 

Using the data from Benson's Tables (Tables A. 3-A. 10), thermochemical 

properties for a-pinene oxide can be calculated. Table A. 1 shows extracted data 

which are used for this estimation method. 

Table A. I. Estimation of thermochemical properties of a-pinene oxide 

Group 
LH, 

298 

(kcal/mol) 

ASi°ot, 
298 

caUmolK 

ACP 
300 

(cal/molK) 

ACp 
4 

(cal/molK) 

Number 

of groups 

CCH3 -10.2 30.41 6.19 7.84 3 
C CZH2 -4.93 9.42 5.5 6.95 2 

C3H -1.9 -12.07 4.54 6 2 
CC4 0.5 -35.1 4.37 6.13 1 

C2 -23.2 8.68 3.4 3.7 1 
C CZH O -7.2 -11 4.8 6.64 1 

OC3 -6.6 -33.56 4.33 6.19 1 
C-O-C ring correction 26.9 30.5 -2 -2.8 1 

Cyclobutane ring correction 26.2 29.8 -4.61 -3.89 1 
Cyclohexane ring correction 0 18.8 -5.8 -4.1 1 

As described previously, C-(C)(H)3 

groups are three methyl groups in the molecule (C 

atoms 1,2 and 3 in Figure A. 1), C-(C)2(H)2 are 

two C atoms connected to two another C atoms 

and two H atoms (2 groups C-CH2-C, C atom 

(bold) the one forming the group; atoms 4 and 5 

in Figure A. 1), C-(C)3(H) are two groups formed 

by atoms 6 and 7; C-(C)4 are C atoms without 

any bonds to H atoms, connected to four other C 

atoms (C atom 9); C-(C)2(H)(O) represents atom 

8 connected to two carbons, H and 0 while 
C-(C)3(0) is carbon numbered 10 in the Figure 

A. I. 

IC 

10 C0 

7C Oc 

3 IC 

C 

5C 2« 4C 

6 

Figure A. 1. Constituent atoms 
of a-pinene oxide 

In the interest of better presentation, H atoms are not presented in Figure A. 1. 

There is also contribution of 0 atom connected to two carbons, O-{C)2. 



Appendix A: Thermodynamic properties A5 

There are three ring corrections that need to be added, one is for the 

cyclohexane ring (between C atoms 4,6,5,7,10 and 8), one for cyclobutane ring 
(atoms 5,6,9 and 7) and one for C atoms 8 and 10 which are forming the 

3-membered ring with 0 atom. 

After the structure was determined, estimated (added) values of OH f. 298 , 

LS, °n4298 and OCP 3® are as follows: 

AHf. 298 = -27.66 kcal/mol = -115.73 kJ/mol 

As o4298 = 94.05 cal/molK = 393.50 J/molK 

OCp 300 = 43.14 cal/molK = 180.50 J/molK 

A. 1.1.2 Data for campholenic aldehyde 

Same principle was used for obtaining data for campholenic aldehyde. Table 

A. 2 represents the group values used from Tables A. 3-10. 

Table A. 2. Estimation of thermochemical properties of campholenic aldehyde 

Group 
AH°298 

(kcal/mol) 

AS+°, O98 

cal/mo1K 

ACp, 300 
(cal/mo1K) 

ACp 9 400 
(cal/mo1K) 

Number 
of groups 

C -(C or Cab, H3 -10.2 30.41 6.19 7.84 3 
CC AH -1.9 -12.07 4.54 6 1 

Cyclopentene ring correction 5.9 25.8 -5.98 -5.35 1 
CHC -29.1 34.9 7 7.8 
C Cabe C3 1.68 -34.72 3.99 6.04 

Cab Cz 10.34 -12.7 4.1 4.61 
Cdb CH 8.59 7.97 4.16 5.03 

CM CH2 -4.76 9.8 5.12 6.86 
C CO C H)Z -5.2 9.6 6.2 7.7 1 

(a) By convention group contribution of C-(X)(H)3 is equal to that of C-(C)(H)3 when X is CdbI, 
C, p1, CB, 0 or S. 

Again the same theory is applied. Campholenic aldehyde molecule consists 

of three groups C-(C)(H)3 (methyl groups, atoms 1,2 and 3 on Figure A. 2), one 

C-(C)3(H) group (atom 4), one CO-(H)(C) group (C atom 5), one C-(Cdbl)(C)3 

(atom 6 in Figure A. 2), one CdbI-(C)2 (atom 7), one CdbI- {C)(H) group (atom 8), one 

group C-(CdbI)(C)(H)2 (C atom 9) and one group C-(CO)(C)(H)2 (atom 10). 

There is also a 5-ring correction to be added. 
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1C 2C 

3CC loC 

7C 4C SC. 

8C C9 

Figure A. 2. Constituent atoms of campholenic aldehyde 

Following data were therefore calculated: 

AHf, 298 = -45.05 kcal/mol = -188.49 kJ/mol 
A5o, 098 =119.81 cal/molK = 501.29 J/molK 

ACP 300 = 47.7 cal/molK = 199.58 J/molK 

Hence the heat of the rearrangement reaction can be estimated by this 

method. 

AH°. 298 = -17.39 kcal/mol = -72.76 kJ/mol 

The following Tables contain data for calculation of thermochemical 

characteristics of compounds used in this study. Group values can be found in 

Tables 3 and 4 (only for compounds containing C, H and 0 as appropriate for the 

case of (x-pinene oxide rearrangement), while Tables 5-10 contain various 

corrections that can be applied. 
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Table A. 3. Group values (Hydrocarbons) (Reprinted from [All) 

t'; 
mij So. 

Group 298 298 3(k) 4()t) 500 WO Kilt) I(IX) 1300 

C-4"), K) -10.20 30.41 6.19 7,83 9.40 10.79 13.02 14.77 1738 
C-41112tC)a -4,93 9.42 5.50 6.95 8.25 9.35 11.07 12.34 14.25 
C--01)(c), -1190 -12,17 4.54 6,00 7.17 8.05 9.31 10.05 11.17 
C--(C), 0.50 -35.10 4.37 6.13 7.36 8.12 8.77 8.76 8.12 

Cr--(N): 6.26 27.61 5.10 6.36 7.51 8.50 10.07 11.27 13,19 
C, r-411)(C) 8.59 7.97 4.16 5.03 3.81 6.50 7.65 8.45 9.62 

10.34 -12.70 4.10 4.61 4.99 5.26 5.80 6,08 6.36 
C, ý-(C )(fi) 6.78 6.38 4.46 5.79 6.75 7.42 8.35 8,99 9.98 
C, -{C,, 1(Ca 8.88 -14.6 (4.40) (5.37) (5.93) ((,. IR) (6.501 (6.62) (6.72) 
ICS-4C�x11)) 6.78 6.38 4.44 5.79 6.75 7.42 8.35 8.99 9.98 
C. r-(Cu)(C) 8.64 (-14.6) (4.40) (3.37) (5.93) (6.18) (6.50) (6.62) (6,12) 
tcr-4Ctii(11)l 6.78 6.38 4,. 46 5.79 6,75 7.42 8.35 SY) 9,98 

R. 0 
4.6 

C--tC,, )(C)tli); -4.76 9.80 5.12 6.86 9.32 9.49 11.22 12.48 14.36 
C_i )i(11)a -4.29 (10.2) (4.7) (6.8) (8.4) (9.6) (11.3) (12.6) (14.4) 
C- 4c, )(C«x1); ): -429 (10.2) (4.7) (6.8) (8.4) (9.6) (11.3) (12.6) (14.4) 
C-- (c XC)(11)2 -4.73 10.30 4.93 6.56 7.93 9. o8 10.86 12.19 11.20 
C" -" CSXCXI02 -4.86 9.34 3.64 7,61 8.93 1(). 01 11.49 12-54 13.76 
C-(Caxtls(li) -1.48 (-11.69) (4,16) (5.91) (7.34) (8.19) (9.46) (10,19) (11.28) 
C-4Q(0201) -1.72 (-11.19) (3.9)) (5.61) (6.83) (7.98) (9.10) (9.90) (11.12) 
C-(C")(C)s(H) -0.98 (-12.15) (4.88) (6.66) (7.90) (8.75) (9.73) (10.23) (10.68) 

C--(G)(C), 1.68 (-34.72) (3.99) (6.04) 47.43) (8.26) (8.92) (8.96) (8.23) 
C, '- co)(c a 2.81 (-31.18) (4,17) (6.79) (80)) (8.78) (9.19) (8.96) (7.63) 

C'--(11) 26.93 24.7 5.27 5.99 6.49 6.87 7.47 7.96 6.85) 
C", -(C) 27.55 6.35 3.13 3,49 3.81 4.09 4.60 4.92 635) 

+G--(Cal 29.20 (6.43) (2.57) (3.54) (3.50) (4.92) (5.34) (5.50) (5.180) 
CrtCý) (29.20) 6,43 2.57 3,34 3.50 4.92 5.34 1.50 3.80 

Cb-- 11) 3.30 11.53 3.24 4,44 5,46 6.30 7.54 8,41 9.73 
Ca--{C) 5.51 -7.69 2,67 3.14 3.68 4.15 4. W) 5.44 5.98 
Ca-iC, ) 5.68 -7.80 3,39 3.97 4.311 4.72 3.28 5.61 5,75 
Cc�--(c, )l 5.68 -7.80 3.50 3.97 4.39 4.72 5.28 5,61 3,75 
t, '9-4C�1 4.96 -8.64 3.33 4.22 4.89 5.27 5.76 5.95 (6.05) 

C. 34.20 6.0 3.9 4.4 4,7 5,0 5.3 5.5 5.7 

Cow- {CH)ý(Ci, º) 4.8 -5.0 3.0 3.7 4.2 4.6 5.2 5.5 - 
ýý CN"-4Co)(CwF)! 3.7 

-5.0 3.0 3.7 4.2 4.6 5.2 515 - 
cWr--(CorI. 1 1.5 to 10 2.9 3.5 4.0 4.7 5.1 - 
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Table A. 4. Oxygen containing compounds (Reprinted from [A1]) 

Group All S",,, ,, 300 400 500 

C, 

600 800 WOO 1$00 

O(H2) -57.8 45,1 8.0 8.4 9.2 9.9 11.2 
0(H)(C) -37.9 29.07 4.3 4.4 4.8 5.2 6.0 6.6 
0(1i)(c) -37.9 29.1 4.3 4.5 4.8 5.2 6.0 6.6 
001)(0) -16.3 27.85 5.2 5.8 6.3 6.7 7.2 71 8.2 
0(H)(CO) -58.1 24.5 3.8 3.0 5.8 6.3 7.2 7.8 

(XCh -23.2 8.68 3.4 3.7 3.7 3.8 4.4 4.6 
0 C)(C. ) -30.5 9.7 
0(c)(Coi -23.0 
0(C){0) -4.5 [9.4] 3.7 3.7 3.7 3.7 4.2 4.2 4.8 
0« (CO) -43.1 8.4 

O(G), -33.0 10.1 
()(C, 0)2 -21.1 
O(C4)(CO) -45.2 
O(CD)(CO) -36.7 
O(O)(CO) -19.0 
O(CO): -46.5 
(>O), (19.0] [9.4] (3.7] 13.71 (3.7) (3.7] [4.2] (4.2] [4.91 

CO(11): -26.0 52.3 8.5 iO. 3 13.4 14.8 17.0 
C04th(C) -29.1 34.9 7.0 7.8 8.8 9.7 11.2 12.2 
COMXC%)ý -29.1 
CO(H)(c1 -29.1 
C((H)(C, ) -29.1 
CO(H)(CO) -25.3 
CO(1HO) -32.1 34.9 7.0 7.9 8.8 9.7 11.2 12.22 
CO(C)2 -31.4 15.0 5.6 6.3 7.1 7.8 8.9 9.6. 
CO(C){C�) -30.9 
CO(CO)a -25.8 
CO(C)(0) -35.1 14.9 6.0 6.7 7.3 8.0 8.9 9.4 
CO(C)(CO) -29.2 
CO(Co)(O)` -32.0 
CO(co)(O) -36.6 
CO(ce)(CO) -26.8 
C(XO2) -29.9 
CX)(O)(CO) -29.3 

C(MAW -10.08 30.41 6.19 7.84 9.40 10.79 13.03 14.77 17.58 
C(H)1(0)(C) -8.1 9,8 4.99 6.83 8.30 9.43 11.11 12.33 
C(H)2(O)(Cd) -6.5 
t 11 n: (O)(Cs) -8.1 9.7 
C(H)1(0)(C) --6.5 
C(102(O)(CO) 
C(II)2(0), -16.1 
C(H)(0)(02 -7.2 -11,0 4.90 6,64 8.10 8.73 9.81 10.40 
C(H7(O): (C) -16.3 

C(O)(C)3 -6.6 -33.56 4.33 6.19 7.25 7.70 8.20 8.24 
C(Oh(C), -18.6 
C(f )ACO)" -10.08 30.41 6.19 7.84 9.40 10.79 13.02 14.77 17.58 
C(U)2(CO)(C) -5.2 916 6.2 7.7 8.7 9.3 11.1 12.2 
c4H)2(cO)(C, ) -3.8 
C(H), (CO)(C. ) -5.4 
C(H)2(co)(C, ) -5.4 
C(11)2(CO) -7.6 
C(. 1h(COXC)2' -1.7 -12.0 

C(CO)(C)3 1.4 
QOXH)' 8.6 8.0 4.2 5.0 5.8 6.5 7.6 8.4 9.6 

G(O)(ck 10.3 Cd(OXC, Y 8.9 
Co(O)(CO) 11.6 

QH)(CO) 5.0 
C., (CO)(C) 7.5 
CM(O) -0.9 -10.2 3.9 5.3 6.2 6.6 6.9 6.9 
CA(CO) 3.7 
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Table A. 5. Ring corrections for oxygen containing compounds (Reprinted from 
[All) 

Strain AH; age Si s t� 300 400 500 600 800 1000 1500 

Ether-oxygen gauche 
Di-tertiary ethers 
Oxygen gauche 
oxygen ortho 

17 
Q 
C7 

0.5 
7.8 
0 
0 

26.9 30.5 -2.0 -2.8 -3.0 -2.6 -2.3 -2.3 

25.7 27.7 -4.6 -5.0 -4.2 -3.5 -2.6 +0.2 

5.9 

0.5 

Table A. 6. Corrections to be applied to ring-compound estimates (Reprinted 
from [All) 

Ring(v) 
a"; 
298 

SAM 
298 300 400 500 

C. 

600 800 1000 1500 

Cyclopropane(6) 27.6 32.1 -3.05 -2.53 -2.10 -1.90 -1.77 -1.62 (-152) 
Cyclopropene (2) 53.7 33.6 
Cyclobutanc (8) 26.2 29.8 -4.61 -3.89 -3.14 -2.64 -1.88 -1.38 -0.67 
Cyclobutene (2) 29.8 29.0 -2.53 -2.19 -1.89 -1.68 -1.48 -133 -1.22 
Cyclopentane (10) 6.3 27.3 -6.50 -3.5 -4.5 -3.8 -2.8 -1.93 -0.37 
Cyclopentene(2) 5.9 25.8 --5.98 -5.35 -4.89 -4.14 -2.93 -2.26 -1.08 
Cyclopcntadienc (2) 6.0 28.0 -4.3 
Cyclohexane (6) 0 18.8 -5.8 -4.1 -2.9 -1.3 1.1 2.2 3.3 
Cyclohexene (2) 1.4 21.5 -4.28 -3.04 -1.98 -1.43 -0.29 0.08 0.81 
Cydohexadiene 1,3 4.8 
Cyclohexadiene 1,4 0.5 
Cycloheptane (1) 6.4 15.9 
Cyctoheptene S. 4 
Cycloheptadiene, 1,3 6.6 
Cycloheptatriene 1,3,5 (1) 4.7 23.7 
Cycloöctane (8) 9.9 16.5 
cis-Cycloäctcne 6.0 
trans-Cydoöctene 15.3 
Cycloöctatricno 1,3,5 8.9 
Cycloöctatetraene 17.1 
Cyclononane 12.8 
eis-Cyclononene 9.9 
trans-Cyclononene 12.8 
Cyclodecane 12.6 
Cyclododecane 4.4 
Spiropentane (4) 63.5 67.6 
Bicydoheptadiene 31.6 
Biphenylene 58.8 
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Table A. 7. Comparison of the entropies of some ring compounds with open 
chain compounds (Reprinted from [Al]) 

Opcn-Chain Residual` 
Ring (a) S;,, t° Compound (a) Si,,, " AS�t"th Ring Entropy 

CA16 (4) 55.3 C2H6 (18) 60.7 5.4 
CH3Cfi==CH2 (3) 66.1 CsHx (18) 70.3 4.2 
Trans-Butcnc-2 (18) 76.7 n-C4H1c, (18) 79.7 3.0 

Cs116 (6) 60.4 03118 (18) 70.3 4.9 0 

11ZO (2) 59.5 C211sOH (3) 69.7 5.1 
CH3OCH3 (18) 69.5 5.0 

C112CH2NH (1) 
-IF 
C2HsN112 (3) (69.9 
(CH3)2NH (9) 69.8 

6FI-ZC-11-21 
(2) 62.5 (Cfls)2S (18) 74.1 5.8 

C2HsSH (18) 73.0 5.3 

C4HK (8) 67,6 n-C4110 (18) 79.7 4.0 2.7 
CsHto (10) 74.6 n-031112 (18) 89.1 3.6 5.2 
C61112 (6) 74.9 n-C4H14 (18) 98.5 4.7 1.0 
C111,4 (1) 81.8 n-C7H16, (18) 107.9 4.4 3.0 
CMH«d (8) 91.9 n-C$}1, K (18) 117.3 3.6 9.1 

4S, °�t=S°+R In cr. 
I' dsint rot =tSlit (open chain)-'Slat (rin, )}º(n - 1), where it is the number of atoms in the ring. 
` Defined with reference to cyclopropane as (n -1)[4.9 -AS'j%, rýtJ. ° Crown form. 

Table A. 8. Entropies of some saturated and unsaturated rings (Reprinted from 
[A1]) 

Ring (a) $. *It Ring"(H2) (a) S, °�t A "t 

C3116 (6) 60.4 C304 (2) 59.8 -0.6 
C4H& (8) 67.6 C4H(, (2) 64.4 -3.2 
C5Hio (10) 74.6 CSHS (2) 70.6 -4.0 
C5Hs (2) 70.6 C3H6 (2) 67.0 -3.6 
CCCH12 (6) 74.9 C6HIO (2)(n' 2) 74.3 -0.6 
C6H, o (2) 74.3 [benzener (12) 69.3 -5.0 

11 Here we have lost 2112. 
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Table A. 9. Tightness ring corrections on cyclisation changes (Reprinted from 
[Al]) 

C. - (r K) 
Ring Double 

System Bonds AS30, 300 500 800 1000 1500 

C3 0 0 0 (} 0 0 0 
1 0 0 0 0 0 0 

Ci 0 1.9 0.2 0.1 0 0 0 
1 -1.9 -0.2 -0.1 0 0 0 
2 -1.4 -0.7 -0.3 -0.1 -0.1 0 

Cs 0 3.9 -0.8 -0.9 -1.0 -1.0 -1.0 
1 -3.9 0.8 0.9 1.0 1.0 1.0 
2 -2.8 -1.4 -0.6 -0.2 -0.2 0 

C6 0 0 0 0 0 0 0 
1 0 -1.0 -1.0 -1.0 -1.0 -1.0 
2 0(-1.4)' 0(-0.7)` 0(-0.3) 0(-0.1) 0 (0) 0 (0) 
3 -2.8 -1.4 -0.6 -0.3 -0.2 -0.1 

C7 0 2.5 0.3 0.1 -0.2 -0.5 -0.7 
1 -2.5 -0.3 -0.1 0.2 0.5 0.7 
2 0(-1.4)° 0(-0.7)` 0(-0.3) 0(-0.1) 0 (0) 0 (0) 
3 -1.4 -0.7 -0.3 -0.1 -0.1 0 

Ca 0 8.4 0.8 0.5 -0.4 -0.8 -1.4 
1 -3.2 -0.3 -0.1 0.2 0.4 0.7 
2" 

(1,3) -4.2 -0.4 -0.3 0.1 0.3 0.6 
(1,4) -1.0 -0.1 -0.1 0.1 0.1 0.1 
(115) 0 0 0 0 0 0 

3 -3.8 -1.3 -0.6 -0.2 0 0 
(--1.0)" (-0.1) (-0.1) (0) (0) (0) 

4 -3.4 -1.5 -0.7 -0.2 0 0 

Spiranc' 1.4 0.7 0.3 0.1 0.1 0 

These corrections are standardized on the tightest rings, cyclopropanc and cyclohexane, 
which thus have zero corrections. Double bond corrections are cummulativc, that is, for 
two double bonds, we add the corrections for the first, second, and so on. 

" These corrections apply only when both rings are C4 or smaller. 
` Values in parentheses arc for conjugated double bonds. 
d Index numbers show position of double bonds in ring. 
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Table A. 10. Entropy and heat capacity changes in cyclisation (Reprinted from 
[All) 

Croups 

One-end CI1 
Intcrnal group 
Two-end CH; 
Introduction 

of double 
bond in ring 

(7' K) 

300 500 800 1000 1500 

-3.3 -4.5 -6.1 -7.1 -8.5 
-4.9 -0.8 -0.6 0.0 0.1 U. 7 

-9.3 --4.6 -ä. () -6.0 --6.6 ---7.9 

-0.4 -1.4 -3.8 _6.3 -7.5 -9.3 

A. 1.2 ANDERSON-BEYER-WATSON-YONEDA METHOD (ABWY) 

In this approach the thermodynamic properties in the ideal gaseous state are 

estimated by considering a given compound as built up from a base group which has 

been modified by appropriate substitutions to yield the desired molecule [A2]. Table 

A. !! shows the base group properties by this method. 

Table A. 11. Base group contributions 

Base Group 
OfH11m: 98.15K 

(kJ/mol) 
S°m298.15 

(kJ/(cool K)) 
Heat Capacity Constants 

abc 
Methane -74.85 186.19 16.69 65.61 -9.96 
Cyclopentane -77.24 292.88 -41.92 473.71 -182.59 
Cyclohexane -123.14 298.24 -52.22 599.78 -230.91 
Benzene 82.93 269.20 -22.51 402.54 -171.42 
Naphtalene 150.96 335.64 -28.41 623.25 -268.91 

After the base group is determined, in case of more complex molecules 

thermodynamic properties are obtained by adding the contributions of the 

appropriate substitution group(s) to the value for the base group. Table A. 12 gives 

the values for the primary substitution of CH3 group on a single C atom in each of 

base groups. It is worth mentioning that for the cyclic base group several carbon 

atoms are available for successive primary substitutions (there can be no more than 

one primary substitution on each C atom; that is only first replacement of H atom 

with CH3 group is counted as a primary substitution). Second substitution of a 

methyl group on a single C atom is called secondary substitution and it depends on 

the nature of C atom on which the replacement is being made (Atom A) and on the 
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nature of the adjacent carbon atoms (Atom B). All the carbon atoms are described 

by "type", showed in Table A. 13. Types are determined as such before the 

substitution is being made. 

Table A. 12. Contributions of primary CH3 substitution (Reprinted from [A21) 

Base Group A(AH, u)) ASm 

Heat Capacity Constants 

Da Ab AC 
Methane -9.83 43.30 9.92 103.81 -43.51 
Cyclopentane 

birst primary substitution -34.43 49.25 8.74 68.24 -23.18 
Second primary substitution to form 

1,1" -26.61 17.15 -6.02 116.36 -55.56 
1,2(cis)- -17.87 24.02 - 3.64 110.46 -53.22 
1,2(trans)- -25.02 24.69 -2.47 107.57 -52.13 
1,3(cis)- -24.18 24.69 -2.47 107.57 -52.13 
1,3((rans)- -21.92 24.69 -2.47 107.57 -52.13 

Cyclohexane 
First primary substitution -33.64 46.32 11.59 81.21 -39.58 
Second primary substitution to form 

1.1- -24.23 20.46 -13.51 111.42 -41.00 
1,2(cis} -15.40 29.96 -7.99 100.00 -38.70 
1,2(trans)- --23.22 26.36 -5.82 103.30 -43.22 
1,3(cis)- -27.99 25.90 -6.32 95.14 -33.01 
L3(truns)- -19.79 31.67 -4.31 88.41 -32.17 
1,4(cis)- -19.87 25.90 -4.31 88.41 -32.17 
1,4(trans)- -27.82 20.25 -8.41 107.61 -44.02 

Benzene 
First primary substitution -35.48 47.91 5.77 64.43 -19.50 
Second primary substitution to form 

1,2- -27.78 36.40 12.47 50.00 -11.97 
1,3- -29.12 41.63 5.02 64.77 -19.62 1,4- -28.70 36.19 5.48 60.29 -16.15 
1,2,3" -30.38 42.84 14.14 29.25 9.67 
1,2,4- -33-47 43.60 16.40 18.62 16.23 
1.3,5- -34.39 26.82 6.19 58.37 -14.73 

Naphthalene 
First primary substitution to form 

1- -34.10 41.80 6.36 37.36 -32.09 
2- - 34.85 44.39 10.67 61.76 -20.17 

Second primary substitution to form 
1,2- -26.40 30.29 13.05 64.77 -24.56 
1,3- -27.74 35.56 5.61 79.54 -32.22 
1,4- -27.32 30.08 6.07 75.06 -28.74 
2.3- -26.40 30.29 13.10 64.77 -24.56 
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Table A. B. Type numbers of carbon atoms IA21 

Once we know the types of Atoms A (on which a secondary substitution is 

being made) and B (highest type of adjacent C atom), appropriate corrections can be 

made using the data from Table A. 14. Corrections for introducing multiple bonds 

are tabulated in Table A. 15. 

Every time a pair of conjugated double bonds is formed by any preceding 

substitution, an additional contribution must be added. 

Table A. 14. Contribution of secondary methyl substitution (Reprinted from 
(A21) 

Type 
Number Heat Capacity Constants 

AB A(AH�1) A. S,,, Au Ab G1c 
1 --21.09 43.68 -3.68 98.16 - 42.26 

1 2 -. 20.59 38.87 1.46 81.42 -31.46 
3 -15.36 36.61 -0.96 91.63 -39.95 

1 4 - 15.36 36.61 -0.96 91.63 -. 38.95 
1 9 - 19.66 45.31 1.55 88.53 - 37.66 
2 1 -28.74 21.46 - 2.09 95.69 --41.67 
2 2 -26.57 27.32 -0.63 90.67 --- 37.53 
2 3 - 22.22 27.36 -. - 4.90 97.61 -41.63 2 4 -20.67 27.49 - 1.21 92.05 .. - 37.99 
2 9 -24.35 28.07 -3.19 90.37 -36.32 
3 1 - 31.46 11.76 -2.76 107.70 -49,25 
3 2 -28.62 17.99 -6.90 111.71 -51.67 
3 3 -20.75 25.94 -6.90 111.71 -51.71 
3 4 -23.68 4.56 - 4.18 129.54 -66.32 
3 9 -26.11 28.07 -3.18 90.37 -36.32 
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Table A. 15. Multiple bond contributions replacing single bonds (Reprinted 
from [A2]) 

Type of Bond or Correction A(MH, m) AS. 

Heat Capacity Constants 

Aa Ab Ac 

1=1 136.98 -10.04 -0.50 -32.76 3.72 
1=2 126.15 -5.98 3.81 -50.92 16.32 
1=3 116.90 0.71 12.80 -71.38 27.91 
2= 2(cis) 118.41 -6.32 -6.40 -37.57 11.30 
2= 2(trans) 114.43 -11.38 9.16 -67.53 26.78 
2=3 114.64 0.59 -1.05 -54.06 21.21 
3=3 115.90 -2.09 5.90 - 95.86 57.53 
1=1 311.42 -28.66 19.16 -98.74 22.97 
1=2 290.79 -20.79 16.53 -117.07 40.71 
2zz2 274.22 -23.93 12.84 --127.03 51.67 
Adjacent double bonds 41.38 -13.26 9.75 -7.78 2.13 
Conjugated double bonds -15.31 -16.99 -6.69 37.28 - 27.49 
Double bond conjugated with 

aromatic ring -7.20 -9.50 536 -9.08 5.19 
Triple bond conjugated with 

aromatic ring 8.8 -20.1 -3.8 4.6 0.4 
Conjugated triple bonds 17.6 -20.5 3.3 14.6 -14.6 
Conjugated double and triple bonds 13.8 -5.9 12.6 22.2 9.6 

Introduction of various functional groups instead of one or two of the methyl 

groups on a given C atom is shown in Table A. 16. Introduction of =0 structure 

requires replacement of two methyl groups (which must be substituted before they 

are replaced by =0); all the other groups replace one methyl group. After 

substitution and corrections were made, additional correction has to be done for the 

type of C atom to which the functional group is attached; the type is determined after 
the substitution was made. Correction entry in Table A. 17 is then multiplied by type 

number (e. g. if a group is attached to carbon type 3, appropriate entry from Table 

A. 17 has to be multiplied by 3). 
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Table A. M. Contributions of functional groups (Reprinted from [A2]) 

Functional Group" d(Affm) Mm 

Heat Capacity Constants 

Au Ab Ac 

Oxygen 

= 0(aldo) -10.13 -54.39 17.11 -214.03 84.27 
= 0(kcto) -29.66 -84.47 6.32 -148.49 36.65 
-OH -118.99 8.62 7.28 -65.69 24.43 
G OH -146.48 -1.26 12.01 -49.79 24.27 

-0- -85.48 -5.27 13.26 -85.31 38.58 
CEO- -97.78 -15.1 18.0 -69.5 38.1 
-0011 -103.3 
-00- -21.84 
"COOH -350.16 53.01 7.91 29.20 -26.65 
(C0OH -337.65 51.88 -8.03 25.19 -4.56 
-COO- -305.93 54.8 -17.6 1.3 7,9 
@ COO- -317.69 54.8 -17.6 1.3 7.9 
1 OOC- -310.12 
-COOCO- -469.95 116.86 -5.27 124.64 -69.25 
"COO2CO" - 392.0 
HCOO- -275.85 71.76 7.91 29.: 0 -26.65 
. CO3. -490.24 

Table A. 17. Corrections for type number 
functional groups (Reprinted from [A21) 

and multiple substitutions of 

Heat Capacity Constants 

Functional Group° A(AN�J ASm Aa Ab AC 
Oxygcn 

=0(aldo) -22.68 18.83 -3.60 6.74 -4.81 
=0(kcto) -13.81 30.92 6.65 -47.28 34.35 
-OH -11.09 0.84 0.42 0.00 -0.42 
-0- -9.54 -2.30 2.13 -5.02 3.31 
@0- -11.76 -2.5 2.1 -5.0 3.3 
-OOH 8.4 
. 00- -10.46 
-COOH 6.44 35.90 0.0 0.0 0.0 
%COO- -11.72 -2.5 2.1 -5.0 3.3 
(COO- 7.49 -2.5 2.1 -5.0 3.3 
-COOCO- -5.06 36.0 0.0 0.0 0.0 
-COO2CO- -21.3 
HCOO- 33.43 -2.5 2.1 -5.0 3.3 
-C03- -1.21 
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A. 1.2.1 Data for a-pinene oxide 

Applied to a-pinene oxide, step one is to determine base group, which is 

cyclohexane (C atoms 4,5,6,7,8 and 10 showed in Figure A. 1). There are four 

primary substitutions (on C6, C7) C8 and C10), but the primary substitution on C6 (or 

C7) can be treated as closing of a four-member ring, for which ABWY method does 

not give data. This problem will be discussed later. For now, we will assume that 

there are only three primary substitutions and add contributions for them. Note that 

there are no contributions for more than two primary substitutions, therefore it is not 

a big mistake not to count substitution on C6. Next step is to add contributions for 

secondary methyl substitutions (and to define the type of C atoms). There are two 

secondary substitutions on Cq; first one is type 1 (CH3 is the group on which 

substitution was made) -3 (highest type of adjacent group is CH), and second one on 

same atom C9 is type 2-1 (on C9 there are two H atoms after previous substitution, 

therefore it is type 2 and CH3 group is now adjacent, hence type 1). Now that we 

have a structure, two rings need to be closed. As said, appropriate contributions for 

ring closings can not be found in ABWY method, so AHf, 298 is calculated for various 

cycloparaffins and their linear counterparts, where the difference between the two 

would give a contribution for ring closing. As it can be seen in Table A. 19, 

contributions are very similar to Benson's (Table A. 6), so therefore can be used in 

approximation. Figure A. 3 gives correlation between difference in energies and 

members in ring. 

Added contributions now include 4-member ring closing (C5, C6, C7) C9) and 
3-member ring closing (C8, Clo and C which is still in place of 0 atom). Last step is 

to replace the added CH3 group (which became CH2 after the last ring closing) on C8 

with 0 and add contributions for 0 group (Table A. 16) and correction for type 3 

carbon atom to which 0 is attached (3 times entry in Table A. 17). 

All the data needed to calculate AH', 298 of a-pinene oxide are presented in 

Table A. 18. 



Appendix A: Thermodynamic properties A18 

Table A. 18. Estimation of thermochemical properties of a-pinene oxide 

a- pin ne ox ide 

Contribution type 

AH Of, 
298 

kJ/mol 

AS 1 
t. 29A 

kJ/(moIK) 
a b c 

Base group: Cyclohexane -123.14 298.24 -52.22 599.78 -230.9 
First Primary C H3 (on CIO) -33.64 46.32 11.59 81.21 -39.58 
Second Primary C9H3 (1,2 trans-) (on C7) -23.22 26.36 -5.82 103.3 -43.22 
Third Primary CH3 (on C8) - - - - - 
Fourth Primary CH3 (on C6) - - - - - 
Secondary CH3 (1-3) (on C9 creating C2) -15.36 36.61 -0.96 91.63 -38.95 
Secondary CH3 (2-1) (on C9 creating C3) -28.74 21.46 -2.09 95.69 -41.67 
4C ring closing (C5, C6, C7, C9) 109.62 124.68* N/A N/A N/A 
3C ring closing (C8, C 10,0) 146.94* 134.31 * N/A N/A N/A 

-0-substitution -85.48 -5.27 13.26 -85.31 38.58 

-0- substitution correction (Type 3) -9.54 -2.3 2.13 -5.02 3.31 

We now have complete data to estimate AH0 , 9s and ASO : 298 

AH ° 298 = -81.64 kJ/mol 

AS° 299 = 673.51 kJ/(mol K) t 

Table A. 19. Ring closing estimates (calculated as difference between 
cycloparaffin and paraffin analogues) 

e 

Lyclohexane -123.14 
n-hexane -167.54 

Cyclopentane -77.24 
n-pentane -146.95 

Cyclobutane - 
n-butane -126.36 

Cyclopropaiýe 41.17 
Propane -105.77 

Difference, kJ/mol 

44.4 

69.71 

109.62 (from Figure A. 3) 

146.94 
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Figure A. 3. Correlation for ring closing calculation 

A. 1.2.2 Data for campholenic aldehyde 

Following the same procedure, the base structure for campholenic aldehyde is 

cyclopentane. There are three primary substitutions (on C4, C6 and C7 presented in 

Figure A. 2 creating C,, C3 and C10). First secondary substitution is on C6 (type 3-1) 

creating C2, second is on CIO (type 1-3), creating C5. Now we need to add two more 

methyl groups into the structure (both on C5), since =0 group requires replacement 

of two methyl groups. Therefore there are two additional secondary substitutions; 

first one is type 1-2 and second is type 2-1. A correction for double bond between 

carbon atoms type 2 and 3 in cyclopentane must be added as well. Last step is to 

replace two added methyl groups with =0. Again, corrections for functional group 

as well as correction for the type of carbon to which =0 is attached have to be 

considered. 

Data for estimating properties of campholenic aldehyde are presented in 

Table A. M. 

3a 

Members in rind 
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Table A. M. Estimation of thermochemical properties of campholenic aldehyde 

Cam pholenic aldehyde 

Contribution type 
eH0f, 

298 

kJ/mol 

AS 0Int, 
298 

kJ/(mo1K) 
a b C 

Base c clo entane -77.24 292.88 -41.92 473.71 -182.6 
Primary substitution (on C creating C) . 34.43 49.25 8.74 68.24 -23.18 
Second primary C H3 (1,2 cis-) (on C) -17.87 24.02 -3.64 110.46 -53.22 
Third primary C H3 (on C7 ) - - - - - 
Secondary C2H3 (3-1) (on C) -31.46 11.76 -2.76 107.7 -49.25 
Secondary CSH3 (1-3) (on C1°) -15.36 36.61 -0.96 91.63 -38.95 
Secondary CH3 (1-2) (on C5) -20.59 38.87 1.46 81.42 -31.46 
Secondary CH3 (2-1) (on C) -28.74 21.46 -2.09 95.69 -41.67 
=0 -10.13 -54.39 17.11 -214.0 84.27 
=0 correction -22.68 18.83 -3.6 6.74 -4.81 
Double bond 114.64 0.59 -1.05 -54.06 21.21 

Thermodynamic properties can be approximated as: 

LHf, 298 _ -143.86 kJ/mol 
i. S nt, 

298 = 439.88 kJ/molK 

A. 1.3 VERMA - DORAISWAMY METHOD 

This method [A3] is similar to Benson's, constituent groups have to be 
identified and corrections for the rings (together with group contributions) added to 

get the values of a and b, which determine AHf. 298 as: 

DH t° ., T =a+ bT (a. 15) 

Appropriate group contributions for a-pinene oxide are summarised in Table 
A. 21. 
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Table A. 21. Estimation of SHO for a-pinene oxide 

Group a b" 102 Number of groups 

-CH3 -8.948 -0.436 3 

>CH2 -4.24 -0.235 2 
>CH- -1.57 0.095 3 
>C< -0.65 0.425 2 

-a- -30.5 0 1 
3 member ring 24.85 -0.24 1 
4 member ring 19.76 -0.44 1 
Hexane ring 0.378 -0.382 1 

a= -26.846 
b= -0.00465 
AHf. 29$ _ -28.24 kcal/mol = -117.73 kJ/mol 

The same path is used for approximation of OHf, 298 for campholenic 

aldehyde, presented in Table A. 22. 

Table A. 22. Estimation of AHf29ß for campholenic aldehyde 

Group a b" 102 Number of groups 

-CH3 -8.948 -0.436 3 
>CH2 -4.24 -0.235 2 
>CH- -1.57 0.095 1 
>C< -0.65 0.425 1 
CHO -29.167 -0.183 1 

>C=CH- 20.1 0 1 
Double cis 1,2 branching -1.1 0 1 

Double trans 1,2 branching 0.7 0 1 
Double 1,1 branching 0.3 0 1 

5 member ring 7.084 -0.552 1 

a= -39.627 
b= -0.00993 
AHf, 298 = -42.61 kcal/mol = -177.35 kJ/mol 

A. 1.4 COMBINED METHOD (THINH/PERRY) 

A method developed by Thinh [A4, A5] proved to be the most accurate, but 

is for hydrocarbons only. Perry's handbook also gives data for group contributions 
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method [A6]. Apart from values for functional groups (for which Thinh gives no 
data), the two are very similar and combined can give approximate values for 

properties of molecules of interest. Tables A. 23 and A. 24 give data for a-pinene 

oxide and campholenic aldehyde respectively. 

Table A. 23. Group contributions for a-pinene oxide 

Group a b- 102 C. 104 d" 108 AH f298 Number of groups 

-CH3 0.6087 2.1433 -0.0852 0.1135 -10.118 3 
>CH2 0.3945 2.1363 -0.1197 0.2596 -4.93 2 
>CH- -3.5232 3.4158 -0.2816 0.8015 -1.796 3 
>C< -5.8307 4.4541 -0.4208 1.263 0.802 2 

--0- 2.8461 -0.01 0.0454 -0.2728 -24.2 1 
C(3) ring 1 -3.532 -0.03 0.0747 -0.5514 24.629 1 
C(4) ring -8.655 1.078 0.0425 0.025 18.45 1 
C6 ring -13.3923 2.1392 -0.0429 -0.1865 0.15 1 

AH f, 298 = -104.47 kJ/mol 

Table A. 24. Group contributions for campholenic aldehyde 

Group a b" 102 C. 104 d" 108 Ogf, 298 
Number of groups 

-CH3 0.6087 2.1433 -0.0852 0.1135 -10.118 3 
>CH2 0.3945 2.1363 -0.1197 0.2596 -4.93 2 
>CH- -3.5232 3.4158 -0.2816 0.8015 -1.796 1 
>C< -5.8307 4.4541 -0.4208 1.263 0.802 1 

>C=O 1.0016 2.0763 -0.1636 0.4494 -31.48 1 
>C=CH- -1.4714 3.3842 -0.2371 0.6063 20.184 1 
C5 rin -6.8813 0.7818 -0.0345 0.0591 4.094 1 

AHf, 298 = -202.55 kJ/mol 

A. 2 SUMMARY 

A. 2.1 ENTHALPIES 

AHf, 298 values calculated by the four methods used are presented in Table 

A. 25. It can be observed that estimated results by different methods are very much 
in agreement with each other. In the case of campholenic aldehyde, standard 
deviation of results is 25.02 and for a-pinene oxide 16.56. These variations are due 
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to extremely difficult structure of the molecules (branching, forming of rings). 
Approximation of thermodynamic data is very close to reality if fewer contributions 

are added; in the case of complicated molecules, there is a possibility of making a 

greater mistake. 

Table A. 25. Comparison of all methods of estimation for approximation of 
0 AH 
f, 298 

Method (AHOf, 298, kJ/mol) a-pinene oxide Campholenic aldehyde 

Benson -115.73 -188.49 
ABWY -81.64 -143.86 

Verma - Doraiswamy -117.73 -177.35 
Thinh/Perry -104.47 -202.55 

Average -104.89 -178.06 

Therefore it can be approximated that the heats of formation have these values: 

AH 
f298 9 a-pinene oxide = -104.89 kJ/mol 

eH 
, 2gg 9 campholenic aldehyde-- -178.06 kJ/mol 

Heat of reaction can be calculated as: 

000 OH 
f, 298 9 campholenic aldehyde - 

AH 
4298 9 a-pinene oxide 

eH 
r, 298 «' 

Table A. 26 represents the heat of reaction calculated by four methods, as well 

as the average value. 

Table A. M. Comparison of all methods of estimation of heat of reaction 

Method Heat of Reaction (kJ/mol) 

Benson -72.76 
ABWY -62.22 

Verma - Doraiswamy -59.62 
Thinh/Perry -98.09 

Average -73.17 
ALT O= -73.17 kJ/mol 
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It can be concluded that isomerisation of a-pinene oxide is an exothermic 

reaction with the released heat of 73.17 kJ/mol. If the obtained values for ABYW 

method are excluded from consideration as off-values, heat of reaction value changes 

to -76.82 kJ/mol. It can also be concluded that Benson's method alone gives the 

most accurate approximations. 

A. 2.2 ENTROPIES 

As estimated by Benson's method: 

AS 0 
x, 298 - 

ASO 0 
1,298 ý campholenic aldehyde - 

AS 
f, 298 i a-pinene oxide 

AS°, 298 = 501.29 - 393.5 = 107.79 J/(mo1K) = 0.11 kJ/(mo1K) 

A. 2.3 HEAT CAPACITIES 

Heat capacities are estimated as: 

ACP 3009 a-pinene oxide =179.58 J/molK 

OC0p 
3009 campholenic aldehyde - 

195.06 J/molK 

OCp,, 
300 = OCp 

300, campholenic aldehyde - 
ACp 

3009 a-pinene oxide 

ACp, 
r 300 = 199.58 J/mo1K - 180.5 J/mo1K = 19.08 J/molK = 

=1.91 10'2 kJ/molK 

A. 2.4 GIBBS FREE ENERGY CHANGE AND EQUILIBRIUM CONSTANT 

Gibbs free energy change for this reaction can be calculated from equation 
(a. 3): 

AG 298 =AH or 
298 -T OS° 298 = -73.17 kJ/mol - 298 K"0.11 kJ/(molK) 

AG 29S = -109.35 kJ/mol 

Using equation (a. 2), K, eq can be calculated as: 
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_ 
AGT 109350 J/mol 

K =e 
RT 

=e 
8.314 J/mol K- 298 K 

eq 

Key =1.47.10'9 

A. 2.5 ADIABATIC TEMPERATURE RISE 

Using equation (2.1) and the data from Appendix A, adiabatic temperature rise for 

the reaction can be calculated as: 

73.17 -10' 
J 

"65.78mo1 
Arad=(-A 

C)nCn _ mol 
Jm3 =4.22K (a. 16) 

p 179.58 P Mr nIA 1 A3 g molK 
Ju-t"av -W, 

152 g 
mol 
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SHEAR RATES IN THE SDR 

Using the Equation (3.13), shear rates on the SDR can be calculated at 

various positions (different radial position and/or different film height). Tables B. I 

to B. 3 give values of shear rates across the disc surface as close as possible to the 

surface (where z is virtually zero). 

Table B. I. Shear rates in the SDR (for the disc speed of 500 rpm) 

Radial Position Y . 10-s (s-) 

r= 25 mm 1.08 
r=50mm 1.36 
r= 75 min 1.56 
r=l00mm 1.71 

Table B. 2. Shear rates in the SDR (for the disc speed of 1000 rpnm) 

7 Radial Position 
. 10-5 (S-1) 

r= 25 mm 2.72 
r=50mm 3.42 
r=75 mm 3.92 
r= 100 mm 4.31 

Table B. 3. Shear rates in the SDR (for the disc speed of 1500 rpm) 

Radial Position f . 10-5 (S-) 

r=25 mm 1 4.67 
r=50mm 5.88 
r= 75 nlm 6.73 

r= 100 mm ý 7.41 

Profile of shear rates can also be seen on Figure B. 1. 



Appendix B: Shear rates on the SDR B2 

(a) (b) (c) 

Figure B. I. Shear rates profile across the disc surface 
(a) 500 rpm; (b) 1000 rpm and (c) 1500 rpm 

It can be observed that shear rate increases form the centre to the outer edge 

of the disc. The values are calculated for z (axial distance from the surface, z: 5 S) 

very close to zero (10-12), as the shear has the highest values close to the surface. 
Shear rate decreases through the film and when z=S, shear rate is zero. 

As the disc speed increases, shear is increasing as well and it can be seen that 

by increasing the speed from 500 rpm to 1500 rpm, shear rate is higher by almost an 

order of magnitude. If we consider the disc that can achieve speed of only 4000 rpm, 

the shear rate at the outer edge of the disc of the same diameter would be 2.74 " 106. 

This is why it is adequate to say that SDR really is high shear mixer. 
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HEAT AND MASS TRANSFER 

C. 1 HEAT TRANSFER 

C. 1.1 INTRODUCTION 

As the heat flows across temperature differences (the second low of 

thermodynamics), heat can be transferred in three ways: conduction, radiation and 

convection. While conduction and radiation are fundamental physical mechanisms, 

convection is really a conduction as affected by fluid flow [C1]. 

Conduction can be defined as exchange of energy by direct interaction 

between molecules of a substance containing temperature differences and can occur 
in gases, liquids or solids. 

Wall area 
(A) 

q 

C 

Figure C. 1. Conduction schematic 

The rate of heat flow q over the area A and small distance, dx may be written 

as (Fourier's law) [C2]: 

q=-ýa(aX) (c. 1) 

where: 
d- 

the temperature gradient in the direction normal to the area A; 
x 

1% - thermal conductivity of the material. 
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If the temperature profile within the material is linear (such in a 
homogeneous medium of fixed thermal conductivity during steady state heat 

transfer), it is acceptable to replace the temperature gradient with: 

AT-TC-TH 
Ox xc-xH 

(c. 2) 

The thermal conductivity of the material, ? (Wm 1K) is a constant which 
depend on temperature and pressure. 

Radiation is a transfer of thermal energy in the form of electro-magnetic 

waves emitted by atomic and subatomic agitation at the surface of a body. The 

radiant heat transfer is proportional to the fourth power of the absolute temperature, 

as presented in the Stefan-Boltzmann law: 

q=QAT4 (c. 3) 

The Stefan-Boltzmann constant, a, is independent of surface, medium and 
temperature and has a value of 5.67x10-8 W/(m2K). 

Convection can be described as conduction in a fluid as enhanced by the 

motion of the fluid. Convection is the most difficult subject of all heat transfer 

modes and as such most heavily studied, since it is being strongly influenced by 

geometry, turbulence and fluid properties. 

Heat transfer by convection arises from the mixing of elements of fluid and 
takes place as consequence of relative motion between the elements of fluid or fluid 

and solid. Whenever a solid body is exposed to a moving fluid having a temperature 
different from that of the body, energy is carried or convected from or to the body by 

the fluid. Convective heat transfer is quantified by Newton's law of cooling, which 
is for temperature of the fluid Tf, wall temperature T, and area for heat transfer A 

given as [C I]: 

q=a A (Tf -T, ), where a- heat transfer coefficient (W/m2K) (c. 4) 
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If the motions of the elements of fluid occur as a result of density differences 

(different temperature in different regions of fluid), the process is known as natural 

convection; if mixing in the fluid is caused by eddy movement in the fluid (produced 

by a pump, a stirrer, or some other outside means), process is called forced 

convection. 

Different applications involve one or more heat transfer mechanisms. 
Therefore overall heat transfer coefficient, U (W/m2K), defines the efficiency of the 

overall heat transfer processes in a heat exchanger. 

q=UA AT 

Liquid film on the disc 

Disc surface 
(X, X) 

TH 1 

Heating fluid 

-T 
x 

Figure C. 2. SDR as a heat exchanger 

(c. 5) 

Typically, U will be a combination of convection, conduction and fouling 

(scaling) on the exchanger surface. If a SDR is presented as a heat exchanger as in 

Figure C. 2, the overall heat transfer coefficient can be calculated from the two local 

convective heat transfer coefficients on either side of the wall and the conduction 

resistance of the wall (SDR material with thermal conductivity %d; sc and thickness x): 

11x1 

U aHTF kiss aPF 
(c. 6) 

For a disc coated with catalyst, additional resistance has to be added: 
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11y 
UCAT U a' 

CAT 

where: 

(c. 7) 

UCAT - Overall heat transfer coefficient (disc and catalyst) (W K''m 2); 

y- Thickness of the catalyst coat (m); 

XCAT 

- Thermal conductivity of the catalyst; Xcat = 1.4 Wm1 K'. 

Thickness of the catalyst coat can be calculated from the catalyst weight used 
for coating (Appendix G), catalyst density (2.2 g/cm3 for silica) and the disc 

diameter; since 2.2 g are in 1 cm3,0.8 g (used for coating) have a volume of 0.36 

cm3. Therefore disc area multiplied by catalyst coat thickness should be equal to 

0.36 cm3. From here, the coat thickness can be estimated as 1.16.10"5 M. 

C. 1.2 HEAT TRANSFER COEFFICIENT 

Heat transfer coefficients can be calculated by means of dimensionless 

groups that can be derived by dimensional analysis. These groups are: 

Nu=ad' =Nusselt number (c. 8) 

Pr= 
CJµ 

=Prandtl number (c. 9) 

Re =P 
d° v= Reynolds number (c. 10) 
µ 

Gr = p2 de3 
(ß AT) g 

=Grashof number (c. 11) 
µ 

where: 

CP - heat capacity (kJ/(kg K); 

µ- viscosity (Pas); 
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p- density (kg/m3); 

de - characteristic length (m); 

v- velocity (m/s); 

P- coefficient of expansion (1/K); 

g- gravitational acceleration (m/(s2)). 

The general equations derived by dimensional analysis are [C3]: 

  For natural convection: Nu =f (Gr, Pr) (c. 12) 

  For forced convection: Nu=f(Re, Pr) (c. 13) 

Applied to spinning disc, the internal heat transfer coefficient (a., F) can be 

estimated from the correlations for Nu given in following equations [C1]: 

Nu =1.62 Re Pr 
1/3 

1 (c. 14) 

Nu = 
(X HTF 1 (c. 15) 

HTF 

where: 

d- channel width (m); 

1- distance from the disc centre (m); 

%- thermal conductivity (W m` KI). 

Both internal ((xmF) and external (apF) heat transfer coefficients can be 

calculated using equation (3.24), for example, using the channel width in the 

calculation of de in case of internal and film thickness in the case of external 

coefficient. Heat transfer factor (from the equation 3.24) can be found, and is 

dependent on the value of Reynolds number: 
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0.641 
Jn=Reo. sa 

10 <_ Re <_ 200 

0.491 
200 < Re < 5000 Jh = Reo. a9 , 

Re <_106. jb = R- 
0.351 

em S, 5000: 5 

C. 1.3 DETERMINATION OF U VALUE 

C. 1.3.1 NTU method 

(c. 16) 

One of the ways to determine the U value is by using Number of Transfer 

Units (NTU) Method. The number of transfer units (N) is defined by: 

N_ 
UA 

('ýCp). 

in 

where m cP 
min 

is the lower of the two values m, c,,, (Stream 1) and m, Cp, 2 

(Stream 2). 

The thermal performance of the system can be expressed with heat-transfer 

effectiveness, 11, which is the ratio of the actual rate of heat transfer in the exchanger, 

q, to the thermodynamically maximum possible rate of heat transfer, ; max : 

ll_ 
; 

(c. 18) 
gmax 

; 
=mi cP, l 

(T12 
-Tll) (c. 19) 

gmax is the heat transfer rate which would be achieved if it were possible to 

bring the outlet temperature of the stream with lower heat capacity to the inlet 
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temperature of the other stream. Using the nomenclature in Figures C. 3 and C. 4, and 

taking stream 1 as having the lower value of in cp 

`i mar-mi 
Cp, 

min 

(Tl 
l -T21) 

Liquid film on the disc (Stream 1) 
T11 

T12 

Disc surface 
(k, X) x 

EEE Ilk 

T22 

T21 

Heating fluid (Stream 2) 

Figure C. 3. Co-current flows on the SDR 

ml 
T11 TI T12 ml 

TI, TI T12 M2 
> T21 T22 m2 

Tz2 T21 
T2 

T 
11 T2 

T11 
T12 01 

TI 

el A e2 T22 T12 

2 T22 
ee 

T2 
T21 

T21 

21 

(a) (b) 

(c. 20) 

Figure C. 4. (a) Co-current and (b) counter-current heat exchanger 

The number of transfer units (N) can be calculated from the following 

equation (for a parallel flow single pass heat exchanger) [C I]: 



Appendix C: Heat and mass transfer C8 

1-exp -N 1+ m, c" 

I+ m` c, " 
mz Cp, Z 

Consequently, the overall heat transfer coefficient can be calculated from 

equation (c. 17). 

C. 1.3.2 LMTD method 

Another approach for determination of the U value is using a Logarithmic 

Mean Temperature Difference (LMTD) method. Overall heat transfer coefficient 

can be calculated from the following equation: 

q=U A OTC, (c. 22) 

where: 

q- rate of heat transfer (W) 

U- overall heat transfer coefficient (W K'lm ) 

A- cross-section area (m2); for a disc of d= 200 mm, A=0.0314 m2 

AT, m - logarithmic mean temperature difference. 

ATi, can be calculated as: 

AT hl 
maximumiT - minimumiT OT, -OTZ (c. 23) h' In (maximumOT 

- minimumOT) 
=-I 

In 
OT, 
ATZ 

Maximum temperatures are taken to be the temperature differences of the 

fluids at the ends of the exchanger. For co-current flow of heating (HTF) and 

process (PF) fluids, AT, = T21- Tl1, AT2 = T22 - T12. 
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When LMTD method is used, non-dimensional correction factor Fo is 

included to determine the actual value of the overall heat transfer coefficient. The 

value of this correction factor is between 0 and 1; for counter flow heat exchangers 

value of FG is 1. 

Uact 
-- 

u 

F 
G 

(c. 24) 

Correction factor FG is defined as the proportion between areas needed for 

heat exchanger with counter flow which would work with the same heat transfer rate, 

same inlet temperatures and same flow rates as an actual investigated heat exchanger 
that with flow different than counter flow. 

F_` counterflow <i (c. 25) 

Al 

The LMTD method should not be used for heat exchangers in which there is 

a phase change, boiling or condensing of either fluid. 

C. 1.4 HEAT BALANCE 

It can be assumed that the heat removed from the heating fluid is partially 

used to heat up the liquid feed from the temperature of the feed inlet T; to the 

temperature of the feed outlet To, and partially lost to the environment. Hence an 

overall heat balance for the system can be presented as: 

Heat lost from 
_ 

Heat used to heat Heat lost 
the heating fluid the liquid film on the disc + 

to the environment 

or: 

q int =Q ext 
+Q 

loss 

Lt 
cp, int 

(THT 

-THTF, ol 
=l ext cP, ext \ 

(TPF, 

o - TPF, i ) 
l+ ; 

loss (c. 26) \! 

The SDR system can be considered as a parallel flow single pass heat 

exchanger in which heat is transferred from one fluid stream to another without any 
direct contact or mixing of the fluids whose directions of flow are parallel. Very 
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often in the SDR heat transfer calculations, the heat lost to the environment is 

neglected as it is less than 10 % of the two other terms in (c. 26). 

Since the flow area is constantly changing with radial distance for both liquid 

on the disc and heating fluid under the disc, parallel flow single pass heat exchanger 
does not completely depict the flow in this system. The flow of both fluids satisfies 

parallel flow condition just in the area between the centre of the rotating surface and 

outer edge of it and ideally temperatures should be measured at these positions. 

Heat balance for the SDR system on the fluid element in the small dr (Figure 
C. 5) is given by: 

Rate of heat change = Heat out - Heat in 

rn cp dT =[ 7E (r + dry a (TD 
- T)]- a r2 a (TD - T) (c. 27) 

or, simplified: 

rncp dT=2lrrdra(TD -T) 

where m- liquid mass flow rate; 

cp - specific heat capacity of fluid; 

T- liquid film temperature; 

TD - disc temperature (assumed constant); 

r- radial distance from centre of disc; 

(c. 28) 

a- liquid film heat coefficient (ext). 
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I 

Cl) 

Thin film 

Rotating Disc 

Figure C. 5. Heat balance on the SDR 

The derivation of the above equation is subject to the following simplifying 

assumptions: heat transfer occurs mainly by convection from the disc surface to the 

liquid film in a direction perpendicular to the plane surface of the disc; and that the 

thickness of the film is considered to be so small and mixing within the film is so 

intense that temperature variations across the height of the film are assumed to be 

negligible. Only temperature differences in the radial direction are significant. 

The boundary conditions applicable in this case are as follows: 

at r=r, T=Ti 

and at r= ra, T =To 

where r; - inner radial feed point; 

ro - outlet disc radius; 

T; - inlet film temperature; 

T. - outlet film temperature. 

Integration of equation (c. 28) within the above set of integral limits yields: 

Ra (r, ' - ri') =In 
TD-T' (c. 29) 

m cp 
LTD-TO) 

After rearrangement, equation (c. 29) can be expressed as: 

direction of flow 
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To=TD- 
(TD-T; ) 

(c. 30) 

7ra 
exp 

(r2_ri2) 

mcP 

However, if the experiment is designed to obtain the values of 
internal/external heat transfer coefficients, following equations can be derived from 

equation (c. 29): 

mepint 1nTD_T 

a; nt =2D (c. 31) 
ro -r; 

mep. ext In T° 

_Ti G'ext =2 (c. 32) 

7t ro2 - r; 

Previous heat transfer work on the same spinning disc equipment has shown 

that an average film heat transfer coefficient as high as 10 kW/m2K can be achieved 

along the rotating surface [C4, C5]. 

For the case of rearrangement of a-pinene oxide with an average flow of 

4 cm3/s, the following properties and conditions are applicable for the system 

considered in this investigation: 

p= 964 kg/m3 (see Appendix F for density calculation) 

m =4x 10"6x964=0.003856kg/s 

r; = 0.002 m; ro=0.1 m 

Ti = 20°C; TD= 85°C 

Temperature profile across the surface of the disc can be calculated using 
equation (c. 30). This can be seen in Table C. I. 
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Table C. I. Temperature profile across the disc surface (from 20°C to 85°C) 

Radial Position (mm) Radial Position (m) 
IT 

(K) T ("C) 

5 0.005 301.76 28.76 
7.5 0.0075 312.67 39.67 
10 0.01 324.47 51.47 

12.5 0.0125 335.25 62.25 
15 0.015 343.84 70.84 
20 0.02 353.76 80.76 
30 0.03 357.87 84.87 
40 0.04 358.00 85.00 
50 0.05 358.00 85.00 
60 0.06 358.00 85.00 
70 0.07 358.00 85.00 
80 0.08 358.00 85.00 
90 0.09 358.00 85.00 
100 0.1 358.00 85.00 

This implies that the film very quickly reaches the temperature of the disc as 

a result of the enhanced heat transfer from the disc surface to the liquid film. 

C. 2 MASS TRANSFER 

C. 2.1 INTRODUCTION 

Mass transfer process can take place in a gas or a liquid as a result of 

molecular diffusion or eddy diffusion, or both. In most situations of technical 

importance, the molecular diffusion is of the type known as ordinary diffusion, 

which results from the thermal motion of the molecules. Eddy diffusion results from 

circulating (or eddy) currents present in a turbulent fluid. The driving force that 

produces movements of the molecules trough fluid is difference in concentrations 

between different regions. The rate of mass transfer is proportional to concentration 

gradient, which can be expressed in the following form: 

ý=K A AC (c. 33) 

where 4- rate of mass transfer (mol/s); 

A- area trough which is component A transferred (m2); 

K- overall mass transfer coefficient (m/s); 
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AC - difference in concentrations between the regions in fluid (mol/m3). 

As mentioned above, diffusion can only occur in the presence of a 

concentration gradient and the diffusion coefficient D is defined by Fick's first law 

of diffusion [C6]: 

_I 
dnA 

_D 
dc 

A dt dx 
(c. 34) 

where -dt is the flux of molecules across an area A at which there is a 

concentration gradient of d 
dc 

x 

Molecular diffusivity DAB is a physical property of the system and a function 

of its composition, pressure and temperature. 

C. 2.2 MASS TRANSFER COEFFICIENT 

Mass transfer coefficient is defined in either molar or mass diffusion form: 

am _ 

GAint 
(c. 35) 

A int 
PAj 

where G=m 
kg 

A Lm2s 

By analogy with heat transfer it will correlate with flow parameters in the 
following dimensionless form: 

amL_f UL v 
, geometry)(c. 36) DAB v DAB 

or 

ShL = f(ReL, Sc, geometry) 
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Where Sh =DL is called Sherwood number and is exactly analogous to the 
AB 

Nusselt number. 

C. 2.3 FLAT DISC EQUATIONS 

Axisymetric jet discharging from a nozzle and impinging perpendicularly at 

the centre of a solid circular disc heated by discrete sources, as shown in Figure C. 6, 

is considered. For an incompressible fluid with the properties (density, viscosity, 

thermal conductivity and specific heat) dependent on temperature, the describing 

equations for the conservation of mass, momentum and energy in cylindrical 

coordinates can be written as [C7]: 

r 
cl ru1)+ 

az 
f uZ)=o (c. 37) 

Pr uý 
au' 

+uZ 
aus 

__ap+1 
a2r 

2aur _ur _auT + Or az Or rar 3µ Or r az 
(c. 38) 

or our + aDZ +8zµ 0z ar 

Pf Ura"Z+uz2 =- Pf ar 2a"'+"Z + ar az 
Pf g- 

az rar 
µ az ar (c. 39) 

+a 
[2 allz Ur allr)] 

az 3µ az r ar 

p f 
acp Tf aýcpý Tfý 

v +u r = 
1a aTf a aTf 
-- kf r +- kf 

ap ap 
+ uZ +uý ar z az rar er az az az ar 

ÖUý 2 
+14 2 

ÖI 
+ 

vr` 
2+ aö*zZ 2+ 

at, 11 

az ar 

2 ÖU, Ur ÖUZ 
2 

3 är r öz 

(c. 40) 
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Figure C. 6. Schematic of a free axial jet impinging over a flat disc 

Considering variable thermal conductivity, the equation describing the 

conservation of energy inside the solid can be written as: 

10k 
raTs +ak 

aT 
=0 

r Or S Or 0z s äz 
(c. 41) 

All the above equations (c. 37-c. 41) are subjected to the following boundary 

conditions: 

Atr=O, 0<_z<_b: 
n 

=O, (c. 42) 
ör 

Atr=O, b<_z<_Ha: ur=0, 
cýuz=0, aTf 

=0, (c. 43) 
ar ör 

Atr=ro, 0<z<b: n 
=O, (c. 44) 

2r 

Atr=ro, b<z<S: p=0, 
aTf 

=0, (c. 45) 
ör 

qW qW qW 

ro 
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Atz=b: Ts=Tf, Ur =0, uz =O, k, 
aaTZ° =kf az 

OTf 
, (c. 46) 

Atz=b+Hn, 0: 5 r5 rn: Ur =O, uZ=-uj, Tf=Tj, (c. 47) 

d28 
Q 

dS 
d=uz 

dr2 au, O, Atz=S, r�_ r_ ro: dr u, 
P=P°u" 3, an 

ds2 2 
1+ 

dr 

aTf 
=0. (c. 48) 

an 

Equation (c. 48) essentially indicates the kinematic condition, balance of 

normal forces and adiabatic condition at the free surface. It can be noted that "n" 

indicates directions normal to the free surface. The frictional resistance and heat 

transfer to the surrounding gaseous medium have been assumed to be negligible. 
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DESIGN DRAWINGS 
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APPENDIX E 

GAS/LIQUID CHROMATOGRAPHY 

E. 1 INTRODUCTION 

Few methods of chemical analysis are truly specific to a particular analyte. It 

is often found that the analyte of interest must be separated from the myriad of 

individual compounds that may be present in a sample. As well as providing the 

analytical scientist with methods of separation, chromatographic techniques can also 

provide methods of analysis. 

Chromatography involves a sample (or sample extract) being dissolved in a 

mobile phase (which may be a gas, a liquid or a supercritical fluid). The mobile 

phase is then forced through an immobile, immiscible stationary phase. The phases 

are chosen such that components of the sample have differing solubilities in each 

phase. A component which is quite soluble in the stationary phase will take longer to 

travel through it than a component which is not very soluble in the stationary phase 
but very soluble in the mobile phase. As a result of these differences in mobilities, 

sample components will become separated from each other as they travel through the 

stationary phase. 

Techniques such as H. P. L. C. (High Performance Liquid Chromatography) 

and G. C. (Gas Chromatography) use columns - narrow tubes packed with stationary 

phase, through which the mobile phase is forced. The sample is transported through 

the column by continuous addition of mobile phase. This process is called elution. 
The average rate at which an analyte moves through the column is determined by the 

time it spends in the mobile phase. 

Schematic diagram of a gas chromatograph is presented in Figure E. I. 
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Figure E. I. GC schematic diagram' 

E. 2 INSTRUMENTAL COMPONENTS 

E. 2.1 CARRIER GAS 

The carrier gas must be chemically inert. Commonly used gases include 

nitrogen, helium, argon, and carbon dioxide. The choice of carrier gas is often 

dependant upon the type of detector which is used. The carrier gas system also 

contains a molecular sieve to remove water and other impurities. 

E. 2.2 SAMPLE INJECTION PORT 

For optimum column efficiency, the sample should not be too large, and 

should be introduced onto the column as a "plug" of vapour - slow injection of large 

samples causes band broadening and loss of resolution. The most common injection 

method is where a microsyringe is used to inject sample through a rubber septum 
into a flash vapouriser port at the head of the column. The temperature of the sample 

port is usually about 50°C higher than the boiling point of the least volatile 

component of the sample. For packed columns, sample size ranges from tenths of a 

microlitre up to 20 microlitres. Capillary columns, on the other hand, need much less 

sample, typically around 10-3 µl. The injector can be used in one of two modes: split 

or splitless. The injector contains a heated chamber containing a glass liner into 

which the sample is injected through the septum. The carrier gas enters the chamber 

and can leave by three routes (when the injector is in split mode). The sample 

vapourises to form a mixture of carrier gas, vapourised solvent and vapourised 

solutes. A proportion of this mixture passes onto the column, but most exits through 

1 http: //www. shu. ac. uk/schools/sci/cheni/tutorials/clu"om/gaschrm. htin 



Appendix E: Gas/liquid chromatography E3 

the split outlet. The septum purge outlet prevents septum bleed components from 

entering the column. 

E. 2.3 COLUMNS 

There are two general types of column, packed and capillary (also known as 
open tubular). Packed columns contain a finely divided, inert, solid support material 

coated with liquid stationary phase. Most packed columns are 1.5 - 10 m in length 

and have an internal diameter of 2-4 mm. Capillary columns have an internal 

diameter of a few tenths of a millimetre. 

E. 2.4 DETECTORS 

Detectors are either flow sensitive or mass sensitive depending on whether 
the mere presence of solute inside the detector cell is sufficient to create a response, 

or whether the solute is consumed in a chemical reaction, and it is the reaction or its 

products that create the response. Solutes pass unchanged through flow sensitive 
detectors which can therefore be linked in series. 

The difference between the two detectors is highlighted by considering the 

effect of stopping the (single component) mobile phase as a solute passes through the 
detector cell. 

(a) (b) 

Figure E. 2. Effect of stopping mobile phase on detector signal. (a) Flow 

sensitive; (b) Mass sensitive 

In a flow sensitive detector, the detector signal is held constant and it will 

only change when the flow re-starts and sweeps the solute from the cell. The area of 
the solute peak is increased but the height remains nearly constant (in fact a 10% 

reduction in flow has been observed to produce a 1% increase in height). 
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In contrast, the signal level from a mass sensitive detector falls to zero (at a 

rate determined by the detector time constant) as a solute inside the cell is consumed 

and no more is delivered. When flow is continued the signal picks up again as the 

remaining solute is swept into the detector cell. 

The peak area is split, but the sum of the two split areas is the same as the 

peak area if the flow had not stopped. Peak height is not preserved unless the 

maximum has eluted before the flow was interrupted. 

The two types of detector are summarised in Table E. 1. 

Table E. I. Types of detector 

Gas Chromatography Liquid Chromatography 
FID Mass UV or UV/VIS detector Flow 
TCD Flow Refractive Index detector Flow 
ECD Flow (Mass) Fluorimetric detector Flow 
N/P FID Mass Electrochemical detector Mass 
FPD Mass Coulometric detector Mass 
Mass Spectrometer Mass 
Hall Detector Flow 
He ID Mass 

When flow conditions are not rigorously controlled an ECD can behave as 

mass sensitive because the electron density (and so response) is a function of carrier 
flow rate. 

E. 2.4.1 The Flame Ionisation Detector (FID) 

The effluent from the column is mixed with hydrogen and air, and ignited. 

Organic compounds burning in the flame produce ions and electrons which can 

conduct electricity through the flame. A large electrical potential is applied at the 

burner tip, and a collector electrode is located above the flame. The current resulting 
from the pyrolysis of any organic compounds is measured. The FID is a useful 

general detector for the analysis of organic compounds; it has high sensitivity, a large 

linear response range, and low noise. It is also robust and easy to use, but 

unfortunately, it destroys the sample. 
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E. 3 STANDARD CALCULATIONS 

Integrators offer three standard calculations; normalisation (area %), internal 

standard and external standard, and a variety of non-standard calculations, some of 

which are computer programs. 

E. 3.1 AREA % OR NORMALISATION 

The concentration, C;, of a solute, i, is calculated from: 

C; = 
A' 

"100% (e. 1) 

where A; is the peak area of solute i, and E(A; ) is the total area of all the 

chromatogram peaks. 

If response factors of each solute are included, last equation becomes: 

C; = 
A' R' 

"100% (A; R; 
(e. 2) 

where R; is absolute solute response factor, the quantity of matter to produce unit 

area count. 

Area % as defined by equation (e. 2) means percentage of solutes which are 

eluted and detected. This might only be fraction of what was injected. The analyst 

must be certain that nothing has been retained by the column or missed by the 
detector. 

If solutes are known to be retained or not detected, and the measured fraction 

is known accurately, then instead of normalising to 100%, the results can be scaled to 

the fractional percentage by means of a scaling factor, S: 

Al R. 
Ci= ' S% E A; R; 

(e. 3) 

For example, beer is typically analysed by GC using an FID which does not 

respond to water. If the beer is known to contain 94% water then it is more useful to 

normalise the analysis to 6% than 100%. 
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E. 3.2 INTERNAL STANDARD 

The weight of solute in a sample is determined by comparing its area to the 

area of a known amount of standard added to the sample and analysed with it: 

Ai R's 
"W "A 

S 

where W; - solute quantity 

W. - quantity of internal standard 

R;., - the relative response factor of solute to internal standard 

= ratio of absolute response factors 

(e. 4) 

The concentration of solute in the original sample (Wspi) is given by: 

wt%= 
W' 

"100=A' 
R's W, 

"100% Wspl WspI 
(e. 5) 

If some solutes are retained by the column, or not detected, the sum of the 

detected solute weights will be less than the sample weight, or their concentrations 

will add to less than 100%. 

Internal standard method allows absolute quantities of solute to be measured 
by compensating for variations in injected sample volume. It does not compensate 
for differences in peak shape between solute and standard if this indicates detector 

overloading. A good standard gives a peak that is the same size and shape as the 

peak it is to be compared with. It is a weakness of the internal standard technique 

that one peak serves as a standard for several others where these vary in shape and 

size. 

E. 3.3 EXTERNAL STANDARD 

The external standard method compares a solute peak area in an unknown 

sample with the area produced by a known amount of solute in a standard sample 

analysed under identical conditions. 

Then: 
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W; =A' "Ws As 
(e. 6) 

No response factor is necessary because the sample and standard are the same 

species. If the peaks are similar in size, it will avoid peak shape/linearity problems. 
Equal sized injections of standard and unknown are essential. Manual injections are 

not normally accurate enough; sample valves or autosamplers are to be preferred. 

Standard solutions are normally prepared containing a known amount of each 

of the solutes required from the unknown solution. 



Appendix E: Gas/liquid chromatography E8 

E. 4 SAMPLES OF CHROMATOGRAPHS USED IN THIS STUDY USING 

INTERNAL STANDARD METHOD 
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Figure E. 4. FID UNICAM Series 610 LC-GC, with a HP1 packed column 
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PHYSICAL DATA 

F. 1 DATA FOR a-PINENE OXIDE 

Table F. 1. Physical data (a-pinene oxide)* 

Density 
Molecular 

As below calculated 
152.24 g/mol 
102 - 103"C 

*From: http: //ý,, ww. fisliersci. ca/msds2. nsf/EViewl/33563/$file/msds-33563. litm1 

F. I. 1 DENSITY OF a-PINENE OXIDE 

A known volume (iml) of a-pinene oxide was weighed and density calculated as: 

kg m (kg) 
P 

m3 V m' 

Results are presented in Table F 1. 

Table F. 2. Density calculations 

Sample I Mass " 103 (kg) 

I 
3 

0.964 
0.965 
0.964 

JIO/ 

964 
965 
964 

F. 2 DATA FOR SOLVENT: 1,2-DICHLOROETHANE 

Table F. 3. Physical data (1,2-dichloroethane)** 

Viscosity (Lt 
Density 
Molecular weight 
Refractive Index at 20°C 
Boiling point 

0.9.10-3Pas 

0.79.10"3 Pa s 
1.256.103 kg/m3 

96.95 g/mol 
1.445 
83°C 

**Fronl: llttp: //phi'schein. ox. ac. uk/MSDS/DI/1%2C2-dichloroetilane. html 
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F. 3 PROPERTIES OF SILICA 

Table F. 4. Physical, mechanical, thermal and electrical properties of fused 

silica*** 

Material Fused Silica 
Density (g/cm3) 2.2 
Thermal conductivity (Wm-' K) 1.4 
Thermal expansion coeff. (10-6 K"') 0.4 
Tensile strength (MPa) 110 
Compressive strength (MPa) 690-1380 
Poisson's ratio 0.165 
Fracture toughness (MPa) 0.79 
Melting point (°C) 1830 
Modulus of elasticity (GPa) 73 
Thermal shock resistance Excellent 
Permittivity (c') **** 3.8 
Dielectric field strength (kV/mm) **** 15.0-40.0 
Resistivity ()m) **** I" >10 

**** Dielectric Properties at I Milz 25°C 

***From: http: //www. azom. com/details. asp? Articlell)=1114 
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EXPERIMENTAL DATA 

G. 1 CATALYST QUANTITY 

Table G. I. Quantity of catalyst used for coating of the disc 

No. 
Disc weight 

(g) 
Disc+glue (g) 

Disc+glue+catalyst 
(g) 

Disc+glue+catalyst 
(dry) (g) 

Catalyst 
(g) 

1 1238.6 1243.0 1243.8 1243.8 0.8 
2 1238.6 1243.1 1243.9 1243.9 0.8 
3 1238.6 1243.1 1243.9 1243.9 0.8 
4 1238.6 1243.2 1244.0 1244.11 0.8 
5 1238.6 1243.0 1243.8 1243.8 0.8 
6 

'1238.6 
1243.1 1243.9 1243.9 0.8 

7 1238.6 1243.0 1243.8 1243.8 0.8 
8 1238.6 1243.2 1244.0 1244.0 0,8 
9 1238.6 1243.0 1243.8 1243.8 0.8 
10 1238.6 1243.1 1243.9 1243.9 0.8 
11 1238.6 1243.1 1243.9 1243.9 0.8 
12 1238.6 i 2 1243.8 { 1243.8 0.9 
13 1238.6 1243.2 1244.0 1244.0 0.8 
14 1238.6 1243.1 1243.9 1243.9 j 0.8 

G. 1.1 CALCULATIONS 

Conversion of a-pinene oxide and selectivity towards campholenic aldehyde 

are calculated as described in section 5.5 in Chapter 5. Conversion (x,, ) can be 

calculated from concentration (CA) and vice versa, using equations (g. 1) and (g. 2): 

xA(%)=CACAO 
CA 

"100 (g. l) 

CA =CAO 
(1-XA) 

(g. 2) 

Residence time and film thickness are calculated as described in section 6.2 in 

Chapter 6. Concentration A in the following tables is the concentration of a-pincne 

oxide and Concentration B is the concentration of campholenic aldehyde in the 

product. 
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G. 2 CATALYST 1: 0.05 mmol/2 Zn(OTQ SUPPORTED ON SiO2 

G. 2.1 BATCH REACTION DATA 

Table G. 2. Selectivity and conversion data for hatch reaction (85°C) 

Time (min) 
Concentration A 

(kmolhn) 
Conversion (%) 

Concentration B 
(kin ol/m ) 

Selectivity (%) 

0 0.066 0 0 (1 
1 0.056 14.88 0.0038 39.20 

2 0.039 40.80 0.0146 54.40 

2.5 0.026 60.00 0.0241 61.00 

3 0.020 69.80 0.0285 61.98 
4 0.005 93.16 0.0389 63.52 
5 0 100 0.0421 64.00 
10 0 100 0.0414 63.00 
15 0 100 0.0263 40.00 
20 0 100 0.0151 23.00 

25 0 100 0.0066 10.00 
30 0 100 0.0039 6.00 

G. 2.2 SDR DATA 

Table G. 3. SDR runs data for catalyst activity study (flow rate 4 cm'/s) 

Run 
Disc 

Temperature 
(�C 

Disc Speed 
(rpm) 

Concentration A 
(kmol/m3) 

Conversion 
(/, ) 

Selectivity 

1 25 150 0.0525 20.2 none 
2 25 150 0.0528 19.7 none 
3 25 150 0.0526 20.0 none 
4 25 150 0.0527 19.9 nine 
5 25 150 0.0526 20.0 none 
6 25 150 0.0526 20.0 none 
7 25 150 0.0526 20.0 nine 
8 25 150 0.0526 20.1 none 
9 25 150 0.0528 19.8 , one 
10 25 150 . 0.11526 ........... 20.0 none 
11 25 150 0.0527 19.9 none 
12 25 150 0.0527 19.9 none 
13 25 150 0.0526 20.0 none 
14 25 150 0.0528 19.8 none 
15 25 150 0.0526 20,0 none 
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Table G. 4. SDR runs at different temperatures (flow rate 4 cm`/s) 

(I; 

Disc Disc Concentration A Conversion Concentration B Selectivity 
Run Temperature 

0 
Speed 3) (kmol/m (% ) (kmol/m) (%) 

( 0 (rpm) 

1 25 500 0.048 27.04 0 0.00 
2 37 500 0.034 49.00 0.020 62.04 

3 50 500 0 

4 62 500 05 0. 92.40 0.045 74.03 

5 85 500 0 100 0 1 0.00 

G. 2.3 VARIATIONS OF ROTATIONAL SPEED AND FLOW RATE 

Conditions (1) 

Disc temperature: 85°C 

Flow rate: 4 cm3/s 

Table G. 5. Variations of disc speed at 85°C and 4 cm 3/S 

Run 
Disc speed 

(rpm) 
Conversion 

(%) 
Selectivity (%) 

Residence time 
(s) 

1 100 100 0.00 1.21376 
2 151 100 0.00 0.92218 
3 I .. _. _ 

100 0.00 0.76462 
4 250 100 0.00 0.65893 
5 312 100 0.00 0.56945 
6 399 100 0.00 0.48248 
7 450 00 0.00 0.44530 
8 501 100 0.00 0.41455 

.. 
ý__ 

.... _... _ý 
too 

. .. _.. _. _... . 10 61 .. 1 00 0.00 0.36159 
11 760 100 1.06 

_. 
0.31399 

12 785 100 .. 1.22 0.30729 
13 805 1 00 1.22 0.30219 

99 7 100 . 
91 0 0.30369 

15 845 100 1.20 0.29257 
16 912 100 1.52 0.27806 
17 1000 100 2.01 
18 1095 100 5.62 0.24614 
19 1105 100 { 6.54 0.24466 
20 1100 100 6.08 0.24540 
21 1195 I 100 10.64 0.23221 
22 1215 I 100 12.92 0.22966 

23 9 1 100 12.1 0.23118 
24 9 2 100 20.98 0.21965 
25 1315 100 21.28 0.21786 
26 1285 100 20.37 0.22124 
27 

.. _.. 
too ý.. 

_ _ 
24.02 

28 1402 100 30.40 0.20875 
29 1398 100 32.68 0.20915 
30 1405 100 31.92 0.20846 
31 1510 100 38.00 

_ 
0.19868 

32 1500 100 39.52 
JI 0.19956 

Film thick 
(mm) 

0.10325 
0.078 44 
0.06504 
0.05605 
0.04836 
0.04104 
0.03788 
0.03526 
0.0331.1 
0.03076 
0.0267 
0.02614 
0.02570 
0.02583 
0.02489 
0.02 365 
0.02224 

0.02094 

0.02081 
0.02087 
0.01975 
0.01954 

0.01967 

0.01868 
0.01853 
0.01882 
0.01921 
0.01776 
0.01779 
0.01773 
0.01690 
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Conditions (2) 

Disc temperature: 85°C 

Flow rate: 5 cm'/s 

Table G. 6. Variations of disc speed at 85°C and 5 cmi/s 

Run 
Disc speed 

(rpm) 
Conversion 

('%) 
Selectivity (%) 

Residence time 
(s) 

1 950 93.00 31.92 0.233190 
2 799 95.44 21.28 0.261714 
3 650 100 , 
4 500 100 3.04 0.35772 1 
5 250 100 1.52 0.567847 
6 1100 91.5 39.52 0.211477 
7 1000 
8 1200 91.00 

I.. 
41.04 0.199559 

9 1200 91.00 38.00 0.199559 
10 1400 89.80 47.12 0.180069 

Conditions (3) 

Disc temperature: 85°C 

Flow rate: 6cm3/s 

Table G. 7. Variations of disc speed at 85°C and 6 cm-1 /s 

(mm) 

0.024796 
0.027929 
0.031934 
0.0º38037 
0. ºº60391 
0.022487 
0.023962 
0.021220 
0.0_ 1220 
0.0191,17 

Run 
Disc speed Conversion 

Selectivity (/o o ) 
Residence time Film thickness 

(rpm) (%) (s) (mm) 

1 800 89.36 38.00 0.231567 0.029548 
2 901 86.30 50.16 0.213921 0.027296 
3 750 I 95.40 

.. 
j 36.49 
.. . _ 611 100.0 .. ,. 2.84 

5 
0.277147 0.035364 

5 552 100.0 21.28 0.296559 0.037841 
6 300 100.0 7.60 0.445304 0.056820 
7 800 89.40 39.52 0.231567 0.0295.18 
8 1000 84.80 53.20 0.199559 0.025463 
9 1200 

. _... . __ --" 
81.80 5 7.76 0.176719 

10 350 1350 1 78.70 59.28 0.163373 0.0208-46 
11 1500 77.20 62.32 0.152292 1 0.019.332 
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Conditions (4) 

Disc temperature: 85°C 

Disc speed: 800 rpm 

Table G. 8. Variations of flow rates at 85°C and 800 rpm 

Flow rate Conversion Selectivity Residence time Film thickness Run (cm3/s) (%) (%) (s) (min) 
3 100 O 0.367590 0.023452 

2 4.5 100 12.16 0.280524 0.026846 

G. 2.4 CASCADE SIMULATION 

Table G. 9. Data from three passes on the disc (Flow rate 4 cmi/s) 
Disc Disc 

Run Temperature Speed Concentration A 
3 

Conversion Concentration ß 
j 

Selectivity 

° ) (kmol/m o (/o) (kmol/m) a (/ý) C (rpm) 
1 25 500 0.048 0.2704 27.04 
2 25 500 0.040 0.3920 39.00 50 

3 25 500 0.031 0.5212 52.00 
__ 

I 76 

G. 3 CATALYST 2: 0.01 mmol/2 Zn(OT02 SUPPORTED ON K100 

G. 3.1 BATCH REACTION DATA 

Table G. 10. Selectivity and conversion data for batch reaction (85°C) 

Time (min) 
Concentration A 

(kmol/m3 Conversion (%) 
Concentration B 

(kmol/m}) 
Selectivity (%) 

0 0.066 0 0 0 
2.5 0.060 8.80 0.002 20.43 

5 0.056 14.88 0.007 33.67 
7.5 0.045 31.60 0.020 55.88 
10 0.030 54.40 0.030 70.11 

12.5 0.023 65.04 0.039 76.71) 
15 0.015 77.20 0.045 79.24 

17.5 0.009 86.32 0.045 71.67 
20 0.003 95.44 0.043 65.36 

22.5 0 100 0.038 57.76 

25 0 100 0.030 45.60 
27.5 0 100 0.028 42.56 
30 0 100 0.020 30.40 
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G. 3.2 SDR DATA 

Table G. 11. SDR runs data for catalyst activity study (flow rate 4 rin`/s) 

Run 
Disc 

Temperature 
(°C) 

Disc 
Speed 
(rpm 

Concentration A 
(kmol/m) 

Conversion 
M) 

Concentration It 
(kmol/m ) 

1 45 500 0.040 39.20 0.0180 
2 45 500 0.038 42.24 0.0190 
3 45 500 0.039 40.7 0.0182 
4 45 500 0.039 

2 
40.72 0.0180 

5 45 500 0.040 39.20 0.0180 
6 45 500 0.038 42.24 0.0190 
7 500 0.038 42.24 0.0190 
8 45 500 0.040 39.20 0.0180 
9 45 500 0.040 39.20 0.0182 
10 45 500 0.040 39.20 0.0182 
11 45 500 0.041 37.68 0.0182 
12 45 500 0.040 39.20 0.0180 
13 45 500 0.039 40.72 0.0191 
14 45 500 0.040 39.20 0.0182 
15 45 500 0.040 39.20 0.0180 

Table G. 12. SDR runs at different temperatures (flow rate 4 cm'/s) 

l i(i 

Selectivity 
('Y. ) 

69,811 

68.37 
67.94 
67.19 

6`). 811 

68.37 

68.37 

69.80 

70.57 
70.57 

73.42 

69.80 

71.30 

70.57 

Disc Disc 
Run Temperature Speed Concentration A Conversion Concentration B Selectivity 

(1, C) (rpm) (kmol/m) ('%) (kmol/m) (%) 

1 25 500 0.056 14.88 0.007 71.51 
2 45 500 0.04 .............. 39.20 0.018 69.80 
3 55 500 0.03 54.40 0.025 69.85 
4 65 500 0.025 62.00 0.03 73.55 
5 85 500 0.015 77.20 0.033 64.97 



Appendix G: Experimental data (i 

G. 3.3 VARIATIONS OF ROTATIONAL. SPI? 1? I) ANI) FLOW RATE 

Conditions (1) 

Disc temperature: 85°C 

Flow rate: 4 cmj/s 

Table G. 13. Variations of disc speed at 85°C and 4 cmi/s 

Run Disc speed 
(rpin) 

Conversion 
(%) 

Selectivity 
(%) 

Residence time 
(s) 

200 90.88 50.18 0.764619 
2 251 86.32 54.59 0.657177 
3 398 84.8 57.36 0.483292 
4 502 77.20 64.97 0.413996 
5 550 74.16 65.59 0.389544 
6 610 71.12 68.39 0.363562 
7 752 68.08 71.45 0.316218 
8 801 65.04 74.78 0.303187 
9 1.1. 62'. 00 

... .... __ 
7.45 2 0.303946 

10 849 58.96 8 
. 50 0.291649 

11 1000 55.92 81.55 0.261496 
12 1099 54.40 75.44 0.245546 
13 1 102 54.4 0 72.65 0.245100 
14 1200 51.36 73.99 0.231567 
15 1290 49.84 70.14 0.220668 
16 1350 48.32 62.91 0.214080 
17 1401 46.80 64.96 0.208852 
18 1500 43.76 69.47 0.199559 

Conditions (2) 

Disc temperature: 85°C 

Flow rate: 5 cm3/s 

Table G. 14. Variations of disc speed at 85°C and 5 cm3/s 

Film thickness 
(mm) 

0.005043 
0.055903 
0.0411 12 
0.035217 
0.033137 
0.030927 
0.026899 
0.025791 
0.025855 
0.024809 
0.022244 
0.020989 
0.020850 
0.019698 
0.018771 
0.018211 
0.017766 
0.0 

Run 
Disc speed 

(rpm) 
Conversion 

(%) 
Selectivity 

(%) 
Residence time 

(s) 

1 250 77.20 59.07 0.567847 
2 500 65.04 63.10 0.357721 

4 800 54.40 55.88 0.2611496 
6 950 0.233190 
6 IODU 42.24 53.98 0 . 225350 
7 39.20 46.53 0.211477 
8 1200 36.16 50.44- 0.199559 
9 1200 34.64 52.66 0.199559 
10 1400 33.12 55.07 0.180069 

__ 

(min) 

(). (16038 
0.038037 
0.031934 
0.027805 
0.024796 
0.023962 
0.022487 
0.021220 
0.021220 
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Conditions (3) 

Disc temperature: 85°C 

Flow rate: 6 cm3/s 

Table G. 15. Variations of disc speed at 85°C and 6 cm'/s 

(is 

Run Disc speed 
(rpm) 

Conversion 
(%) 

1 302 63.52 
2 551 58.96 
3 600, 

. 
54.40 

4 749 49.84 
5 801 46.80 
6 800 45.28 
7 899 42.24 
8 1000 39.20 
9 1201 36.16 
10 1350 33.12 
11 1499 30.08 

Selectivity Residence time Film thickness 
(%) (s) (inm) 

67.00 0.443336 0.056561) 
69.61 0.296918 0.037886 
67.06 0.280524 0.035795 
64.04 0.241963 0.0 30874 
61.71 0.231375 0.1129523 
60.42 0.231567 0.029548 
57.58 0.214239 0.027337 
54.29 0.199559 0.025463 
50.44 0.176621 0.022537 
45.89 0.163373 0.020846 

Conditions (4) 

Disc temperature: 85°C 

Disc speed: 800 rpm 

Table G. 16. Variations of flow rates at 85°C and 800 rpm 

Run 
Flow rate Conversion Selectivity Residence time Film thickness 

(cm3/s) (s) (mm) 

1 3 69.60 65.52 0.367590 0,023452 
2 4.5 62.00 61.29 0.280524 0.026846 

G. 3.4 CASCADE SIMULATION 

Table G. 17. Data from three passes on the disc (Flow rate 4 cmI/s) 
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G. 4 CATALYST 3: 0.05 mmol/p- Zu(()Tt)2 St IPI'OIt'Il: 1) ON IIMMS24 

G. 4.1 BATCH REACTION DATA 

Table G. 18. Selectivity and conversion data for batch reaction (45°C) 

( i') 

Time (min) 
Concentration A 

(kmol/m) 
Conversion (%) 

Concentration 11 
(knºol/m ) 

Selectivity (%) 

0 0.066 0 0.040 39.20 

0.5 0.061 7.280 0.030 54.40 
1 0.058 11.84 0.027 58.96 

1.5 0.054 17.92 0.025 62.00 
2 0.05 24.00 0.023 65.04 

2.5 0.047 28.56 0.019 71.12 
3 0.042 36.16 

3.5 0.038 42.24 0.013 80.24 
4 0.032 51.36 0.010 84.80 

4.5 0.029 55.92 0.012 81.76 
5 0.026 60.48 0.017 74.16 

5.5 0.021 68.08 0.020 69.60 
6 0.017 74.16 0.023 65.04 

6.5 0.012 81.76 0.026 60.48 
7 0.007 89.36 0.029 55.92 

7.5 0.001 98.48 0.034 48.32 
8 0.0001 99.85 0.030 54.40 

8.5 0 100 0.035 46.80 
9 0 100 I 0.040 39.20 

G. 4.2 SDR DATA 

Table G. 19. SDR runs data for catalyst activity study (flow rate 4 cm; /s) 

Run 
Disc 

Temperature 
(°C) 

Disc 
Speed 
(rpm) 

Concentration A 
3 (kmol/m) 

Conversion 
(% ) 

Concentration Il 
(k mol/m) 

Selectivity 
(%) 

1 25 500 0.020 69.60 0.0300 65.52 
2 25 500 0.021 68.08 0.0301 67.20 
3 25 500 0.020 69.75 0.0302 65.81 
4 25 500 0.020 69.60 0.0309 67.48 
5 25 500 0.021 68.08 0.0290 64.75 
6 25 500 0.020 69.60 0.0300 65.52 
7 25 500 0.020 69.90 0.0300 65.23 
8 25 500 0.020 69.75 0.0300 65.37 
9 25 500 0.020 69.60 0.0300 65.52 
10 25 500 0.021 68.08 0.0300 66.98 
11 25 500 0.020 69.60 0.0290 63.33 
12 25 500 Ij 0.020 69.75 0.0300 65.37 
13 25 500 0.020 69.60 0.0300 65.52 
14 25 500 0.021 68.08 0.0300 66.98 

15 25 500 0.020 69.60 0.0300 65.52 
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Table G. 20. SDR runs at different temperatures (flow rate 4 cm`/s) 

Disc Disc 
Run Temperature Speed Concentration A 

3 
Conversion Concentration 13 

° (kmol/m (/.. ) (kmol/m ) ( C) (rpm) 

1 25 500 0.020 69.60 0.03 

2 35 500 0.012 81.76 0.03 
3 45 500 0 100.00 0.014 
4 55 500 . _. _ 0.015 

( 

77.20 0.03 
5 85 500 0.026 _60_48 

- 
ý 
_. __ 

0.03 

Selectivity 

65.52 

55.77 

21.28 

59.07 

75.4() 

G. 4.3 VARIATIONS OF ROTATIONAL SPEED AND FLONNACk'I'll', 

Conditions (1) 

Disc temperature: 45°C 

Flow rate: 4 cm3/s 

Table G. 21. Variations of disc speed at 45°C and 4 cm; /s 

Run 
Disc speed 

(rpm) 
Conversion 

(%) 
Selectivity 

(%) 
Residence time 

(s) 
1 100 100 15.00 1.21376-- 
2 151 100 17.00 0.92218 
3 200 100 19.00 0.76462 
4 250 100 20.00 0.65893 
5 312 10() 20.00 
6 399 100 20.00 0.48248 
7 450 100 20.00 0.44530 
8 501 100 20.00 0.41455 
9 550 

_. _. _ 
100 20.00 0.38954 

10 615 
I 

100 20.00 0.36159 
11 760 100 20.00 0.31399 
12 785 100 22.00 0.30729 
13 

. 
805 100 23.00 0.30218 

14 799 
I 

100 
25.00 0.30369 

S 845 100 26.00 0.29257 
16 912 100 26.00 
17 27.00 0.26150 
18 1095 100 27.00 0.24614 
19 1105 100 30.00 0.24466 
20 1100 100 35.00 0.24540 
21 1195 100 35.00 0.23221 
22 1215 100 34.00 0.22966 
23 1203 100 36.00 0.23118 
24 1299 100 35.00 0.21965 
25 1315 

._ 
100 38.00 0.21786 

26 1285 100 40.00 0.22124 
27 1350 100 44.00 0.21408 
28 1402 100 45.00 0.20875 
29 1398 100 47.00 0.20915 
30 1405 100 48.00 0.20846 
31 1510 100 50.00 0.19868 
32 1500 100 52.00 0.19956 

Film thickness 
(mm) 

0.10325 

0.07845 
0.06504 
0.05605 
0.04930 
0.04104 
0.03788 
0.03526 
0.03314 
0.03076 
0.02671 
0.02614 
0.02571 
0.025x3 
0,02489 
0.02365 
0.02224 

0.02094 

0.0209 
0.02087 
0.01975 
0.01954 

0.01967 

0.01868 
0.01853 
0.01892 
0.01821 
(1.01776 
0.01779 
0.01773 
0.01690 
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Conditions (2) 

Disc temperature: 45°C 

Flow rate: 5 cm3/s 

Table G. 22. Variations of disc speed at 45°C and 5 cmi/s 

Run Disc speed 
(rpm) 

Conversion Selectivity Residence time 
(s) 

Film thickness 
(min) 

1 250 100 20.00 0.23319 0.02480 
2 500 100 25.00 0.26171 0.02783 
3 650 100 30.00 0.30032 0.03193 
4 799 98.48 35.00 0.35772 0.03804 
5 950 100 45.00 0.56785 0.06038 
6 1000 99.09 52.00 0.21148 0.02249 
7 1100 98.48 50.00 0.22535 0.02396 
8 1200 93.92 55.00 0.19956 0.02122 
9 1200 93.92 54.00 0.19956 0.02122 
10 1400 92.40 63.00 0.18007 0.01915 

Conditions (3) 

Disc temperature: 45"C 

Flow rate: 6 cm3/s 

Table G. 23. Variations of disc speed at 45°C and 6 cm; /s 

Run 
Disc speed 

(rpm) 
Conversion 

(%) 
Selectivity 

(%) 
Residence time 

(s) 
Film thickness 

(mm) 

1 900 97.72 65 0.21392 0.02730 
2 750 100 46 0.24175 0.03085 
3 51 100 40 0.27715 0.03536 
4 5 100 38 0.29656 0.03784 

301 100 28 0.44530 0.05082 
6 800 99.48 50 0.23157 0.02955 
7 1001 93.92 68 0.19956 0.025.16 
8 1199 90.88 70 0.17672 0.02255 
9 1350 97.84 '. 

_. 10 1500 84.8 
ý.... 

_ 75 0.15229 0.01943 
11 900 97.72 65 0.21392 0.02730 
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Conditions (4) 

Disc temperature: 45°C 

Disc speed: 800 rpm 

Table G. 24. Variations of flow rates at 45°C and 800 rpm 

Flow rate Conversion Selectivity Residence time Film lli Run 
(cm3/s) (%) (%) (s) (m 

1 3 100 20 1.5326934 (}. O.; 1 
2 4.5 100 29 1.169664 0.0.12 

G. 4.4 CASCADE SIMULATION 

Table G. 25. Data from three passes on the disc (Flow rate 4 cm3/s) 

ickness 
m) 

)782 
104 ') 

Disc Disc Concentration A Conversion Concentration 13 Selectivity 
Run Temperature 

o 
Speed 3 (kmoUm) (%) (kmol/m') (%) C (rpm) 

1 85 500 0.026 60 0.03 75 

2 85 500 0.012 82 0.045 84 

3 85 500 0 100 0.04 61 



APPENDIX H 

KINETIC DATA 

H. 1 CATALYST I 

H. 1.1 BATCH REACTION AT 25°C 

Table H. I. Data for Catalyst 1 at 25°C 

Time 
(s) 

Concentration 
mol/dm3) 

Conversion Conversion 
(ado) 

CA 
(mol/dm3) In(CA/CAO) 1/ 

(dm' 
0 0.066 0 0 0.0667 0 15, 
60 0.057 0.1336 13.36 0.0570 -0.1434 17. 
120 0.0500 0.2476 24.76 0.0495 -0.2845 20. 
180 0.0405 0.3844 38.44 0.0405 -0.4852 24. 
240 0.0330 0.4984 
300 0.0245 0.6276 62.76 0.0245 -0.9878 40 
360 0.0175 0.7340 73.40 0.0175 -1.3242 57 
420 0.0125 0.8100 81.00 0.0125 -1.6607 80 
480 0.0079 
540 0.0030 0.9544 95.44 0.0030 -3.0878 33 
600 0 1 100 0 -34.120 IE 
660 0 1 100 0 -34.120 1E 

n 0- 

0- 

v -0.0001 x+0.065 R 

E 
oý i 

R' 0.08.1 

  

001ý ------ - 

100 _uo 

CA 
Imol) 
200 
545 
202 
691 
303 
816 
143 
(R)lº 
;. 58 
3.33 
+16 
+16 

Figure H. 1. Fitting of experimental data for Catalyst I at 25°C into a zero order 
equation 

)uo quu tiýýTime 
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Appendix H: Kinetic data H2 
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Figure H. 2. Fitting of experimental data for Catalyst 1 at 25°C into a first order 
equation 
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Figure H. 3. Fitting of experimental data for Catalyst 1 at 25°C into a second 
order equation 
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H. 1.2 BATCH REACTION AT 45°C 

Table H. 2. Data for Catalyst 1 at 45°C 

Time 
(s) 

Concentration 
(mol/dm') 

Conversion Conversion 
(%) 

C, t 
(mol/dm') In(C, ý/Cý�) 

0 0.066 0 0 0.060 0 
60 0.054 0.1792 17.92 0.054 -0.1975 
120 0.038 0.4224 42.24 0.038 -0.5489 
180 0.029 0.5592 55.92 0.029 

I 

4). 8191 
240 0.021 0.6808 68.08 0.021 1.1419 
300 0.013 0.8024 80.24 0.013 -1.6215 
360 0.009 0.8632 86.32 0.009 -1.9892 
420 0.001 0.9818 98.18 0.001 

I 

-4.0041 
480 0 1 100 0 -34.120 
540 0 1 100 0 -34.120 
600 0 1 100 0 -34.120 

('', 6 

-- 0.0511 

oo. l 

Opi, 

-0.0002x + 0.0658 

R 0.9496 

0.02 

  
0.01 

So Ioo dill 200 , SU 11111 

`rinse (s) 

Iso 

III 

/t', 
(dm'/moI 

15 200 
19.518 
26.316 
34.493 
47.619 
76.923 
111.11 
833.33 
1E+16 
IE+16 
IE+16 

S 

Figure H. 4. Fitting of experimental data for Catalyst I at 45°C into a zero order 
equation 
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Figure H. 5. Fitting of experimental data for Catalyst 1 at 45°C into a first order 
equation 
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Figure H. 6. Fitting of experimental data for Catalyst 1 at 45°C into a second 
order equation 
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H. 1.3 BATCH REACTION AT 65°C 

Table H. 3. Data for Catalyst 1 at 65°C 

Time 
(s) 

Concentration 
mol/dm') 

Conversion 
Conversion 

(oho) 
CA 

mol/dm' 
In(Cý/Cýo) 1 

(dn 
0 0.066 0 0 0.0660 0 
30 0.059 0.1032 10.32 0.0590 -0.1089224 l( 

60 0.050 0.2400 I 24.00 0.0500 -0.2744369 2( 
90 0.046 0.3008 30.08 0.0460 -0.3578185 21 
120 0.041 0.3768 37.68 0.0410 -0.4728878 2- 
150 0.032 0.5136 51.36 0.0320 -0.7207239 

I 

3', 
180 0.026 0.6048 60.48 0.0260 -0.9283633 31 
210 0.018 0.7264 72.64 0.0180 -1.2960881 54 
240 0.010 0.8495 84.95 0.0099 -1.8939251 I( 
270 0.007 0.8936 89.36 0.0070 -2.2405497 1 
300 0.001 0.9832 98.33 0.0011 -4.0911497 9( 
330 0 1 100 0 -34.120066 1 

0 llR 

0115 

G 
i-1 

9 

0 
E 
ä o. 1 

oo_ 

001 

0 

Time (s) 

i'`/mol) 
i. 2Ol1 

. 
9491 
(X0(X) 

. 
7391 

. 
3902 

. 
25(x) 

. 
4615 

. 
5556 
1. () 11) 
2. x57 
9.099) 
E+ 16 

Figure H. 7. Fitting of experimental data for Catalyst 1 at 65°C into a zero order 
equation 
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Figure H. 8. Fitting of experimental data for Catalyst 1 at 65°C into a first order 
equation 
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Figure H. 9. Fitting of experimental data for Catalyst 1 at 65°C into a second 
order equation 



Appendix H: Kinetic data H7 

H. 1.4 BATCH REACTION AT 85°C 

Table H. 4. Data for Catalyst I at 85°C 

Time 
(s) 

Concentration 
(mol/dm3) 

Conversion 
Conversion 

(%) 
CA 

(mol/dm' 
In(CA/CAO) 

1/CA 
(dm3/mol) 

0 0.0660 0 0 0.0660 0 15.200 
60 0.0560 0.1488 14.88 0.0560 -0.1611 17.857 

120 0.0389 40.80 
150 0.0263 0.6000 6 0.00 0.0263 -0.9163 38.000 
180 0.0199 0.6980 69.78 0 
240 0.0045 0.9316 93.16 0. 045 -2.6824 222.222 

600 0 1 100 0 -34.120 I E+ 16 
900 0 1 100 0 -34.120 1E+16 
1200 0 1 100 0 -34.120 1 E+ 16 
1500 0 1 100 0 -34.120 1E+16 
1800 0 1 100 0 -34.120 I E+ 16 

,) Il 

O Ofi 

QI15 

00.1 

Q 
ona 

0.01 

01 
0 

v -0.0003x ý 0.0658 
R2 = 0.9836 

Figure H. 10. Fitting of experimental data for Catalyst 1 at 85°C into a zero 
order equation 
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Figure H. 11. Fitting of experimental data for Catalyst 1 at 85°C into a first 
order equation 
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Figure H. 12. Fitting of experimental data for Catalyst 1 at 85°C into a second 
order equation 
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H. 2 CATALYST 2 

H. 2.1 BATCH REACTION AT 25°C 

Table H. 5. Data for Catalyst 2 at 25°C 

Time 
(s) 

Concentration 
(mol/dm3) 

Conversion Conversion 
(%) 

C,, 
(molldm3) 

In(CA/CAO) 
1/CA 

(dm3/mol) 
0 0.0660 0 0 0.0665 0 15.200 

600 0.0590 0.1032 10.32 0.0590 -0.1089 16.949 
1200 0.0480 0.2704 27.04 
1800 0.0420 0.3616 36.16 0.0420 -0.4488 23.809 
2400 0.0350 0.4680 46.80 0.0350 -0.6311 28.571 
3000 0.0250 0.6200 62.00 0.0250 -0.9676 40.000 
3600 0.0145 0.7796 77.96 0.0145 -1.5123 68.966 
4200 0.0095 0.8556 85.56 0.0095 -1.9352 105.26 
4800 0.0035 0.9468 I 94.68 0.0035 -2.9337 285.71 
5400 0 1 100 0 -34.120 1E+16 

11 C 

u ni, 

0 r6 

Oiit 

ou: 

001 

HI 

Figure H. 13. Fitting of experimental data for Catalyst 2 at 25°C into a zero 
order equation 
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Figure H. 14. Fitting of experimental data for Catalyst 2 at 25°C into a first 
order equation 
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Figure H. 15. Fitting of experimental data for Catalyst 2 at 25°C into a second 
order equation 
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H. 2.2 BATCH REACTION AT 45°C 

Table H. 6. Data for Catalyst 2 at 45°C 

fill 

Time 
(s) 

Concentration 
(mol/dm3) 

Conversion 
Conversion 

(%) 
C 

(moI/(Ims) 
In(Cý/Cý�) 1/CA 

(dm3/mol) 
0 0.0660 0 0 0.0660 O 15.200 

300 0.0615 0.0652 6.52 0.0615 -0.0674 16.260 
600 0.0535 0.1868 18.68 0.0535 -0.2068 18.692 
900 0.0495 0.2476 24.76 0.0495 -0.2845 20.202 
1200 0.0425 0.3540 35.40 0.0425 -0.4370 23.529 
1500 0.0375 0.4300 43.00 0.0375 -0.5621 26.667 
1800 0.0320 0.5136 51.36 0.0320 -0.7207 31.250 
2100 0.0255 0.6124 61.24 0.0255 -0.9478 39.216 
2400 0.0175 0.7340 73.40 
2700 0.0125 0.8100 81.00 0.0125 -1.6607 80.000 
3000 
3300 0.0050 0.9240 92.40 0.0050 -2.5770 200.00 
3600 0 1 100 0 -31.817 1E+15 

1, o- 

o05 

flirt 

i;::: 

0.02 

o+ 
0 SOIL 1111)iß 1500 '_flf 111 '1ýi11 

Ttme (s) 

N -21-. -05x + 0.0658 
R 0.9962 

ýiýU, ý iSIIII 

Figure H. 16. Fitting of experimental data for Catalyst 2 at 45°C into a zero 
order equation 
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Figure 11.17. Fitting of experimental data for Catalyst 2 at 45°C into a first 
order equation 
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Figure H. 18. Fitting of experimental data for Catalyst 2 at 45°C into a second 
order equation 
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H. 2.3 BATCH REACTION AT 65°C 

Table H. 7. Data for Catalyst 2 at 65°C 

Time 
(s) 

Concentration 
(mol/dm3) Conversion Conversion 

(% 
CA 

3 (mol/dm) In(C A/CAO) 
1/CA 

(dm 3/mof 
0 0.0660 0 0 0.0660 0 15.200 

300 0.0595 0.0956 9.56 0.0595 -0.1005 16.807 
600 0.0490 0.2552 25.52 ` ( 
900 0.0395 0.3996 39.96 0.0395 -0.5 102 25.3 16 
1200 0.0330 0.4984 49.84 0.0330 -0.6900 30.303 
1500 0.0235 0.6428 64.28 0.0235 -1.0295 42.553 
1800 0.0145 0.7796 77.96 0.0145 -1.5123 68.966 
2100 0.0080 0.8784 87.84 0.0080 -2.1070 125.00 
2400 0.0026 0.9605 96.05 0.0026 -3.2310 384.61 
2700 0 1 100 0 

1 

-34.120 IE+16 

11 0- 

o06 

0 05 

ooa 

11 

Ü 

0.02 

o. o1 

Figure H. 19. Fitting of experimental data for Catalyst 2 at 65°C into a zero 
order equation 
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Figure H. 20. Fitting of experimental data for Catalyst 2 at 65°C into a first 
order equation 

400 

50 3 

300 

Q 250 
E y=0.0879x - 15.2 

00 
Rý 0.516 

V 
ä - 

I 

150 

100 

s 

0 

500 1000 1500 2000 2500 30 

Time (s) 

Figure H. 21. Fitting of experimental data for Catalyst 2 at 65°C into a second 
order equation 
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H. 2.4 BATCH REACTION AT 85°C 

Table H. 8. Data for Catalyst 2 at 85°C 

Ills 

Time 
(s) 

Concentration 
(moUdm3) Conversion Conversion 

(%) 
CA 

(mol/dm3) In(CA/CAO) I/CA 
(dm3/mol) 

0 0.066 0 0 0.066 0 15.200 
150 0.060 0.0880 8.80 0.060 -0.0921 16.667 
300 0.056 0.1498 14.88 
450 0.045 0.3160 31.60 0.045 -0.3798 22.222 
600 0.030 0.5440 54.40 0.030 -0.7853 33.333 
750 0.023 0.6504 65.04 0.023 -1.0510 43.478 
900 0.015 0.7720 77.20 0.015 -1.4784 66.667 
1050 0.009 0.8632 86.32 0.009 -1.9892 

111.11 

1200 0.003 0.9544 95.44 0.003 -3.0878 333.33 
1350 0 1 100 0 -34.120 I E+16 
1500 0 1 100 0 -34.120 I E+16 
1650 0 1 100 0 -34.120 1E+16 
1800 0 1 100 0 -34.120 1E+16 

06 

0.05 

0.04 

a 003 
V 

0.0_ 

0.01 

Figure H. 22. Fitting of experimental data for Catalyst 2 at 85°C into a zero 
order equation 
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Figure H. 23. Fitting of experimental data for Catalyst 2 at 85°C into a first 
order equation 
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Figure H. 24. Fitting of experimental data for Catalyst 2 at 85°C into a second 
order equation 
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H. 3 CATALYST 3 

H. 3.1 BATCH REACTION AT 25°C 

Table H. 9. Data for Catalyst 3 at 25°C 

Time 
(s) 

Concentration 
(mol/dm3) Conversion Conversion 

(%) 
CA 

(mol/dm3) In(CA/CAO) 1/CA 
(dm3/mol) 

0 0.066 0 0 0.066 0 15.200 
120 0.062 0.0576 5.76 0.062 -0.0593 16.129 

240 0.056 0.1488 14.88 
360 0.049 0.2552 25.52 0.049 -0.2946 20.408 
480 0.042 0.3616 36.16 0.042 -0.4488 23.810 
600 0.038 0.4224 42.24 0.038 -0.5489 26.316 

720 0.031 0.5288 52.88 0.031 -0.7525 32.258 
840 0.023 0.6504 65.04 0.023 -1.0510 43.478 

960 0.008 0.8784 87.84 0.008 -2.1070 125.00 
1080 0.002 0.9696 96.96 0.002 -3.4933 500.00 
1200 0 1 100 0 -34.120 1E+16 
1320 0 1 100 0 -34.120 IE+16 

1440 0 1 100 0 -34.120 1E+16 
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004 

IE 
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001 

Figure H. 25. Fitting of experimental data for Catalyst 3 at 25°C into a zero 
order equation 
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H: Kinetic data 
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Figure H. 26. Fitting of experimental data for Catalyst 3 at 25°C into a first 
order equation 
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Figure H. 27. Fitting of experimental data for Catalyst 3 at 25°C into a second 
order equation 
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_H 

19 

H. 3.2 BATCH REACTION AT 33°C 

Table H. 10. Data for Catalyst 3 at 33°C 

Time 
(s) 

Concentration 
(mol/dm') 

Conversion Conversion 
(%) 

CA 
(mol/dm') 

In(Cý/Cn�) 
I/CA 

(dm3/mol) 
0 0.066 0 0 0.066 0 15.200 

60 0.060 0.0880 8.80 0.060 -0.0921 16.667 

120 0.053 0.1944 19.44 
180 0.048 0.2704 27.04 0.048 -0.3153 20.833 
240 0.040 0.3920 39.20 0.040 -0.4976 25.000 
300 0.034 0.4832 48.32 0.034 -0.6601 29.412 
360 0.028 0.5744 57.44 0.028 -0.8543 35.714 
420 0.021 0.6808 68.08 0.021 -1.1419 47.619 
480 0.016 0.7568 75.68 0.016 -1.4139 62.500 
540 0.011 0.8328 83.28 0.011 -1.7886 90.909 
600 0.006 0.9088 90.88 0 
660 0.001 0.9848 98.48 

0. 
01 -4.1865 1000. O 
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Figure H. 28. Fitting of experimental data for Catalyst 3 at 33"C into a zero 
order equation 
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Figure H. 29. Fitting of experimental data for Catalyst 3 at 33°C into a first 

order equation 
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Figure H. 30. Fitting of experimental data for Catalyst 3 at 33°C into a second 
order equation 
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H. 3.3 BATCH REACTION AT 45°C 

Table H.!!. Data for Catalyst 3 at 45°C 

Time 
(s) 

Concentration 
(mol/dm3) 

Conversion Conversion 
(%) 

CA 
(mol/dm3) 

In(CA/CAO) 
1/C, ý 

(dm3/mol) 
0 0.066 0 0 0.066 0 15.200 
30 0.061 0.0728 7.28 0.061 -0.0756 16.393 
60 0.058 0.1184 1 11.84 0.059 -0.12(A) 

1 17.241 
90 0.054 0.1792 17.92 0.054 -0.1975 18.518 
120 0.050 0.2400 24.00 0.050 -0.2744 20.000 
150 0.047 0.2856 28.56 0.047 -0.3363 21.277 
180 9 
2 0.038 0.4224 42.24 0.038 0 

. 
548 16 26.316 

240 0.032 0.5136 51.36 0.032 -0.7207 31.250 
270 0.029 0.5592 55.92 0.029 -0.8190 34.483 
300 0.026 0.6048 60.48 0.026 -0.9284 38.462 
330 0.021 0.6808 68.08 0.021 -1.1419 47.619 
360 0.017 0.7416 74.16 0 
390 0.012 0.8176 81.76 0. 12 -1.7016 83.333 
420 0.007 0.8936 89.36 0.007 00 
450 0.001 0.9848 98.48 0.001 -4.1865 

0 
1000.0 
1 

480 0.0001 0.9985 99.85 0.0001 -6.4890 10000 
510 0 1 100 0 -34.120 1 E+ 16 
540 0 1 100 0 -34.120 1 E+16 
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Figure H. 31. Fitting of experimental data for Catalyst 3 at 45°C into a zero 
order equation 
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Figure H. 32. Fitting of experimental data for Catalyst 3 at 45°C into a first 
order equation 
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Figure H. 33. Fitting of experimental data for Catalyst 3 at 45°C into a second 
order equation 
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H. 3.4 BATCH REACTION AT 57°C 

Table H. 12. Data for Catalyst 3 at 57°C 

Time 
(s) 

Concentration 
(mol/dm3) 

Conversion Conversion 
(oho) 

CA 
mol/dm') 

In(Cý/Cý�) 
1/CA 

(dm3/mol) 
0 0.066 0 0 0.066 0 15.200 

30 0.059 0.1032 10.32 0.059 -0.1089 16.949 
60 0.051 0.2248 22.48 0.051 -0.2546 19.608 
90 0.046 0.3008 30.08 0.046 -0.3578 21.739 

120 0.040 0.3920 39.20 0.040 -0.4976 25.000 
150 0.034 0.4832 48.32 0.034 -0.6601 29.412 
180 -0.89M 37.037 
2 0.020 0.6960 69.60 0.020 -1.1907 50.000 

240 0.012 0.8176 81.76 
270 0.009 0.8632 86.32 0.009 -1.9892 111.11 
300 0.005 0.9240 92.40 0.005 -2.5770 200.00 

330 0.001 0.9848 98.48 0.001 -4.1865 1000.0 

390 0 1 100 0 -34.120 I E+ 16 
420 0 1 100 0 -34.120 1 E+16 

0 0- 
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Figure H. 34. Fitting of experimental data for Catalyst 3 at 57°C into a zero 
order equation 
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Figure H. 35. Fitting of experimental data for Catalyst 3 at 57°C into a first 
order equation 
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Figure H. 36. Fitting of experimental data for Catalyst 3 at 57°C into a second 
order equation 
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H. 3.5 BATCH REACTION AT 70°C 

Table H. 13. Data for Catalyst 3 at 70°C 

Time 
(min) 

Concentration 
(moUdm3) 

Conversion 
Conversion 

(oho) 
CA 

(mol/dm') 
In(C"/C"°) I /CA 

(dm'/mol) 
0 0.066 0 0 0.066 0 15.200 

15 0.060 0.0880 8.80 0.060 -0.0921 16.667 

30 0.058 0.1184 11.84 0.058 -0.1260 17.241 

45 0.053 0.1944 19.44 0.053 -0.2162 18.868 
60 0.050 0.2400 24.00 0.050 -0.2744 20.000 
75 0.047 0.2856 28.56 0.047 -0.3363 21.277 
90 0.042 0.3616 36.16 0.042 -0.4489 23.809 
105 0.038 0.4224 42.24 0.038 -0.5489 26.316 
120 0.030 0.030 -0.7853 33.333 
135 0.027 0.5896 58.96 0.027 -0.8906 37.037 
150 0.024 0.6352 63.52 0.024 1.0084 ( 41.667 

0.020 0.6960 69.60 0.020 -1.1907 50.000 
180 0.016 0.7568 75.68 
195 0.011 0.8328 83.28 0.011 -1.7886 90.909 
210 0.008 0.8784 87.84 0.008 -2.1070 125.00 
225 I 0.002 0.9696 96.96 0.002 -3.4933 500.00 

255 0 1 100 0 -34.120 I E+ 16 
270 0 1 100 0 -34.120 1E+16 
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Figure H. 37. Fitting of experimental data for Catalyst 3 at 70°C into a zero 
order equation 
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Figure H. 38. Fitting of experimental data for Catalyst 3 at 70°C into a first 
order equation 
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Figure H. 39. Fitting of experimental data for Catalyst 3 at 70°C into a second 
order equation 
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H. 3.6 BATCH REACTION AT 85°C 

Table H. 14. Data for Catalyst 3 at 85°C 

Time 
(s) 

Concentration 
(mol/dm3) Conversion Conversion 

(%) 
CA 

(mol/dm3) In(CA/CAO) 1/CA 
dm3/mol) 

0 0.066 0 0 0.066 0 15.200 
15 0.059 0.1032 10.32 0.059 -0.1089224 16.949 

30 0.049 0.2552 25.52 0.049 -0.2946396 20.408 
45 0.040 0.3920 39.20 0.040 -0.4975804 25.000 
60 0.035 0.4680 46.80 0.035 -0.6311118 28.571 
75 0.030 0.5440 54.4 0.030 -0.7852625 33.333 
90 0.020 0.6960 69.60 0.020 -1.1907276 50.000 
05 0.010 0.8480 84.80 0.010 -1.8838748 100.00 

120 0.005 0.9240 92.40 0.005 -2.5770219 200.00 
135 0.001 0.9848 98.48 0.001 -4.1864599 1000.0 
150 I E-16 1 100 I E-16 34.120066 I E+ 16 
165 I E-16 1 100 I E-16 -34.120066 I E+ 16 
180 I E-16 1 100 I E-16 -34.120066 1 E+ 16 

007 
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E 
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Figure H. 40. Fitting of experimental data for Catalyst 3 at 85°C into a zero 
order equation 
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Figure H. 41. Fitting of experimental data for Catalyst 3 at 85°C into a first 
order equation 
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Figure H. 42. Fitting of experimental data for Catalyst 3 at 85°C into a second 
order equation 



APPENDIX I 

SEM IMAGES OF THE CATALYSTS 
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Figure 1.1. SEM images of all the catalysts 
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APPENDIX: J 

SOLVING COMPLEX REACTIONS 

J. 1 OPTIMUM CONTACT TIME 

If a complex reaction: 

A k1 B k2 
k; 

D 

is considered for a maximum yield regarding component B and rate constants k1, k2 

and k3 are known, optimum contact time (residence time), tic , can be found from the 

condition: 

dCB 
=0 dtic 

(j. 1) 

For the purpose of the exercise let us consider all the steps in this complex 

reaction are elementary, hence the rate expression regarding component A can be 

written as: 

-rA)=k CA +k3 CA =(k, +k3)CA =- 
äi" (j. 2) 

c 

After rearrangement: 

dCA 
__(k, +k3)dtc (j. 3) 

CA 

CA can be expressed from (j. 3) as: 

CA =CAO C-(kl+k3)TC. 6.4) 

Rate of forming of component B is: 
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ýrB)=k1 CA -k2 CB = 
dCB (j. 5) 

c 

or, after rearrangement and integration: 

dCB 
+k2 CB =k, CAO e-(k, +k3)tc (j. 6) 

dtic 

CB= e-Jk2d'c B =e_1k2d'c [(Jk1 CAO e-(kt+k3)tc of 
k=dsc drc +C 6.7) 

C. =e-k2`` 
[(fk, CAO e 

(k2-ki-k3)ýc dTe)+C] 0.8) 

C. =e-k2Tc 
k, 

CAO e(kz'kt'ks)tc +C 0.9) [k2 
-kl -k3 

where C is the integration constant and can be calculated from the boundary 

conditions; on the entry to the reactor tie =0 ; CA = CAO and CB = CBO =0, hence: 

0= 
ki Cno 

+C C=- 
kI CAO 0.10) 

k2 -k, -k3 k2 -k, -k3 

Now we can replace the expression (j. 10) in equation (j. 9): 

Cg =e- 
k2tc 

kl CAO re (k2-k1-k3)tc 
_11 

(j. 11) 
k2 -kl -k3 

LJ 

CB 
k1 CAO [e'3 

_e-k2 
] (j. 12) 

k2 -kl -k3 

dCB 
-U_ 

ki CAO [-(k1 
+k3) e-3)TC +k2 e2] (j. 13) 

dtik2 -k, -k3 

e(k2-kl-k3)tc = 

k2 
0.14) 

k, +k3 

Finally, contact time can be calculated as: 



Appendix J: Solving complex reactions 
J3 

In 
k2 

_ 
k, +k3 

TC, 
OP` k2 -k, -k3 

0.15) 



APPENDIX K 

SCALING CALCULATIONS 

K. 1 INTRODUCTION 

The following section provides description of scaling methods usually used to 

scale up/down SDR from the pilot operation to the industrial utilisation. Methods 

used for the scaling up are described by Burns in [K1]. 

K. 2 SCALING METHODS 

Scaling-up is usually employed to analyse the size of the spinning disc 

needed to achieve same performance with different flow rate of the liquid and/or 
different disc rotational speed. In scaling-up of a SDR process it is assumed that 
liquid properties, such as density and viscosity are constant and that radius of the disc 

is altered. Parameters available for modification are liquid flow rate and rotational 

speed. 

The scaling factor, S, for the system is defined as: 

r2 (k. 1) 
rl 

where: 

r2 - disc radius in an industrial plant; 

ri - disc radius in a pilot plant. 

The following sections provide scaling methods that link the two remaining 
parameters to the scaling factor S. 

K. 2.1 SCALING WITH RESIDENCE TIME AND FILM THICKNESS 

CONSTANT 

Using the expressions for film thickness and residence time given. by 

centrifugal model equations (3.16) and (3.18), and assuming that liquid properties do 
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not change, following equations can be developed in order to preserve residence time 

and average film thickness. 

From the constant residence time condition: 

8172vr, 4 
_ 

(81t2vr24' 
(k. 2) 2 16Q12 w12 ý-ý16Q2 w22 

44 
r2 

[__r1 
(k. 3) z ýiz Qz z C02 2 

Hence flow rate in an industrial plant can be expressed as: 

Q2 =S2' 
Q' 

(k. 4) 
(02 

From the constant film thickness condition: 

3vQ, 
_ 

3vQ2 (k. 5) 
21r w, 2 rl2 

l27r 
w22 T22 

Q, Qz 
(k. 6) s2-22 

r, 0), r2 w2 

Substituting expression for Q2 from the equation (k. 4) into equation (k. 6), 
following is derived: 

[s2IQ1 

Qi (02 
r, 

(k. 7) 2 c0,2 - 12 2 (02 2 

02 = w1 (k. 8) 

And therefore equation (k. 6) can be expressed as: 

Q2 = S2 Qi (k. 9) 
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These expressions imply that in order to keep the same values for residence 
time and film thickness, rotational speed should remain constant but if disc radius is 

changed for factor S, liquid flow rate should be changed (increased/decreased) in 

proportion to the scaling factor (i. e. S2). 

K. 2.2 SCALING WITH HALF OF THE ORIGINAL RESIDENCE TIME 

AND CONSTANT FILM THICKNESS 

For the rearrangement reaction of a-pinene oxide it would be appropriate to 

look into smaller residence times, as the reaction was promoted further than needed. 
Therefore following expressions can be derived. 

From the half residence time condition: 

817r2 vr, 4 )=l 811c2 vr24 (k. 10) 
16Q12 o)lZ 2 16Q22 w22 

r, 4 1 r2 (k. 11) 
Q12 0) 12 

2 Q22 w22 

The flow rate in an industrial plant can be presented as: 

Q2 =I S2 
Q' (k. 12) 
2 

From the constant film thickness condition: 

3yQ, 3yQz 
(k. 13) 2ir () 

2 
r, 

2 27r 0022 r22 

zzQZz (k. 14) z r, ()i r2 w2 

Combining equations (k. 12) and (k. 14), following can be derived: 
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1 17sz wi QI 
Q, w2 (k. 15) 
2222 r, co, r2 w2 

wZ = w, (k. 16) 

Hence equation (k. 12) can be rewritten as: 

Q2 = 52 Q, (k. 17) 
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