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synopsis 

The relevant literature, relating to electrochemical 

cells, mass transfer, fluidised beds and mass transfer in fluidised 

beds, has been reviewed. 

Extensive experimental data for the cathodic reduction 

of copper fron acid CuSO 4 electrolytes, in fluidised beds of copper 

powder, demonstrated the effectiveness of the cell at removing 

copper from the electrolytes. 

For a given bed weight the cell only acted efficiently 

below 25% bed expansion. Above this the operation of the cell 

changed to that of acting as a turbulent promoter for the feeder 

electrode. 

Two modes of cell operation were investigated. The 

electrolyte flow was either parallel or perpendicular to current 

flow. Of the two, electrolyte flow perpendicular to current flow 

was more effective overall, as it was more amenable to scale-up of 

the cell. When electrolyte flow and current flow were parallel 

particles in the bed had to be within a radius of one centimetre 

for the cell to. act efficiently..., 
.., 

Potential. gradients within the bed caused many problems 

and prevented limiting currents from being observed because of 

secondary reactions increasing_. the. total' current from the bed. 

Preferential polarization. of the bed during potentiodynamic 

sweeps of the cathode caused reactions-to occur at low 'apparent' 

overvoltages. This was more noticeable in concentrated electrolytes 

or when larger beds were used. 



A reassessment of mass transfer data obtained previously 

(73,76) in an inert fluidised bed gave the following correlation; 

St1 = o. 38. Re-0.5Lý. Sc-0.7? 

A similar reassessment of mass transfer data obtained previously 

(73,76) for laminar flow of elec±rolyte through an annulus and 

with a Reynolds number and Stanton number based on the length of 

the sample rather than on the equivalent diameter yielded; 

Sh = 2.25. Re0'32. ScO. 33 

I 



ACKNOWLEDGEMENTS 

I am indebted to Professor A. Argent at the Department 

of Metallurgy in Sheffield and Professor S. Menzies at the depart- 

ment of Materials Technology in Loughborough for the opportunity 

to undertake research in their departments and for the provision 

of laboratory facilities. Sincere thanks are due to Dr. D. H. Gabe 

for his very patient supervision and guidance throughout this 

project. 

I wish to express my appreciation to the technical and 

clerical staff, to the academic staff, and to my colleagues for 

for their friendship and constructive discussions and suggestions. 

The award of an S. R. C. Research studentship for the 

duration of this project is also gratefully acknowledged. 

Finally, I wish to thank my family, for their love 

patience and. ̀ ''encouragement, without which this work would never 

have been possible. < 



CONTENTS 
Page No. 

SYNOPSIS 

ACKNOWLEDGELIENT S 

CHAPTER 1. Introduction 

1.1 'History of Electrochemistry . ". ... ... 1 

1.2 More Recent Developments ... ... ... ... 2 
M1 

CHAPTER 2: The, Cell in Industry I 

2.1 Introduction ... ... ... ... ... ... ... 

212 Planar Electrodes ... ... ... ... ... 8 

2.2.1 Widely Spaced Electrodes ... ... 8 

2.2.2 Parallel Plate Cells: Gas Stirred. 8 

2.2.3 Parallel Plate Cells: Pumped Flow. 

4 Parallel Plate Cells: With 2.2 , . Turbulence Promoters ... .: '`: """ 11 

2.3 Rotating Disc Electrode ... ... ... ... 11 

2.4 T: lodern Cells ... ... "0" ... ... ... ... 12 

2.4.1* RotatCing Cylinder Electrode ... 12 

2.4.2 Packed Bed and Porous Electrode.. 13 

2.4.3 Extended flesh Electrode ... ... -15 

2.4.4 The Swiss Roll Electrode, ... ... 15 

2.4.5 Fluidised Bed Electrodes ... ... 17 

CHAPTER 3 Mass Transfer and Diffusion Control in Liquids 

3.1 Introduction ... ... ... ... ... ... ... 19 

3.2 Development of blass Transfer Theory in 
Liquids(Laminar Flow)... ... ... ... ... 19 

3.2.1 The Nernst Film Theory ... ... 20 

3.2.2 The Levich Hydrodynamic Film 
Theory ... ... ... ... ... ... 22 

3.3 FIass Transfer: Turbulent Flow ... ... 24 



Page No. 

3.4 Other Il, Iodels of Mass Transfer... ... ... 26 

3.5 Electrode Systems Used in the Study of 
Mass Transfer.. . ... ... ... ... ... ... 

CHAPTER 4. The Fluidised Bed and dome-Fluidisation 
Characteristics. 

4.1 Introduction ... ... ... ... ... ... ... 30 

4.2 Fluidised Systems- Some Basic Concepts.. 32 

4.2.1 The Pressure Drop-Velocity 
Relationship ... ... ... ... ... 33 

4.2.2 Deviations ±rom Ideal Behaviour.. 34 

4.3 The Pressure Drop Relationship- A 
Quantitative Treatment ... ... ... ... 35 

4.4 Flow Velocity and Bed Expansion ... ... 37 

4.5 The Particle Entrainment Velocity ... 38 

CHAPTER 5. Trass Transfer in Fluidised Beds 

5.1 Introduction ... ... ... ... ... ... ... CFO 

5.2 Ilass Transfer between Particles and 
Immersed Solid(Inert Fluidised Bed) ... 

41 

5.2.1 Introduction ... ... ... ... ... 
41 

5.2.2 Inert Bed Technology ... ... ... 
42 

5.2.3 T. Iass Transfer Correlations... ... 
43 

5.3 Mass Transfer between the Fluid and 
Particles(Conducting Fluidised Bed) ... 

45 

5.3.1 Introduction ... ....... ... ... 
45 

5.3.2 Technological Aspects ... ... ... 
46 

5.3.3 Electrowinning and Metal 
Recovery ... ... ... ... ... ... 48 

5.3.4 The Fundamental Approach ... ... 50 



Page No. 

CHAPTER 6 Experimental 

6.1 Ancillary Experiments ... ... ... ... 
53 

6.1.1 Particle Size-Determination 53 

6.1.2 Particle Density T2easurement ... 53 

6.1.3 Electrolyte Density ....... ... 54 

6.1.4 Viscosity P. Zeasurements ... ... 54 

6.1.5 Electrolytes ... ... ... ... ... 54 

6.1.6 Electrolyte Composition ... ... 55 
6.1.7 Flow Measurement ... ... ... ... 56 

6.1.8 Tubing ... ....... ... ... ... 57 

6.2 Apparatus ... . ... ... ... ... ... ... 57 

6.2.1 The Cell .... ... ... ... ... ... 58 

6.2.2 The Bed ... ... ... ... ... ... 59 

6.2.3 The Electrode Arrangement ... 60 

6.2.4 The Circulating System ... ... 61 

6.2.5 Flow Regulation. ... ... ... ... 62 

6.2.6 Temperature Control ... ... ... 62 

6.2.7 The Electrical Supply ... ... 
63 

6.3 Procedure ... ... ... ... ... ... . 00 63 

6.3.1 Cylindrical Specimens ... ... 
63 

6.3.2 Electrode Geometry 
... 1060 ... 

64 

6.3.3 The Feeder Electrode ... ... ... 
65 

6.3.4 The Fluidised Bed ... ... ... 
66 

6.3.5 Particle Growth Experiments ... 
68 

CHAPTER 7 Results 

7. l Ancillary Results ... ... ... ... ... 70 

7.1.1 Electrolyte Viscosity and Density 70 



Page No. 

7.1.2 Diffusion Coefficients ... ... 70 

7.1.3 Spectrophotometer Calibration... 70 

7.1.4 Sulphuric Acid Conductivity ... 71 

7.1.5 Particle Size Determination ... 72- 

7.2 Appara tus ...... ... ... ... ... ... 72 

7.2.1 Flow P: Ieasurement ... ... ... ... 72 

7.2.2 Effect of Potential/Sweep Rates. 72 

7.2.3 Polarization in Static and 
Flowing Electrolyte ... ... ... 72 

7.2.4 Effect of Cell Design on 
Polarization Curves ... ... ... 73 

7.2.5 Polarization Curves and Electrode 
Length 

. 0@, ..... 0.609 ...... 
74 

7.3 The Fe eder Electrbde ... ... ... ... 74 

7.3.1 Introduction ... ... ... ... ... 74 

7.3.2 The Effect of Flow on Polarization 
Curves ... ... ... ... ... ... 75 

7.3.3 The Hydrogen Evolution Reaction. 75 

7.4 Fluidi sed Bed Results ... ... ... ... . 
76 

7.4.1 Polarization Curves ... ... ... 76 

7.4.2 Bed Volume ... ... ... ... ... 76 

7.4.3 Bed Porosity ... ... ... ... ... 77 

7.4.4 Electrolyte Concentration ... . 
78 

7.4.5 The Effect of Cell Size . ... ... 79 

7.4.6 The Effect of a Variable Feeder 
Length in the Bed ... ... ... 79 

7.4.7 The Hydrogen Evolution Reaction. 80 

7.4.8 Effect of Reusing the Bed for ' 
more than one experiment ... ... 

80 

7.5 The Structure of the Electrodeposits... 81 

7.5.1 The Change of Deposition Rate 
with T ime 

... 000 ,. 0,.,. 00 

81 



Page No. 

CHAPTER 8 Discussion 

8.1 Cell Characteristics ... ... ... ... ... 
82 

8.1.1 The Effect of Axial Height ... 
82 

8.1.2 The Effect of Electrode Length... 82 

8.1.3 The Feeder Electrode ... ... ... 
83 

8.1.4 The Hydrogen Evolution-Reaction.. 84 

8.2 The Conducting Fluidised Bed ... ... ... 84 

8.2.1 The Effect of Flowing Electrolyte 85 

8.2.2 The Effect of Bed Volume ... ... 88 

8.2.3 Concentration Effects ... ... ... 92 

8.2.4 Other Effects ... ... ... ... ... 101 

8.3 Apparent Potential/Time curves ... ... 105 

8.4 Other Considerations ... ... ... ... ... 107 

8.4.1 Scaling-Up.... ... ... ... ... ... 109 

8.4.2 
_ 

Future Application of r. iodern Cells 112 

CHAPTER 9 'Mass Transfer Correlations in Inert 
Fluidised Beds 

9.1 Inert Fluidised Bed Characteristics ... 119 

9.2 Flow with No Bed ... ... ... ... ... ... 121 

Conclusions ... .... ... .. ': .: '.. .... :.: :.. .... .... 123 

List of Symbols 
... ... ... ... ... ... 000 ... ... 

i 

' iv References ... ' ... ... ... ... ... ... .. @ of@ .. f 

Appendix .. -... ... ... ... ... ... ... ... ... . .. xi 

Tables ...... ... ... 0.0 0@@ ... ... ... ... ... 
- 

Figures ... ... ... ... ... ... ... ... ... ... ... - 

Plates ...... ... 0-0 *of ... ... ... ... ... . es 
- 

Author Index ... ... ... .... ... 
Farms Index 

... ... 00. . 0@ ... ... ".. ... 000 "�" - 



1. INTRODUCTION. 
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1.1 History of Electrochemistry.. 

The developments in electrochemistry have followed 

very closely on developments in electricity and, although 

galvanic effects between metals were noted earlier)they could 

not be associated with electrical energy as such. The early 

discoveries really began with Galvani in 1791 upon noticing 

that a recently dissected frog suddenly underwent muscular 

convulsions when lightly touched by a scalpel. Further to 

Galvani's work Michael Faraday deduced his laws of electrolysis 

after showing that a definite quantity of electric charge 

deposited a given mass of metal. Meanwhile in 1839 Sir William 

Grove produced the first fuel cell In this instance hydrogen and 

oxygen were forced across electrodes where they underwent 

spontaneous combustion producing both electrical energy and 

water. A third landmark in electrochemistry occurred at the 

beginning of this century when Tafel realised the relationship 

between current density and overpotential at'an electrode, 

=a+blogi 

where a and b are constants for the reaction and i is current 

density. 

From the beginning of this century to the late nineteen 

fifties electrochemistry stagnated to a considerable extent 

and a major factor in this stagnation was the dominence of 

thermodynamic theory over kinetic , practise,, Thermodynamics had 

made great advances in the nineteenth century and unfortunately 
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the treatment of the electrochemical cell as given by Nernst 

only considered reactions occurring at or close to equilibrium. 

With the Nernst theory available it was easier for scientists 
. t. 

to travel the thermodynamic road'than to labour over problems 

of reaction kinetics, and ideas concerning the rate limiting 

steps of a reaction were often disregarded. As a result of the 

considerable utilisation of thermodynamics in electrochemistry 

scientists did not seriously consider the effects of electrode 

kinetics until twenty years ago. 

1.2 More Recent Developments. 

In the last fifteen years a number of ideas have been 

put forward to reduce kinetically-limiting factors occurring 

in electrochemical reactions. The most important of these has 

been the use of agitation as a means of reducing the diffusion 

control of a, reaction. Techniques of gas bubbling, stirring, and 

electrode movement have all been used to eliminate or reduce 

solution inertia. The approach used into the type of agitation 

required is clearly dependent upon the application of the 

product; so for instance in electrowinning the quality of the 

product is of less importance than in electroforming. In 

comparison to agitation the effects of increased temperature 

and solution concentration are relatively small. 

Apart from reaction limitations imposed by the solution, 

the electrode itself plays an important role since the quantity 
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of reaction (as opposed to the . rat) is directly proportional 

to the electrode area available. A technological requirement 

therefore in electrowinning has been the production of a 

large surface area electrode. Again in the application of 

metal recovery where large electrodes are needed to deal with 

the vast throughput of 'solution, it has been suggested(l) that 

the most useful methods of producing high speed reactions will 

be realised by electrodes used in a highly. agitated medium) 

or electrodes having a very large surface area. Such electrodes 

are exemplified by the rotating cylinder and the fluidised bed. 

The rotating cylinder has been considered previously(2), and 

shows quite well the beneficial effects that can be achieved 

on reaction rates by the use of a turbulent solution. The 

conducting fluidised bad combines the advantages achieved by 

turbulence with a large surface area, making it an ideal 

electrode for the removal of elements from solutions of low 

concentration. 

Since the introduction of the conducting fluidised 

bed-in 1966(89) work on it has been reported both of an 

empirical(3) and theoretical(106) nature, and because of its 

large surface area possible applications in fuel cell develop- 

ment; metal recovery systems; and reactor design have been formu- 

lated. Meanwhile fluidised bed systems containing inert particles 

have been investigated empirically(70) and , more recently , 
in terms of mass transport behaviour,. to optimise operational 

conditions. 
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The two types of fluidised bed electrode exhibit 

widely different attractions to the industrialist. The inert 

bed has the advantage of containing particles which remain of 

constant size3. allowing the electrolyte, moving around the 

particles, to attain and maintain a stable flow condition. This 

makes it an electrode suitable for adaptation to the production 

of high quality deposition. The main advantage of the conducting 

fluidised bed over other electrodes is its large surface area 

to volume ratio, and it is ideally suited to situations where 

low current densities make other methods of electrolysis unviable. 

This thesis is concerned with the application of a 

fluidised. bed of conducting particles, incorporating quite low 

flow rates ((5cm2/sec) , capable of producing high currents (>1 Amp) 

from low concentration solutions (e. g. 10-3P. Zolar). It reports the 

findings of experimental investigations into the effect of 

fluidised bed parameters on deposition rates and electrodeposit 

structure. The electrode has been compared with other electrode 

systems which may provide industrial competition in those areas 

where it has application and the consequences of this competition 

has been discussed. 



2. THE CELL IN INDUSTRY. 
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2.1 Introduction. 

Since electrochemical cells were first used in industry 

it has become apparent that the only processes which survive are 

those which do not suffer from a large mass transport problem. 

Recently a plethora of new cells have evolved as fundemental 

principles have been explored. Many of these cells have been 

developed for their own sake rather than to satisfy a need or 

the shortcomings of other cells and some cells which have been 

regarded as failures in the past have been rediscovered. Today 

there are new cells incorporating the rotating disc(horizontal 

and vertical), the rotating cylinder, the slurry electrode, the 

packed bed and the fluidised bed. These new cells have been 

introduced to increase mass transport in electrochemical systems. 

Most employers of electrochemical cells require maximum 

current density and efficiency at minimum operating voltages; 

they also want the corrosion of the cell-and the cell capital 

cost to be a minimum. The most fundemental requirement however 

is that of simplicity in design and construction. This one factor 

alone is the reason why many cells have not proved as industrially 

successful as they might. 

The choice for using an electrochemical process for the 

refining or extraction of a metal is purely an economic one. In 

the practise of metal production other methods using hydrogen 
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and carbon are often used and very few metals are produced solely 

by electrolysis. 

Electrodeposition occurs from a solution containing an 

appropriate metal ion in a suitable solvent and it is important 

that the solvent does not react with the metal. It is this 

question of solvent reactivity that restricts water as a solvating 

agent to those elements less reactive than tungsten and molybdenum. 

Organic solvents, which have been used .o produce reactive'elements) 

have met with little industrial success either because of the 

power costs involved and the reaction sensitivity to impurities) 

or because of the hazardous nature of the solvent. There is a 

renewed interest in the deposition of elements from molten salts- 

but again the power costs will prove prohibitive for all but 

the most specialised of applications. Only the elements of 

group IA, IIA, and aluminium are solely electrowon (table 1). 

The problems of power do not arise to the same, extent in, 

electrorefining and finishing and thus the anodization of alum- 

inium is quite cheap and the electrorefining of copper is 

standard practise. Electrochemical cells are also used to polish 

metals (a form of anodic oxidation). In this instance the metal 

is made the anode of the cell and polishing occurs when the 

rate of diffusion of oxide away from the metal is less than the 

rate of oxidation of the metal itself. Increase in electrical 
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resistance occurs at the anode, the current drops, and a stable 

oxide forms on the surface with the underlying irregularities 

being slowly removed. 

Apart from in the electrodeposition and oxidation of. 

metals, electrolytic processes are sometimes used in the produc- 

tion of other elements and compounds. Halogens such as fluorine 

and chlorine have been produced from halide melts(4), and 

hydrogen fluoride has been used in the fluorination of many 

compounds (table 2). In the Chlor-Alkali industry the decomp- 

osition of hydrochloric acid is in direct competition with 

non-electrochemical processes and the production of sodium 

hydroxide by the electrolysis of brine (with chlorine as a use- 

ful by-product) is one of the oldest, and perhaps one of the 

most important of all industrial electrochemical processes. 

Where cheap power is available hydrogen and oxygen have been 

produced by the electrolysis of water and in this case D20 (heavy 

water) is a by-product. The technology of paint electrodeposition 

is expanding and is beginning to find applications; particularly 

in the coating of steels (6). Perhaps the most outstanding 

example of an electrochemical cell is the battery, which has 

been available in one form or another for over a hundred years. 

The electrochemical cell is obviously important in a 

number of different industries and each industry has its own 

problems-Sometimes a cell is specially made to fit a process 

and occassionally a process is adapted for a particular kind of 

cell. Today the number of different kinds of cell which are in 
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use is quite large and to provide an outline to this subject 

a number of different cells are discussed briefly in the foll- 

owing sections. 

2.2 Planar Electrodes 

Until twenty years ago the planar electrode was the 

only electrode of any type to be widely used in industry. (Under 

the heading of planar electrodes are also those electrodes 

which are not truely planar but have been bent into some other 

shape-e. g. the cylindrical electrode). In most cases the mass 

transfer properties of these electrodes depend upon the condition 

of the electrode surface and mass transfer can be approximately 

apportioned to the surface area available(Levich(7)). In the 

case of diffusion controlled reactions Levich has shown that the 

relationship is not quite so simple but also depends upon 

whether the roughness extends into the diffusion layer. 

2.2.1 Widely Spaced Electrodes. 

These cells are still used industrially but not on a 

wide scale. One of their main uses, although not metallurgical, 

is in the reduction of pyridine on lead anodes(8). The only 

aid to mass transport is by the natural convection in the cell 

and by solution stirring when gas evolves at the electrodes. 

2.2.2 Parallel Plate Cells: gas stirred. 

This particular type of electrode is frequently used 
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in many electrofinishing processes, with air generally being 

injected into the bottom of the cell. According to Schreiber (9) 

and Farnstein(15) this cell has not become established because 

bubbles of injected air tend to decrease the effective plating 

areas by sitting on the electrode surface. Garbutt(10) has 

also pointed out that the air often causes foaming at the top 

of the cell leading to many operational difficulties. Ibl (11) has 

shown that the energy required to pump air into these cells 

is independent of cell height and thus as the cell height 

increases the pumping energy per unit of electrode actually 

decreases. (This holds only whilst the electrolyte pressure 

head is insignificant with respect to the pressure drop across 

the air inlet). 

Recent experiments carried out by King(12) to determine 

diffusion layer thichnesses in these systems have produced 

diffusion layer values greater than 0.005 ems and Beck(13), and 

not quite so recently, Tobias . 
(14) have shown how the cell voltage 

varies with the rate of gas bubbling. 

2.2.3 Parallel Plates (pumped flow). 

These cells are often the standard by which all other 

cells are judged. Kuhn(16) differentiates between those cells 

which are open topped and those cells operating under rather 

higher pressure drops. Copper refining cells belong to the 

former of these two groups and performance has been quoted, 

again by Kuhn(17), as being better under low flow rates and 

laminar flow than where forced flow regimes operate. In this 

latter group are the capilliary cells of Beck(18) which suffer 
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a severe disadvantage in having to maintain electrode gaps to 

very high tolerences(0.02cros), as well as operating under 

pressure. Eisenberg(19) has given a comprehensive treatment 

of parallel plate electrodes and has pointed out the fact 

that in the majority of cases flow is laminar. For rectangular 

channels having a width: plate separation of the order of 3- 165 

and'for Reynolds numbers upto 2800, two types of flow regime 

can exist(20). Initially there is undeveloped flow caused 

by the entrance of the cell, The length of this region is " 

given by the equation 

lent = 0.04hU/l! = 0.04NRe 

where h is the thickness of the electrolyte, )/ is the kinematic 

viscosity of the electrolyte, and U is the flow velocity of 

the electrolyte(21). NRe is the Reynolds number based on 

channel width. In this region the limiting current density is 

given by 
. 

iL = o. 66nFDCb ()i'D) o" 33 (mo' 5 

where L is the downstz"M region over which iL is measured 

Once the flow has become fully developed the limiting current 

may be obtained from the equation given by Leveque(22), 

il = 1.62FCbU (uV/y) -0.66 (vyi-) -0.33 (y,, ) 0.66 

Ibl has shown that iL decreases as the plate length increases 
% 

and this effect can only be overcome by increasing the flow 

regime. As Eisenberg points out(19) a tenfold increase in the 

flow requires almost a thougandfold increase in the pumping 

energy due to the power dependences of flow and pumping energy - 
(UO. 33pl - o) 

. 
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Many other parallel plate electrodes exist. Cells 

based on two concentric rings have been used kjn the electrolysis 

of sea water(16) and cells similar in form have been hydrodynamic- 

ally analysed(23). A variation on the ring cell is the Engelhard 

cell which is electrically split half-way along its length, 

one half acting as the anode and the other half acting as the 

cathode; the inner tube acts as a floating bipole. 

2.2.4 Parallel Plate with Turbulence Promoters. 

These cells can operate either as open top or closed 

top systems and turbulence may be introduced in a variety 

of ways. Le Goff(24) has suggested the use of glass beads which 

can be fluidised or. left static around the electrode. Surfleet 

(25) has constructed planar cells interleaved with Netlon mesh 

(mesh size 2cms square) and claims thirty per cent efficiency 

from solutions of 100 p. p. m. at a. current density of 5mA/cm2. 

Although not a parallel plate electrode)I. C. I. have patented 

a mesh electrode where the expanded metal acts as its own turbu- 

lence promoter(26). It has been quoted as giving currents 

equivalent to 2000 Amps in a cell 25 - 50 cm3 in which six 

individual cells were connected. At such large currents, however) 

heat dissipation must become a limiting factor. 

2.3 The Rotating Disc Electrode. 

This particular cell has received universal usage in 

laboratories because it maintains an even viscous boundary 
I 

layer over its whole surface. A rigorous hydrodynamic treatment 
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is available(? ) and the limiting current density in laminar 

flow is given by, 

i=o. 62nFDC D0.66y -0.166WO. 5 
Lb- 

where(, ) is the angular velocity. Such is the use that is made 

of this electrode that Adams is able to cite more than one 

hundred references relating to its application (27). 

2.4 Modern Electrodes. 

2.4.1 The Rotating Cylinder Electrode. 

This is a recent innovation to the electrochemistry 

department and was devised because of its ability to produce 

turbulent flow at low rotation speeds. Taylor(28) and Flower(29) 

have found that when the inner cylinder rotates then the flow 

between the cylinders is generally turbulent even when the 

rotation speed is low. If the inner to outer diameter ratio 

is small and the outer cylinder is rotated, Taylor(28) has 

found that laminar flow exists at higher Reynolds numbers. 

Ibl has found that these cells give good limiting current (11) 

values at quite low metal concentrations; 19mA/cm 2 in 0.01M 

solution. Kuhn (16) cannot forsee any large scale industrial 

application for these cells because of the limiting parameter 

of cell size: rotation speed ratio. Mass transfer data for the 

rotating cylinder in turbulent flow has been presented by a 

number of authors(ll, 30,31,32) and Arvia and Carozza(33) have 

produced a dimensionless group correlation of the form: , 
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St = 0.079Re-0.30. Sc-0.644 . 

One form of the rotäting cylinder-is made under the name 'Eco-Cell'(66) 

2.4.2 The Packed Bed and the Porous Electrode. 

The packed bed is another electrode system which 

has recently become popular. Colquhoun-Lee(34) has studied these 

electrodes and surveyed their hydrodynamic properties at low 

flow rates. At higher rates of flow, Houghton(35) has produced 

quite a detailed account of the removal of antimonx using lead 

shot as the cathode. The effect of flow and bead size on the 

current efficiency is discussed. Armstrong et alia(36) were 

perhaps the first to suggest that increasing the bed size 

brings diminishing returns in metal removal, because of the 

corresponding increase in resistance in the bed. 

A few industrially used packed beds may be cited, such 

as the Nalco process for the production of tetra-alkyl lead 

compounds(37) and a patent was taken out by Bayer(38) in 1956 

for the use of lead scrap in such an electrode. With the recent 

advances in powder metallurgy, a number of firms have now 

proposed the replacement of atomised powders'by powders produced 

by cathodic deposition. Atomised powders are often useful be- 

cause of their sphericity particularly' in packed bed and fluid- 

ised bed media. Chu and Hills have discussed the extraction 

of copper from dilute solutions using a graphite particle bed(39) 

and have found the current efficiency to be near 100%. They also 

studied the stripping of the same copper from the beds they 
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I 

found that the process was not diffusion controlled but was. 

dependent upon the bed potential. Using high bed potentials 

the copper could be dissolved from the bed in a few seconds 

with 95% efficiency. They concluded that this cell could be 

used successfully as a metal ion concentrator and might even 

be able to replace ion exchange columns. 

As an alternative to packed bed electrode. -4 which are 

made up of a large number of individual particles, there is 

the porous bed which does not suffer from particle to particle. 

contact resistance. Bennion and Newman have studied these elect- 

rodes with a view to using them as concentration cells: perhaps 

in electrowinning or metal recovery(40).. A preliminary :. economic 

analysis for the recovery of copper suggested that the value 

of metal recovered would more than pay for capital installation 

and running costs, even for quite small cells. The authors 

believe that this electrode could be used for other metal 

recovery)e. g. gold, silver, mercury, lead and cadmium. 

One disadvantage of the porous electrode is that paths 

to and from reaction sites may be quite tortuous causing 

large pH fluctuations in the pores with corresponding. problems 

of hydroxide formation and removal. One method of overcoming;. 

this particular type of problem has been suggested by Nanis(41)) 

who used a conventional plate cell but foamed the electrolyte 

around the electrodes. The effect of the foam was to cover 

the electrode in a very thin surface film, allowing easy access 

to and from the elctrodes by gases and waste products. 
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?43 The Extended Mesh Electrode. 

This has recently been developed to the pilot plant 

stage by I. C. I. and Du Pont (641 
, 

63 ) and results have shown that for 

an ideal waste product such as acidified. copper sulphate, it is less 

costly to use this electrode for copper removal from concentrations 

of 10 p. p. m. or less than ion exchange methods. It is pointed out 

that under actual conditions of waste treatment where many cations 

are present, then the same may not be true. The cell is made from 

expanded metal mesh and, as electrolyte is pumped past the electrode 

turbulence is created by the electrode shape and mass transfer to 

the electrode is enhanced. Surfleet and Crowle (1 ) have shown that 

the current efficency of the cell drops dramatically above currents 

of '20rmA/cm2: e. g. the current efficiency of the cell is 58% at 

limA/cm2 and only 10% at llCm_A/em2, for concentrations of Cut} of 

100 -300mg/l, for flow through solution of 31/min. High current 

densities')', required' tö keep 
. capitol costs down, may be equated with 

high running costs because of the poor efficiency of the process. 

2.4_4 The Swiss Roll Electrode. 

This electrode consists of*two.. continuous metäl. strips 

which act as anode and cathode, which are separated by an expanded 

membrane or separator. The anode, separator and cathode are wound 

together in layers and a swiss roll type of effect is produced. 

This electrode has some good design properties in that electrolyte can 

be forced through the electrode at high speed, where the separator 

causes turbulence of the electrolyte, creating high mass transfer 
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rates and because the anode and cathode are so close together 

the cell resistance is small. This electrode is fairly effective at 

removing metal from solution( (�), giving a 57% efficiency during 

the reduction of copper from 10-31,7 solution to 5 p. p. m. The electrode 

operates on a batch basis with removal of metal from the electrode 

being achieved by chemical stripping. At the moment anodic stripping 

is not very effective and tends to preferentially corrode parts 

of the anode. The electrode has been used on a small scale for the 

removal of other--ions such as Ag and Hg. In the former case it is 

capable of reducing the silver content of a solution to less than 

0.1 p. p. m. )but mercury to only 2p. p. m. )because the mercury, can leave 

the electrode in the form of very fine droplets which. are difficult 

to filter out and thus reoxidise in the solution(Hgo + Hg2+ 2Hg+). 

In rinse waters containing cyanides)e. g. zinc, the zinc can be 

reduced to 1 p. p. m. and at the same time-the cyanide oxidised by 

oxygen evolved at the anode. Although current efficiencies are 

apparently not very good (GS) the total running costs are more 

favourable than those achieved in the oxidation of cyanides by 

sodium hypochlorite, comparison of costs coming out at £1.36/Kg 

compared to £1.98/Kg. 

The swiss roll electrode has not yet been built on a 

large scale and yet it is already competing with present forias of 

effluent treatment in terms of cost for a cell treating 200 gallons 

of rater a day; and with scale-up of the cell)overhead costs should 

be reduced) possibly making this method cost effective. 
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2.4.5 Fluidised Bed, Electrodes. 

Two types of fluidised bed are available those using 

inert particles and those using conducting particles. The 

inert bed enhances mass transfer by increasing turbulence in 

the electrolyte and thus decreasing the diffusion layer in 

the electrode vicinity. Using this electrode uniform deposits 

are obtained over the cathode and currents 4 to 5 times greater than 

those in stagnant solution'are achieved. Further details of this 

electrode are given in section five., 

The conducting bed makes use of its large surface area 

to produce very large currents from solutions containing 

even very small concentrations of metals. In conjunction 

with this the hydrodynamic path through the bed provides the 

forced convection necessary. to realise such currents. The 

concept of a conducting fluidised bed is not a new one, however 

a recent patent was necessary to set off a wave of interest in 

this type of electrode(2). 

Two main types of conducting bed configuration have 

been considered(43): - 

(1) The plane-parallel configuration. 

(2) The side-by-side configuration. 

In the plane-parallel configuration electrolyte passes up 

through a porous support, upon which the bed rests, and passes 

out through the top of the cell. A feeder electrode is situated 

in the bed to provide electrical contact with the particles 
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and current flow and electrolyte flow are parallel to each 

other but perpendicular to the feeder electrode(fig. 1). The 

counter electrode is situated above the bed and requires a 

large surface area to stop the bed from limiting. 

The side-by-side configuration differs from the plane. - 

parallel configuration in a number of ways. Firstly the anode 

and cathode are at the same level and separated from each other 

by a membrane(f ig. 2). This membrane plays a dual role by both 

supporting the bed and separating the anolyte and catholyte. 

Secondly electrolyte flow and current flow are perpendicular to 

each other, which is useful as it makes the electrode more 

amenable to scale-up. Further details of this electrode are 

given in chapter five; 

In this section)a number of cells that are used or have 

been considered by the electrochemical industry have been 

discussed. Modern cells have evolved as the underlying theories 

of mass transfer have become more widely accepted. Cells have 

been created which reduce mass transfer problems either by 

causing turbulence in the cell and thus reducing diffusion 

limitations, or by having very large surface areas. The theories 

that have led to the discovery of these problems are discussed 

in the next section. 



3. L'IASS TRANSFER AND DIFFUSION 

CONTROL IN LIQUIDS. 
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, 
3.1 Introduction. 

When a system contains two or more components and the 

concentration of the components varies throughout the system, 

there is a'tendency for each component to diffuse in a direction 

that will reduce or eliminate its own concentration variations. 

In a fluid which is either stationary or in laminar flow) 

reduction of these concentration-gradients occurs by molecular 

diffusion of the component species because of differences in 

density and temperature of the fluid. This type of diffusion 

is called natural convection. It is a slow process with diffusiion 

- rates of the order of10cm 
2 /sec. In_contrast to natural convec- 

tion there is the bulk movement of fluid by eddies' produced in 

turbulent flow. This latter type of convection is called 

forced convection and can produce diffusion rates a thousand 

times, higher than those occurring in natural convection. 

Natural convection is a spontaneous process and as such 

requires no major external energy source. Forced convection 

requires a large amount of energy to keep it in operation. The 

advantages of this energy expenditure usually manifest,, itself 

in a shorter reaction time. The amount of energy used to create 

turbulence is usually a balance between a reduction in the 

reaction time and the cost of the energy expended in providing 

the extra agitation. 

3.2 Development of the Mass Transfer Theory in Liguids. (laminarflow) 

The research which led to the distinction between the 
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two types, of convective flow started in the 19th centsary with 

Shchukarev(44) who compared the dissolution rates of solids 

immersed in liquids. Following this Nernst(45) put forward the 

hypothesis that all such liquids are covered by a thin static 

layer of liquid which is unaffected even by the most vigorous 

stirring. He termed this layer the diffusion layer, and stated 

that mass transfer across this layer was only by molecular 

diffusion. This diffusion layer thickness is much greater 

than the double layer(re: the capacitance layer set up when 

a metal is immersed in solution), but, as far as it is generally 

necessary to consider electrode processes, it is close enough 

to the electrode for its concentration at its boundary to be 

considered the same as that at the electrode! surf ace. 

3.2.1 The Nernst. Film Theory. 

Nernst suggested that when a current removes ions 

from the vicinity of an electrode the concentration of ions in 

that area decreases. A concentration gradient is set up between 

ions near the electrode and similar ions in the-bulk solution. 

To establish this gradient)diffusion of the ions towards the 

electrode from the bulk solution occurs, until the number of ions 

being replenished by the bulk solution equals the number of ions 

being removed by the electrode. A steady state is reached and 

this state will have been determined primarily by the rate of 

diffusion of the ions. 

Provided.. that there is sufficient support electrolyte 

to prevent ion migration, then Nernst showed that the diffusion 

current and thus the diffusion current density(current/area), 
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may be determined from the use of Fick's laws. Thus, 

J=- D(dc/dx) 

where J is the unit flux, per unit area, per unit time; D is the 

diffusion coefficient of the ion in question; and dc/dx is the 

concentration gradient in the electrode vicinity (where x is 

the direction of diffusion and is normal to the electrode). 

By expressing the valency, n, of the ions, in moles and the 

concentration of the fluid in moles per litre, the current 

density i may be expressed as, 

i= nFJ =- nFD(dc/dx) 

where F is the Faraday. From Fick's second law,. 

(dc/dt) = D(d2c/dx2) =0) 

thus dc/dx =-k, where k is a constant and t is time. In other 

words, the concentration gradient is constant throughout the 

diffusion layer(fig. 3). If Cs represents the concentration of 

ions at the electrode surface and Cb the bulk concentration, 

then, 

dc/dx = (Cb - Cs)ýS 

The concentration of ions at the electrode is a function of 

the current density and if the current density is increased until 

Cs = O, i. e. the ions are removed as soon as they reach the 

electrode, then the limiting current density iL is obtained, 

1l= nFCDCb/ý 

This was the simple mass transfer theory put forward 

by Nernst and it has since received many criticisms: 
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(1) The formation of this diffusion layer requires 

laminar flow and therefore under conditions where turbulent 

flow prevails the situation becomes much more complex than this 

theory suggests. 

(2) Neither the thickness of the diffusion layernor 

its dependence-upon diffusion velocity can be calculated directly 

and although it-has been shown that it is a function of the 

fluid velocity(46) ( 

1/Um °C. 8a 

values of m have varied between 0.5oid 1.0, giving a range of 

values between 10-2. - 10-4cros. Some work by Fage and Townsend(47) 

has in fact shown that motion of the electrolyte at distances 

of only 10-5cros. from the electrode has been observed. Thus it 

is no longer valid to say that the electrolyte is static in 

the Nernst diffusion layer, and the equation for the concent- 

ration profile no longer has a sound basis. 

3.2.2 The Levich Hydrodynamic Film Theory. 

The conditions at the surface of an electrode have been 

treated more recently by Levich(48). As his simplest model 

Levich took a planar electrode with liquid flowing past and 

parallel to it. At the surface of the electrode the liquid has 

a velocity of zero and this velocity increases normal to the 

electrode until the velocity in the main stream of the solution 

is attained(fi&. 5). (This contrasts with theNernst theory where 

the velocity of fluid changes its bulk velocity to zero at the 

outer limit of the diffusion layer(f1g. 4)). This layer pf thick- 
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ness S 
u)is 

known as the Prandtl boundary layer, and its thick- 

ness is dependent upon the laminar flow velocity relative to the 

solid surface and upon the kinematic viscosity of the liquid. 

For a planar electrode, S 
u 

is given by 
ýu = y. x 

u 

Momentum gradients in the solution are much greater than concent- 

ration gradients (fig. 6) 
g i. e. 

S «Su- 
, because Eu is a function 

of viscosity whereas S is a function of the diffusion coefficient. 

Kinematic viscosity is of the order of 10-2cros/sec, whereas 

diffusion coefficients are in. the range of 10`5cros/sec. A much 

greater concentration gradient is therefore required by diffusion 

than by velocity if transfer of velocity and momentum are to 

proceed at the same rate. Levich has shown that(48), 

kDlO. 33 
cuu 

ýyl 

as 
and knowing that Su d-x/uk), Scan be obtained. 

9` kDo. 33U-o. 5Xo. 5v . 166 

The current density may also be calculated from known values 

of S, 

I .= nFD(Cb - CS)IS 

and therefore 

iZ = nFDO. 
66vo. 166X-o., '5UO. 5C 

b. , 

which is somewhat different from the equation obtained by Nernst. 

The main differences between the Nernst theory and the 

Levich theory may be summarised as follows: 

.. -ýýj 
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(1) The Levich theory predicts that liquid is mobile 

in the diffusion layer S. 

(2) 8 is dependent upon the stirring rate of the solution 

and the diffusion coefficient of the ion. Consequently ions with 

high diffusion coefficients reach the electrode from further 

distances in the same time as others with lower coefficients. 

Using similar techniques to those out lined above the concent- 

ration diffusion layer for a rotating disc has been determinedt 

= 1,62D0.66v0.16C -0.5 Levich MY 

= 1.75DO. 66v0.1666) 0.5 Vielstich(49) 

i=0.62nFDo. 660.33y 0.166 Levich (48) 

i=0.57nFDO. 660.33 v 0.166 Vielstich(49) 

, 
3.3 Mass Transfer(turbulent flow). 

, 
The theories of mass transfer discussed so far are only 

relevant for laminar flow. Under turbulent conditions mass 

transfer becomes much more complicated and the theories put 

forward so far to explain turbulent behaviour.. have not yet been 

put through any rigorous mathematical treatment. 

The first theory depicting mass transfer in turbulent 

flow was suggested by Prandtl and Taylor(50), They suggested 

that in liquids two distinct flow regimes exist'. In the main 

stream of the liquid flow is turbulent, however as the electrode 

surface is approached this flow changes and a viscous sublayer . 
is encountered. In the turbulent layer all transport is achieved 

by eddy currents whereas in the sublayer, flow becomes laminar and 
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transport by molecular diffusion prevails. 'At the boundary of 

the two layers transport changes from one type of control to the 

other. The results of this theory lead to an. equation of the 

form, 

i= CbUD/jl , 

but this equation has not been confirmed by experiment. Von 

Karman(51) 'criticised' the ideas of Prandtl on the grounds 

that a sharply defined boundary between laminar and turbulent 

flow was unlikely. He therefore modified Prandtl's theory. 

replacing the sharply defined boundary by a buffer zone. In this 

zone the turbulent to laminar transition occurred and all eddy 

currents were removed. Levich and Landau(18) disagreed with the 

idea that all eddies could be removed by the time this viscous 

sublayer is entered. They suggested that turbulence could exist 

right up lv the electrode itself) but that the closer to the 

surface the turbulence was after entering the sublayer the less 

important it became as a controlling parameter. The four layer 

theory supported by Levich and Landau is summarised below: (fig. 7) 

Layer 1. The main turbulent stream. In this region the 

electrolyte concentration is constant. . 
Layer 2. The turbulent boundary layer. In this layer the 

average velocity of the stream and the electro- 

lyte concentration decrease slowly. Transport 

is still by eddy currents. 

Layer 3 Viscous sublayer. Here turbulent eddies become 

very small, Llomentum is transported more by 
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molecular viscosity than by eddy currents, 

however, since diffusion coefficients are 

less than 1/1000th of the kinematic viscosity 

mass transfer is still predominantly caused 

by eddy currents. 

Layer 4 The diffusion sublayer. 

The results of Levich and Landau led to the prediction that 

J= D0' 75U. -C /v0.75 
b 

and experimental findings by Adams support this result(52). The 

main difference between the Prandtl theory and the Levich theory 

for mass transport is in the power dependence of the diffusion 

coefficient (D1' 0 
and D0'75). The lower power for the, diffusion 

coefficient in the Levich model has-a definite importance. The 

smaller diffusion coefficient means that eddy currents predom- 

inate closer to the electrode over molecular diffusion in the 

mass transfer process. (Turbulent motion is more effective than 

molecular diffusion in the transfer, of mass and this increased 

effectiveness compensates for the reductin in L. 

In all the models discussed although turbulence is 

found to be very important, the rate limiting transfer step 

is still controlled by molecular diffusion through a diffusion 

layer. 

3.4 Other Models of Mass-Transfer. 

3 4.1 The Penetration Theory. 

Apart from film theories, other theories have been 
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proposed to explain the diffusion of species in liquids. Such 

a model is the penetration theory put forward by Hig: =bie(53) 

to explain mass transfer in the liquid phase during gas absorption. 

It'has been applied by Danckwerts(54) to turbulent flow when 

the diffusing component only penetrates a short distance into 

the phase of interest, because of its own rapid disappearance 

through chemical reaction or short contact time. 

Higybie considered mass. to be transfered. by turbulent 

eddies which exist upto the electrode surface. Packets of 

solute elements are transported to the surface where the 

contents of the package discharge by unsteady state molecular 

transport. (, Transient processes, in which the concentration at 

a given point varies with time, are referred'to as--unsteady 

state or time dependent processes; this variation in concent- 

ration is associated with a variation in the mass flux. ) The 

packets are then replaced by new packets from the bulk solution. 

Using these concepts, Hig^bie produced an expression for the 

mass transfer coefficient, Km, 

Km = 2.0''"0'S6 O'S) 

where 8 is the residence time of each packet at the surface of 

the solid. Danckwerts(54) modified the Hig. bie theory because 

he considered it unlikely that each packet would have the same 

residence time. He suggested that the rate of surface removal 

was constant only for a given degree of turbulence and was 

equal to a surface renewal factor, S. This gave a solution 
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for Km as 

K= DO. 5. SO. 5 
m 

It may be noted that both the above theories show a dependence 

on the diffusion coefficient to a power 0.5. Toor and Dlarchello say 

that the penetration concept of Danckwerts is valid only when(55) 

the surface removal is rapid. Where a long residence time exists 

a steady state concentration gradient is set up, as predicted 

by the Nernst film theory. Where the ratio of viscous coefficient 

to diffusion coefficient is low, i. e. at low Schmidt numbers 

(V/D = Sc)ja concentration gradient is rapidly set up, so that 

unless there is rapid removal of the packets they behave 

similarly to packets which have been at the surface a long 

time. At high Schmidt numbers the time necessary to set up 

a concentration gradient increases so that the surface renewal 

rate need not be rapid, and when conditions are such that both 

new aid old packets are on the surface the transfer character- 

istics are intermediate between the film and penetration models. 

The same criticisms levelled at the Nernst film theory 

may be levelled at. these penetration theories. No relationship 

exists between S and the hydrodynamic and the geometric factors 

of the system; such relationships must be determined experiment- 

ally. The penetration theory has been developed primarily for 

the absorption of a gas by a liquid surface (54) and is found 

to agree well with experimental findings. 
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I 

. 
3. Electrode Systems used in the study of Mass Transfer. 

__ 

Numerous studies relating to mass transfer in electro- 

chemical systems may be found in the literature for both 

laminar and turbulent flow. Robinson(2) has tabulated available 

transfer data for the rotating disc, concentric rotating 

cylinders, and concentric circular anm li electrodes as well 

as for square-section pipes,. and for flow over vertical and 

horizontal plates. These have been reproduced in Table 4, 

The rotating disc electrode appears to be the most practical 

q 

elctrode for which a rigid hydrodynamic treatment is available(48). 

The extensive use made of this electrode has been demonstrated 

by Adams(27), who has reported more than one hundred sources 

where it has been applied in electrochemical application. 

Illustration of some of the theory of mass transfer in 

liquids, which has been discussed in this 

by looking at one of the cells which has 

these mass transfer problems have become 

stood. The next section gives an introdu 

and the fluidised .: 
bed electrode 

. and ' this 

on mass transfer in fluidised beds. 

section, can be provided 

been developed since 

more widely under- 

ction to fluidisation 

is followed by, a section 



4. THE FLUIDISED BED AND SOIJE 

FLUIDISATION CHARACTERISTICS 
. 
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4.1- Introduction. 
I 

.4 

If a bed of solid particles is supported on a horizontal 

porous plate in a vertical -tube and gas or liquid is forced to 

flow upwards through the plate and the bed, a pressure drop 

will occur across the depth of the bed. As the 

flow of the fluid is increased, so also will the pressure drop 

increase until, at some point, the pressure difference will be 

sufficient to support the weight of particles in the bed. 

The bed is now defined as being incipiently fluidised. Any 

further increase in fluid velocity will be counteracted by an 

expansion of the bed and the pressure drop will remain constant. 

A fluidised bed will exist. 

The fluidised bed derives its name from exhibiting many 

of the characteristics of a fluid and, as such, frequently 

behaves in a fluid manner. Thus the application'of vibrations 

results in the formation of waves and ripples at the top of 

the bed; it only slightly impedes the immersion of solids; and 

if the apparatus containing a fluidised bed is-tilted then the 

upper surface of the bed remains horizontal. As with most 

electrodes the fluidised bed has its advantages and disadvan-- 

tages. Some of its more useful properties as well as some of 

its limitations are outlined below: 

(1) Fluidised beds always cause a high degree of mixing through- 

out the system 'therefore there are no large temperature gradients 
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in the bed. This is highly advantageous when highly endothermic 

or exothermic reactions are involved and also in catalytic 

reactions, where a close temperature control is required. 

(2) Because fluidised beds behave like pseudo-"liquids they can 

be designed for continuous processing and the ready addition 

or withdrawal of solids from the system is possible. 

(3) Fluidised bdds contain a large number of particles and 

therefore have a large area to volume ratio. This can be made 

use of_very-effectively in electrochemical systems where the 

rate of reaction is kinetically hindered. In such situations, 

large currents (surface reaction rates) achieved by the fluid- 

ised bed counteract the overall low current density. 

Even though there are a number of uses for fluidised beds 

in chemical and physical processes there are many difficulties. 

These difficulties may extend from lack of data on the behaviour 

a system under various processing conditions, to problems in-hMM 

in the process itself. For instance: 

(1) Often during a fluidised operation the particles of the 

bed undergo a size reduction by attrition, which changes the 

fluidising properties of the bed. In a plant process, continuous 

supervision and adjustment of flow rates up through the bed 

may therefore be necessary to ensure constant conditions in 

the bed. 

(2)Some reactions proceed along a path where a suitable temper- 

ature gradient is necessary. Equilibration of temperature in 

such systems would not be suitable. 
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(3) Many gas/solid reactions are accompanied by the formation 

of liquid and gas by-products. These products are not suitable 

for fluidised syfsems. (This is a great restriction where 

hydrocarbon synthesis is'concerned). 

(4) In fluidised operation, equipment erosion is serious. Special, 

and therefore expensive, designs are required to reduce wear 

in reactors. Extra difficulties are encountered because of the 

bed's inherent nature in having to operate at above ambient pres- 

sure. 

4.2 Fluidised Systems. - some basic concepts. 

The upward flow of fluid through a bed of particles 

gives rise to a fixed bed at low flow rates. At higher velocities 

the particles become freely supported in the fluid and the bed 

becomes fluidised. At very high velocities there is entrainment 

of the particles in the fluid stream. 

If the flow rate is increased above that necessary for 

incipient fluidisation, either the bed will expand or excess 

fluid will pass through the bed in the form of bubbles. When 

the bed expands)a single phase system associated with liquid/solid 

fluidised systems occurs, whereas when bubbles are formed a two 

phase system more associated with gas/solid systems occurs. 

Occasionally liquid/solid systems do enter this latter class) 

but this generally only happens when there is a large difference 

between the solid and liquid densities(56), Single phase 

fluidisation is known as particulate fluidisation and the two 
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phase fluidisation is called aggregative fluidisation. One 

example of where aggregative fluidisation occurs in liquid/solid 

systems has been given by Kwauk and Wilhelm(57)7who have shown 

that a bed of lead shot behaves aggregatively when fluidised 

by water. These workers suggested that the type of system's 

fluidisation could be characterised by the ratio of inertial 

forces to gravitational forces. These forces may be expressed 

dimensionlessly using the- Froude number,, Fr. (Fr =u%dr"ý) . Kwauk's 

criterion predicts particulate fluidisation for Fr<l and 

aggregative fluidisation for Fri 1. This relationship between 

Froude number and fluidisation is empirical and is only correct 

in a general sense. Harrison and co-workers(58) considered that 

the ratio of maximum bubble size to particle diameter, dm/dp) 

is a better maxim and that when 

dm/dp ý1 

dm/dp > 10 

In the region l<dm/dp<10 

the type of fluidisation 

Harrison suggests is tha 

particulate fluidisation occurs; 

aggregative fluidisation occurs. 

there is an intermediate zone where 

cannot easily be determined. What 

t all systems behave aggregatively unless 

the maximum stable bubble size is of the same order as the 

particle diameter, in which case the behaviour is-particulate 

and, 

dm/dp = k. Fr where k is a constant 

4.2.1 The Pressure--Drop. - Velocity Relationship. 

The relationship between the pressure drop and the fluid 



3L. 

flow velocity in a fluidised system has been explained by 

Richardson et alia(59), who states that when the flow 
_".. 

velocity . 
is increased until the pressure drop occurring equals 

the buoyant weight of the particles, then any further increase 

in the flow velocity will cause a corresponding increase in 

the bed height with the particles rearranging themselves to give 

minimum resistance to flow. Further velocity increases will 

cause continued expansion of the bed until eventually all the 

particles physically separate from each other and move freely 

in the fluid. At the point where the particles _'. 
lose- contact 

with each other the bed is said to be incipiently fluidised. 

The fluid velocity is called the minimum fluidising velocity) 

Umf; and-the pressure drop through the bed is a maximum. Above 

this velocity the bed continues to expand but the pressure drop- 

remains constant. Reversing the process, with reduction in the 

flow velocity, causes the bed height to decrease and the 

pressure drop to remain constant until the point of incipient 

fluidisation is reached. Further velocity reduction-, below this 

point causes a decrease in the pressure drop in the bed. Experi- 

mental results have shown that the curve for decreasing velocity, 

versus pressure drop is usually lower than that for increasing 

velocity because it is found that, in the absence of vibration, 

the bed voidage remains approximately at E)corresponding to 

a bed at incipient fluidisation(fig 9). 

4.2.2 Deviations from Ideal Behaviour. 

Very few systems have such properties that they describe 



almost perfect fluidisation acid systems often suffer from: - 

(1) Slugging where complete layers of particles 

are lifted up 'the tube by the fluid 

until the fluid 'bursts' allowing 

particles to fall back on the bed. 

(2) Channelling this is the result of preferential- 

flow of fluid through certain parts 

of the bed causing some areas, of 

the bed to fluidise whilst some of 

the bed remains static. (fig. - 10) 

Storrow et alia(60) have related the fluid velocity for slugging 

Us, in gas/solid systems, to the velocity for minimum fluid- 

isation UMf and the bed height Lh, 

US = 6.8 U10.6/Lh. 8 

(U in the equation is also a function of the particle diameter). 

When channelling occurs then as the'flow rate increases the 

channelling becomes more wide spread until eventually the 

whole bed becomes fluidised. The main causes of-channelling 

are a) a large particle size distribution, b) low sphericity of 

the particles, c) poor design factors such as preferential flow 

through the porous plate beneath the bed. 

4.3 The Pressure Drop Relationship -A ouantitative treatment. 

A quantative approach to the pressure drop relationships 

of fixed-beds has been given by Ergun(61). Ergun has shown that 

for fixed beds , where the fluid is in laminar flow, then a form 

of the Carmen-Kozeny equation holds for pressure drop such that: - 

. AP 
, 
l120 U. 1-£2 forRe<10 (Re =U. dp/p) ý L -p., C3 

-L " 
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where L is the height of the bed, is the viscosity, ( is the 

bed porosity, and dP is the pressure drop across the bed. For fixed 

beds in turbulent flow 

-AP 1.7 A. U2 (1-E) for Re>1000 
L dp. E3 

where 4) is the fluid density. For intermediate Reynolds numbers 

Ergun showed that a summation of the two equations fitted 

experimental data giving an equation. 

WO 
_ 

150. U. ß1 (l-E)2 + 1.75. ý. U2(1-E) 
L dP. E. dp. C 

and later showed that this was a general equation and is valid 

over the whole range of Reynolds numbers. 

In a fluidised bed at incipient fluidisation.: 

QZ 
.= (1 _E , 

i(P _ 
Pf). g 

where ( is the solid's density, Em, is the porosity at incipient 

fluidisation and g is the gravity constant. Since the bed at 

minimum fluidisation can be regarded loosely as a packed bed 

then the pressure drop can be approximated to the Ergun equation. 

Richardson has thus made use of these equations(67) (by substit- 

ution of A. P/L in the last equation into the Ergun equation, and 

E by multiplying both sides of the Ergun equation by 
, 
ý. 

d 32 ýIumf*(i-md) 

to obtain. 

f. 
u-ý).. dP_ 

w 
150 .i1- mf) 

U ,_ f_ .d 

+ 1.75. (U-,. d )2 
3- -ý) p f- 

(tmF 
by substiting Rem, for Umf. dp. I/ýkand 

Ga for f. 
ý- %ýf) 

. g. d3/1, ý2 
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and, by rearranging, one obtains 

Remf + 85.8(1 -E )-C,. Ga/l. 75 =0 

where Ga is a dimensionless group called the Galileo. number. 

This equation has been used to calculate the minimum flow-velocity 

for Reynolds numbers upto 3000. Some measured values'and those 

calculated from the above equation are given in figure 11 and show 

good agreement. The above equation applies to spherical particles; 

for non-spherical particles a shape factor must be used. (e. g.. 

K =ff d3/6. d3, ) j .. _ s P. 

4.4 Flow Velocity and Bed'Expansion. 

Measurements of flow velocity and bed expansion by a 

number of workers(67) led Richardson to consider the following 

empirical relationship between bed voidage and flow velocity: 

Umf /U 
i= '- mf 

where Ui approximates to the terminal velocity of the particles. 

Using this relationship Richardson showed that Ui is slightly 

influenced by the ratio of diameters of the particle and the 

container, dp/ Dv, during fluidisation and that n is a function 

of dp/Dv and Ret (except for very high)Re)500, and very low. ReC0.2, 

values of Ret) where Ret is the Reynolds number under terminal 

free falling conditions. The following relationships were obtained 

for uniformly spherical particles by Richardson and Zaki(67), 

although they were slightly modified at a later date by Richardson(68) 

U1 =Ut in sedimentation 
log Ui = log Ut - dp/Dv for fluidisation 
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for both the above situations then 

n=4.65 + 20. dp/Dv 

n =(4. L + 18. dp/Dv). Ret0.03 

n =, (4.4 + 18. dp/Dv). Ret0.01 

n=4. L. Ret0.1 

n=2.4 

(Ret<0.2) 

(0.2KRet<l) 

(1<Ret<200) 
(200<Ret\<500) 

(Ret>500) 

When the particles are uniform but non-spherical n can be 

expressed in terms of the shape factor K. Values of n for Ret)500 

have also been given, 

n=2,7JC0.16 

Although Richardson', --, equation, Umf/Ui, =En has no theoretical 

basis, it is used extensively because it is simple and easily 

applied. Further, it more accurately represents the experimental 

results than any other equation which has been put forward to 

date. 

4.5 The Particle Entrainment Velocity. 

The encounter of fines in a fluidised bed is frequent 

and regardless, of the reason for particle breakdown, the fines 

will eventually require removal from the bed. One way of achieving 

this is by entrainment of the particles in the fluid. When wall 

effects and particle interaction are negligible the entrainment 

velocity is equal to the particle terminal velocity in a stagnant 

fluid. 

The terminal velocity of a particle is attained when 
the gravitational forces and upward forces balance(59) and 
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it is also dependent upon the shape and density of the particles 

as well as upon the fluid properties. The terminal velocity occurs 

when --' 

dp (ý -0 g) .g=0,5CD. 
Af. 

p. 
Ut 

where CD is the drag factor and, 
4 CD = 4. dp. (P - f) "g/3"Ut. 

CD has been related to the Reynolds number by Leva(56) such that, 

CD = 24/Re Re <2 <O 

CD = 18.5Re-0'6 2.0CRe4500 

CD = 0.44 Re}500� 

From the above equations and by, using the relevant drag coefficient 

the following relationships for the entrainment velocity can be 

obtained: 

Ut =18 (f - 
4). g. d2 Re)2.0 

Ut = 0.152d1'P' 1490.71. (/D _ /pof) 
0.714 2.0<Re4500 

0.428 0.285 

Ut = (38dp9(PS - if)Ipf) 0.5 Re>500 " 
In the above form these equations are only useful for spherical 

particles. For non-spherical, but uniform, particles).. e. g. cubes 

cylinders or pyramids, the above equations should be multiplied 

by the shape factor K: 
K* = 0.8431og//0.065 

, where lZýsis a sphericity factor C'3) . 



5" MASS TRANSFER IN FLUIDISED 

BEDS. 
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5.1 Introduction. 

The inert fluidised bed electrode and the conducting 

fluidised bed electrode are coming under increasing consideration 

in the electrochemical industry, as they allow good uniform 

deposition at high current densities on the one hand and good 

surface area to volume ratio, producing high currents , on the 

other. 

In an inert fluidised bed, the particles of the bed act 

as turbulent promoters around the electrode, thinning the 

diffusion boundary layer and mixing the electrolyte so that 

good uniform deposition can occur. Conducting fluidised beds, 

although they contain considerable turbulence within the bed, 

are considered more for the large surface area that they provide 

and upon which deposition can occur. In a conducting particle 

bed, the particles themselves are the electrode. 

These two essentially different modes of operation 

make, the fluidised bed useful in both electrowinning and metal 

finishing. In electrowinning, where metals in solution have to 

be concentrated, the conducting bed is able to provide an 

effective method of extracting metals from dilute solutions. It 

is able to do this because of its large surface area, which allows 

large currents to be obtained from the bed at low overall current 

densities. In electrofinishing, good quality deposition is 

required and the inert fluidised bed is-capable of producing 

this type of finish easily and quickly at high current densities. 
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J5.2 Mass Transfer between Particles and an Immersed Solid(Inert Bed). 

5.2.1 Introduction. 

Some early work by Jottrand and Grunchard(70) using an 

inert bed of silica particles, on the cathodic reduction of 

ferricyanide, showed that the presence of fluidised particles 

enhanced mass transfer rates to levels greater than those 

achieved by flowing electrolyte alone. Maximum currents were 

achieved at a bed voidage of. 0.58; above this bed voidage 

increased flow rate resulted in a gradual decrease in the 

current density(fig 12). Coeuret et alia(71) have reported 

maximum currents in this type of system at bed voidages of 0.6 

and Jagannadhareju et alia at voidages of 0.7. Carbin and Gabe 

have reported values between 0.51 - 0.57, depending upon the 

particle diameter of the bed(73): In all cases increasing the 

particle size of the bed gave an increase in the limiting 

current. The occurrence of a maximum limiting current in the 

voidage range of 0.5 - 0.7 has been established as being the 

optimum of two processes acting in opposition. First there is 

the increase in the kinetic motion of the particles that occurs 

when electrolyte flow is increased and resulting in'more 

particle/electrode collisions and increased turbulence within 

the bed. Second, and as a direct result of the increased flow, 

there is an expansion of the bed height which increases the 

mean collision time between particles and the electrode. For 

bed porosities less than 0.5)the effect of the increased 

kinetic energy of the particles outweighs the longer collision 

times in the. bed. Above porosities of 0.7, the reverse is the case. 

Somewhere within the porosity range 0.5 - 0.7 a balance point 
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is reached and optimum currents result. 

The effect of particle size has been looked at by Brea(74) 

in heat transfer studies. Brea suggests that increasing the particle 

diameter increases the particle velocities within the bed and 

helps to reduce the diffusion boundary layer more efficiently 

than smaller particles and therefore gives higher mass transfer 

rates. Coeuret(75) has proposed that the increased mass transfer 

observed with large particles is due to an increase in the inter- 

stitial velocity, as previously proposed by Richardson(67). 

Carbin(76) has suggested that it is unlikely that the increased 

velocity of large particles are the sole cause of current 

increase and that the effect of particle agglomeration must 

also be considered. Coeuret(77) has shown that larger particles 

tend to agglomerate less than smaller-particles and has suggested 

that there must therefore be more independent disruptive 

effects of the boundary layerpyiith larger particles resulting 

in greater mass transfer. 

Apart from the effect of particle size it. has also 

been observed(75 - 77) that higher mass transfer rates are achieved 

at the. electrolyte entrance to the bed and are probably due to 

the disruptive effect of the distributor on the electrolyte. It 

is suggested that articles are not plated in this region 

because of the non-uniform effects encountered therein. 

5.2.2 Inert Bed Technology. 

A process for the electrodeposition of lead dioxide onto 

i 
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graphite and titanium substrates in a silica sand bed has been 

reported by Le Goff(78) as giving an adherent uniform deposit 

which is pore-free. It was believed that this type of deposit 

was the effect of improved mass transfer and was particular 

to the fluidised bed. Thangappan(79) has studied the anodic 

polishing of copper in a bed fluidised by orthophosphoric acid. 

Higher limiting currents were obtained than in the presence 

of flowing electrolyte alone. The polishing was more effective 

when smaller particles were used although this also gave a 

reduction in the limiting current. Again anode dissolution was 

uniform. In comparison, the dissolution of an anode in flowing 

electrolyte alone was determined as being preferential at the 

electrode edges. 

�5.2.3 
Mass Transfer Correlations. 

The most frequently used method for correlating data 

for the fluidised bed has been with the aid of dimensionless 

groups (table 3), resulting in an equation of the form 

St = k. ReaScb. 

However uncertainty has often arisen in the selection of a 

characteristic length for the Reynolds number. Quantities 

that are available are: _ 
(1) the cell diameter. 

(2) the cell equivalent diameter. 

(3) the particle diameter. 
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() the mean voidage diameter between the particles. 

(5) the electrode length. 

Original analysis was carried out by Leva(56) using the diameter 

of the particles as the characteristic length when he attempted 

a comparison between fixed and fluidised bed data. His choice 

of a Reynolds number was, 

Rell = U. dp/y 

Later, Chu(80) surmised that the effect of voidage increase 

with increasing Reynolds number had to be significant and 

proposed a Reynolds number 

Re 1=U. d 1J (1 - E) 

However although altering the Reynolds number he neglected to 

alter the Stanton number(Km/U), which is also affected by this 

voidage term i. e. St1 = Km. E/U. Leva made a further data analysis 

using the results of McCune and Wilhelm(81) choosing a Reynolds 

number 

Reill = u. dp/y. E and a correctly modified Stanton 

number, St1. Unfortunately he concluded that the modification of' 

the Reynolds number to account for voidage gave no improvement 

in analysis. 

Since then it has become widely accepted(82,83,8L, 85,86) 

that the most general method for plotting and interpreting mass 

transfer data is by using the Reynolds number as proposed by Chu 

with a modified Stanton number, i. e. 

Ref, = U. d1/y(I -E) St, = Km. E/U 
, 
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Using this,, type of correlation Carbin and Gabe have obtained 

the analysis, -for 
'the deposition of 'copper, 

St = 1.22Sc7o. 
68Re-0.52 (87) 

with i=10.52E-1.0 0.48 -0.52V-0.166 D 0.68 
L . 22nF. C b. 

(1 -E )U dp 

Analysis of mass transfer data by other workers is given in 

table 4. Further data can be obtained in a definitive work: by 

Upadhyay and Tripathi(8? ), 

ý. 3_Mass Transfer Between the Fluid and the Particles(Conducting Bed). 

_5.3.1 
Introduction. 0 

In the application of electrochemical processes, one of 

the major problems is that of scale-upi because the system is 

always bounded by the available surface area of the electrodes. 

The use of a fluidised-bed containing conducting particles is a 

possible way of overcoming this problemýin that it is a three' 

dimensional electrode with a large surface area to volume ratio. 

The concept of a conducting fluidised bed is not new(88), 

although little research was achieved with regard to its 

electrochemical applications before Backhurst(89) et alia(90) 

in 1966. Goodridge(91) has suggested that the fluidised bed 

has advantages, for instance, over the slurry electrode developed 

by Gerischer(92), in that costs are reduced by circulation of 

the electrolyte alone; a more uniform cell temperature is 

maintained; it is amenable to continuous operation and electrode 

replacement; and it offers a large surface area to volume ratio 
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typically 75cm for 200 m particles. The fluidised bed is not 

without its disadvantages, such as non-uniformity of electrode 

potential throughout the be. d possibly leading to unwanted 

side reactions; poor electronic conduction between the particles 

particularly at'high bed expansions; and the requirement of a 

porous diaphragm-at all times(with inherent entry effect 

problems). Such disadvantages have been well documented by 

Smith(93) and Thangappan(94). (See also table 5) 

Although the fluidised-bed can operate in modes where 

the current flow-is parallel or perpendicular to electrolyte 

flow, it has been suggested that the bed height is limited to 

1 cm in the former mode(104) because of the lack of conduction 

which occurs between the bed top and the feeder electrode. Back- 

hurst has shown that irrespective of the system size(90) the 

efficiency of this type of fluidised bed is minimal above 25% 

bed expansion. 

5_3.2 Technological Aspects. 

The application of the fluidised bed in the formation 

of compounds for electrosynthesis has been suggested(91). In 

particular its use has been related to where it will- 

(1) reduce the number of steps in the electrosynthesis 

production. 

(2) produce a higher yield. 

(3) reduce purification stages. 
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(4) allow continuous operation, thereby reducing labour 

costs. 

(5) make use of-lower cost materials. 

Backhurst et alia(90) have investigated the cathodic reduction 

of m-nitrobenzene sulphonic acid to metanilic acid, and Hiddlestone 

and Douglas(95) have produced current potential curves for 

the ferrous/ferric redox reaction and also for the oxidation 

of me, thanol)using platinum coated carbon beads and palladium 

shot. In the former instance maximum currents were obtained 

when the bed was in the fluidised condition whereas in the 

latter case maximum currents were obtained in a-static bed 

and currents were nearly five-times larger for equivalent 

conditions. The differences in the currents obtained may possiblybt 

due to differences in bed conduction. Using platinum coated 

beads the resistance in the bed would be greater than using 

palladium shot if only because of the difficulties in getting the 

platinum to adhere to the carbon substrate. The bed might there- 

fore be acting more in an inert bed type of fashion than like 

a truely conducting bed. Assuming reasonably good conduction 

between the palladium shot however maximum currents might be 

expected when there was maximum electronic contact between the 

particles, which for a fluidised bed would be at the point of 

incipient fluidisation. Krishnamurthy(96) et alia have studied 

the reduction of sodium hydrosulphite to sodium bisulphite 

using nickel coated glass beads and found that fluidised bed 

electrodes gave better current efficiencies than planar ones. 
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The possible use of the fluidised -bed in fuel cells has 

been studied by Berent et alia(97). One of the most important 

requirements of a fuel cell is a large surface area per unit 

volume of electrode. Berent looked at a number of systems such 

as methanol/potassium hydroxide and hydrazine hydrate/potassium 

hydroxide and determined that in such cells the use of a 

fluidised bed as acathode warranted further investigation 

but as anodes they tended to deactivate with increasing fluid- 

isation and were therefore of little use. Other preliminary 

reports have been produced by Backhurst et alia(98), on the 

zinc oxygen battery(where an advantage would be the prevention 

of dendrites of zinc from growing from the cathode to the anode 

and thereby shorting the cell), and by Hiddlestone and Douglas 

as outlined above. 

5.3.3 Electrowinning and P\Ietal Recovery. 

The conducting fluidised bed should be particularly 

useful in electrowinning where metal concentrations are low. 

Under such conditions the fluidised bed makes makes efficient 

use of its large surface area to extract metal from dilute 

solution. Flett(99) has looked at the electrowinning of copper 

from acid plating solutions using plated ballotini and has 

found that good deposition occurs at concentrations down to 

5 p. p. m. Further investigation led him to suggest that a cyclic 

anode)cathode. operation(100) might be a feasible alternative 

to solvent extraction. or ion exchange in metal ion concentration. 
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Wilkinson and Haines(101) have recovered copper from acid 

sulphate solution using particles upto 1200, m in diameter. 

Copper in solution was reduced from 3000. p. p. m. to 30 P. P. M. 

and power costs were estimated for various deposition currents. 

They found'that current efficiency started to decrease for 

concentrations of less than 2500 p. p. ra. and that the efficiency 

was dependent upon the current used. Extended experiments upto 

one hundred hours revealed a number of problems 

(1) particles agglomerated if some of the bed became static. 

(2) deposits grew on the membrane supporting the catholyte. 

(3) dendritic growth from the feeder often occurred and 

incorporated particles. 

These problems were overcome by using a more suitable cell 

design and by modifying the inlet system to give more uniform 

bed fluidisation. 

In contrast to the above Surfleet and Crowle(l) found 

that copper removal from a fluidised bed became prohibitively 

low below 200 p. p. m.. Having compared the fluidised- bd. d to. 

other methods of metal recovery they consider that it would 

be most gainfully employed in removing copper down to 200 p. p. m. 

where ion exchange extraction could take over. From these 

varied results of Flett and Surfleet and Crowle it i5 obvious 

that the use of fluidised beds in extraction is still not clear. 

Barker and Plunkett(102) have more recently looked at the 

recovery of nickel using fluidised beds and have been able to 

reduce nickel concentrations to 30 p. p. m. Current efficiencies 

varied between 5% and 45% but were-lower for the lower concentrations 
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Low current efficiencies caused nickel hydroxide to precipitate 

and to prevent this boric acid was added. It was successful 

except where the nickel-concentration dropped below 0.01, "a'-by- 

weight. Additions of traces of c omium as an impurity had a 

marked inhibitive effect on nick 1 deposition suggesting that 

this system is very sensitive to chromium ion contamination. 

Every fluidised bed investigator has indicated that 

problems will occur in bed scale-up resulting in increased 

operating difficulties. The tendency may therefore be to use- 

a series of small cells rather than one large one. It has been 

reported(94) that at least one pilot plant size fluidised bed 

is operational, and is being used to investigate inorganic 

reduction reactions, organic syntheses, and the electrowinning 

and refining of metals. A recent large fluidised bed operation 

has been cited(1'03) and is giving good results. In this case 

instead of a single feeder electrode to supply the current there 

are a number of feeder electrodes situated within the cell. (fig. 14 ) 

5.3. L The Fundamental Approach. 

Fluidised bed investigations of a more theoretical 

nature have been carried out by a number of people.. Goodridge(103) 

has proposed a mathematical model for the fluidised bed based 

upon charge transfer through discontinuous contact between the 

particles. Non-uniform behaviour at the distributor has been 

explained in terms of a variation in the charge transfer 

coefficient. Fleischmann and Oldfield(104) have used a simplified 

model previously used by Newman and Tobias(105) for the porous 
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electrode. (the essential difference being that in a porous 

electrode the matrix is fixed and continuous whereas in a 

fluidised bed it is not) -. Using this the fluidised 'bed was 

treated as a one dimensional model with variations in current 

and potential, being considered only as a function of the bed 

depth: Simplified equations were performed to describe the 

current and potential distributions in the bed, from which 

it was determined that a bed thickness of one centimetre is 

the maximum particle thickness for good bed conduction where 

both current flow and electrolyte flow are parallel. It was 

also found in this system that maximum current densities were 

obtained when the feeder electrode was placed at the furthest 

point from the counter electrode(fig. 14). Other simplified 

equations have been used by Fleischmann and O1dfield(106) to 

determine the effective resistivity of the metallic phase. These 

equations were based-upon a number of assumptions and experi- 

mental attempts to verify the theory met with only limited 

success. Theoretically predicted values were compared with 

experimental values for the cathodic reduction of oxygen on 

silver but values only agreed when the feeder electrode was 

placed near the anode(107). Reasons for this lack of agreement 

were suggested either as being due to disturbance of the bed 

by the feeder, or because of non-uniform resistivity in the 

bed resulting from uneven porosity in the entrance region. 

This latter idea concurs with Goodridge's suggestion that, a 

higher charge transfer coefficient occurs in this region(103). 
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Further work by Fleischmann and Oldfield has led to the suggestion 

that in all practical systems the electrolyte flow will have to 

be perpendicular to the-current f low(110). This has since been 

shown to generally be empirically correct(95,100,109). 

In conclusion it may be noted that the fluidised bed 

has numerous outlets in production, either for the uniform 

plating of components or for the electrowinning of metals from 

dilute solutions. -In the latter case the conducting bed may be 

of particular service where asystem is kinetically controlled 

by low reactant solubility or high reaction polarizability, and 

a lot of work is still necessary to determine the full scope 

of this electrode . 



6. EXPERIMENTAL. 
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6.1 Anci1-iary Experiments. 

6.1.1 Particle Size Determination. 

As received copper powder was sieved in an automatic 

shaker for twenty four hours. The cut of powder between -21 '. t 

and +15914-100 mesh to 100 mesh) was removed as this was the size 

range of powder which was to be used in the fluidised bed. A 

sample of powder from this cut was obtained by the method of 

'Coning and Quartering' of' these particles. Particles from this 

sample were sprinkled onto a slide smeared with oil and this was 

placed onto the stage of a 'Beck-Swift' optical microscope. The 

calibrated moving stage of the microscope allowed accurate diameter 

measurements to be made(tl A 
.. All particles under observation 

were within the range of values quoted by the mesh size. Although 

the majority of copper particles were spherical some of them 

consisted of two or three spheres joined together. In the determ- 

ination of the diameter of such particles, the diameter of the two 

or three 'pseudo' spheres were measured. The surface areas of the 

spheres were then added and equated to a sphere of equivalent 

diameter. 

6.1.2 Particle Density-Measurement. 

The density of the copper powder used was determined 

by the displacement of distilled water at 200C, using a specific 

gravity bottle(Pycnometer). The usual precautions were taken to 

ensure the removal of any air trapped in the bottle. The copper 

powder was found to have a mean density of 8.96 x 0.2g/cm3. - 
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6 
. 1.3 Electrolyte Density. 

The densities of the electrolytes used were measured 

with a Hydrometer according to the method specified in B. S. 718/1960. 

One litre measuring flasks containing the various solutions were 

immersed in a tank containing forty litres of water at 20°C. -Once 

the electrolyte temperature had reached equilibrium the Hydrometer 

was used to measure the specific gravity of the solution. 

6 1.4 Viscosity Measurements. 

A glass capillary (type B. S. U. -A) U tube viscometer 

was used to determine; the kinetic-viscosities of the electrolytes 

according to the method specified in B. S. - 188/1937. The viscometer 

was mounted vertically in a forty litre tank and equilibrated with 

water in the tank to 20 C. The fall time. - .! or, deionised water was 

used to calibrate the instrument. Absolute viscosities were 

determined using values from the 1953 ammendment of B. S. - 188/1937 

Appendix Cr and this allowed the kinematic viscosities of the 

electrolytes to then be determined. 

6.1.5 Electrolytes; - 

All solutions were made up from'Analar' grade hydrated 

copper sulphate CuS01.5H2O, 'Analar'! grade Sulphuric Acid, and 

deionised water. Initially concentrations of 7x10-21,7. and lx10-2M. 

copper sulphate were used in experiments to attempt comparability 
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with a previous study(73). However, because lbw ion concentrations 

are required for the establishment of limiting currents, lxlO P. 1. 

and lKlO-514. copper solutions were used as well. One strong 

solution of 0.7M copper sulphate was used primarily for surface 

morphology work, but was used in other experiments for the sake 

of experimental completeness. 

6.1.6 Electrolyte Composition. 

A 'Unicam' SP600 Spectrophotometer and a Hilger 'Spekkei 

H676 Spectrophotometer were calibrated against standard copper 

solutions. The copper ion concentration of the solution being used 

was checked daily and it was f ound. that significant increases 

occurred with time for concentrations of 0.01 M. solution or 

less. Solutions were replaced when their optical density deviated 

by 5% or more from that determined in the standard solutions. This 

required replacement of 10-2M. solutions weekly and 10r3L. solutions 

daily. On runs using 1075rýI. solution, the solution was changed 

after each experiment. The standard copper solutions were made 

up from CuS04.5H20 dissolved in 0.51.7. Sulphuric acid. The"blank' 

solution was made from 0.5J2 Sulphuric acid alone. 

The increase in the copper concentration found in the 

electrolyte was due to the superior current efficiency of the 

anode over the cathode in that the experiments were often taken 

into the range where hydrogen evolution occurred thus dropping 

the cathode efficiency. Chemical dissolution of the anode by the 

acid electrolyte may have had a minor effect. 

Measurement of the hydrogen ion concentration using an 
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E. I. L. pH meter showed that the acid content of the electrolyte 

did not change significantly at azy time. Because the solutions 

were changed frequently it was not thought necessary to check 

the pH after-an initial check when the solution had first been 

prepared, but checks on the pH were still made when a lot of 

hydrogen was evolved during any one experiment. 

The electrical conductivity of Sulphuric acid was 

determined over a range of concentrations from 0.114. to 1.5.1. 

using a Pye conductivity bridge. Although electrical4cohductivity 

plays an important part in fluidised bed behaviour 0.5M Sulphuric 

acid was used as the base electrolyte even though this did not 

give the most conducting solution. This particular acid concent- 

ration was chosen because, as found previously by Carbin and as 

was also found in this present work, the perspex cell used in the 

experiments tended to crack, after a short period when stronger 

acid concentrations were used. Even in O. 5VI Sulphuric acid some 

cracking was apparent after a number of months of service(plate 2) 

6.1.7 Flow Measurement. 

Flow rates were measured by leading the cell exit pipe 

directly into a measuring cylinder and measuring the flow for a 

given time interval, usually one minute. The flow for a given 

Rotameter reading was constant using this method. Bed expansion 

readings also gave consistent readings with the Rotameter readings. 

The Rotameters used were of the 100-type tapered glass tube. 
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They were fitted with ceramic floats (Korannite K-type) and 

had tantalum end springs to prevent corrosion by the electrolyte. 

The smaller Rotameter (7K) was used for flow rates upto 0.3 litres/ 

minute, and the larger for flow rates upto 2.5 litres/minute. 

A three way Quick-Fit tap was fitted to switch flow from one 

Rotameter to the other. 

-6.1.8 Tubing. 

A number of different types of tubing were used in 

r 

conjunction with the pump. Initially Neoprene was used as 

recommended by the manufacturers, however the tube wore very 

rapidly and had to be replaced. 'Silicone Rubber' tubing was 

considered however it was not possible to obtain this rubber 

with wall thicknesses of greater than 2mm and rubber with this 

thickness caused uneven flow in the cell because of back pressure 

at the pump. Thick walled vacuum tubing was tried and gave excel- 

lent stable.. flow but had poor mechanical wear resistance, 

failing after only ten hours. Eventually clear flexible P. V. C. 

tubing was used which had excellent resistance to the solution 

lasting., about 200 hours at pump speeds of 100. r. p. m.. Its cost 

was also minimal. 

6.2 Apparatus. 

The fluidised bed used-in this study is described 

schematically in figure 15. A photograph of the apparatus 

it given in platel. 



58 

6.2.1 The Cell. 

The cell was constructed from perspex as shown in 

figure 16, and was essentially a long tube which had been split up 

into three lengths. The bottom two lengths both had two flanges, 

one at either end of the tube. The top tube had only one flange, 

at its base. Each flange was fitted with one or more '0' ring 

seals to prevent seepage of electrolyte from the cell. Other 

features particular to each section of tubing were: - 

1) The bottom section contained a base plate which 

had been-drilled to admit an electrolyte entry pipe. It also 

had a grooved insert to 'take. a porous plastic filter(Vyon). This 

was the filter upon which the fluidised bed rested. This section 

also had a small hole drilled in it to accept the reference electrode.. 

2) Two middle . sections;,.. of the cell were constructed, 

differing in the diameter of the perspex tube from which they were 

made, Both sections were used in experiments at different times. 

3) The top section of tubing had a hole drilled in its 

side to accept the electrolyte exit pipe. This hole was situated 

thirty millimetres below the uppermost point of the unflanged end 

of the tube. Directly opposite this hole and a further thirty milli- 

metres below it, another hole of similar diameter was situated to 

accept the anode lead(6.25mm dia. hole). 

The three cells were bolted together at the flanges by six equally 

spaced 2B. A. steel bolts (protected with an electroless nickel coating). 

Initially brass bolts were used but the heads wore very quickly, 
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especially as the cell had to be taken apart after each experiment. 

Uncoated steel bolts were corroded because of acid spillage and 

\ often seized up if the cell was not used for a few days. Table 6 

gives the overall dimensions of the cell. 

6.2.2 The Bed.. 

The bed consisted of small atomised particles of copper 

which were generally quite spherical. A particle range between 

70 mesh and 100 mesh was used to construct the bed(see also section 

6.1.1). Three bed weights were used, giving packed bed heights( i. e. 

the bed height with no electrolyte flow) of approximately one, two 

and three centimetres in the smaller cell. The bed weights were 

16.67,33.33, and 50g,. In the larger cell a 50g. bed weight only 
, 

was used with a packed height of approximately one centimetre(table6). 

The bed rested on the porous filter in-the lower 

section of the cell. The particular range of particle size was 

chosen firstly because it gave good bed fluidisation and secondly 

because it was more easily available than other particle size ranges. 

Other reasons for keeping to this size range were that particles less 

than 150AuM tended to entrain in the electrolyte at low flow rates, 

and suffered from flotation problems if there was any air trapped in 

t the system. Particles of greater than 212)Lf in diameter did not 

fluidise easily in this cell perhaps because of their mass. Larger 

particles were also less spherical. Very large particles could not 

be used because otherwise mass transfer effects between the wall and 

the particles would have become important. 
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6.2.3 The Electrode Arrangment. 

The anode was made from a length of 'Analar' grade copper 

sheet 125mrnx50mmx0.9rim which was coiled so that it could fit inside 

the cell. It was placed directly above the bed and about 150mm from 

it. The anode lead fitted into the cell through a rubber bung fitted 

into the anode entrance hole. The area around the bung was supported 

by perspex to give the bung extra support. Extra'Perspex. '. was also 

placed around the electrolyte exit pipe to give the pipe more support. 

(see fig. 16). At the very top of the cell a large rubber bung, drilled 

to take a--stirrer gland, was placed. A glass tube fitted tightly down 

the centre of the stirrer gland and went from the stirrer gland 

down through the centre of the cell to a point 60mm above the height 

of the porous bed support. The cathode feeder to the bed went down 

the centre of this glass tube. This feeder electrode was 1.6mm in 

diameter -and was made from Shellac coated high purity-copper wire. 

It was further insulated by a surround coating of P. T. F. E. tape. 

One end of the feeder electrode was connected to the Potentiostat 

and the other end rested on the porous support. A rubber bung, which 

made a water tight seal with the glass tube, surrounded the feeder 

electrode at the top of the cell. During experiments, that part of the 

feeder which was to be situated in the bed was stripped of all 

insulation to a height one millimetre less than the bed height. 

Electrical contact could then be made between the -. feeder and the 

copper particles in the bed (fig. lý). 

The reference electrode was placed just below the porous 
filter through a hole drilled there for that purpose. The reference 
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electrode was placed in this position both for convenience and 

because it ensured a consistency in the experimental procedure during 

potential_sweep. experiments. A saturated Calomel electrode (KC1) was 

used initially but this was replaced by a copper wire reference elctrode 

as this had proven to be both convenient and stable. The temperature 

of the cell was monitored by placing a thermometer in an inlet. 

. hole at the top of the cell. 

6.2.4 The Circulating System. 

The circulating system is shown schematically in figure 18 

An eight litre electrolyte reservoir was placed in a fifty litre water 

bath fitted with a 'Cambridge-Tecam' temperature unit to maintain a 

constant temperature-The electrolyte was pumped via a variable 

speed peristaltic pump capable of flow rates upto thirty litres per 

minute. Two intermediate vessels were used to smooth out the pulsed 

flow from the pump. After passing through the cell the electrolyte 

returned to the reservoir via one of the Rotameters. From the Rota-. ' 

meter reading the flow in the cell could be-determined. The temperature 

of the electrolyte was observed with the aid of a thermometer placed 

in the reservoir. 

A framework of 'Climpex' tubing mounted on a wooden base 

supported the cell,. the Rotameters and the smoothing vessels. The 

wooden base sat in a plastic tray and was mounted on foam rubber 

to reduce vibrations in the system caused by the pulsing action of 

the pump. 
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6.2.5 Flow Regulation. 

The pump was capable of speeds upto 220 r. p. m. (equivalent 

to 100 cm/sec. for large bore tube) but it was found that for smooth 

running, speeds between 70r. p. m. and 100 r. p. m. were necessary. 

Below 70 r. p. m. flow pulsations increased and the flow was not 

adequately smoothed by the time it reached the fluidised bed. Above 

100 r. p. m. the tube life deteriorated quite rapidly and vibrations 

in the 'Climpex'support system were noticeable. In the range of 

70 r. p. m. and 100 r. p. m. the flow , although smooth, was much higher 

than that-required to fluidise the bed and would have entrained the 

copper particles in the cell. A by-pass valve was therefore installed 

to draw off some of the electrolyte before it reached the cell, 

thereby reducing the flow to the bed(fig. 15). The pulsed flow 

from the peristaltic pump was smoothed using two vessels in series. 

The first of these was a two litre aspirator fitted with entrance and 

exit pipes. A small pressure release tap was fitted at the'. top of.. -- 
the aspirator. The second vessel was a 100 c. c. glass flask, again 

fitted with entrance and exit pipes and a pressure release-vessel(figl ). 
) 

6.2.6 Temperature Control. 

A single temperature of 23°C was used in the experiments, 

which was similar to room temperature. It was still necessary to in- 

stall a temperature control regulator however to ensure that a 

con'tant temperature in the cell could be maintained. This was 

achieved by passing the electrolyte down a 'Leibig Condenser' in the 

flow circuit. Flowing water in the outer jacket of the condenser 
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raised or lowered the temperature as required. 

6.2.? The Electrical Supply.. 

Experiments were performed potentiostatically using a 

ten Amp. /forty Volt 'C ? ie. micnl Electronics' potentiostat and Linear 

Sweep Generator'. -The potential across a standard one ohm resistor 

was fed into a Bryans 28000 chart recorder to give a direct potential- 

current conversion, and polarization currents could thus be monitored 

continuously during the potentiodynaric sweep of the electrode. 

6.3 Procedure. 

Initial experiments in the cell were carried out without 

a bed of particles being present in the cell.. Instead cylindrical 

specimens similar to those used by Carbin and Gabe(73) were used 

and a number of polarization curves were obtained. These gave limiting 

currents for copper solutions under various conditions of flow and 

for different copper ion concentrations, 

6.3.1 Cylindrical Specimens. 

Cylindrical specimens were polished through various 

grades of silicon carbide paper to 800 paper and were degreased in 

acetone. Two methods of pretreatment of the samples were investigated, 

chemical polishing and electrochemical polishing. Both methods gave 

similar reproducible results for polarization curves above 100 mV. 

overvoltage, with limiting current densities varying by 2%. Below 
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100 mV. some differences existed in the polarization curves but this 

region was not of major importance to the study. (The discrepancies 

were probably an effect of crystallization overvoltage caused by 

the different methods of pretreatment). As such ., close agreement 

was achieved between the two methods of polishing, chemical polishing 

was used because it was a more convenient method. The chemical 

polish solution that was used contained 55% Orthophosphoric, 25% 

Acetic and 20% Nitric acids' by volume. The degreased specimens were 

immersed for one-minute at room temperature(25°C), removed, washed 

with tap water, deionised water and finally in the electrolyte in 

which they were to be used. 

After polishing the specimens were placed at various heights 

within the cell and in this instance, as no bed was present, the 

reference electrode was fitted two millimetres. away from the cathode 

specimen. (fig. 17) .A flow rate of I. ' cros/sec was used and polarization 

curves for the electrode were taken by potentiodynamically scanning 

the electrode upto 1200mV. overvoltage, or until the hydrogen evolu- 

tion reaction was giving a current in excess of one Amp. A potential 

scan speed of 60 mV. /min. was chosen for these experiments. 

6_3.2 Electrode Geometry. 

) The cylindrical specimens used were cut from 6.32 mm. (1/4 

diameter copper rod. Their end faces were squared on silicon carbide 

paper with the aid of a perfectly rectangular tool steel block 

drilled to take the specimens. Each specimen length was measured with 
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a microscope capable of reading to 0. lmm.. The ends of the specimens 

were laquered so that only the curved surfaces of the specimen took 

part in the experiments. 

Various experiments were conducted to find out the - :_'.. 

hydrodynamic length of the cell and 'the effect of the porous membrane 

on. this length. It_has been suggested that filling the area below the 

membrane with glass ballotini helps reduce the hydrodynamic entry 

length(g2), in the cell. This was tried out in this cell , but it 

did not have any noticeable effect on limiting current data. Limiting 

current data was obtained for copper ion concentrations of 0.07M. 

in 0.5114. Sulphuric acid, and the experiments were conducted at 23°C. 

6.3.3 The eder Electrode. 

Experiments on the feeder electrode were also carried out 

in the absence of a bed. In this case insulation was removed from 

the feeder to leave the required length of copper wire exposed. This 

was immersed in copper polish solution for ninety seconds or until 

there were no bubbles on the feeder surface. It was then washed in 

a similar manner to the cylindrical specimens. The feeder electrode 

was placed so that it was just touching the porous ' membrane. and the 

reference electrode was placed below this filter(fig. 15). Polarization, 

curves were recorded by potential scanning of the feeder using 

similar conditions as for the cylindrical specimens. Care had to be 

taken that no copper from the feeder electrode became embedded in 

the filter as spurious polarization curves resulted. (This-sometimes 
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occurred if burnt copper particles formed on 'the feeder electrode 

and then fell onto the filter). The cause of the spurious results was 

probably due to having a larger surface area cathode, -caused by the 

copper particles embedded in the filter becoming part of the cathode. 

Required feeder lengths were measured under the microscope 

and insulation was stripped from the feeder surface using a scalpel. 

Polarization curves were recorded at various flow. rates in 0.07 and 

0.0111. copper solutions for a number of feeder lengths. Great care 

was exercised when changing solutions to ensure that the system was 

entirely free of the old solution. This required draining the system,.. 

flushing with water, flushing with distilled water, and finally with 

three litres of new solution. 

A small number of polarization curves were obtained using 

various feeder lengths in a fluidised bed. The length of the feeder 

)electrode was varied; between being one third of the total height of 

the bed and the full height of the bed less one millimetre. 

6e Fluidised Bed. 

In order to ensure that experimental values were comparable, 

reproducible conditions were necessary in the bed. Attempts were 

therefore made to polish the particles. Electropolishing was considered 

an unsatisfactory method of polishing because the behaviour of the 

fluidised bed'had not been established, also it was apparent that 

as a continuously changing portion of the bed would be in contact 

with the anode, a range of results might be achieved caused by the 

variability in anode contact time with any given particle. The 
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results of the polishing might therefore have varied between light 

etching, through polishing to over etching and pitting. A second 

reason against the use of an electrochemical pretreatment was that 

due to the large surface area of the particles, the particles would 

be much more active than normal and it has been suggested(100) that 

under anodic fluidisation bed particles often become coated with a 

thin layer of oxide. 

Chemical polishing of the particles did not prove successful 

as the large area to volume ratio of the particles catalysed the 

breakdown of the Nitric acid in'the polishing solution resulting in 

the evolution of nitrogen dioxide. Diluting the solution with water 

also gave ursatisfactory results. Other milder forms of cleaning 

solution were tried using 15% Nitric acid(v/v) and 4% Nitric acid 

(v/v) in distilled water. These were not successful either as the 

solutions merely caused pitting of the particles thereby changing 

their surface area(plate 3). Consequently before being used in the 

experiments the particles were merely degreased. A thorough degreasing 

was obtained in the following manner. Initially the particles were 

cleaned in an ultrasonic bath containing soap and water.. This was 

followed by a rinse in deionised water and then by immersion in 

boiling iso-propyl alcohol. Finally the particles were rinsed in the 

solution in which they were to be used. Scanning electron microscopy 

showed the particles to be oxide free. Once. Ieparticlc5 had been 

degreased }hey were placed in the cell, the cathode feeder was then 

placed in the bed and the bed Was fluidised to the required height. 

The reference electrode was placed just below the filter upon which 

the bed rested. Once a potentiodynamic sweep had been completed, the 

bed was removed and a new bed of particles was placed in the cell 
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before commencing the next sweep. Reusing a bed gave bad results. 

When the smaller cell was in operation three bed weights , 

. were used (16.67,33.33,50.0g), ln the larger cell one weight was used 

(50. Og). Each experiment was repeated twice or until experimental 

reproducibility was achieved. Polarization curves for various bed 

expansions upto double the original height-of the bed were. taken 

using the 7n 10-1M Cu++ solution in 0.5r. 2 Sulphuric acid. These curves 

were then repeated using other solutions containing 10-5t, 7., 10-3PrI., 

10-2T-Z. , and 0.71: 2. Cu#+ solution in 0-5M Sulphuric acid. Runs were also 

conducted using 0.51,2. Sulphuric acid alone. The sweep rate used in 

these experiments was l5mV/min. and experiments were continued well 

into the hydrogen evolution range. 

6.3. Particle Growth Experiments. 

A number of experiments were carried out on the growth 

of particles under potentiostatic conditions. Using the smaller cell 

a bed weight of 16.67g was taken and fluidised to 1.3 eras in 0.7]1. 

copper solution (E=. 46) A potential difference of 60 mV was placed 

on the feeder electrode with respect to the reference electrode 

for times of 1,5,10,25, - 50, and 100 mi. nutes. At the end of each of 

these times a sample was taken from the bed washed in water, dried 

in alcohol and stored in a dessicator. This procedure was repeated 

on samples for potential difference intervals of 60mV upto 420 mV. 

All the samples were examined under a Cambridge Mark V Stereoscan. 

(En the preparation of samples for the Stereoscan care had to be taken 

not to apply toomuch glue to the'stub onto which the particles were 

to be sprinkled, otherwise the particles became completely immersed 
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in glue. The curvature of the copper particles did not cause any 

problems on this equipment because of the excellent depth of field 

this particular piece of equipment has. ) 
0 



7. RESULTS. 
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71 Ancillary Results. 

L1 Electrolyte Viscosity and Density. 

The kinematic viscosities of the electrolytes used in 

this study as well as data for distilled water are shown in table-7. 

This data is in good agreement with Selman et al. (112) which is also 

tabulated for ease of reference. The viscosities of the solutions 

containing only small quantities of copper are indistinguishable, 

frort each other. 

The densities of the above electrolytes are tabulated in 

table 8 and again good agreement is obtained with the data of Selman 

in'the appropriate ranges. For densities of less than 0.01M. values 

differed, however the empirical equation which Selman uses has not 

been validated for concentrations of 0. o111. or less.. 

_2.1.2-'D- 
iffusion Coefficients. 

The relationship proposed by Arvia(111) for obtaining 

diffusion coefficients for copper has been widely accepted(? 1 3) 
t+ 

and was used here. Calculated values of D Cu for the conditions 

investigated appear in table 9. 

713 Spectrophotometer Calibration. 

The two spectrophotometers which were used (section 6.1.6) 

were very useful in determining the quantity of copper in solution. 

The blue colour inherent in copper solutions meant that it was 

unnecessary to add any form of colour complexant'to the solution and 

samples could be removed from the cell and analysed immediately. 
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Linear relationships existed between optical-density and copper ion 

concentration over intervals within the ranges used, although no 

single linear function could be used to cover all the solution 

ranges. Figure 19 indicates a typical linear calibration line for 

copper ion density versus optical density for the Cu2+ concentration 

range 0.01M. to 0.11-1.. 

2.1.4 Sulphuric Acid Conductivity. 

The results for conductivity tests with Sulphuric acid 

are given- in figure 20. An appreciable drop in conductivity occurs 

with decreasing acid concentration and in fact 0.5&T. Sulphuric acid 

has only 41% of the conductivity of 1.511. Sulphuric acid; however 

the life of the perspex cell is approximately ten times greater 

in the more dilute acid solution. The conductivity of the 0.5.. 7 

solution is still good with a conductivity of 0.195 lcm-l, 
and is 

sufficiently good to remove the copper ion contribution to the 

electrical conductivity i. e. t -+0 for Cut+.. 

The overpotential at which hydrogen evolution starts 

on copper is about 16% greater in 0.5flI Sulphuric acid than in 1.5IT 

Sulphuric acid. Figure 21 indicates how the overpotential at which 

hydrogen starts to evolve drops, with increasing hydrogen ion 

concentration. It is noticeable that as the acid conductivity stabilises 
in the higher concentration regions, the overpotential at which 

hydrogen starts to evolve also stabilises. 
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7.1.5 Particle Size Determination. 

A histogram and a graph of five hundred. particles size 

distribution are given in figures 22 and 23. The graph follows a- 

normal distribution type function. The particles have a mean 

diameter of 184)JM with a standard deviation of (7, äy7. 

ý. 2 Apparatus. 

, 
7,. 2.1 Flow Measurement. 

The calibration curves for the 7k anf.. l4k Rotameters 

are shown in figures 24 and 25. Only very slight density and 

viscosity differences occur for solutions of O. QýM Cu2+ or less 

and calibration curves in these ranges are indistinguishable. 

. 
2.2.2 Effect of Potential Sweep Rates. '.. 

are shown in figures 24 and 25. Only very slight density and 

viscosity differences occur for solutions of O. QýP. 2 Cu2+ or less 

and calibration curves in these ranges are indistinguishable. 

The 'Linear Sweep Uni-t' was calibrated. against a standard 

'Weston' cell to give a range of 3.0 volts on a ten turn potentiometer. 

One turn on the potentiometer was subdivided into one hundred 

divisions, each division resulting in a potential shift of 3mV. 

The accuracy of the calibration was checked againsta standard 

Electrometer' and a straight line graph of overpotential versus 

potentiometer reading was obtained as shown in figure 26. 

7.2.3 Polarization in Static and Flowing Electrolyte, 

The effect of change of potential with time during a 

potentiodynamic sweep of a reaction is a major factor as to how a 
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reaction proceeds. If the sweep rate is too fast then the reaction 

does not have time to equilibrate ai any one particular potential 

and current overshoot occurs i. e. the reaction proceeds faster than 

it normally would do at a given potential. If the sweep rate is very 

slow it allows the reaction to equilibrate at a particular potential 

very well, but it can allow large deposit growth to occur on the 

electrode causing an increase in electrode area. This latter effect 

is not normally noticeable at the sweep rates employed in many 

studies which have sweep rates down to lOmV/min. 

The effect of sweep rate is clearly seen in figures 27 and 28. 

The first of these shows how current overshoot occurs at rates above 

60rV/min. in acidified 0.071,7. CuSO 4 during the plating of copper 

from stagnant solution. The second shows that the effect of agitation 

in the solution causes'the deposition reaction to equilibrate more 

rapidly at a given potential, allowing sweep rates upto 300mV/min. 

to be used without overshoot occurring. The effect of sweep rate 

in a conducting fluidised bed is shovm in figure 29. 

7.2.4 Effect of Cell Design on Polarization Curves 

Initial experiments were carried out using the larger cell 
(31.68mm I. D. ) in the presence of flowing electrolyte alone in order 
to determine the entrance effect of the cell. This effect had been 

found previously(70,71 ) using similar type cells. As this study 

was one of apparatus familiarisation samples similar to Carbin's were 

used. Cylindrical specimens of 6.35mm diameter xllmm in length were 

r 
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placed at various heights above the porous filter and a family of 

polarization curves obtained for 0.071.2 CuSO4 at a flow rate of t. 4- cm/sec 

(fig. 30). The above experiments were then repeated without the 

porous membrane in the cell in order to determine its effect on 

solution flow(f ig. 31). The polarization curves for the specimens, 

both''fbri the membrane present, and with it absent, exhibited well- 

defined limiting currents at all heights in the cell. Figures 32 and 33 

indicate the effect of axial height on the measured'values of iL 

for both these cases. 

7.2.5 Polarization Curves and Electrode length. 

Polarization curves obtained using a variable size 

electrode(length variability) are shown in figure 34: The effect of 

electrode length on the average value of limiting currents is 

indicated in figure 35. Mass transport data, reported by Bazan et al. (eil) 

has indicated that electrode length affects mass transfer coefficients. 

These results tend to confirm this suggestion. 

7.3 The Feeder Electrode. 

7.11 Introduction. 

The results of study on the fluidised bed electrode are 

shown in figures «�-71t- . The connection to a conducting fluidised bed 

electrode is an electrode-in its own right and is known as the feeder 
' 11 

electrode. This electrode is often a wire, or. wire mesh, and as such 
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must have some individual effects of its own. -Typical results for 

the feeder electrode used in this study, without a fluidised bed 

present, are set out below. 

2.3.2 The Effect of Flow on Polarization Curves. 

The effect of flowing electrolyte on the feeder when 

no fluidised bed is present is shown for the polarization data 

for 0,01M and 0.071.1 Cu 2+ 
solutions in figures 30 - 45. These experi- 

ments were carried out in the smaller cell(25.4mm I. D. ) and in 

all cases--limiting currents were clearly defined over a large range 

of overpötential values-and limiting currents could be quite 

accurately measured to *lö. (Although in this instance the limiting 

current was clearly defined , the limiting-current of a polarization 

- curve is often quite difficult to establish. In order to afford 

comparibility with other results the limiting current was stipulated 

as occurring, in this instance, at-an overpotential of 400mV. with 

respect to the rest potential. ) The electrode was placed just above 

the porous membrane and was therefore always wholly or partly covered 

by the hydrodynamic entrance region; thus limiting currents much 

higher than those that would occur outside the hydrodynamic region 

were probably, obtained. 

, 
7.3.3 The Hydrogen Evolution Reaction. 

The effect of the feeder electrode length on the' evolution 

of hydrogen during a potential sweep is adequately established in 
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figure 36 in the presence of flowing solution of 0.5M Sulphuric acid. 

Increasing the length of the feeder electrode causes a slight reduction 

in the overpotential necessary for a given current of hydrogen to 

be produced, This can be expected from the slight increase in area 

of the electrode. The effect of the agitation caused by circulating 

the electrolyte is to raise the potential at which hydrogen is given 

off . 

, 
7.4 Fluidised Bed Results 

? 4.1 Polarization Curves. 

Figures 46 -% represent the polarization curves for 

the fluidised bed electrode and describe the effects of the variables 

investigated in this study. The main variables studied were the 

effect of: bed volume, bed porosity, electrolyte concentration, 

and cell size. These particlar variables were used in order to 

characterise conditions in a fluidised bed electrode and to determine 

the limitations of the system. 

2.4.2 Bed 
_Volurle., - : \,, 

The effects of changing the volume of the bed by increasing 

the mass and number of particles in the bed are shown in figure 46. 

There is a large decrease in the 'apparent overpotential'requirement 

necessary to produce a given current as. the bed weight is increased. 

This might be predicted, as the bed's surface area obviously increases 

with increasing bed weight(for a constant particle diameter), and 
larger currents can thus be expected at smaller overpotentials. ý, F. , 
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From the overall shape of these polarization curves for different 

bed weights, one observes that after an initial overpotential region 

where the cv. ý-rerýL: is very small, a very rapid increase in 

current occurs with only small apparent increases in the overpotential. 

'Increasing the weight of the bed increases the height of the bed 

which, in this case, is the same as scaling up the bed perpendicular 

to current flow. This type of scale-up is discussed more fully in 

section 8.2.2. 

?, 4,3 Bed Porosity. 

The effect of fluidising the bed to different porosities 

causes a decrease in the current'corresponding to a given. 'apparent 

overpotential' as shown in figures 49 - 69. Initially it had been 

expected to find an optimum current( i. e. highest value current) 

occurring above the incipient fluidisation point where a balance 

occurred between particle-particle conductivity and electrode 

surface area; similar to the effect arising in inert particle 

fluidised beds for the effects of particle agitation and flow rate 

(fig. 12). This effect was not observed suggesting that mass 

transfer effects in the bed are not as important as bed conductivity. 

At low bed expansions AC20% and at fairly high' apparent 

overpotentials' hydrogen evolved all over the top of the bed 

and a burnt copper deposit formed(This effect usually became notice- 

able for currents greater than -, 2 Amps, and was preceded by parts 

of the top of the bed becoming burnt around the feeder electrode. These 

burnt areas would spread outwards)away from the fceder, and hydrogen 
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would evolve first from these sites. ) The rate of hydrogen evolution 

was very large possibly because of -the large number of nucleation. 

sites available. and a 'burst' effect was often observed just after 

the commencement of the reaction, with the speed of evolution being so 

fast that the solution above the bed turned opaque within a few 

seconds. This effect also made the electrolyte flow unstable. 

At high bed expansions the hydrogen evolved from the feeder 

electrode only, implying that there was very little contact between 

the feeder and the bed particles.. In ttiis situation, at. high over- 

potentials, the feeder electrode itself often 'had a. burnt appearance 

although the total current delivered by the bed was generally quite 

suall. The burnt effect increased as the bed height(porosity) 

increased. The current at a given overpotential decreased as the 

bed height increased. 

r/Electrolyte Concentration. 

A family of curves showing the effects of solution strength 

on bed porosity and bed volume are given in figures 49. - 69. It 

is noticeable that no limiting currents appear until very low 

copper ion concentrations are used i. e. 10-5T: I. (fig. 64 - 66). As 

the solution strength is increased the overpotential at which 

hydrogen is evolved decreases. A third observation is that at very 

high currents 2-8 Amps. current increase no longer remains a 

linear function of overpotential increase(fig" 67 and 68). The 

reason for this latter observation is that at such high currents 

the top of the-bed often solidifies 'causing instability in the bed 



79 

and making further use of the bed impracticable. 

7,45 The Effect of Cell Size. 

The effects of scale-up of the cell, parallel to the current 

flow of the system are shown in figures 67 - 69. The results are 

relatively similar to those achieved in a bed of one third the weight 

in the smaller tube(fig 51). The results perhaps emphasise, 

the point made by Backhurst et alia(89) that scale-up of cells 

parallel to current flow may have severe limitations because the 

cells are-governed by the position of the electrode and the potential 

distribution in the bed. The effects of scale-up perp3. ndicular to Ehe bel 

are given in section 7.4.2. 

?. 4.6 The effect of Variable Feeder Length in the bed. 

Experiments were conducted to see the effects of the 

feeder electrode on the fluidised bed(-Lig. 47 and 48). Various 

lengths of feeder electrode were placed in the cell. When the feeder 

was greater than the bed height some spurious results were obtained 

which were probably due to uneven polarization of the electrode 

above the bed.. To prevent this from happening that part of the 

feeder situated above the bed was covered in,! Lacomit, sealant and 

further covered with a layer of P. T. F. E. tape. The results-'show 

that as the length of the feeder is decreased in the bed the current 

decreases for a given overpotential. Because of these results, and 

after some initial experiments had been carried out, the feeder 

length was standardised at lmm less than the porosity of the bed. 
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7.4.7 The Hydrogen Reaction. 

The effect of the conducting fluidised bed on the hydrogen 

evolution reaction when no metal ions are present in the bed , and 

using a platinum anode, are given in figures 53,58 and 63. The over- 

potential at which hydrogen is generated is higher than that for 

when copper ions are present, (fig. 49 -52.54 -57.59 -62), but is 

less than when no bed is present at all(f ig. 36). A possible explazn- 

ation for this is given in section 8.2. 

7.4.8 The Effect of Reusing the Bed for more than One Experiment. '' 

It was found that if a bed of particles was used more 

than once in a potentiodynamic sweep then some unusual polarization 

curves were obtained. For small bed expansions<20o, straight line 

relationships were obtained for overpotential versus current(fig. 70) 

and the same current/overpotential polarization curve was ofteri', " 

maintained for different bed porosities. If a particular bed was used 

in more than two polarization runs, the bed generally became unstable 

and lumps of copper powder which had agglomerated together could 

be observed. A lot of fine copper powder of 1001 or less was 

also present in: *the bed. This generally became incorporated into 

the porous membrane and increased the surface area of the bed 

through contact with the feeder electrode which was touching the 

membrane. 
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_. 5 The Structure of the Electrodeposits. 

, 
2.5.1 The change of Deposition Rate with Time. 

Some experiments were conducted where the bed was left 

under a constant 'apparent potential' for various time periods 

in 0.7L1 CuSO 4+0. , 
5M H2SO4* At various time periods for a given 

potential (i. e. 1,5,10,25,50, and 100 minutes) samples were taken 

from the bed to be looked at under the Scanning Electron Microscope 

(fig. ?1 and. plates 6-157). Although the current in the bed was 

expected to remain fairly constant for a given potential, in fact 

the current changed quite dramatically with time. Possible explanations 

for this behaviour are given in section 8.2. 



s. DISCUSSION. 
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8.1 Cell Characteristics. 

A preliminary investigation was carried out on the cell 

without the presence of the fluidised bed to determine the effect 

of some hydrodynamic parameters of the system. The results were 

compared to the results obtained by Carbin(-)ý, ) who used a similar 

type of fluidised bed cell. Similar cathode samples were also used. 

8 1.1 The Effect of Axial Height. 

The effect of limiting currents obtained during the 

variation of the cathode height in the cell were found to agree 

very closely with the results obtained by Carbin. A pronounced entry 

length was evident in the cell at heights of upto 40mm. above the' 

porous membrane. This has been attributed to the distance required 

for a stabilised flow regime to become established. If the porous 

membrane( used to support the fluidised bed) is removed from the 

cell the flow characteristics of the cell change slightly and a 

further 20mm entry length is required before the flow regime estab-" 

lishes itself to the same degree as when the membrane is present. 

(fig. 29 - 32). 

8.1.2 The Effect of Electrode Length. 

The effect of the electrode length is dependent upon 

the length from the leading edge of the sample. This is demonstrated 

in figures 34 and 35, the latter of which shows the limiting current 

per unit length of electrode decreases as the. length of the cylinder 

increases. This effect rmaywell . 
be due to a flow regime which has 
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not fully developed *by the time the cathode has been reached(fig. 1f.. ) . 

Eddies may also form along the length of the sample because of-its 

non-hydrodynamic shape and might thus be important. It would have 

been interesting to determine the effect of different shaped specimens 

on the limiting current data as this would have determined how much 

of the entry effect was due to the sample geometry and indicated 

the character of the entry length effect. 

8.1.3 The Feeder Electrode. 

Data on the feeder electrode for various conditions of 

flow rate and metal ion concentration and for different feeder 

lengths, is given in figures 36 - 45; characteristic limiting 

currents are observed for all conditions. Increasing the flow rate 

from 0cm/sec to 1.35cm/sec increased the limiting current by a 

factor of three to four times. =- ýý 'The effect c cýea-býonýý rNatt 

amount of agitation, i. e. 0.25cm/sec, was sufficent to increase the 

limiting currenkt; vaaues _-y&- er W&v t-haý- 
, proauw -b5 a fivefold increase 

of tktsurface area of the electrode.. This 

perhaps demonstrates the importance of the diffusion layer in 

reaction kinetics and also the type of beneficial effect agitation 

can have in reducing this diffusion layer. The effect of agitation 

on the potential sweep rate for the polarization curves is given 

in figures 27 and 28. In the. absence of flows sweep rates of l50mV/nmin. 

are required to prevent spurious results from being obtained. 

When a flow rate of 0.8cm/sec is used in the cell, then sweep rates 

of upto 300mV/min. produce good reproducible results. 
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8.1.4 The Hydrogen Reaction. 

The evolution of hydrogen is always a problem in metal 

extraction and metal finishing because it causes a decrease in the 

current efficiency of the cell, it can cause embrittlement of the 

cathode deposit, and can prevent good deposits from forming. Polariz- 

ation curves for the hydrogen reaction, under similar conditions 

of flow and for similar feeder lengths as those. used when the fluidised 

bed is present in the cell, are given in figure 36. Although no 

limiting currents are observed, it can be noted how the hydrogen 

reaction moves to smaller overpotentials as the flow rate through 

the cell is increased. A similar effect has been observed by Carbin(76) 

using an inert fluidised bed. (In the presence of a fluidised bed in 

which metal ions are present the overpotential at which hydrogen 

is evolved increases with flow rate. See section 8.2. ) 

8.2 The Conducting Fluidised Bed. 

In order to characterise the fluidised bed system a 

number of parameters have been considered. These are: - 
1) The effects of flowing electrolyte. 

2) The effect of bed volume- i. e. scale-up of the bed 

(i) Perpendicular to current flow. 

(ii) Parallel to current flow. 

3) Electrolyte concentration. 

Electrodeposit morphology. 

The electrolyte chosen was acidified copper sulphate solution 

because during the deposition of copper from its ions there is no 
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chemical step involved(6$), making the rate determining step either 

diffusion controlled or charge transfer controlled. This also meant 

that copper could be used as the cathode which was beneficial as 

copper is a very good electron conductor. 

8.2.1 The Effect of Flowing Electrolytes. 

The effect of agitation in an electrochemical cell has 

become of-increasing importance to electrochemists in the last 

fifteen years ever since the kinetics of cell polarization have 

been realised. In the fluidised bed electrode the surface area: 

of the electrode is large and the flow of electrolyte through'the 

bed is turbulent. Increasing or decreasing the rate of electrolyte 

flow not only affects the degree of turbulence within the bed, but 

also the intrinsic nature of the electrode itself. An increase in 

the electrolyte flow through the bed causes an expansion of the bed 

which in turn causes an increase in porosity of the electrode. A 

number of polarization curves demonstrating the effect that this 

has on the efficiency of.. the bed are given in figures 49 - 69. 

As the porosity of the bed increases with faster flowing electrolyte 

then, for a given overpotential, the current in the bed decreases. 

Maximum currents are obtained when the porosity of the bed is a 

minimum i. e. at the fluidisation point of the system. The deposition 

current also decreases quite rapidly above bed expansions of 20% 

(E _' 45) and limiting currents are-observed. 

This behaviour of the fluidised bed with changing agitation 
may be explained in terms of resistance within the bed and the 
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corresponding changes in potential this causes. In a bed which has 

not been fluidised all the particles are in good electrical contact 

with each other. If a small potential is applied to one point within 

the bed through the feeder electrode all the particles in the bed 

will assume this potential and all the potential drop between the 

bed and the counter electrode occurs at the metal/solution interface. 

If a large potential is placed on the feeder with a corresponding 

high current flow, there is a very slight change in potential 

through the. bed of particles because of this large current flow and 

the contact resistance between the particles becomes important. 

When the bed is fluidised the potential distribution 

can change quite markedly. This has been demonstrated previously. 

(95 
-00,102) . The extent of change depends upon such factors as bed 

material and its conductivity, the particle size, the contact time 

between particles and the current flowing in the bed. The cell 

arrangement between the anode and cathode is also important as this 

determines the current paths between the electrodes and the efficiency 

of electrode design. An increase in the flow rate causes the bed 

to expand and the porosity of the bed to change. The mean contact 

time between particles also increases. Similarly the total number 

of particles in contact either directly or indirectly with the 

feeder(indirectly - i. e. by touching other particles which are in: 

contact with the feeder, ) decreases. Parts of the bed which are no 

longer in contact with the feeder become deactivated and do not assume 

the bed potential. This type of behaviour has been observed by a 

number of authors(g0 , 95). At very high flow. rates, , and therefore 

very high porosities, there is very little contact between particles 
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and the feeder electrode ; -the particles function more as an agitation 

medium than as a means of increasing the electrode surface area 

and the bed behaves more like an inert particle fluidised bed. 

The effect of'increasing the flow through a fluidised bed when a 

potential is applied. to the bed is to increase the inherent resist- 

ance of the electrode and make it function less efficiently. 

The polarization curves of figures 49 - 69 describe the 

above effects'in the following manner. At bed expansions upto 20% 

expansion there is a fall off of the current that is produced by 

the cell for a given feeder potential. This demonstrates the decreasing 

activity(and the increasing resistivity) of the bed with increased 

flow of electrolyte. Above 20% bed expansion 'quasi' limiting 

currents are observed (fig 
. '72- ̀ 1 +) . In so far as the currents are 

not perfectly limiting, it suggests that the particles are still 

having a slight-effect on the cell current. Another possible reason 

why the currents are non-limiting is because of some hydrodynamic 

instability along the feeder electrode. (The feeder elctrode is in 

contact with the porous-membrane in the cell and this is an area where 

hydrodynamic conditions are not stable-.. ''Non-uniform results may 

therefore be expected from this region which could effect the total 

current of the cell. ) 

The highest currents were obtained at the fluidisation 

point of the system probably because this is where the electrode 

has the best conduction and works most efficiently. At the fluid- 
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isation point however the electrode tended to suffer from the effects 

of slowly moving particles which, because of the long particle-particle 

contact time, often allowed particles within the bed to agglomerate, 

upsetting the stability of electrolyte flow through. 'the bed and 

causing the electrode to break down. This effect was more prominent 

whilst using the more concentrated electrolytes and at high bed 

overpotentials(fig. &'1) . In the use of this type of fluidised bed 

a balance may have tol. be obtained between operation current and 

bed height to prevent this type of agglomeration from occurring. 

8.2.2 The Effect of Bed Volume. 

The designs of fluidised cells are based on two main types 

of cell configuration. 

1) Where current flow and electrolyte flow are parallel. 

ý 2) Where current flow and electrolyte flow are perpendicular. 

Both of these designs have been discussed in section 2.4.3. Problems 

in scale-up of processes are very common in most industries,. and one 

of the factors in determining the success or failure of the fluidised 

bed electrode will be its ability to cope with any scale-up problems. 

In this area Backhurst's findings are quite significant(90). He 

believes that increasing the dimensions of the cell perpendicular 

to current flow will allow linear scale-up of the cell whereas 

scale-up of the bed parallel to current flow is not advisable above 

one centimetre because of deactivation of parts of the bed. He points 

out however that because the current carrying capacity of the bed is 

large(Backhurst suggests 3QQA/-' 2 
related to a cell ý( Sec iön cß I ýEýX ýýý clýae" 

( 50 0Ym par#d s) 
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then this is a small limitation and that a number, of small cells may 

even work more efficiently than one big one. 

In this study little benefit was obtained in improved 

current capacity of the cell by scale-up of the bed parallel to the 

current flow. This is demonstrated by the polarization curves in 

figures P- 51; t67 - 69. The results suggest that the feeder electrode 

is bounded by a zone of conducting particles cý! ' lcin outside of which 

good electrical contact is lost between the particles and the feeder. 

Problems other than c: onduction--became apparent during scale-up of 

the bed parallel to current flow. The stability of the bed deteriorated. 

This deterioration became more noticeable as the bed was expanded 

to higher porosities. Stressing of the membrane upon which the bed 

rests although not a problem in this study , might become one in a 

larger cell. This would require replacement of the porous membrane 

with one'of increased rigidity but probably with less permeability. 

A theoretical and experimental study by Fleischmann and 

co-workers led them to a similar conclusion on the maximum useful 

size of a fluidised bed where current flow and electrolyte flow 

are parallel, via the concepts of a bed effective resistivityI1 

of the discontinuous metal phase and an effective solution resistivity. 

Assuming that charge is shared between particles, following elastic 

collisions in the bed, they gave an estimation of the current capacity 

of a given bed as, 

'Pm = o. 28Eo' 33(EO. 33- 1.. 0)0.33. 1 
0.33. 

Jý, 
4.66 

where 
/0 is the particle density, Pm 

and 
As' 

are the metal and solution 
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effective specific resistivities, ? )p is the free particle velocity, 

s is Young's modulus and Eis the electrode length normalised with 

respect to the bed height. -The difficulties in relating this theoretical 

equation to experimental data are large in so far as a free particle 

velocity determination of particles in the bed is not easy. 

Experimentally measured values of Im by Fleischmann were less than 

1/7th of that predicted by the equation(Ito). The discrepancy was 

ascribed to non-uniform fluidisation(see section 4.3.2) of the bed 

and possible stagnation of the bed around the feeder electrode. It also 

-demonstrates that a substantial amount of work is still required 

on the fluidised bed and fluidised bed parameters before the electrode 

will be completely characterised. 

The limitations imposed by the cell during scale-up of 

the cell parallel to current flow led to the consideration of-cell 

scale-up perpendicular to current flow. In this type of scale-up 

the 'zone' type conduction problems of above were no longer apparent 

and larger currents were obtained as the surface area of the electrode 

was increased. Polarization curves for this mode of operation are 

given. in figures 49 - 66. The relationship between current and 

electrode surface area is not a linear one for this cell, but this 

is not unexpected. Some authors have observed ('5,103 
,l l0) in fluidised 

beds of both"a conducting and non-conducting nature that there is 

a region of hydrodynamic instability just above the membrane on which 

the bed rests and as demonstrated in this thesis(section 8.1.1). In 

this region flow is more turbulent, contact between particles is 
. 

therefore more frequent and the diffusion layer around the particles 

is probably thinner. Goodridge has suggested that higher currents 
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are produced in this region because of a higher transfer coefficient KM 

between particles, where 

Im = -Km. A. dýfm/dx 

and Im is the transfer current. Upon scale-up of the bed the percentage 

volume of this region decreases and its effect on the total current 

is therefore diminished. Current.. achieved when the bed is scaled-up 

may therefore be slightly less than that expected-. with a linear 

current/area ratio. 

Other factors which may contribute to this non-linearity 

in current/electrode area ratio are: - 

1) The effects of the potential gradient of the bed which 

will vary as the bed volume is increased both because of the extra 

bed resistance between the top and the bottom of the bed and because 

of a larger concentration gradient between the top and the bottom 

of the bed(see section 8.2.3 following) 

1.2)The electrode arrangement of the cell which makes the 

throwing power of the system more important. Where the anode is placed 

above the cathode the effects of increasing the bed volume in the 

direction of the anode is to increase the number of available 

current paths to the cathode. I-lost of these paths will have an 

associated increased resistance,. - ý and will carry a smaller 

quantity of current than other current paths. The benefits of an 

increased bed volume(i. e. scale-up of the bed perpendicular to current 

flow) will therefore be a diminishing one and smaller increases in 

current may be expected as, the cell is scaled-up. 
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8.2.3 Concentration Effects. 

In this study electrolyte concentrations were varied 

between 0.7T, 7 and 1X10"511 and the results obtained are perhaps the 

most interesting but also the most difficult to explain. From 

ob--ervation of the results the following comments can be made: - 

1) As the electrolyte-concentration is increased the 

apparent overpotential at which hydrogen evolves 

decreases. 

2) The overpotential required to produce a given deposition 

current decreases with increasing electrolyte 

concentrati on. 

3) Apart for the 1X10-5T4 solution no other solution 

exhibited a limiting current in the active bed range. 

( 25% bed expansion) 

4) Scale-up of the bed perpendicular to current flow 

emphasised the above observations. 

These observations are shown graphically in figures 49 - 69. 

The results obtained in the fluidised bed by changing 

the bulk concentration of the electrolyte demonstrates the nature 

and the limitations of the electrode. The large current obtainable 

from a fluidised bed of conducting particles may be attributed 

to the two effects of i)A large surface area of electrode, 2)A 

decrease in the diffusion layer thickness around the particles. 
In an inert particle fluidised bed the increase in current is due 

solely to the improvement in diffusion conditions. For example, 
Kreysa et alia(1o9) have shown that increases of current of 
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5 or 6 maybe expected in copper solutions using an inert particle 

bed rather than a non-agitated planar electrode. -In this study of 

the conducting bed even higher ratios were achieved but a comparison 

between the electrodes is not easy as they operate with different 

electrode areas. 

In conventional planar cells such as the parallel plate 

cell(section 2.2) concentration changes in the electrolyte tend 

to affect only the limiting current of the system and the relation- 

ship between current and overpotential is similar, uptö the limiting 

current, for different electrolyte concentrations. The results 

obtained forfthe fluidised bed used in this study differ from those 

obtained for a planar electrode in that when no limiting current 

is apparent different electrolyte concentrations give different 

deposition currents, at low overpotentials, when all other 

experimental parameters appear constant. 

The reaction in the fluidised bed does not appear to 

be kinetically limited by diffusion because the limiting currents 

which characterise diffusion control are absent. In that different 

currents are obtained from different strength electrolytes under a 

constant set of conditions, it would suggest that there is little 

activation limitation either. Obviously there is a certain parameter 

which is applied for plane electrodes that cannot be applied in 

thip work. In'plane electrodes the potential over the whole of the 

electrode surface under consideration is taken as a constant value 

whereas for this fluidised bed electrode this assumption is probably 

not valid. 
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In section 8.1.1 it was suggested that changes in bed 

porosity caused changes in the metal potential of the electrode, by 

altering the 'contact resistance' between particles in the bed, and 

that this could eventually lead to deactivation of parts of the bed. 

It is also possible that changes in electrolyte concentration within 

the bed affect the metal/solution potential of the system. Consider 

the following example: - 

Let a fluidised bed , through which acidified copper sulphate is 

flowing, have a porosity E to ensure the bed is active. If a small 

cathodic current is applied to the bed copper will deposit on the 

electrode.. The deposition current will flow through the paths of. 

least resistance within the bed and because the metal particles 

have a small contact resistance, more deposition is likely to occur 

on those particles whose potential is close to that of the feeder, 

rather than on those whose potential is reduced by this resistance. 

It is likely therefore that deposition will be greater in the 

close proximity of the feeder than at points further away, ' '' 

If more deposition occurs near the feeder electrode , this region 

will become more depleted in copper ions than an equivalent volume 

further away. A concentration gradient will tend to set up across 

the bed. Counteracting this concentration gradient will be the 

electrolyte's turbulence within the bed which will quickly equalize 

any concentration differences. When small överpotentials are applied 

to the feeder concentration gradients will probably have a negligible 

effect, becauce of the small amount of current that is being drawn, 

but this may not be the case when the current is increased. 
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The effects of concentration changes across the bed will 

probably be a lot more minor than concentration changes parallel 

to electrolyte flow. As the electrolyte percolates up through the 

bed, the effect of an applied potential to the feeder will cause 

copper to deposit continually from the electrolyte. Electrolyte of 

decreased concentration will flow out of the top of the bed. The 

longer the contact time within the bed for the electrolyte, the more 

copper that will have deposited, and the greater change in values 

there will be in the inlet and outlet values of the copper ion 

concentration of the bed.. 

During a potentiodynamic sweep of the electrode. the copper 

deposition reaction is pushed further and further away from its 

equilibrium value and greater deposition currents result. Eventually 

some of the solution may become so depleted in copper, because of 

the rate of deposition of copper as the electrolyte moves up through 

the bed, that the deposition current will limit. The part of the bed 

that will limit first will be in that area where particle contact 

resistance is least and where the solution contact time is a maximum 

i. e. at the top of the bed next to the feeder electrode. This 

effect was observed(see section 7.4.3). 

Taking the above ideas in slightly more fundamental 

terms, the electrode potential of a system may usually be calculated 
from the equation 

E'= E' E0 

where E is the overpotential, E' is the metal solution potential 

and E* is the equilibrium potential for the reaction. In a fluidised 

bed it is not quite so easy to define an overpotential E because 

of the concentration gradient up the electrode which will affect 

I! II"I. 
-,.. 
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the metal/solution potential E'. For a fluidised bed the above 

equation must be rewritten as 

E=EýX) -Eö 

where E(x) is the local potential of the system at a given point 

in the bed. When no potential is applied to the bed the overpotential 

is zero and E(x) = Eo. Upon applying a cathodic potential to the 

feeder electrode current will flow, as the reaction moves away from 

equilibrium, and metal will deposit in the bed. The feeder electrode 

was made of copper, a good conductor, so the potential along the 

feeder will be uniform and equal to the potential applied. -The 

potential at the metal/solution interface will vary however because 

of the difference in ion concentration at the feeder electrode. 

At the entrance. of the bed, bef ore any concentration changes occur, 

the bed may be likened to a planar electrode (i. -e E(x) = EI) and 

for example for a l. OPII Copper ion solution (EO = Eo = 40-3LVs. h.. e. 
) 

where a potential of -20mV. has been applied to the feeder then, 

Eýx) = Eo +E= +340 + (-20) = 320mVs. h. e. 
At the top of the bed solution depleted in copper will be present 

and therefore the potential at the solution/metal interface will 

vary with respect to that at the entrance of the bed, i. e. Eýx) 
will 

have varied. Taking the Nernst equation 

Eo = Eo - ,- 
ln. G üx°,. where O. is activity 

which for convenience is usually taken to be 

Eo - Eo + 
IRRT 

ln. CCu2+ where C is concentration 

Y 

One may easily obtain Eo values for different copper ion concentrations. 
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For a given solution concentration, 

Eby) = Eo + RTln. CCu2+ 
nF 

and a decrease in the copper ion concentration will cause a decrease 

in Ew. Thus in the fluidised bed the decrease in copper ions up 

through the bed will cause a decrease in the potential through the 

bed E(x); 'E(x) at the top of the bed will be more negative than 

E(x) 
at the bottom of the bed under an applied potential as, '.. 

E= E(X) - Eo 

and at the bottom of the bed 

E=EB) -Eo 

whereas at the top of the bed 

E=E(T) -Eo 

and because the activity of copper ions will be less at the top 

of the bed than, at the bottom because of the deposition reaction 

in the bed, , 
, 
then 

E(T)(E(B) 

This means that the polarization at the top of the bed will be 

greater than at the bottom. Further, as the potential on the feeder 

is increased during a potentiodynamic. sweep, the deposition current 

will increase. Electrolyte entering the bed will remain of constant 

concentration equal to the bulk concentration of solution; however 

the higher deposition current imposed by the higher potential at 

the feeder will cause a steeper concentration gradient in the bed 

and therefore a steeper potential gradient up through the bed. The 

relative potentials between the top and the bottom of the bed will 

diverge and the local potential at the top of the bed will become 
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more negative. 

The maximum potential difference through the bed should 

occur at the top of the bed once the top of the bed has reached 
its limiting current potential. It might be considered that electro- 

potential changes at the top of the bed should now only be governed 

by changes in potential of the feeder and that the gradient in the 

bed will d. e. crease as the potential on the feeder increases until 

all of the bed reaches the potential established at the top and 

that a limiting current will now be observed. However, if the top 

of the bed--limits this implies that the potential gradient through 

the rest of the bed will become steeper in that the gradient will 

be acting through a smaller bed height(equal to the total bed 

height minus that volume which has limited). Because of the effects 

of a progressively increasing potential gradient. in the bed due to 

the increasing potential on the feeder electrode and a steeper 

potential gradient over an increasingly small volume of the bed once 

the top of the bed limits, it is unlikely that limiting current data 

will ever be available from this type of fluidised bed. An additional 

factor which will make the observation of limiting currents even 

less likely is that at the top of the bed, where the current has 

limited, the potential on the feeder electrode will still be increasing 

continually as the electrode is being potentiodynamically swept 

and this extra potential can push the local potential at the top of 

the bed into the hydrogen evolution domain. Once this has happened 

no limiting currents will be observed because they will be masked 

by the hydrogen reaction. (In fact although the top of the bed may 
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be of a sufficiently negative potential for the hydrogen reaction 

to occur, the rest of the bed may not even have limited). 

It has already been suggested that there is a potential 

gradient through the bed. If this is the case then hydrogen should 

evolve first from the top of the bed, In all experiments using the 

fluidised bed burnt deposits characteristic of limiting currents 

were always first noted at the top of the bed, by the feeder electrode, 

and hydrogen evolution always first became apparent at the top 

of the bed next to the feeder. 

From the foregoing discussion it is-apparent that concent- 

ration and concentration gradients within the bed play a major role 

in the electrochemical behaviour of the bed. The ideas put forward 

may be sub^tantiated by looking at the effect of changes made in 

'the bulk electrolyte. It has been suggested that concentration 

gradients up through the bed cause differences in the electrode 

potential of the bed. The equilibrium potential of copper Eo is 

determined by the initial quantity of copper ions in the electrolyte. 

The major effect of changing the electrolyte concentration will be 
* to change the value of E. This value will become more positive 

as the electrolyte concentration is increased, and more negative 

as it is decreased. Returning to the polarization equation 

E=EýX) -Eo 

if Eo becomes more positive(by using a more concentrated electrolyte) 

then the variation between Eö and E( 
x) can become greater before 

the limiting current is reached. This means that the overpotential 

E at the top of the bed will be greater and thus the potential 
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gradient in the bed will be steeper during a potentiodynamic sweep. 

In the reverse case where the value of Eö is less(using a dilute 

solution the variation between E0 and Ew will be less and thus 

the potential gradients in the bed will be smaller. In the ultimate 

case when the solution is made dilute enough that it limits before 

concentration gradients, become established, or-have any real effect 

anyway, then all the bed will polarize at approximately the same 

potential and some limiting currents may be observed. (The potential 

at the top of the bed will be very slightly more negative than at- 

the bottom but because all, or nearly all, the bed will have limited 

at a potential too positive for the hydrogen reaction to be observed 
limiting currents will show up). 

The ideas just discussed will show up in polarization 

curves in the following manner: - 

1) At a given overpotential as shown by the potentiostat, 

currents will increase as the bulk electrolyte concent- 

ration increases. 

2) The increased polarization at the top of the bed 

in a more concentrated electrolyte means that hydrogen 

will evolve at a smaller apparent overpotential in 

more concentrated electrolytes than in dilute ones. 

3) The increased polarization at the top of the bed over 

the bottom in a given electrolyte means that hydrogen 

will evolve from the top of the bed first. 

4) The increased current deposition obtained, at a given 

apparent overpotential, from more concentrated solutions 

means that potential gradients are steeper'in more 
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concentrated solutions than dilute ones. 

8.2.4 Other Effects. 

(1) Bed Height-., The potential gradient set up in a bed during a 

potentiodynamic sweep forms over the whole length of the bed 

provided that none of the bed has limited. The current which is 

drawn at any point in'the bed will determine the quantity of copper 

available for deposition farther up the bed. For larger beds 

more deposition will occur as electrolyte flows up through it 

simply because of the size of the bed. Electrolyte flowing out of 

the top of a tall bed will be less concentrated, under similar flow 

conditions, than electrolyte flowing out of a small bed. Necessarily 

therefore the potential between the top and the bottom of a tall 

bed will be also greater. The bed will be more polarized and hydrogen 

will be observed at smaller apparent overpotentials in larger beds. 

(2) Concentration. For more concentrated electrolyte solutions, at 

a given apparent overpotential, the currents drawn at a given point 

in the bed will be higher than for dilute solutions because at any 

given local potential concentration polarization will be less 

pronounced in the bed(given that concentration polarization starts 
having a small effect any time after 1/10th of the limiting current 
for that concentration has been reached). The higher currents will 

enhance polarization in the. bed with hydrogen coming off at lower 

overpotentials. 

(3) Bed Porosity. The Porosity of the bed is determined by the rate 

of electrolyte flow through the bed. For a given porosity steeper 

potential gradients occur in more concentrated electrolytes and 
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therefore currents are higher at a given overpotential. As copper 

deposits throughout the bed the surface roughness and therefore 

probably the electrolyte's turbulence as well , will increase. ' 

The number of contact sites between particles will change. It has 

already been shown that the contact contribution between particles 

is more important than the degree of electrolyte's turbulence(sectinn 

8.2.1). It also seems more likely that the resistance changes in 

the bed caused by the deposition of metal will also be more important 

than the way the deposition affects the electrolyte's turbulence 

within the bed. The extra contact sites caused by deposition(plates6-l5) 

will probably lower the resistance in the bed(which is equivalent 

to having a bed of lower porosity), and this will increase the 

effective electrode area of the bed and thus the current in the bed, 

The larger currents will then increase the potential gradient in 

the bed; the bed will become more polarized. Currents produced by 

the more concentrated electrolytes are larger than those produced 

by the dilute ones therefore more contact sites will. be produced 

when the more concentrated electrolytes are used. Thus more concent- 

rated electrolytes will enhance any decrease in the bed resistivity 

and by the higher currents produced will increase the polarization in 

the bed. Hydrogen evolution will therefore be observed at smaller 

apparent overpotentials in more concentrated solutions. 

The Hydrogen Reaction. The evolution of hydrogen on a bed 

of copper particles using 0.5M H2S04 electrolyte in which no copper 

ions are present is shown in figures 61 - 63. Hydrogen evolves at 

lower potentials than it does on a planar electrode(fig. 36), but 

at higher potentials than when copper ions are present in the 

solution(e. g. fig-52 -54). The reason for this behaviour is thought 
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to be twof oid : (i) The evolution of hydrogen from the bed will cause 

a small polarization up the bed which will slightly reduce the 

potential at which hydrogen is observed from the top of the bed 

(compared to that at a planar electrode), also the amount of hydrogen 

coming from the bed because of the bed's surface area will mean that 

hydrogen will be observed slightly earlier than on a planar electrode. 

(ii)The evolution of hydrogen will occur at higher potentials than 

when copper ions are present in the solution because there will. be 

no copper ions to preferentially polarize the bed, or to increase 

the surface roughness of the particles in the bed and thereby also 

further polarize the bed. 

5) Sweep Rate. In point three of this section(bed porosity) it was 

suggested that the longer that copper was depositing in a fluidised 

bed, the more the bed would preferentially polarize, because the 

resistance of the bed would be continually changing thus affecting 

--the potential gradients in the bed. If this is the case the rate 

of change in potential on the feeder electrode during a potentio- 

dynamic sweep will be important because if the sweep rate is very 

fast then the reaction will not reach equilibrium at any given 

potential, but if it is slow the copper depositing from the bed 

will affect the resistance of the bed and preferentially polarize 

the bed. Polarization curves will therefore not only be a function 

of copper ion concentration but also of sweep rate. The effect of 

sweep rate in-a fluidised bed is demonstrated in figure 29. 
6) Reuse of the bed. Figure 70 shows the effect of reusing the bed 
for more than one potentiodynamic sweep(see section 7.4.8). The 
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results are unusual and probably reflect the effects caused by 

surface roughness produced in the bed in the previous experiment 

and alsq: 'the unstable flow *of the electrolyte because of the roughness 

and/or agglomeration of particles in the bed. 

Low Copper Concentration in the Bed. When a very low copper ion 

concentration was used in the electrolyte i. e. 10-SP. I then some 

limiting currents were observed in the fluidised bed(f ig. 64 - 66). 

The fact that these limiting currents were observed suggests that 

the copper ion concentration was so low that the bed limited before 

concentration gradients in the bed could have much effect on prefer- 

entially polarizing it. (see section 8.2.3) 

8) Corrosion Effects. A number of authors have found that in a 

fluidised bed, particularly at 'low'- overpotentials, some of the 

bed is not protected änd parts of the bed corrode (LO4113,114). In 

the bed used in this study it is believed that these effects could 

occur at porosities where the bed is still active but when not all 

the bed is active. In this instance a number of particles will be 

touching each other for a short period of time whilst not in contact 

with the feeder. For a group of particles in this situation particles 

at one end of the group could well be in contact with solution of a 

different concentration to particles at the other end of the 

croup . Ä': concentration cell will be established for a short period 

of time. Particles in the more dilute solution will then be anodic, 

and thus corrode, whilst particles in the more concentrated solution 

will be More cathodic and copper will deposit. The anodic part of 

the cell will be higher in the bed because solution of a lower concent- 

ration will be found there. 

I 
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2)Apparent Overpotential. The potential of the working electrode 

is maintained with respect to a non-polarizable electrode(e. g. 

saturated Calomel electrode) with the aid of a potentiostat. An 

overpotential on the working electrode is naintained, or applied, 

by allowing current flow through the potentiostat to the secondary 

electrode, until the required potential is achieved at the working 

electrode. For the fluidised bed electrode, because of the concentration 

gradients set up, a whole range of potentials are acquired, although 

the feeder will be measuring only a small potential change with 

respect to the original potential set up on the. feeder before current 

was passed. The overpotential on the feeder will therefore be 

indicative of the potential in the bed with respect to the original 

solution/metal potential whereas the potential at the top of the bed 

will be much more negative with respect to this. The overpotentials 

measured for polarization curves are therefore really only 'apparent 

overpotentials' reflecting the overpotential of-just a small volume 

of the bed and with respect to this overpotential hydrogen will 

appear to be given off at extremely low overpotentials. 

8.3 Apparent Potentialltime Polarization. 

The experiments, carried out for various time periods 

under a constant 'apparent overpotential' gave results where the current 

varied with time. This would. be unusual for a planar electrode but 

conciderinc the effects of concentration and time on the potential 

gradients in a fluidised bed as discussed previously it is perhaps, 

not unusual for this electrode. Figure 71 shows the 'constant potential' 

time polarization curve for 0.71. T Cu2+ electrolyte. Samples were 
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removed from the bed during these runs to determine how particles 

were growing in the bed. To do this the electrolyte flow in the bed 

had to be halted once the potential on the bed had been removed. It 

is noticeable from the figure that on restarting the flow again in 

the bed after the sample had been removed and after the potential 

had been reapplied to the bed, that the current is always less than 

the value it had been before the sample was removed. There was-of 

course a slightly smaller amount of copper particles in the bed, 

but the amount of copper particles removed would not be sufficient 

to cause the current decrease. ( 0.1% of the bed was removed). 

Although the reason for this current decrease is not known, some 

factors which might have been important are (i)The particles- In 

the fluidised state the particles which have become slightly 

roughened due to deposition will perhaps interlock together and 

decrease the resistance of the bad-When electrolyte is no longer 

flowing through the bed the particles will settle on the porous := 

membrane and many of the optimum interlocking points will be disrupted, 
Upon refluidisation of the bed, the bed will now have a greater 

resistance than it had before the electrolyte flow was stopped and 

lower currents will encue. (ii) Concentration effects- Before a sample 

was removed from the bed there would be a concentration gradient 

in the bed polarizing the bed. Once the potential was removed from 

the bed and the electrolyte flow had been stopped, any concentration 

gradient would have time to. equalise out. On restarting the experiment 

a finite time would be needed for the concentration gradient to become 

reestablished and until this had happened the current in the bed 

would be less than that before the sample was removed from the bed. 
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8.4 Other Considerations. 

Cell design in highly industrialised countries is usually 

a-compromise between capital costs and. power consumption costs. 

In view of this a lot of development time has been spent on upgrading 

electrochemical systems which have already proved themselves,,. as, 

for instance, in the electrolysis of brine to chlorine, by decreasing 

the power losses and increasing the cell capacity. As the kinetic 

limitations of cells have been realised a number of mass transport 

correlations have evolved incorporating many cell geometries(110). 

In particular the effect of cell agitation has been considered in 

relation to cell design. It has been recognised that in order to 

obtain good electrodeposits one can only operate within a certain 

percentage of the limiting current(e. g 0.4 in the case of the 

rotating cylinder( 3)). If the limiting current can be increased how- 

ever, then so can the operating current. This current increase may 

be achieved by (i) raising the electrolyte concentration, (ii) increasing 

the temperature of operation, (iii) reducing the diffusion limitations 

of the system. If only because of solubility considerations and 

temperature considerations (i. e. the solubility limit, and the boiling 

point of the electrolyte) the first two of these methods are very 

limited. 

Reduction of the diffusion layer has been widely studied 

using methods'of forced agitatiön(11,5 - 119), although some systems 

such as in copper refining have achieved a modicum of stirring by 

promoting the natural convection in the system caused by electrolyte 

density differences in the electrode vicinity. Ibi has stated that 



108 

a typical metallurgical bath containing 0.6r: t'copper sulphate in 

1.5.1 Sulphuric acid gives limiting currents under natural convection 

in the range 0.5 - 2kA/m2 whereas if forced convection is also 

used currents upto l00kA/m2 can be achieved(12ö). This shows that 

although naturäl'convoction may improve cell performance, to achieve 

high currents forced convection is required. Artificial stirring, 

however brings its own problems; it raises the permiss. i. ble operating 

current but also raises the power losses in the cell P. L. =1 
2R) 

Apart from this the cost of stirring itself is important. It is 

always necessary to balance any-saving in labour cost achieved 

by higher cell performance with the increased cost of power and 

wear to the system when artificial stirring is used. 

The use of artificial agitation is always dependent 

upon the economics of the situation and any method that is used 

will nearly always be the one which will provide the cheapest form 

of stirring. The use of gas * bubbling or sparging as a form of 

stirring is important because although it does not decrease the diffusion 

thickness very much( E= 0.1 - 0.2mm for copper(12O)) costs are also 

low. Gas bubbling from the electrode also decreases the diffusion 

layer and -can,. produce values for of 0.02 - 0.03mm (= 20kA/m2) 

which are probably about as small as can be achieved by most methods 

of mechanical stirring. However this type of gas evolution decreases 

the efficiency of the reaction, increases power wastage and causes 

a deterioration of the product. In cases where gas-is evolved from 

the anode, such as in electrowinning, the gas creates its own 

turbulence and no extra agitation is required. 
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Other systems in which artificial 'stirring is employed 

are generally ones which mechanically move the electrode with respect 

to the solution or visa versa. In an attempt to compare power costs 

for these type of systems Ibl(12o) has compared power costs at 

similar limiting currents for the rotating disc, the rotating 

cylinder and a pumped flow cell(fig. 15). In all cases as the limiting 

current required is increased so also do the power costs increase and 

thus the range for increasing currents is small because of the 

extra power and capital costs required to achieve them. 

..: 

8.4.1 Scaling-Up. 

In the application of electrochemical processes one of 

the main difficulties is scaling-up of the process. The surfaces 

at which electrochemical reactions occur are the electrodes and 

it is these that determine the capacity of the cell. Because of 

the. dependence of cell capacity upon electrode area not very much 

scale-up advantage can be achieved by conventional planar electrodes. 

Problems in scale-up of planar electrodes are mainly concerned 

with: - 

(1) The voltage drop across the cell 

(2) The cell, resistance 

(3) The current density 

The voltage drop across the cell consists mainly of the electrolyte 

resistance and the resistances due to the polarization of the anode 

and the cathode. Assuming that the activation potential of the 

reaction is minimal then the scaling-up procedure can be considered 
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under the headings of 
(1) Ohmic resistance in the cell 

(2) Convection control 

The first of these will follow Ohm's law and assuming operation 

at constant-current and voltage the resistance should be similar. 

The result of scale-up on the convective control of the system will 

be to change parameters affecting the concentration overpotential 

of the system. It is not easy to determine the effects prior to 

scale-up and consequently an empirical approach, using dimensionless 

analysis to determine what factors most affect the mass transfer of 

the system, is often carried out on a small scale. Values of. 

current can then be determined using correlations such as 

i=k. (Gr. Sc)a(d/r)b 

where k is a constant, d is the electrode length, r is the electrode 

separation and Gr -and Sc 'are the dimensionless groups(see tablet). 

A typical correlation of this sort for the flow of electrolyte up 

an empty tube is given in section . 9.1. 

Because not much advantage is achieved in the scale-up 

of the above cells in terms of space, more modern cells have been 

produced which act in a three dimensional mode are therefore very 

compact and save a lot of. cell space compared to the above cells. The 

particular advantage of such cells is the high current/ low cell 

volume principle on which they operate. Such cells are the porous bed, 

the restrained bed and the fluidised bed. 

The determination of the problems associated with these 

three dimensional type cells such as the fluidised bed cell is not 

easy, because as well-as having the problems that planar cells 
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encounter during scale-up they also have extra problems associated 

with the extra dimension of the cell. The fluidised bed suffers partic- 

ularly in that it is not a continuous electrode. The ohmic resistance 

of the cell requires an extra term /gym which will be equal to the 

resistance of the bed. It has already been shown in section 8.2 

that this resistance cannot be easily disregarded, and cannot be 

easily accounted for in bed scale-up(e. g it has a maximum effectiveness 

over only 10mm in one direction in the bed). In fact the results 

of the'fluidised bed suggest that scale-up of the bed will only 

be effective when current flow and electrolyte flow are perpendi-- 

cular. Against this scale-up perpendicular to the bed causes- 

potential distribution problems in the bed. It might be preferable 

therefore to have a number of small fluidised beds rather than one 
.0 

large one; a proposal originally supported by Backhurst(9 C). In 

=this way potential-gradients in the bed could be reduced, or at-least 

minimized. 

It is not only the fluidised bed which has scale-up 

problems. For instance there is the porous bed. This does not have 

the same resistance problems as the fluidised bed because the 

electrode is a continuous metal matrix, but it suffers problems such 

as localised pH changes in the electrode pores and fast methods 

of removing reaction products from the electrodes. Potential gradients 

in the bed'are still a problem, perhaps even a greater one than for 

the fluidised bed and the size of the electrode may often be limited 

by the potential gradient that will form between one end of the cell 

and the other. Bennion and Newman have discussed the removal of copper 
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using a porous bed(121) and have shown hydrogen evolution in the bedº' 

caused by the potential gradient in the bed, to be a limiting factor. 

For all the inherent limitations of the modern electrodes 

which have to be overcome they do usually have good performance 

compared to planar cells and are generally superior. in comparison. 
Kuhn and Houghton 'haves compared the restrained bed cell with four 

other non-three dimensional bells, the inert fluidised bed, a 

parallel plate cell, an expanded mesh cell, a parallel plate cell 

packed with Notion. In terms of removal of antimony the restrained 

bed was almost an order of magnitude better than the other cells, 

reducing the level to 5 p. p. m... This demonstrates the effective 

removal of ions that modern cells can achieve by virtue of theit 

large electrode surface area and the low current densities required 

by these cells to operate at reasonable current levels. (125) 

Future Application of Modern Cells. 

Modern cells , which one can classify into two types, are 

generally used in and/or create turbulent flow conditions in the 

cell. The main difference between the two types is in the principle 

on which they operate. One type (I) operates in a purely agitational 

mode and decreases the diffusion boundary layer by causing electrolyte 

turbulence around the electrode. The. other type (II) also decreases 

the diffusion layer around the electrode, but it also works on a 

small volume/high surface area principle by being a very large 

surface area electrode. The inert fluidised bed is a type I electrode 

and the conducting fluidised bed is a type II electrode. Both electrodes 
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have possible industrial outlets although many-of the areas where 

each type will be used will not necessarily be similar. 

In electrorefining an impure anode is corroded whilst 

purified metal is deposited on the cathode. Under normal operating 

conditions the cell voltage and therefore power consumption is 

lower than in all other forms of electrolysis; this industry is. 

therefore more able than most to tolerate higher operating currents 

without power losses making the process unviable. The increased 

currents obtainable from modern electrodes may thus be used to 

advantage. -One problem is that a good surface finished product is 

often required and many of the modern cells are not designed to give 

this. One that is however is the inert fluidised bed. The use of 

inert material in this cell results in uniform and intense agitation 

at the electrode/electrolyte boundary and creates enhanced mass 

transfer rates in this region. The fundamental effects of the 

continual bombardment of particles at the cathode surface is as 

yet unknown but the macroscopic effects have been observed. Vergnes(19) 

et alia have demonstrated that the deposit of nickel from a fluidised 

bed gives a surface finish comparable to that of conventional cells 

when only 20 - 50% of the brightening agent is used( butyene-l-4-diol) 

and when the limiting current is five times higher than that normally 

found. Other workers have also foul that the fluidised bed tends 

to give better quality deposits( 7', I23, L2 ) and suggest that this 

relates to better current distribution over the electrode with the 

rapid removal of hydrogen bubbles from the electrode surface. In 

particular Le Goff has studied the formation of lead dioxide on 

graphite anodes. Using a fluidised bed the copper cathode remained 

clean and black dense and highly adherent deposits of lead dioxide 
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formed on the graphite. In the absence of such'a bed lead was found 

to deposit on the cathode, and a non-uniform pitted deposit formed 

on the graphite. These results are interesting and perhaps could 

be followed on in areas where hydrogen evolution is a problem 

and plating itself is difficult e. g. in the plating of chromium 

or the platinum metals. 

In electrowinning electrodes of type II will probably be 

more successful than the others because with their high surface area 

of electrode they will be able to deal with a high throughput of 

dilute solution . Perhaps the main advantage will go to cells like 

the conducting fluidised bed which can operate on a continuous 

basis rather than those which operate on a batch process. In partic- 

ular the treatment of leach liquors from in situ leaching sites 

might become viable. At the moment these sites are treated by 

methods euch as cementation 'ion exchange and solvent extraction 

methods. 

Fuel cells are becoming more important today as methods 

of storing and controlling stored energy are being explored. An 

important requirement of fuel cells and batteries is a large area 

per unit volume so type II electrodes would appear to be ideal. in 

this situation. A number of authors have investigated this field(97, 

98 ) and it has become apparent , in the case of the fluidised bed, 

that it is more effective as a cathode than as anode. A. major reason 
is that the bed particles oxidise very easily when they are used as 

an anode. This rapidly increases the resistance in the bed and power 

costs become very high. 
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Goodridge ha pointed out that there are a number of 

opportunities for the conducting fluidised bed in electrosynthesis(91' 

although this must extend to all type II electrodes. Many organic 

compounds have been produced in the laboratory on a small scale 

by electrolysis , but the method usually cannot be produced on a 

large scale because of the high activation potential requirements 

of the reaction. Because of'the high potentials required for the 

reaction and the high currents required to make a process feasible 

industrial cells have to dissipate heat away very quickly as organic 

reactions tend to be very temperature sensitive. Electrodes such as 

the fluidised bed overcome the problems of most other cells in this 

field because only a low overpotential is required at the electrode 

to produce high currents (albeit at a very low current density) and 

heat transfer away from the electrode is excellent. It is important 

to note , as Goodridge points out, that the replacement of a chemical 

step by an electrochemical one is unlikely to be of any real advant- 

-age unless it is accompanied by the reduction. or elimination of the 

use of an expensive catalyst. 

In recovery and effluent control it is difficult to decide 

whether the high agitation or the high surface area electrodes will 

find more use. Industrial effluents containing metal finishing 

wastes are toxic, corrosive and harmful. Due to the renewed interest 

in pollution control these wastes must now be pretreated before 

dumping into 'ewers. Many methods of removal of metals from waste 

waters are in operation. Ion exchange methods are quite widely used 

as a means of concentrating metal ions so that they can be reclaimed 

by other methods and alkali oxidation with hypochlorite is used 

widely in the destruction of cyanide wastes. 
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Using modern cells concentration of effluent metals can 

be achieved by the mesh electrode, the swiss roll electrode and the 

porous bed electrode in a batch process and for instance by the 

fluidised bed electrode, both conducting or inert,, or the 5co cell 

in-a. -continuous process. The amount of copper recovery in Great 

Britain would not make development of any of these' cells economic 

(< 10 tonnes/year) in a commercial sense, but as stricter methods 

of control are levied against industry some of them are bound to be 

considered. For this reason it will probably be the cells which can 

reduce metal concentrations to a very low level that will become 

important, providing of course that they can deal with a high 

throughput of waste solution. An extra advantage will be if they 

can separate metals during treatment. Of the'cells available the 

ones that: seem to be the most efficient at metal recovery from 

solutions containing 5 P. P. M. or less are the extended mesh electrode 

and the swiss roll electrode. In U. S. A. the quantity of metal- 

effluent discharged is higher than in Britain e. g. in Now York 

250 Kg Cu, 160 Kg Cr(6+), 500 Kg Ni, and 320 Kg Zn are discharged 

every day of which 85% is treated- & The possibility of using. 

the above electrodes in this situation would be even more favourable 

than in Britain and even without legislature being implemented 

necessitating trying there out an economic method of waste treat- 

ment may be possible. 

The future role of modern electrodes is likely to be 

diverse: each have their own advantages and disadvantages. In partic- 

ular the swiss roll electrode is good at treating very low concentration 
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solutions and may be the successor to ion exchange methods in the 

treatment of effluents. The porous electrode has already been used 

in fuel cells and is likely to become more firmly established. The 

inert fluidised bed must surely have some outlets in electrorefining 

as must the conducting fluidised bed in electrowinning and organic 

syntheris, provided that potential distribution problems in the bed 

can be overcome in the latter case. Perhaps it is finally worth noting 

some observations about electrolysis in general which apply equally 

to old and new cells alike. (12C) 

1) An important factor in any electrolysis is optimisation of the 

current density. 

2) Increases in current density imply increases in power costs but 

a corresponding decrease in required capital investment. 

3) An optimum current will therefore be achieved which will be a 

minimum for the total of the investment costs and the power 

c oSLS" . 
4) Assuming a linear relationship between current, voltage and 

investment cost and electrode area for a given product, one can Use 

an equation for '-= obtaining the optimum current density, 

iopt = a/bR 

where R is the cell resistance /r. 12, ' b is the investment price £/K; Ih 

and a is the specific investment cost £m2/h. 

5) typical values for a and R in copper refining are £O. 0025/n2h 

and 6 10-4 rz2, giving an optimum current density of 906A/m2(1975) 

6) In normal practise one operates at 200A/m2 (iL = 675A/m2 but one 

only obtains bad deposits) in natural convection. In forced convec- 
tion keeping the sarie, i/iL ratio then the current can be increased 
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by a factor df 906/200 in a 

conditions. The extra power 

which is only about ten per 

(50W/m2). The saving achiev 

cost saving about £7/ton of 

pumped flow plate "cell under optimum 

required is about 5W'ß/m2 or about . £0.05/ton 

cent of that consumed by electrolysis 

ed by the increased iopt justifies the 

Cu produced and demonstrates the effect- 

iveness of forced convection. 



9. MASS TRANSFER CORRELATIONS IN 

INERT FLUIDISED BEDS. 
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2.1 Tnert Fluidised Bed Characteristics. 

In a. previous work, Carbin and Gabe( '7--S) have discussed 

the effects of particle motion on the mass transfer rates of copper 

ions in a fluidised bed öf silica spheres and have compared it 

with mass transfer rates in concentric annuli alone. Their results 

were correlated into a dimensionless equation of the form, 

St =k Rea. Stb 

As shown in section 5.2.3 there has been some uncertainty in the 

past over the appropriate form of the Reynolds number containing 

the characteristic length of the system. Carbin and Gabe used the 

accepted relationship of a modified Stanton and Reynolds number 

with a porosity term included, i. e. 
U. dp K 

.C St = k. Rea. Scb where Re = y(1-ýý, St =. 

and obtained the equation, 

St1 = 1.22 ReIO'Sz . Sc0.68 

which in terms of a limiting current gave, 

iL = 1.22 n. F. Cb. (l -L)-0.52. E-1. O: U0.48. )7 0. ]. 6D0.68 

The data was processed using a Hewlett Packard desk top calculator 

model 1900 B, and the equation was solved by least squares regression 

analysis. There are three major problems inherent in using this method. 

(1) There is no easy method of checking whether or not a mistake 

has been made whilst entering the data into the calculator i. e. there 

is no data print out and internal programme control. 
(11) Cnce a wrong figure has been entered into the computer, it 

cannot easily be removed and replaced, and all the data has to be 

reprocessed. 

(111) In the method of least squares analysis logs of the data had 

tobe taken(Appendix I) and because in the case of the Schmidt number 
ýa 
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the number of different data results were small, the Schmidt numbers 

for these numbers when logged, were very similar. This similarity 

would allow errors to creep into the least squares analysis of the 

data. 

Due to the above limitations of the desk top calculo, or 

the scope for error during data processing was large, the data 

has therefore been reprocessed on a larger I. C. L. computer. Even 

in this situation, because of, the small variations in Log Sc, round 

up errors from the computer may have affected the correlation. An 

assessment of the correlation however does show that it is more 

accurate Mathematically than the Carbin correlation. The results 

of this assessment are given below and a computer programme for 

the correlation is given in ApFe'dcl . Although the general equation 

St1 = k. Rel. Scb 

is the most widely accepted, for-he sake of completeness correlations 

using other modified Reynolds and Stanton numbers are also given. 

Thu--: - 

StI: = 0.384 Re-O. 538sc-0.772 

is the new correlation (as compared to St, = 1.22. Re-I0.524Sc-0.68). 

The differences in the correlations is quite large and a computer 

check was therefore made on both correlations to determine their 

accuracy. 

The ideal line for a two dimensional regression analysis 

plot is one on which all the points fit. In this case the square of 

the difference, in distance, between any point and the line of best 

fit is zero. In most analysis the line of best fit does not pass 

through all points and the line of best fit is the one where the 
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square of the distance' between the points and the line are kept 

to a minimum. In the above situation, although it is a three dimensional 

analysis, a similar situation applies but in this case the square of 

distances between points and a plane are taken 'as the Minimum. 

value required. Taking the two correlations the square of the 

differences between the line of best fit and the experimental data is, 

1) 0.802332 x 103 Carbin analysis. 

2) 0.975609 x, 101 New analysis. 

showing that this later correlation is a much more accurate represent- 

ation of thedata. The new correlation is therefore, 

St1 = 0.384 Re-0.54. Sc-0.77 

and iL = 0.38 n. F. Cb. (l E)-0.54E-1.0U0.46d-0.5I\f _0.77 

Correlations assuming other Reynolds numbers and Stanton numbers 

which have been modified (see section 5.2.3) give, 

St = 0.87 Re0.63. Sc-0.84 Chu correlation 

(Analysis. error = 0,41 102) 

St1= 0.64 ReII16'. Se-o. 
ß7 

(Analysis error = 0.247 102) 

St = 0.822 Re 0.71. Sc- 0.91 

(Analysis error = 0.395 102) 

9.2 Flow with no bed. 

Leva- 2nd correlation 

" Leva- lst correlation 

Results published by Carbin and Gabe were subject to 

some scrutiny by Wragg( 69 ). The results reported electrolytic 

mass transfer measurements between flowing electrolyte and a cylind- 

rical electrode positioned with its axis in the flow direction. (See 

also sections 6.3.1 and 6.3.2). The results were correlated by 
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Sh = 3.93 Re0'32. ScO'33(de/1)0.35 
where the characteristic length was taken as the equivalent 

diameter of the annulus. -This equation was derived from another 

equation given by Carbin and Gabe as 

Sh = 3.93 Sc0 33Re°"32 

Wragg expressed doubts about the validity of the first of these 

two equations in that by introducing the length to diameter term 

the constant in the equation must surely change from that as 

expressed in the second equation. In fact the above equation had 

a printing error and the equation originally derived is 
iý 

Sh = 2.93 Rc°'32. Sc°'33(de/1)0.35 
Carbin and Gabe compared this correlation with that of other 

authors (z3i33ýý11) which Wragg suggests is not meaningful in that 

the flow conditions are not similar, Although the comparison was 

given the dissimilarity in flow conditions had been noted previously 

( r1b). 

Wragg suggests that because hydrodynamic flow had not 

fully developed in the above experiments a more meaningful 

analysis might be obtained by treating the data in a similar 

fashion to that of a plate in developing heat transfer flow. This 

leads to a solution where the characteristic length for the 

Reynolds and Sherwood number is taken as the length of the leading 

edge of the sample. Using this as the characteristic length the 

following correlation is obtained, (fig. '76) 
. 

Sh = 2.253 ReO. 316Sco. 33 
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CONCLUSIONS 

1. The particle-particle contact resistance in a fluidised bed 

is of prime importance in the cell's efficiency of operation. 

Bed expansions of (25%(E<Q. 5) are required if the cell is to 

act efficiently and, the current capacity of the cell increases. 

as the porosity of the bed decreases. 

2. Above 25% bed expansion the fluidised bed acts more as an 

agitation promoter for the feeder electrode than as a fluid- 

ised bed cell. This behaviour becomes more pronounced as the 

bed porosity is increased. 

3. Scale-up of the bed parallel to current flow is limited by 

the distance of particles from the feeder electrode. To 

prevent some parts of the bed from becoming inactive particles 

must be kept within a zone of one cm. radius from the feeder 

electrode. 

4. Scale-up of the bed perpendicular to current flow is limited 

by potential gradients. within the bed. A maximuri. is reached 

when a secondary reaction starts occurringyat the same time 

as the primary reaction even when the ovBrpotential on the 

electrode is low. 

5. The potential distribution in the bed generally prevents 

limiting currents from being observed. 

Concentration gradients in the bed cause potential distribution 

problens and allow corrosion to occur at inactive sites in 

the bed. ' 
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7. There are possible future applications for the fluidised bed 

in the electrowinning industry. There are still many problens 

to be overcome however before this cell will be useful as its 

operation at the present time is too complex. 

S. A reassessment of some mass transfer data obtained by Carbin 

and Gabe(73,76) in an inert fluidised bed gave the following 

correlation; 

StI = 0.38. Re`0.54. sc-0.77 

9. A reassessment of mass transfer data for electrolyte flow 

through an annulus(73,76) using a Reynolds number and a 

Stanton number based on the leading edge of the sample 

rather than on the annulus equivalent diameter gave: 

Sh =�2.2$. Reo. 3l6. scO-33 
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LIST OF SYMBOLS 

a Specific investment cost., £ : n2/h. 
A -Arco. 
0. Activity of element. 

b Investment price £/KWh. 

C Concentration. 

Cb Bulk concentration. 

CD Drag factor. 

CS Concentration at the surface of an electrode. 

D Diffusion coefficient. 

dc/dt Change in concentration with time. 

dc/dx Concentration gradient. 

de Annulus equivalent diameter. 

dM Stable bubble diameter. 

dp Particle diameter. 

ds Solid's diameter. 

Dv Container diameter 

E Overpotential 

F' T. tetal/solution potential. 

E'(B) Local potential at the entrance to a fluidised bed. 

F'(T) Local potential at the top of a fluidised bed. 

E'(x) Local potential at a particular point in a fluidised bed. 

E0 Standard electrode potential. 

Eo Equilibrium potential. 

F The Faraday constant(96,540 coulombs). 

Fr The Froude number. 

g The acceleration due to gravity 9.8ras-2. 

Ga The Galileo number. 
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h Electrolyte thickness. 

I Current. 

Im Current capacity. 

i Current density 

iL Limiting current density. 

iopt optimum current density. 

J The diffusion flux. 

k A constant. 

K' A shape factor. 

Kr A shape factor. 

KM Mass transfer coefficent. 

L -Length. 

1 Characteristic length. 

Lent Entry length. 

Lh Bed height. 

m A number. 

n A number. 

P Pumping energy. 

AP Pressure drop. 

R Cell resistance. 

Re Reynolds number U. 1/)j 

Re Modified Reynolds number U. d /y(1 -E) I p 

Re Modified Reynolds number / U. d 
1I p 

Re1II Modified Reynolds number U. dp/)). F- 

Re t Terminal particle Reynolds number Ut. dp/ y 

NRe Reynolds number based on channel width. 
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Sc 

Sh 

St 

stI 
t 
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U. 

Ur. 

Us 

Ut 

x 

ös 
3 
Sc. 
ýw 

C- 

G 

vP 

4 
(s 

ý14 

05 
W 

Surface renewal factor. 

Schmidt number /D. 

Sherwood number Km. l/D. 

Stanton number Km/U 

Modified Stanton' number Km. /U. 

Transport number. 

Temperature 

Free-flow velocity. 

Sedimentation velocity. 

Minimum fluidisation velocity. 

Slugging velocity. 

Terminal particle velocity. 

A direction(e. g. the diffusion direction). 

Young's modulus. 

Diffusion layer thickness.. 

Diffusion layer thickness. 

Prandtl boundary layer thickness. 

Bed porosity. 

Porosity at bed fluidisation. 

Overpotential. 

Solution packet residence time. 

Fluid dynamic viscosity. 

Fliid kinematic viscosity. 

Free particle velocity. 

Fluid density. 

Solids density. 

LTetal potential. 

Sphericity factor. 

Angular momentum . 

L 
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APPENDIX 1 

Computer Analysis of Data 

A large number öf variables can be reduced'to a few dimensionless 

groups to make the plotting of data more convenient. Where the 

number of dimensionless groups required is greater than two, or 

where the amount of data is large, it is often more convenient 

to plot the data using the aid of a computer as this normally 

eliminates most of the tedium and the errors that are often made 

whilst transforming data to a handcalculator. 

In mass transfer studies the form of the equation most 

often used for plotting data is given dimensionlessly by 

Sh = k-. Rea . Scb 
or 

St = k. Rea. Scb 

where the values of k, a, and b must be determined. Linear 

equations are generally much more eay to-solve than power function., 

equations so the above, equation is normally'changed to its Log 

format i. e. 

LogSt'= aLogRe + bLogSc +k 

which is the linear equation of a plane (y = mx + nz + k). 

Once in this form the data can be analysed by using a method of 

numerical analysis called _'the least squares regression analysis'. 

The least squares criterion requires that 

S= ý(Yl - yl> z 

a minimum where (Yi - yi) is the distance of a data point from 

the plane. For S to be a minimum the partial derivatives ds/da, 

ds/db, ds/dc must equal zero and three simultaneous equations are 

therefore obtained. 
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. 'dd = mod (axi+bzi+ c -yi)2 = Exi(axi +bzi +c -yi) =0 
da da 

d_ . 
rt d (axi + bz1 + c- yi) 

2= L2zi(axi + bzi +c-y. ) =0 
db db 

dr = ýmod_ (axi+bzi+ c -yi)2 = 
L2(ax1+ bzi+ c -yi) =0 

dc _dc 

änd one has, 
n 
ýyi =a'xi+bYZi+ c 

L`=iyi = ayxi + byxizi + c'-xi 
fz 

yi =a izi+bizi +cji 
V-1 

Appl ying the least s quares method to the nass transfer data the 

following equations are obtained which must be solved. 

St =ayRe+b 
T-Sc 

_e Re . 'St = aTe2 + bý: Re . Sc + cTR 

St. Sc = aý$e. Sc +bS2+c Sc 

where Re, St, Sc are 
in log format 

Solutions of these equations are performed readily using the 

computer programme set out overleaf. 

Errors. 

Although the programme will solve the above 

values of Re, Sc, and St are in log format 

occur during the analysis if there are only 

one of the variables. In mass transfer data 

only a few values of the Schmidt number and 

are possible. 

equations, because 

round-up errors can 

a few values of any 

there are generally 

so round-up errors 

0 
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A COMPUTER PROGRAIIIE FOR A THREE DIMENSIONAL 'LEAST SQUARE'S 

ANALYSIS' OF DATA. 

MASTER TIME 
DIMENSION E(3), F(3) t G(3,3) , E1(3) ,. P(360), Q(360), R(360) 60 
. 
FORT IAT (3F 0.0) 

61 FORIAT(3F0.0) 
70 FORT. IAT (1H 

, 11HREYNOLD NO., 5X, 11HSTANTON NO., 5X, 11HSCIE. IIDT NO. 
15X, 6HLOG RE, 5X, 6HLOG ST, 5X, 6HLOG SC , 5X, 2HA , 10X, 2HB , 10X, 211C 

71 FORMAT(1H0)t3(F10.5,5X), 3(F7, L, 5X), 3(F7.5,5X)) 

DO 22 I=2,360 
READ(1,60)AK, EF, V 
IF (AK 

. EQ . 999) GOTO 41 
READ(1,61)CF, FF, D 

C- THE VARIABLES TO BE USED IN THE REYNOLDS, SC1 IDT AND STANTON 
NUMBERS HAVE JUST BEEN READ IN FROM THE RELEVANT DATA CARDS 
THREE VARIABLES ON EACH DATA CARD. 

ST=(AK'*EF) V 
RE=(V *CF) (FF*(1.0-EF)) `0.0001 
SC=FF/D 

C- THE EQUATIONS FOR THE REYNOLDS STANTON AND SCH14IDT NUTIIBERS 
HAVE JUST BEEN ENTERED AND WILL NOW BE PUT INTO LOG FORT.: 

P(I) =ALOG10(RE) 
Q(I)=ALOG10(ST) 
R (I) =ALOG10 (SC) 

C- IN ORDER TO DO A THREE DIMENSIONAL ANALYSIS A THREE DII. IENS- 
IONAL MATRIX IS REQUIRED IN THE FORM OF THE EQUATION 
COEFFICIENTS. 

G(1,1)=G(1,1)+P(I) 
G(3,2)=G(1,1) 
G(2,1)=G(2,1)+R(I) 
G(3,3)=G(2,1) 
G(1,2) =G(1,2)+P(I)*P(I) 
G(2,3)=G(2,3)+R(I)*R(I) 
G(2,2)=G(2,2)+P(I)*R(I) 
G(1,3) =G(2,2) 
G(3,1)=I-1.0 
F(1) =F(1)+P(I)*Q(I) 
F(2)=F(2)+Q(I) *R (I) 
F(3)=F(3)+Q(I) 
IF(I-4)22,101,101 

101 CONTINUE 
CALL GAUSS (E, F, G) 

C- GAUSS IS A SUBROUTINE WHICH ANALYSES THE DATA ENTERED. AT 
LEAST FOUR SETS OF DATA POINTS ARE REQUIRED FOR THE PROGRAMME 
TO WORK. (N. B. THIS MEANS THAT DIFFERENT RE, ST AND SC VALUES 
ARE REQUIRED FOR EACH POINT) 
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W' 1RITE(2,71)RE, ST, SC, P(I) , Q(I) , R(I) , E(1) , E(2) , E(3) 

. 22 CONTINUE 0 
41 CONTINUE 

DO 14 J=1,2 
READ(1,11)E1(1) , E1(2) , E1(3) 

11 FORT, IAT (3F0.0) 
DO 16 L=2,360 

C- THE ERROR IN THE ANALYSIS WILL NOW BE CALCULATED 

ERROR1=ERROR1+(Q(L) -E(1) -E(2) *P(L) -E(3) *R(L)) * (Q(L) -E(l) -E(2) *P (L) 
1-E(3)'"'R(L) ) 

C- THE ERROR OF ANY OTHER ANALYSIS CAN NOW BE CALCULATED 

lER 
O 2=ERR)R2+( )L)-El(1)-El(2)3*P(L)-El(3)yR(L))*(Q(L)-El(1)-El(2) 

16 CONTINUE 
WRITE(2,12)ERROR1, ERROR2 

12 FORIIAT (1H , 28HTHE SUITS OF SQUARES I GET =, Ell 10,5X , 30HTHE SUFIS 0 

1F SQUARES HE GETS = E17.10) 
14 CONTINUE' 

STOP 
END 

SUBROUTINE GAUSS (X, W, PW) 
DIJIENSION X(3) , Y(3) , B(3,3) , P`ß(3,3) , W(3) 
Do 6o I=1,3 
DO 60 J=193 
Y(I)=W(I) 
B(I, J)=PW(I, J) 

60 CONTINUE 
IF(ABS(B(l, l)). GE. ABS(B(2,1)). AND. ABS(B(1,1)). GE. ABS(B(3,1))) 

1GOT0 4 
IF(ABS(B(2,1)). GE. ABS(B(3,2))) GOTO 2 
NPIV=3 
GOTO 3 

2 NPIV=2 
3 CONTINUE' 

DO 13 J=1,3 
HOLD=B(NPIV, J) 
B(NPIV, J)=B(1, J) 
B(1, J) =HOLD 

13 CONTINUE 
HOLD=Y(NPIV) 
Y(NPIV) =Y(1) 
y (1) =If 

4R ULT=B(D2,1)/B(l, l) 
DO 5 I=2,3 

5 B(2, I)=B(2, I)-B(1, I)*RIIULT 
Y(2) =Y(2) -Y(1)*RT+IULT 
RIIULT=B (3 , 1) /B (1,1) 
Do 6 I=2,3 
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6 B(3, I)=B(3, I)-B(1, I)*Rr. IULT 
Y(3) =Y(3) -Y(1) *Rl. IULT 
IF(ABS(B(2,2)). GE. ABS(B(3,2))) GOTO 8 
DO 7 I=2,3 
HOLD=B(2, I) 
B(2, I)=B(3, I) 

7 B(3, I)=HOLD 
HOLD=Y(2) 
Y(2)=Y(3) 
Y(3)=HOLD 

8 RMJULT=B(3,2) /B(2,2) 
DO 9 1=2,3 

.9 B(3, I)=B(3, I)-B(2, I)*RP. iULT 
Y( 3) =Y( 3) -Y(2) *Rr: IULT 
X(3)=Y(3)/B(3,3) 
X(2) =(Y(2) -B(2,3) *X(3))/B(2, '2) 
X81)=(Y(1)-B(1,2)*X(2)-B(1,3)*X(3))/B(1,1) 
RETURN 
END 



TABLE 1 

Metal Quantity produced by % of total 
electrowinning. (tons) I production 

Al 8,400,000 100 

Zn 2,400,000 53 

Cu 540,000 10 

Na 163,000(U. S. A. ) 100 

lTg 206,000 80 

Ni 48,000 11 

Tin 37v500 ? 

Co 10,000 50 

Cd 6,500(U. s. A. ) 50 

Cr 3,000(approx. ) 75(U. S. A. ) 

Li 250 100 

B 100 - 

Ta - - 

Nb pilot scale - 

rare earths a few tonnes - 

Ga 0.5(U. S. A) - 

Ti , pilot scale - 

In -- 

(see ref. 5 page 212 ) 

Comments 

Free world 

U. S. Atomic EnergS 
cojectural. 

At present only 
H. C. Starck produces 
by,., electrolysis. 
Total U. S capacity 
300 tonnes both Ptb%T< 
only Misch metal 
in tonnage amounts 

mostly by electroly 
s is 

Total U. S. product 
approx 20,000 ton 

Total production 
100 tonnes. 



TABLE 2 (see ref .5 page 73) 

Typical products obtained by electrochemical fluorination 

Starting material Principle products Remarks 

CH3(CH2)nCH3 CF3(CF2)nCF3 Poor yields 

CF3(CH2)nCH3 or 
CF3(CF2)nCF3 Moderate to 

d i ld CH3 (CF2) )(CH 2' n-lCH3 
goo y e s. 

Cyclohexane, benzene 
- no fluorination 

napthalene 

C: CC12 C12 CFCl2 CFC12 High yield 

CH3(CH2)nCH perfluoro/carbons, Poor yields 
ethers, acidfluorides 

n and cycloethers, perfluoro analogues Moderate to 
polyethers poor yields 

n-carboxylic acids, perfluoro/carbons, Poor yields* 
acid anhydrides ethers, acid fluorides 

n-acid chlorides '' Moderate tox 
and fluorides very good 

n-diacid fluorides perfluorodiacid fluorides, Poor yields 
perfluoroacid fluorides, 
perfluorocar'oons 

aldehydes �ketones perfluorn/äcicis, 'carbons No perfluoro 
aldehydes, ketones 

esters perfluoroacid fluorides No perfluoro 
esters 

primary/secondary/ n-fluorinated perfluoro 
tertiary amines amines , NF , perfluoro 

ti h Moderate yields 
ter ary ar ines 

n-alkyl sulphides (RF2)SF4, RFSF5 . moderate yields 

CH3(CH2)nS03OH perfluorocarbons(CF3)2(CF2)n- 1Poor yields 

NH3* H20, CS2 NF3 F20, CP : -SF SF 

K2SOt. S02F2, SOF2, F20 

n-carboxylic acids containing six or more carbon atoms give per- 
fluorcyclic ethers, frequently as major products 

y* Caution NF2H and NFH maybe among the products, these are unstable s 
and NF2H may detonate pontaneously when in the liquid state. 



TABLE 3 (see ref. 3) 

Dimensionless Groups 

Problems involving fluid flow and mass transfer are complicated 

by the number of relevant variables. In general the variables 

include: fluid density (fl, viscosity (, U orv), velocity(U), 

diffusion coefficent(D), characteristic length(d), characteristic 

length of mass transfer surface(x), the gravitational acceleration 

(g), and the diffusion flux(J). The large number of experiments 

required to test all the variables is greatly reduced by combining 

the parameters into dimensiontess groups which, when adequately 

tested will show the role of each particular term. The most 

common such groups used in electrochemistry are: 

Reynolds number Re = U. d 
-flow of fluids y 

Taylor number Ta = Re flow of fluid between 
concentric rotating R2 + Rl cylinders 

Schmidt number Sc =v -D - dynamic similarity 
k-rn 

Stanton number St = Ü - forced convection 
mass transfer 

k. x 
Sherwood number, Sh D - forced convection 
Nusselt number mass transfer 

Grashoff number Gr = - natural convection 
mass transfer. 

Froude number Fr = 1. ýýýc1ý. 9 
.I 

It ha: been common to the Sherwood number in laminar mass transfer 

studies, and to the Stanton number when turbulence is involved, 

but either can be used since St = Sh/Re. Sc 



TABLE 4 

T Zasr Transfer Correlations For 
Various Flow Systems 

SYSTEI. I CORRELATION REF. (3) 

Natural Convection 
a) Horizontal Plate Sh O, 64 (Sc E (0 

- Laminar Flow ., 
iL = 0.64 zF Cb D3/4 x-1/4 (9 oQ/p )1/4 

b) Horizontal Plate Sh =% 0.16 (Sc 
. Gr) 0.33 E( 0)* 

- Turbulent Flow** IL = 0.16 zF Cb D2/3V-1/3(ý o P/p )1/3 

T(7) 
c) Vertical Plate Sh = 0.51 (Sc 

. Gr)114 
-Laminar Flow . 

d) Vertical Plate Sh =0.805 ( Sc . Gr)l' T(P) 
- Laminar Flow 

e) Vertical Plate Sh = 673 (Sc 
. Gr)1/4 E( q) 

- Laminar Flow 

f) Vertical Plate Sh = 0.66 (Sc 
. Gr)l/4 E( a) 

- Laminar Flow 

g) Vertical Plate Sh = 0.052 0.087 (Sc 
. Gr) 0.32 

r; (W 
-Turbulent Flow 
(Artificially Roughened- 
factor increases with 
roughness) 

Forced, Convection 
a) Concentric Annuli Sh = 1.76 (Re 

. Sc .d 
/x)1/3 T, E(S ) 

iZ = 1.76 zF Cb D2/3Ue1/3x_1/ade-1/3 

---------------- 
T, E refer to theoretical and empir 

The most important parameter in Gr 
large enough, which usually implies 
becomes turbulent and iL loses its 

ical studies respectively. 

-is x3; when Sc . Gr is 
that x is large, the flow 
dependence on x. 



(Continued). 

SYSTEM C ORF ELATZ ON 
"" E 

b) Concentric Annuli St = 0.276 Re-0.42Sc-2 3 (de/x)1 3 T(5 E 
) 

- Turbulent Flow 
iL = 0.276 zF Cb D2/31J 0I2 U0 s 58x-1/ade-CA9 

c) Square Pipe 
- Laminar Flow Sh = 0.331 Relý2 Sch/3 T( E) 

iL = 0.331 zF Cb D2'3p-1/6d-1/2U1/2 

d) Square Pipe St = 0.143 Re-2/5Sc-2/3 
. 

T( L-) 

-Turbulent Flow 2/3U3/5d 2/5 x/15 iT = 0.1L 43 zF Cb D- ?ý -15 

e) Circular Pipe 
- Turbulent Flow St = 0.079 C fl/2 Sc-3/ T ý) 

f) Circular Pipe 
y) -Turbulent Flow St = 0.0204 Re-0'195 Sc-70.585 E( 

, 
(Heat Transfer) % 

. 585 0. " 390 -0.19 0.805 
ýL = 0.02 zF Cb Do yd 

g) Circular Pipe 

- Laminar Flow Sh = 1.614 (Re 
. Sc . d/L)1/3 E, T(S) 

(see a) 

h) Circular Pipe - -0.42-2/3 L)1/3 E, T( 5) 
-Turbulent Flow St = 0.276 Re Sc. (de b 

(see b)* 

i) Rotating Disc Sh = 0.62 Rel/2Sch/3 -- 
(i) 

iL = 0.62 zF CbD2/3y-1/611/2 

. -0.1P ý) Rotating Disc St =0.01 Re- e ac 
- Turbulent Flow -- 1 

iL =e; of ZF Cb 1)3/4" 9RO. 8 

----------------- 
; These correlations indicate rather poor overall agreement for 
a pipe which is probably the most important flow geometry. 



TABLE (see ref. 1). 3-) 

Advantages and disadvantages of fluidised beds 

Active material bed 

(e. g. Metal beads, Metal coated 
glass beads or plastic beads etc. ) 

Advantages Disadvantages 

1. Provides high In a highly 
surface area. expanded bed 

electronic cont- 
act is poor. 

2. Enhances nass 
transfer and 
heat transfer 
rates . 

Non-uniform 
electrode pot- 
ential may 
give undesirable 
products. 

3. Allows conti- 
nuous reactor 
operation 

4. Maintains a 
uniform temp- 
erature under 
all conditions 

5. Replacement of 
the electrode 
is easy 

6. Ovexr-all cell 
voltages are 
low. 

Evolution of as 
during. reactions 
may affect the 
bed performance. 

Requires a diaph- 
ragrn f or all 
reactions. 

Attrition of par 
icles and forma- 
tion of fines 
causes loss of 
electrode. 

Erosion of cell 
and diaphragm 
may be high. 

Inert material bed 

(e. g. Quartz 
Adv 

Glass beads, Silca sand, 
particles or granules ) 

antages Disadvantaf 

Provides uniform 
and intense agit- 
ation at the elec- 
trode. 

Enhances mass 
transfer and 
heat transfer 
rates. 

Maintains a 
uniform tempera- 
ture throughout 
the cell. 

Acts as a degas- 
if ier in the 
bulk of the 
electrolyte. 

Gives uniform 
bright smooth 
deposit. 

es 

Increases cell 
voltage because 
particles are 
non-conducting. 

Attrition of 
particles can 
lead to fines 
in the bed. 

Erosion of 
cell and elect- 
rode by abrasion 
may be large. 

Requires addit- 
ional equipment 
e. g. a pump. 

Reduces the requi-i: 
rement of addition) 
agents. 

7. Could easily Requires extra Allows use of be adapted for equipment such as high current 
high pressure pump, particle densities. 
operation. separator, filter 

etc., 
8. Amenable to 

automatic 
control of -' 
process 

9. Gives better 
current effic- 
iency with son 
reactions in a 
low ion soluti, 



TABLE 

CELL DIMENSIONS 

Overall height .................. 
length of upper section .....,. 
length of middle section ...... 
length of lower section ....... 

Tube dimensions 

larger tube O. D. 

I. D. 

smaller tube O. D. 

I. D. 

... 00.. 000. 

........... 

........... 

.0000.... 0. 

710ram. 

320mm. 

32 0r1 . 
70mm. 

38mm. 

31.68mra. 

32mm. 

2 5.4Dram. 

Flange dimensions 

overall diameter .............. 100P. m. 

core diameter ................. 32 Cel 38mm., 

thickness ..................... 6mm. 

Counter electrode 

overall length ................ 220 mm. 

overall width ................. 40r; 
. 

Working electrode 

copper powder 

bed weights 1cm 

2cm 

3cm 

larger tube 1cm 

-70 mesh to +100 mesh 

bed ........ 16.66g. 

bed .......... 33.33g 
bed 

,...... .. 50g. 
bed 

.0.6.06 
50g 

. 



TABS 

Viscosity data for solutions of CuS04 4- 0.5111 H2SC4 

Cu2+ concentration: 0.71,1 0.07111 0.01T; I 0.001M 10-5111 

Viscosity(cp) : 1.29 0.995 0.966 0.962 '0.962 

TALLE 8 

Density data"for solutions of CuSO4 + 0.9 H2SO4 

Cu? + concentration: '0.7fl 0.071.1 0.01I, I 0.001N 10 ,I 

Density(g/crn3) s' ý1.13 1.04 1.633 1.031 1.029 

TABLE 9 

Diffusion data for solutions of CuSO4 + 0.5L1 H 2SO4 

Cu 2+ 
concentration : 0.711 0.07M 0.01IJI 0.0011.1 10-'; I 

Dif cusivity(cm2/sec-, : 7.88.5.876 5.674 -5.645 5.642 

x106) 

See reference 112 



figure 1 

A fluidised bed cell arrangement with 
electrolyte flow parallel to current flow. 

figure 2 

A flüidi'ed bed arrangement with 
electrolyte flow perpendicular to current 
flow. 
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figure 3 figure 4 

Schematic figure of the Nernst 
diffusion layer. The metal ion 
concentration is a function of 
distance from the electrode. 

Variation of the velocity in 
the boundary layer according 
to the Nernst theory. 

figure 5 

Variation of the velocity in 
the boundary layer according to 
the Levich theory. (? ) 

fifre 7 

The four layer theory as 
proposed by Levich and Landau. 
(? ). 

figure '6 

Variation in the thickness of, - 
the Prandtl layer(du) and the 
diffusion layer (S) with dist- 
ance (x) from the point where 
flow of liquid reaches the 
electrode. ((7) 

figure 8 

Variation of concentration and. 
flow velocity with distance (x) 
from the electrode surface. 
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figure 9 

Bed voidage at incipient fluid- 
isation. (8L) 

figure 11 

Experimentally measured mass t. 
transfer values. 

figure 10 

Channelling. (56) 

figure 12 

Optimum porosity for inert 
beds. (76) 
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figure 13 

Position of the feeder electrodes 
in the Fleischmann model. 
a) where the fluidised bed is between 

the feeder and the counter electrode. 
b). where the feeder is closest to the 

counter electrode. 

figure 14 - 

A new type of fluidised bed with a 
number of feeder electrodes situated 
in the bed. (108) 

0 
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figure 15 

Schematic diagram of apparatus 
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f i, -urP 16 

Schematic diagram of apparatus 
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fi cure 17 

rch9Matic diagram of the äpparatus 
used with cylinder cathodes 
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figure 18, 

Diagrams to indicate the different 
conditions that-can exist at an 
electrode. 
a) Fully developed hydrodynamic 

conditions. 

b) Non-fully developed hydrodynamic 
conditions. 
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figure 19 

Change In the optical density of 
of a CuSO1, solution with changing 

t+ Cu. 

11 
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figure. 20 

The conductivity of H2S04 
in water. 

figure 21 

Variation in the overpotential of 
hydrogen evolution on copper with 
sulphuric acid concentration. 

0 
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figure 22 

Histogram of particle size 
, d, istrihution for 500 copper 
particles in the cut -70 - 
+100 mesh. 
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f igure 23 

S curve distribution for 500 
copper particles in the cut 
-70 to +100 mesh. 

mean particle size = 1840, -11 

standard deviation = 17, tLm 

0 
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figure 24 

Rotameter calibration curves 
using the '7K' Rotameter. 

a) 0.07M CuSO 4+0. , -TH2S04 
b) H2O 

figure 2 

Rotameter calibration curves 
using the '14K' Rotameter. 

a). 0.07". "CuS04 + 0.511H2S04 

b) H2O 

11 
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figure 26 

Calibration of the 'Linear Sweep 
Generator' against a Vibron 
Electrometer. 
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figure 2? 

Effect of sweep rate on polarization ++ 
curves. in stagnant solution. 0.07M Cu 
feeder electrode length: 3.2cros 
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figure 28 

Effect of sweep rate on polarization 
curves in flowing solution. 
0.071.2 Cu'., feeder electrode length 
3.2 cros, flow rate 0.5 cm/sec. 
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figure 2.9 

Effect of sweep rate on polarization 
curves in a fluidised bed of copper 
particles. Static bed might 3. Ocros. 
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figure 30 

The effect of axial height on the 
cathodic polarization curves for 
flow past cylindrical specimens in 
a tube. Specimen length 1.1cm 
dia. 0.625 cm -(0-07M CuS04 + 0.51 H2SO, ) 

Height above merbrane: 10.1 8.0 6.0 5.8 4.9 4.1 2.9 1.8 1. Ocm 

Specimen No. :9 8 7 6 5 4 3 2 1 

membrane present. 
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figure 31 

Effect of axial height on the 
cathodic polarization curves 
for flow past cylindrical 
specimens in a tube with S 
no membrane present. Specimen 
length 1.1 cm dia. 0.625 cri. 
Solution 0.07MCuSO4 + 0.51, IH2S04. 

Height above membrane's 2.0 4.0 6.0 8.0 10.0' 10.4 cma. 
normal position in the tube: 

Specimen No. :123456 

0 
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f igure 32 

Effect of axial height on limiting 
current values for flow past 
cylindrical specimens in a tube 

o= current values 
x, = current density values 
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figure 33 

Effect of axial height on limiting 
current values for flow past 
cylindrical specimens in a tube. 
0 07T. I CuS0 4+0.5L1 H2SO4. 

specimen size 1.1 cm long 0.625 cm dia. 
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figure 4 

Polarization curves for different 
: =pecim. en lengths in flowing 
electrolyte in an annulus. 

Solution: 0.071,1 CuSO4 + 0.5-I H 2SO4 
flow -rate :l . 

4cr1/sec 
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figure 35 

Effect of varying the specimen 
length on limiting currents for 
cylindrical specimens dia. 0.625 cm. 
Specimens placed 5cm above membrane. 
0.0711 CuSO4 + 0-511 H2SO4 solution. 
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figure 36 

Effect of flow rate on the hydrogen 
reaction at a copper feeder electrode 
in a tube, for various feeder lengths. 

Equiv. E is the equivalent porosity a 
fluidised bed would have if it were 
present. 
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f igure 37 

Effect of feeder length on cathodic 
polarization curves in a 
tube. No electrolyte flow. 
0.071" CuSO4 + 0.5 H 2SO4 solution. 
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Flow rate : 
Specimen No: 

figure 38 

Effect of flow rate 
. polarization curves 
Feeder length 1.0 cl. 
0.07i-`I CuSO4 + H2S01 

0.19 0.38 0.58 
123 

on cathodic 
in a tube. 

a. 
solution. 

0.77 0.96 1.16 
456 

cros/sec 
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figure 39 

Effect of flow on cathodic 
polarization curves, in a tube. 
Feeder length = 3.2 cm. 
0.071: 1 CuSOL4 + 0.5 H2SO4 

Flow rate : 0.19 0.38 0.58 0.77 0.96 1.16 cros/sec 
Specimen No: 123456 
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" ,ý 
Flow rate : 
Specimen No: 

figure 40 

Effect of flow on cathodic 
polarization curves, in a tube. 
Feeder length = 5.0 cm 
0.071,1 CuSO4 + 0.51: 1 H2S04 

0.19 0.38 0.58 0.77 0.96 1.16 
1 2.3 456 

ems/sec 
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figure 41 

Effect of flow rate on limiting 
currents for different size feeder 
electrodes. Limiting current taken 
at 200mV. overpotential. 
0.0711 CuSO4 + 0.5L1 H2S04 
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figure 42 

Effect of different feeder electrode 
sizes and different flow rates, on a 
given electrode, on polarization curves 
for the deposition of copper(in a tube) 

1 0" o. olr" CuSO4, + o. 5P. T H2S0 

Specimen No. :1 
flow rate . 19 

Feeder length: 1.0 

2.. 34 

. 38 . 58 . 77 
zý. o 3.0 4.0 

56 

. 96 1.16 
5"0- 

cros/sec 
ems. 
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figure 4j, 

Effect of flow on cathodic 
polarization curves for the 
deposition of copper onto a 
feeder electrode in a tube. 
Feeder length = 5.. 0 cm. 
0.01 1 CuSO4 + 0. X11 H2S04 . 

Flow rate : 0.19 0.38 0.58 0.77 0.96 1.16 cms/sec 
Specimen No: 12"3456 

figure 44-', 

As for figure 4: 4, except that the 
feeder electrode length is-1.0 cm. 

0 
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figure s 

Effect of flow rate on limiting 
currents for different size feeder 
electrodes. Limiting currents '&, aken 
at 400mV overpotential. 

Solution: 0.01LI CuSO1 + . 
0.9-41 H2So 
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figure 46 

Comparison of polarization curves 
in different size fluidised beds. 
Static bed sizes: 3cm, 2cm, lcm. 
porosities 
Solutions: 0.711 

both 

0.4and0.65 
CuSO4,0.001T"1 CuSO4 
in 0.5P. T H2S0k 
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Figure 47 
.1 

Effect of a variable size feeder 
electrode in a fluidised bed. 
The feeder electrode was placed 
one mm. below the top of the bed. 
Solution: 0.07141 CuSO1ý + 0.511 H2S0L 

Feeder length 1 cm 4 Porosity 
2 cm 0 
3cm V 

1 G. 4 
2 0. Wf 
3 0.51; 
4 0.55 
5 0.61 
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figure 48 

Effect of a variable size feeder 
electrode in a fluidised bed. 
The feeder electrode was placed 
1 . mm. above the bottom of the bed. 
Solution: 0.07M CuSO4 + 0.5,. 1H2S04 

Feeder length 1 cm A Porosity 1 
2 cm o20.44 
3cm V30.51 

4 0.55 
5 0.61 
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f immure 49. 

Polarization curves for the 
deposition of copper in a 
fluidised bed. 
Packed bed height 1 cm. 
Solution: '0. ̂ 7-T, T CuSO1, + 0.5MH2S04 

. 
Sample No. 1'2'34 
Porosity 0.46 0.45 0.53 0.59 

5 -6 
0.63 0.67 
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figure 50 

Polarization curves for the 
deposition of copper in a 
fluidised bed 

Packed bed height 1 cm. 
Solution: 0-. 07iä CuSO4 + H2S0LI 

Sample No. 123; 456 
Porosity 0.40 0.45 0.53 0.59 0.63 0.67 
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f i; ure 51 

Polarization curves for the 
deposition of copper in a 
fluidised bed. 

Packed bed height: 1 cm 
Solution: 0. ''011-1 CuSO4 + 0,5LIH2so4 

Sample No. 12 3456 
Porosity 0.40 0.45 0.53 0.59 0.63 0.67 
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figure 52 

Polarization curves for the 
deposition of copper in a 
fluidised bed. 

Packed bed height: 1 cm 
Solution: O. 001I. 1 CuSO4 + 0.51=1 H2S04 

Sample No. 123456 
Porosity 0.40 0,45 0.53 0.59 0.63 0.67 
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figure 53 

Polarization curves for the 
hydrogen reaction in a 
fluidised bed. 

Packed bed height: 1 cm 
Solution: 0.51.7H2SO4 only 

Sample No. 12345 
Porosity 0.40 0.45 0.53 0.59 0.63 0.67 
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figure 5L. 

Polarization curves for the 
deposition of copper in a 
fluidised bed. 

Packed bed height: 2 cm 
Solution : 0.71"CuS04 +0. : °IH2 S04 

Sample No. 1234567.8 9 
Porosity 0.40 0.43 0.45 0.47 0.51 0.56 0.60 0.65 0.68 

6 
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figure 

Polarization curves for the 
deposition of copper in a 
fluidised bed. 

Packed bed height: 2 cm. 
Solution: 0.07P. I CuSO4 + 0.51. IH2S04 

Sample No. 12 3_- 456789 
Porosity 0.40 0.43 0.15 0.57 0.51 0.56 0.60 0.65 0.68_ 

f 
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figure 56 

Polarization curves 
deposition of copper 
fluidised bed. 

Packed bed height: 2 
Solution: 0.011t CuSO 4 

Sample No. 12 
Porosity 0.40 0.43 

for the 
fr om',.. a 

cm 
H2SO 

3456789 
0.45 0.47 0.51 0.56 0.60 0.65, '0.68 
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figure 57 

Polarization curves for the 
deposition of copper in a 
fluidised bed. 

Packed bed height: 2 cm 
Solution: 0.001ý"ICuSO4 + 0.5fd H2SO4 

Sample No. 1 2-1 345678 
Porosity 0.40 0.43 0.45 0.47 0.51 0.56 0.60 0.65 
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figure 58 

Polarization curves for the 
hydrogen reaction in a 
fluidised bed. 

Packed bed height: 2 cm 
Solution: 0.511 H 2SO4 

Sample No. 1234567 
Porosity 0.4o 0.43 0.45 0.447 0.51 0.56 0.60 
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figure 59 

Polarization curves for the 
deposition of copper in a 
fluidised bed. 

Packed bed height: 3 cm. 
Solution: C. 7i: i CuSO4 + 0.5r4 H 2SO4 

Sample No. 1234567 
Porosity 0.40 0.44 0.47 0.51 0.54 0.57 0.60 
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figure (n 

Polarization curves for the 
deposition of copper in a 
fluidised bed. 

Packed bed height: 3 cm. 
Solution: 0.0714 CuSO4 + 0.5: ': I H2SO4 

Sample No. 12345678 
Porosity 0.40 0.44.0.47 0.51 0.54 0.57 0.60 0.65 
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figure 61 

Polarization curves for the 
deposition of copper in a 
fluidised bed. 

Packed bed height: 3 c. m 
Solution: 0.01T. ZCuSO4 + 0.51 H2S04 

Sample No. 1234567 
Porosity -0.40 0.44 0.47 0.51 0.54 0.57 0.60 

.ý 
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figure 62 

Polarization curves for the 
deposition of copper in a 
fluidised bed. 

Packed bed_ height: 3 cm. 
Solution: 0.001LI CuSO 4+0.5.1 H2SO4 

Sample No. 1234567 
Porosity 0.40 0.44 0.4? 0.51 0.54 0.57 0.60 
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figure 63 

Polarization curves for the 
hydrogen reaction in a 
fluidised bed. 0 

Packed bed height: 3 cm. 
Solution: 0.5iI H2SO 

Sample No. 1234567-0 
Porosity 0.40 0.44 0.47 0.51 0.54 0.57 0.60- 
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figure 64 

Deposition of copper from very 
dilute solution'using a fluidised 
bed. 

lacked bed height: 1 c1L 
Solution: l0-ý-. T CuSO4 

.+0.5'1 
H2SO4 

A:.. -- 
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figure 65 

Deposition of copper from very 
dilute solution using a fluidised 
bed. 

Packed bed height: 2 cm 
Solution: 10 I{I CuSO + 0.51"I H2SO4 
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figure 66 

Deposition of copper from very 
dilute solution using a fluidised bed. 

Packed bed height: 3 cm. 
Solutionzl0 5L1 CuSO4 + 0. `. T HZSO4 
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figure 67 

Polarization curves for the 
deposition of copper from 
a fluidised bed. The larger 
cell was used (I. D. 31.68rari) 
to contain the bed. 

Packed bed height: 1 cm 
Solution: 0.711 CuS0 +0 . 9"i H2SO4 



0 

4 

1V 

o. 

0) 

Q 

d 

v 

r co U_ýy .N 
w 



finure 68 

Polarization curves for the = 
deposition of copper from 
a fluidised bed. The larger 
cell was used(I. D. 31.68 mm) 
to contain the bed. 

Packed bed height: 1 cm. 
Solution: 0.071.1 CuSO 4+0.514 H 2SO4 
I 
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figure 69 

Polarization curves for the 
deposition of copper from 
a fluidised bed. The larger 
cell was used(I. D. 31.68 mm) 
to contain the bed. 

Packed bed height: 1 cm. 
Solution: 0.01II CuSO 4+0.5H2S01, 
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figure 70 

The effect of reusing the same bed 
of copper powder on two consecutive 
potentiodynamic sweeps. 
First sweep: see fig. 60 
Second sweep: this figure. 
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figure ?l 

Effect of'constant' potential/time 
curves on the current obtained from 
a fluidised bed. 

Solution: 0.7i: I CuSO4 + 0.511 H 2SO4 
Packed bed height: 1. cm 
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figure 72 

Diagram showing 'quasi limiting currents' in a fluidised bed at high bed expansions. (0.5) 

Packed bed height: 1 cm 
Solution: 0.001LI CuSO4 + 0.5-1 H2S01 
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figure 73 

Diagram demonstrating'quasi limiting currents' 
in a fluidised bed at high bed expansions. 
(¬10.5) 

Packed bed height: 2 cm 
Solution: 0.00111 CuSO 4+0.5LIH2S0L, 



Jf 

S 

s 

.. (AW W 

0 



figure 74 

Diagram demonstrating 'quasi limiting currents' 
in a fluidised. bed at high bed expansions. 
(E>o. 47) 

Packed bed height: 3 cm. 
Solution: 0.0011,1 CuSO 4+0,51.2 H2S04 
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figure-2 5 (ref. 120) 

Performance of mechanically stirred reactors. 

1. Rotating disc, radius 3cm 
2. Rotating disc, radius 30cm 
3. Rotatingcylinder, radius 3cm 
4. Solution pupped through cell. 

laminar flow: t, turbulent flow 
Power for electrolysis: a Yelectrowinning of Cu 

b'`electrorefining of Cu 

Solution: 0.61; I CuSO 4+1.7L1 H 2SO4 

V 
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figure 76I 

Experimental data for mass transfer to vertical. 
cylinders 11mm long x 6.25rm dia. in flowing 
electrolyte 
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PLATE 1 

The experimental apparatus 
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PLATE 2 

Cracking of the perspex cell 
after long term experimental 
use in sulphuric acid. V 

PLATE 

The effect of a cleaning 
solution on the surface 
of a copper particle. 
x 1000 
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PLATTS 4 and 5 

As received copper powder. 
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PLATES 6,7, and $ 

Growth of copper particles during 
constant potential/time experiments. 
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PLATES 9,10, and 11 

Growth of copper particles during 
constant potential/time experiments. 
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PLATES 12 and 13 

Copper particles which agglomerated 
together in the fluidised bed during 
potential/time growth experiments 
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PLATBS14 --_ 16 

The growth of copper in particles 
which had agglomerated together 
in the fluidised bed during 
potential/time growth experiments 
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