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SYROPSTS

The relevant literature,relating to electrochemical

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

beds, has been reviewed.

Extensive experimental data for the cathodic reduction
of cobper from acid CuSOu 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. Abowe 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 1lnvestigated. 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 1t was niore 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. . = ., .

“IIF Y L

Potential gradients within the bed caused many problems

and prevented limiting currents from being observed because of

secondary reactions increasihgmthe.iotal‘current from the bed.

Preferential polarization.of the bed during potentiodynamic
. . -
sweeps of the cathode caused reactionsmto:occur at low ‘'apparent’

overvoltages. Thls was more noticeable in concentrated electrolytes

or when larger beds were used.



A reassescsment of mass transfer data obtained previously

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

Sty = 0.38.Re-0'54.8070'7?‘

A similar reassessment of mass transfer data obtained previously
(73,76) for laminar flow of elecirolyte through an annulus and
with a Reynolds number and Stanton number based on the length of

the sample rather than on the eguivalent diameter yielded;

sh = 2.25.Re?" 32, 5c0+ 37
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1, INTRODUCTION .




1.1 Histor

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 <o
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 béth electrical energy and
water. A third landmark in elgctrochemistry occurred at the
beginning of this century when Tafel realised the relationship

between current density and overpotential at an el ectrode,

‘h=a + b log i

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



the treatment of the electrochemical cell as given by Nernst
only considered reactions occurring at or close to equilibrium.
With the Nernst theory availlable it was easier for scientists
to'%ravel 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 1deas 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
electrodé movement have all been used to eliminate or reduce
solution inertia. The approach used into the type of agitation
required 1s 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 temperaturé

and solutlion concentration are relatively small.

Apart from reaction limitations imposed by the solution,

the electrode 1itself plays an important role since the quantity




of feaction (as opposed to the rate) is directly proportional
to the electrode area available. A technological regquirement
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 througﬁput of solution it has been suggeéted(l) that
the most useful methods of prodqcing 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(zx,and
shows quite well the beneficial effects that can be %chieved
on reaction rates by the use of a turbulent solution. The
conducting fluidised bed 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 thé 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. Meanwhlle fluidised bed systems containing inert particles
have been investigated empirically(70) and , more recently ,

in terms of mass transport behaviour, to optimise operational

conditions.



The two types of fluidised bed eleétrode exhibit
widely different attractions to the industrialist. The l1nert
bed has fhe advantage of containing particles which remain of
constant s:'i.ze). allowing the electrolyte, moving around the ‘
particles,to attain and maintain a stable flow condition. This
makes it an.elecfrode suitable for adaptation to the production
of high quality deposition. The main advantage of the conducting
fluidised bed over other electrodes 1s 1ts large surface area
to volume ratié,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(?l Amp)
from low concentration solutions (e.g. 10"3Molar). It reports the
findings of experimental investigations into the effect of
fluidised bed parameters on deposition rates and electrodeposit
structuré. The electrode has been compared with other electrode
systems which may provide industrial §ompetition in those areas

where it has application and the consequences of this competition

has been discussed.



2. THE CELL IN INDUSTRY.




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 problemn.
Recently a plethora of new cells have evolved as fundemental
principles have been explored. Many of these cells have been
developed for thexr own sake rather than to satisfy a need or
the shortcomings of other cells and some cells which have been
regarded as fallures 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 1is the reason why many cells have not proved as industrially

successful as they might.

The cholce 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



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 resiricts water as a solvating

agent to those elements less reactive than tungsten and molybdenun.

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, ITA, and aluminium are solely electrowon (table 1).

The problems of powér 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



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*electrodepositionand oxidation of.
metals,electrolytic processes are sometimes used in the ﬁroduc-
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 1is available hydrogen and oxygen have been

produced by the electrolysis of water and in this case D,0 (heavy

2
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 avallable 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




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.) Widelv Spaced Electrodes.,

These cells are still used industrially but not on a
wide scale. One of thelr main uses, although not metallurgical,
is in the reduction of pyridine on lead anodes(8). The only
ald 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




in many electrofinishing processes, with air generally béing
injected into the bottom of the cell. According to Schreiber (9)
and Farnstein(l5) this cell has not become established because
bubbles of injected alr tend to decrease the effective plating
areasﬁby 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 1s 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 cms and Beck(13), and
not quite so recently, Tobias'(ln) have shown how the cell voltage

varies with the rate of gas bubbling.

2.2.3 Parallel Plates umped flow).

These cells are often the standard by which all other
cells are judged. Kuhn(l6) 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 tyo groups and performance has been gquoted,

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




10

-

a severe disadvantage in having to maintain electrode gaps to
very high tolerences(0.02cms), 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 sepaeration 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 equatien! | e
lent = 0.0MhU/y = 0...r01LNRe

where h 1s fhe thickness of the electrolyte, V 1s the kinematic
viscosity of the electrolyte, and U is the flow velocity of

the electrolyte(2l). N, is the Reynolds number based on

e
channel width. In this region the limiting current density 1is

given by

“

i, = 0.66nFDC, (D) %y -2

where I is the downstream 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),

i, = 1.62Fch(U*/V)"°'66(M) "0'_33 (VP '9'66
Ibl has shown that iL decreases as tpe plate length increases
and this effect can only be overcome by increasing the flow

regime, As Eisenberg points out(1l9) a tenfold increase in the

flow requires almost a thousandfold increase in the pumping

energy due to the power dependences of flow and pumping energy -
(UO- 33P1- O) .
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Many other .parallel plate electrodes exist. Cells
based on two“concentric rinés have been used {4n the electrolysis
of sea water(1l6) and cells similar in form have been hydrodynamic-
ally analysed(23). A variation ontbe ring cell is the Engelhard
cell which is electrically sﬁlit half-way along its lenéth.
one half acting as the anode and the other half acting as the

cathode; the inner tube acts as a floating bipole.

é.z.h Parallel Platé with Turbulence Promoters.

elerwr

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 SmA/cmz.
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 éma,in'which six

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

heat dissipation must become a limitiﬁg factor.

2.3 The Rotating Disc_Electrode.

This particular cell has received universal usage in

laboratories because it maintains an even viscous boundary

layer over 1ts whole surface. A rigorous hydrodynamic treatment
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is available(?7) and the limiting current density in laminar
flow is given by,

- 0.62nrpe, D0+ 66)0+166,0.5

iL |
where ¢J) 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).

Z.h‘Modefh Electrodes.

2.4.1 The Rotating Cvlinder 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 c&linder 1s rotated,Taylor(28) has
found that laminar flow existé at higher Reynolds numbers.

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

values at quite low metal concentrations; 19mA/cm2

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(1ll,30,31,32) and Arvia and Carozza(33) have

produced a dimensionless group correlation of the form: .




1.3

st = 0.079Re 030, 5o =0 O

' #

One form of the rotéfingic&iindéf*is'made under the nane 'Eco-Cell'(,bB)W

2.14,2 The Packed Bed and the Porous Electrode.

- The packed bed is another electrode system which
has recently become popular. ColquhoﬁnéLee(j#) has studied these
electrodes and surveyed their hydrodynamic proferties at low
flow rates. At higher rates of flow,Houghton(35) has produced
quite a detailed account of the removal of antimony 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*industriallyused 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 1n powder metallurgy, a number of firms have now

proposed the replécement of atomised powders by powders produced

| by cathodic deposition. Atomised powdersare 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 bedy they
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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 columné.

As an alternative to packed bed electrodes, which are
made up of a large number of individual particles, there is
the porous béd 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 preliminagy:economic
'aﬁalysis 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 qﬁite tortuous, causing
large pPH 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(hl),

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.



15

5> 1.3 The Extended lMesh Electrode.

This has recently been developed to the pilot plant
stage by I.C.I. and Du Pont(6% , 63 ) and results have shown that for

an ideal waste produQE such as acidified copper sulphate, it 1s 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 vresent, then the same may not be true. The cell is made from
expanded metal mesh and as electrolyte 1s pumped past the electrode ,
turbulence is created by the electrode shape and mass transfer to
the eléctfode is enhanced. Surfleet and Crowle(1 ) have shown that
the current efficency of the cell drops dramatically above currents
**of’zomA/émz: e.g. the current efficiency of the cell is 58% at
llmA/cm2 and only 10% at 110mA/cm<, for concentrations of Cu2+of

- 100 -BOOmg/l,for flow through solution of 31/min. High currént
dénsif}ééyfequiredfté ieep.cépital costs downqméy be eéuated wilth

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

2 4 I} Phe Swiss Roll Electrode.

This electrode consists of two..continuous metal strips -
which act as anode and cathode, whlch 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
renoving metal from solution( 657) ,8iving a 57% efficiency during

the feduction of copper from.lO"BM 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 aﬁd tends to preferentlally corrode parts

of the anode. The electrode has been used on a small scale for the
renoval of othérﬂions)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.)beéause 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 cyanlide oxildised by
oXxygen evolved at the anode.‘Although current efficiencies are
apparently not very good (65 ) the total running costs are more
favourable than those achieved in the oxidation of cyanides by

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

conpared to £1.98/Kg.

The swiss roll electrode has not yet been built on a
large scale and yet 1t 1s already competing with present forms of
effluent treatment in terms of cost for a cell treating 200 gallons
of water a day, and with scale-up of the cell, overhead costs should

be reducéd,possiblymaking this method cost effective.
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2.4b.5 Plurdised Bed !Electrodes.

Two types of fluidised bed are available sthose using
inert particles and those‘using conducting particles. The
inert bed enhances mass transfer by increasing turbulence in
the electrol&te and thus decreasing the diffusion iayer in
the electrode vicinity. Using this electrode>uniform.depdsits
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 1ts large surface area
to produce véry,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 donfiguration.

(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 6ther
by a membrane(fig. 2). This membrane plays a dual role by bﬁth
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 thls 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. lModern 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 redﬁcing diffusion
limitations, or by having very large surface aréas. The theories
that have led to the discdvery of these problems are discussed

in the next section.



3. ITASS TRANSFER AND DIFFUSION
CONTROL IN LIQUIDS.



3.1 Introduction,

When a system contains two or more components and the
concentration of the components varies throughout the system,
there 1is a tendency for each component to diffuse in a direction
that will reduce or eliminate its own concentration variations.
In a fluid which is elther statlonary 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 diffusien
rates of the order oflO"%mz/éec.JXLcontrast 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 1s 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.

.2 Development_of the Mass Transfer Theorv in TLiquids.(laminar flow

The regearch which led to the distinction between the
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two types' of convective flow started in the 19th centZary 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
thén the double layer(re: the capaéitance layer set up when
a metal is immersed in solution),but,as far as it is generally
necessary ta 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:surface.

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 concentratlon gradient is set up between
jons near the electrode and similar ions in the ‘bulk solution.
To establish this gradient,diffusion of the ions towards the
electrode from the bulk solutionoccurs,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(de/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 lons, in moles and the
concentration of the fluid in moles per litre, the current
density 1 may be expressed as,

i = nfFJ = - nFD(dc/dx)
where F is the Faraday. From Ficks second law, .

(de/dt) = D(d%c/dx%) = 0
thus de¢/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
ijons at the electrode surface and Cb the bulk concentration |,
then, |

de/dx = (Cy = C.)/8
The concentration of ions at the electrode is a function of
the current density and if the current density is increased until
C, = 0,i.e. the ions are removed as soon as they reach the

electrode, then the limiting current density'iL is obtained,

i, = nFCDCb/ S

This was the simple mass transfer theory put forward

by Nernst and it has since received many criti-cisms:
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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

theofy suggests.
(2) Neither the thickness of the diffusion layer nor
its dependence -upon diffusion velocity can be calculated directly
and although if-has been shown that it is a function of the
fluid velocity(46) (- ‘
1/0m ek §
values of m have varied between 0.5and 1.0, giving a range of

J

values between 10_2 - 10 "cms. Some work by Fage and Townsend(47)

has in fact shown that motion of the electrolyte at distances
of only10"5cms. 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 longef has a sound basis.

. 2.2 The TLevich Hvdrodynamic 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 veloclty of zero and this velocity increases normal to the
electrode until the velocity in the main stream of the solution
is attained(fig .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(fig. 4)). This layer pf thick-




ness Su 1S 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,gu is glven by

8 -—*’J).x
u "-I'j— .

Momentum gradients in the solution are much greater than concent-
ration gradients(fig. 6), i.e.0 Kéu , because Su is a function

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

2

Kinematic viscosity is of the order of 10 “cms/sec, whereas

diffusion coefficients are in the range of lO"SCms/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),

Y

e

O5
and knowing that Su-.:(v.x/u))g can be obtalned.

The current density may also be calculated from known values
of S,
and therefore

= rp°- 66))0. 166x-..:-60_, '5UO. 5C

)

'L b.
which is somewhat different from the equation obtained by Nernst.

The main differences between the Nefnst theory and the

Levich theory may be summarised as follows:-
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(1) The Levich theory predicts that liquid is mobile
in the diffusion layer o.

(2) S 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 outlined above, the concent-

ration diffusion layer for a rotating disc has been determined:

S = 1.62p0-66)0.166 ;-0.5 Levich  (48) -
S 1.75n0-66,0.166,50.5 Vielstich(4o)
i = 0.62nFp0*66,,0-33,7-0.166 Levich  (48)
i = 0,57nFp0-06, 0.33,;-0.166 | Vielstich(49)

3.3 IMass 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 ﬁut
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'regimés exist. In the main
stream of the liquid flow is turbulent, however as the electrode
surface 1s approached this flow changes and a viscous sublayer

is encountered. In the turbulent layer all transport is achieved

by eddy currents whereas 1n the sublayer, flow becomes laminar and



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 toan.equation of the
form,

i = C,UDAY,
but this equation has not been confirmed by experiment. Von
Karman(51) eriticised’ 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(48) disagreed with the
idea that all eddies could be removed by the time this viscous
sublayer 1s entered. They suggested that turbulence could exist
right w v the electrode 1tself 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 1s still predominantly caused

by eddy currents.

Layer &4 The diffusion sublayer.

¥

The results of Levich and Landau led to thé prediction that

g =p? 75U.'Cb/110' 75 - ,.
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 (Dl'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 effectiv; than
molecular diffusion in the transfer of mass and this increased
effectiveness compensates for the reductin in D.

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 diffusionof species in liquids. Such

a model 1is the penetration theory put forward by Higzbie(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 1ts own rapid disappearance
through chemical reaction or short contact time.

HigZbie considered mass to be transfered. by turbulent
eddies which exist upto the electrode surface. Packets of
colute 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 packeté from the bulk solution,
Using these concepts,HigTbhie produced an expression for the
mass transfer coefficient,Km,

k= 2.00 5P 5705,
where © 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 6 S. This gave a solution



28

for Km as

_ 0.5 0.5
Km = D '.S

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

on the diffusion coefficient to a power 0.5. Toor and llarchello 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 1s 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

(Y/D = Sc),a 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 suxd 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 expefiment-
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.



3.5 Electrode Systems used in the study of lMass 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 anmili electrodes as well
as for square-section pipes,and for flow over vertical and
horizontal plates. These have been reproduced in Table 4
The rotatingﬁdisc electrode appears to be the most practical
elctrode for which a rigid hydrodynamic treatment is available(48).
The extensive use made of this electrode has been demonstrated
byiAdams(27),who hés reported more than one hundred sources
where it has been applied in electrochemical application.

I1lustration of some of the theory of mass transfer in
liquids,which has been discussed in this section,can be provided
by looking at one of the cells which has been developed since
these mass transfer problems have become more widely under-

stood. The next sectlion gives an introduction to fluidisation
and the fluidised. bed  electrode.and this is followed by a section

on mass transfer in fluidised beds.



L, THE FLUIDISED BED AND SOIE
FLUIDISATION CHARACTERISTICS .




4.1 Introduction.

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 oécur across the depth of'the bed. As the o
flow of the fluid is increased, so also will the pressure dr&p
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 willremain.constant.
A fluidised bed will exist. r

The fluidised bed derives its name from exhibiting many
of the characteristics of a fluid and, as such, frequently
behaves in a fluid mannef. 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 ouflined below:

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

out the system therefore there are no large temperature gradients




31

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 beéds 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 éystems where the
rate of reaction is kinetically hindered. In such situations,
large currents (surface reaction rates) achieved by the fluid-
ised bed counteract the o%erall 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 nherent
in the process itself. For instance:

(1) often during 2 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 1s necessary. Equilibration of temperature in

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

of liquid and gas by-broducts. These products are not suitable
for fluidised syiBems. (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 weaf

in reactors. Extra difficulties are encountefed 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 strean.

If the flow rate is increased above that necessary for
incipient fluidisation,either the bed will expand or excess
fluid will péss 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 1s 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), who 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
dimensiqnlessiy using the- Froude number, Fr.(Fr =Ufp). Kwauk's
criterion predicts particulate fluidisation for Fr<l and
aggregative fluidisation for Fr» l. This relétionship 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,
1s a bettermaxim.andﬁthat when
dm/dp-ffl particulaté fluidisation océurs;
dm/dp > 10 aggregative fluid:'-'Lsation occurs.
In the region.l(dm/dﬁ(lo there is an intermediate zone where
the type of fluidisation cannot easily be determined. What

Harrison suggests is that all systems behave aggregatively unless

the maximum stable bubble size 1s 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

}.2.1 The Pressure Dro*-- Velocity Relationship.

The relationship between the pressure drop and the fluid




flow velocity in a fluidised éystem has been explained by
Richardson et alia(59))who states tﬁat when the flow

velocity 1s increased until the pressure drop occurring equals
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