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SYNOPSIS
. 4

Following“a brief introduction to outline the relevance and scope of

the thesis (Chapier 1), the initial half of this work (Chapters 2-7)
cancerrs original and compiled information regarding theoretical aspects
and literature review, The second half of the thesis (Chapters 8-12)
involves novel studies at both laboratory (Chepters 8 and 10) and pilot-

plant (Chapters 9 and 11} scals.

The academic and technical literature is critically reviewed with regard to
the rotating cylinder as a reactor geometry. Particular attention-is
paid to the electrodeposition of metals, in powdsr form, in a rotating

cylinder electrode reactor (R.C.E.R).

In an overall attempt to present and characterise the R.C.E.R, hydrodynamics
(Chapter 2) and mess transport (Chapter 3) are extensively reviewed and

discussed, f’In order to place the R.C.E.R. in relation to other reacter

[
4

geometries, mass transport to verious electrode types (Chapter 4) is
reviewsd, and novel/important electrochesmical reactors are featured

{Chapter 5).

One of the major parts of the thesis (Chapter 6) presents fundamental design
gquations and an extensive review of laboratory and commercial coell/reactor
design. Applications of the R.C.E.A. are also discussed in Chapter 6,

with particular regard to electrodeposition.

The concluding section on literature and theoretical aspects (Chapter 7)
briefly covers the production, use and properties of metal powders,

especially those produced hy aléctrndeposition.




The experimental work at laboratory scale is aimed at the study of mass

transport to smooth, developing and developed roughness at a rotating

cylinder elsctrods. Copper deposition is used not only as the mass

transport indicator reaction, but also as the means of roughness
d@uelopment. Compariscn is made with roughness produced by knurling.

The development of roughness is studied by a variety of techniquss

including electrochemical measurements (polarisation and mass transport),

surfece profilometry and scanning electron microscopy.

The effect of roughness development on reactor performance is sspecially

studied with respect to scale-up and sizing.

The R.C.E.R. is investigated as a means of separating 2 noble metal
from multi-metal solutions, under potentiostatic control, Here again,
roughness development may enhance reactor performance. Both simple,
synthetic bimetallic/acid solutions and camplex multimstal cyanidic

industrial liquors are examined, as are reactor operating conditions.

Pilot Plant studies involve the performance of novel R.C,E,R's for mass
transport controlled deposition of copper powder, the controlled potential
separation of cadmium from a zine hydrometallurgei¢al liquor , and

multiple cathode compartment, cascade reactors, The data from previous
reactors, both the single cathode and cascade type, is analysed and

reviewed.



It is shown that the R.C.E.R. is an efficient and high performance

device, which may be utilised for high rate production of a single

- .

metal in Bowder form, of for selective deposition of a noble metail.
Potentiostatic control of" the electrode near limiting current conditions

assures  mass transport controlled deposition with high current' efficiency.

The development of powdery, rough metal deposits under: such conditions
s mseen to markedly enhance mssss transport, due toan improvement in
real surface area:and in hydrodynamic shear. The resultant: neactor
performance in simple batch, batch recirculation and single pass modes

of operatiomis greatly increased.

The overall conversion in a single R.C.E.R. may be increased by tlie
use of muBtIPIb cathollyte compartments in aiHydraulic series. Such
'cascade’ ré;ﬁtbra are capable of treating relatively high volumetric
thnnugﬁpyts; while diacharging Iow concentrations of metal ( p.p.m.).

Metall may be periodically removed as suistantiallly pure powdsr.

Selective deposition ofi a nobiler metal from am mulltimetal solution is
facilitated by uncomplexed acid electrolytes and a: wide: separation im
reduction potentiails. Cu may be successfully removed from Cuw/Zn or
Cu/Ni in sulphuricacid, and Ag from Ag/Cu in nitric aciid. Heavily
complexed solutions raise problems including the daposition of smooth

metal and reduced selectivity.
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INTRODUCTION

The routine and essential extraction and use of metals has
created two severe problems: not only is our environment being polluted
with toxic metals, but there is a depletion in world resources of metal
ores, necessitating the working of increasingly dilute ore deaposits,
Table 1.11 indicates the annual production rate of various metals, this
being 8 measure of the rate at which loﬁalised deposits of ores become

dispersed,

The above situation has created the need to remove and recover
metals from dilute industrial process solutions, for financial/commercial
reasons (regarding metal or water value) or in order to comply with
effluent legislation. Recent years have seen increasing costs of both
metals and water, while effluent and water pollution laws continue to

become more severe, and more stringently applied by water authorities,

Sources of dilute solutions include the great maj&rity af manufac-
turing industries in addition to primary ore and mine dump léachings,
industrial effluents, liberator cells in electrowinning, and naturally
cccurring waterways, Indesd, such solutions tend to be found wherever

metals are produced or processed,




Dilute metal selutions are commonly treated, if at all, by
chemical precipitation, yielding a metal-containing sludge which is
normally disposed of by spreading onto selected areas of land, This
method of treatment is quite unfortunate; not only is the metal wvalue
lost and the disposal costly, but also an environmental hazard is
created, Fig.1 indicates in a schematic fashion, the major pathways
of toxic metals from the environment to man. It can be seen that toxic
metals spread on land can reach man via leaching by surface streams
vhich lead to rivers and lakes being polluted, or crop production may
result in toxic plants or animals being eaten by animals, including man.
In addition, pollution of the sea can lead more dirsctly to toxic

poisoning, via ingestion of marine life,

Toxic metals may be divided into two categories, according to their
degree of toxicity. Most hazardous are those which are at present
considered inherent toxins, e.g. cadmium, mercury, lead and arsenic. The
remaining cetegory comprises metals which are toxie at low concentrations
over an extendad time, and includes copper, nickel, zinc end tin, It
may be noted that the above metals form the bulk of thoseencountered in

the Pield of metals production and treatmsnt,

Various techninues of recovery and reqeneration such as reverse
osmosis, ion exchange and evaporative recovery may often be successfully
applied to concentrate the dilute metal solution, while providing for

possible re-use of water. If the concentrate cannct be used within the




industry concerned however, the problem of disposal remains, Clearly,
in the majority of cases, it is desirable to recover the metal directly
for re-use or resale, producing water which may either be recycled or

which is acceptable to the receiving water treatment authorities. The
cleanest, most direct and most convenient method of achieving this aim

is often by electrodeoposition of the metal,

Dilute solutions, however, present several possible problems to
this technique. Firstly, in order to operate selectively at high
current efficiency, side reactions should be minimised and secondly,
alectrodeposition must occur at a high rate in order to guickly and
conomically remove the metal in a compact plant. Firmally, electrodepo-
sition should be capable of being carried out on a continuous basis, in
order to minimise labour and downtime, and facilitate automation, The
first two problems result in the need for a controlled potential, high
mass transfer process, while the third indicates the requirement for

continuous removal of metal product,

One reactor geometry which meets the above reguirements particularly
well is the concentric rotating cgylinder glectrode reactor, (ébbrauiatad
in this thesis to R.C.E.R.). A commercial reactor employing such an
elactrode has besen developed over the past eight years by

Ecological Engineering Limited, Macclasfield.



It is the general object of this Thesis to present and revisw
the R.C.E.R, in the context of other electrochemical reactors, both
academic and industrial, 2nd to offer experimental work, at both
laboratory and pilot plent/commercial scale to fllustrats its perfaormance
and application to the removal of metals from dilute solutions,

typically cf metal concentration 1 to 1,000 mg dm'j.



CHAPTER TWO

FLUID FLOW

A prior knowledge of electrolyte fluid flow beheviour is
essential for the design and scaleup of electrochemical resctors,
with regard to the prediction of solid-liquid heat and mass transfer,
mixing characteristics within the reactor, and removzl of gas from

the electrodes and the reactor,

Fullowihg a general introduction to Fluid flow, using pipe
flow as a model, this chapter concenérates on turbulent flow due to
its relevance to high rates of mass transfer, and on the rotating
cylinder geometry in particular, due to its relevance to the thems

of this thesis,.



2. FLUID FLOW

2.1 General Conditions.

Agqueous solutions, including eiectrolytes, are generally both
incompressible and Newtonian in nature, i.e. one cen relate the
dynamic visqosity+, %, of the fluid to the shear between its
adjacent layers, Ug, and the interfacial velocity gradient du/dy

=)

Ts= nou Equation 2.1
dy

for laminar flow,

For turbulent flow,” an zpperent eddy viscosity, g, is involved,
which enhances the efﬁastlue overall viscosity, QTURB

Wurs < P] + pe Eouation 2.2

whera‘P is the fluid density. This results in 2 non-lin=zar
S

relationship between dU/dy and Hﬁs'

2.2 Flow Regime and Stability,

A fluid may be considesred stable if laminar (strezmline) flow
persists, but unstable if chaotic eddies reinforce turbulent flow,
Reynolds3 examined the transition between these two distinct

types of flow, finding that 2 fluid became unstable above a

critical Reynolds Number, (Re) where

"+ the dynamic viscosity, Q should not be confused with the kinematic

Qiscosity, N , the two being related by the fluid qensity,)n’
V= plp




(Re) = Ux Equation 2.3
D

Here, U is the fluid velocity, x is a characteristic dimension,

and <~ is the kinematic viscosity of the fluid,

The nature of the flow regime depsnds upon the drag or frictional
forces operating at the solid walls of the system. Thus a

low drag is associated with laminar {low, while turbulence is
achieved when high drag forces a2re operative. The Renolds
Number can be seen as representing the ratio of inertial tb

viscous forces

(Re} = p <2 U = pxY = Ux Eguation 2.4
n x U q. Y
For a given type of geometry, reectors of different size are

found to have similar fluid flow properties if (Re) is mzintzined

constant, according to the 'principle of dynmamic similarity’.

The importance of flow regime can perhaps be best Qnderstood by
considering a geometrically simple but practically important

system, flow through a ecircular section straight pipe. In this
case, U is the linear fluid velocity, and x, the charactsristic

dimension, is the internal diameter of the pipe, d,

‘Experimentally, one can relate the drag force at the pipe wall
to measurements of the pressure drop, AP over unit length of

tube, 1, according to an equation




[a )

A - Fp = 435 U Equation 2.5 |
1 1 d ’

0

wvhere
F is the friction loss due to dren,
g is acceleration due to gravity,

£

f is the (Fanning) frictijon factor.

If the pressure gradient, AP/1, is plotted against (Re)} on
log-log axes, as in Fig. 2.1, two distinct flow regions are seen

as straight lines, with a transition region betuween, Thus

AP = constant U” Equation 2.6
l t
and
= L L '
LDG1UE Alpi = LDG1D constant + n LOE,“.:| U Eguation 2.7

n, the slope of Fig. 2.1 is 1.0 for laminar flow at low (Re),
and 1.5-2 for turbulent flow at higher (Re), the exact value

depending upon roughness at the pipe wall, The critical Reyﬁolds

Number is about 2000.

It is more usual te present Fig., 2.1 as @ log-log plot of the
friction factor, f against (Re), as in Fig. 2.2 where the

2
fric tion factor may be releted to the pressure gradient by

~equation 2.5

Again, the laminar and turbulent regions are represented,

separated by an unstable trapnsition region. The laminar region
' , ; 4

may be described by the approximate relationship due to Poiseuille

- 8 " Equation 2.8




while the turbulent region may be approximetely described by

the Blasius Equation5

£ = 0.0396 (Re)"n'25 Equation 2.9
2

The above picture is, in practice, more complicated; the

friction factor is better expressed in turbulent flow by a

formula of the von Karman type (see Appendix 1)} due to Nikurad586

and others

1 = =0,40 + 4,00 log10 (Re)./F[Z Equation 2.10

JF[2 )

Also, it is found (Fig. 2.3, after Moody7) that after a second
critical (Re), the friction factor becomes independent of (Re),

being a function of the relative roughness, d/e only

1 = 3,46 + 4.00-16910 a/2 Eouation 2,11
]

NASY:

As seen in ?ig. 2.3, this second critical (Re) is lower for

increased values of the relative roughness.

Velocity Distribution.

The velocity profile within the pipe is gquite different for each

regime, For both regimes the velocity is zero at the wall due

to friction a2nd 2 maximum at the centre of the pipe section.

In laminar flow theére is 2 smooth (parabolic) change in velocity
across the pipe, while in turbulent flow there is @ laminar region
ad jacent to the wall, but cogéiderable eddying away from the wall,

giving rise to the flattened profiles shouwn in Fig. 2.4.




For lamipar flow, the velocity profile is described by

2,2 .
Ux = Umax (1 - rx/r )} Eguation 2.12

where Ux and Umax are the local and maximum velecities respect-
ively, end T, and r are the local and pipe radiase. Far turbulent
flow,

u

max Umean = 5,75 log1D Ezgi Eguation 2.13
(¢ /p)% r

where U is the mean velocity

T, is the distance from thez pipe wall.

Following @ treatment by Prandl® and von Karman®, the turbulent

zone may be subdivided into three layers; (Fig, 2.5)

1. a laminar boundary 1ayef ad jacent to the wall where

all mass transfer is due to moleculesr effects

2, a viscous sublayer, acting as a buffer region, where

molecular viscosity tends to damp out eddies, and

3. a fully developed turbulent layer where all mass

transfer is due to eddy effects,

Leuich8a has discussed the addition of an additional turbulent

sublayer, A hathEmatical summary of von Karman's approach is
. 9 .

given in Appendix 1, after Theodorsen and Regier’, and it may

be noted that an equation of the following general form is

attained



_max = constant + 1 log, T Equation 2,14
U L
p constant

known as a universal velocity distribution, uhere Ur is friction

velocity, defined by

Ur= T . Equation 21,5
{ P

N Equation 2,16

The effect of surface roughness may 2lso be treated in 2 similar
manner., If the roughness to friction length ratio, e/L is less
than 3,3, there is no effect, For e/L > 3.3, houwever, Umax/ur

becomes independent of L for saturated roughness, and equation 12

bacomes

max = constant + 1 log 3.3 1 Equation 2,17
Ur constant1 €
u 1 . . .

max = constant = + 1 log ¢ Equation 2,18
y 1 e

r constant

The velocity distribution is effectively as if a laminar layer of
thickness 3.5 e was present, or as if the friction length was
e/3.3. The physical significance of this is that the laminar
“layer is of the order of three to four times that of the surface

irregularities giving rise to roughness.



This von Karman-Prandl theory for turbulent flow is based on

two assumptions:

1. the ratio of the velocity defficiency, (Umax-U)/Ur /}(
to the fric tion veloecity, L is a function of

geometric parameters only, end

2. adjecent to the wall, but beyond the laminar sublayer,
the slope of the curve representing this ratio is
inversely proportionzl to distance from the wall, where

the proporticnality constant is a universal one.

The von Karman-Prandl treatment mey be extended to other
geometries with caution; in particular the geometrical configu~

ration must be described by a single parameter,

To return to the three layer concept, specific expressions may
be written for each layer, involving v’ and y+, the dimensionless

velocity and distance, For the laminar boundery layer,

u =y Equation 2.19
for y+ < 5.
For the buffer layer,

ut = 3.05 + 11.52 log10 y+ Equation 2.20

for 5 < y' < 30,
and for the turbulent core,

vt = 5.5 + 5,76 log, ¥ Equation 2,21

fFor y' > 30.
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For rough wall pipes of saturated roughness,

ut = 8.5 + 5.76 log, g ¥ Equation 2.22
e

for y+ > 3o,

In the above squations,

+

u = U = local velocity Equatien 2.23
Ur Friction velocity

y' o= yu_ =y Equation 2.24
= L

where y is the distance from the pipe wall.

2.4 The Rotating Cylinder Geometry.

2.4.1 General

Rside from its direct relevance to the subject matter of this
thesis, fluid flow in the concentric rotating cylinder geometry

is of censiderable importance in severl other situations

including

i) measurement of viscosity,

ii) heat transfer in rotating mechanical and electrical
machines, -

~iii) . corrosion of rotating parts,




iv) rotating cylinder extraction columns,
v) cyclone chamber efficiency and
vi) journal bearing operation.

Flow in the annulus of a2 concentric rotating cylinder system

has also proved to be an interesting academic system, where the
geometry would appear relatively simple, and certainly uniform,
while the actual fluid flow behaviour is rather complex. It is
possible to consider various cases also, €.Q. the inner cylinder,
outer cylinder or both may be rotated with or without a super~
imposed axial flow, In the case of axial flow mith0u£ rotation,

tha‘system is effectively flow through an annulus.

It is noteworthy that Newman10 has used the inner rotating

cylinder system as a model for the explanation of both fluid

11

flow and mass transfer behaviour, while the early work of Tasylor ,

using an inner rotating cylinder provided an insight into thé
nature of turbulent flow in general, and the transition from

laminar to turbulent flow in particular.

In addition to direct epplications of rotating cylinder fluid

flow studies to practical systems, the roteating cylinder system
has alsoc provided useful information for indirectly reiated
problems including the flow around a continucusly moving strip,
Due to its compactness, and convenience, it often presents a model

system for studies involving reproducible turbulent flow conditions.
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The laminar to turbulent trensition

As has been noted previously, the first successful treatment ves
by Taylor11 who studied the concentric rotating cylinder system
with the inner system rotated, and no exial flow., Three
general zones of behaviour exist, depending on the speed of

rotation,

At very low rotational speeds, ths fluid flows in a straightforwerd

manner, in concentric circles around the inner cylinder as in

Fig. 2.6, i.e. the flow is tangential and larminar.

On increasing the rotational speed, this simple flouw péttern
becomes unstable, and s cellular motion is imposed upon the flow
around the inner cylinder, The resulting toroidal Tayloer
vortices (Fig. 2.7) contain a‘radial component of velocity.

Thus the flow is still laminar, but no longer tengentiazl, as a

radial end axial motion are superimposed.

At still higher rotational speed, flow becomes fully turbulent,
as chaotic eddies increasingly break up any regular flow pattern.
Flow is then characterised by rapid and random fluctuations of
velocity and pressurs, which include a2 fluctuating radial

velocity component.

Regarding mass transfer to the inner ecylinder (whiqh will be
fully treated in chapter 4), the tangential leminar flow requires

the least torgue to rotate the cylinder, but provides.no marked




enhancement of mass transfer. The Taylor vortex flow reguires
a higher torgue and contributes to mass trensfer, but far more
important is fully turbulent flow, which requires the highest.
torque, but contributes mast effectively to mass transfer,

vhile 21so providing vigorous stirring in the annular gap.

Taylor' '~1” found that instability occurred when the Taylor
number
(Ta} = (Re) {r_ - r; % Equation 2.25

exceeded 29.3,

vhere T, and T, are the radiae of the puter and inner cylinders,

and (Re) is defined in this case as

{(Re) = T W (ro - rI) Equetion 2.26
D

where @ is the angular velocity of the inmer cylinder;

w = _U Equation 2,27
T , A

and U is the peripheral velocity of the inmmer cylinder.

' Schlichting14 has defined a2 modified Taylor Number (Ta1)

(Tal) = (Re) §r0 - rIi
1

(&

Equation 2.28

and according to this definition, the critical value for fluid

instability is 41.3.



The existence of the critical Taylor Number has been confirmed

by the studies of Lin15 and Flower et a1.16.

Taylor alsoc showed that steady laminar flow could be maintained
to higher (Re) if the outer cylinder only raotated (Fig. 2.8),

a more difficult system experimentally.

The critical (Re) for instability is 200, corresponding to

(Ta) = 29.3.
For (Te) » 400, true turbulent flow develaps.

In contrast to the above, it is interesting to note that, follouwing
an extensive study of drag at an inner rotating cylinder,
Theodersen and Regier9 concluded that npo distinct trénsition from
laminar to turbulent flow existed, rather the flow had. some
essential turbulent character down to the smallest (Re). -

Donnelly and coworkers17_20, however, have also examined the
stability of flow via measurements of torque, and their dats
strongly indicates a large transition region where discreet Taylor
vortices are stable, Similar results have been obtained by

Stuart’C? (Fig. 2.9).

It should be abpreciated that the Teylor analysis is strictly
limited to the critefion of the 2nnular gep being small compared

to the mean radius.




(r, - 1) € % (z_+ 1)

i.e. the case of a small annular gap,

whereas Theodersen and Regier employed @ vessel of undefined
boundaries. The case of large gaps has been discussed by
Chandrasekhar21, vhose results were confirmed by Donnelly

et al.ﬂ"zo.

It is of interest to note that even in the turbulent regime,
a2 stable secondary flow pattern has been observed by Paiz2

(Fig., 2.10) superimposed on the turbulent fluctustions.

Velocity Profiles

Fellowing the discussion of velocity profiles in the case of
flow through a pipe, earlier in this chapter, it is now qF
interest to examine the velocity distribution in the annular
gap betwesn a rotating inner cylinder and & static outer

cylinder, This has been examined by various authnrszzﬁzd,

and
the general profiles for laminar and turbulent flow are as shown
in Fig. 2.11. The laminar profile may be expressed by 2

parabolie relationship, e.qg.

U = constant xz Equation 2,29
( )2
s = 71

wvhere y is the distance measured in a radial direction,




This forms the basis for the detesrminztion of dynamic viscosity,
n via measurements of the torque transmitted by an inner
rotating cylinder to a fixed outer cylinder, Here, it may be

2
shown ? that, neglecting the submerged ends of the cylinder,

w = G To =71 Equation 2.30
4 N Q 1
where 1 is the length of the cylinder and
G is the torque
In the case of turbulent flow, the profile is mecessarily more

complicated, 2n approximate forn being

log10 y Equation 2.3
r -1

U. = constant EJ;%
P s] I

cf. equation 2.11 for pipe flow,

* 2.4.8 Drag and Friction Factors

As in the case of pipe flow, the velocity distribution mey be
treated by 2 von Karman type approach yielding an equation for

drag.

K
JF/2 Jer2

in turbulent flow.

= =17.5 + 5,75 log Re Equation 2.32
10

Such an equation was obtsined by Theodersen and Regier9 following

*
their studies of oil, 2ir and weter as fluids .

* In fact the original Theodersen and Regier equations have been rewritten

here, as they involved a definition of (Re) based on radius rathar than



For laminar flow

= 2 Equation 2,33

while for turbulent flow around a rotating cylinder of saturated

roughness, e, at a Reynolds number greater than the second

critical value,

= 1.25 + 5,76 10910 d Equation 2,34
e

A
/F/Z

(Re)crit is approximetely given by
(Re)crit = g11-8 Q%1'18 Equation 2.35
e

The results of Theodsrsen and Regier zre summarised in Figs. 2.12
and 2,13 where the friction factor is plotted ageinst the

Reynolds number on log-log axes, The following points may be

made:

1. there appears to be no distinct tramsition from A
laminar to turbulent flow, i.e. the critical (Re)
for instability is not well defined, as previously
noted (Fig., 2.12)

2. Fig. 2.132 involving saturated roughness shows that

after the second critical (Re) is exceeded, the
friction factor is invariant with (Re), depending only
on the relative roughness e/d, according to

equation 2.34,



2,4.5
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3. the greater the relative roughness, the lower is

the second critical (Re)

4. Fig. 2.13b refers to unsaturated roughness, where,
in contrast to the above, the friction factor is

influenced both by-(Re) and the relative roughness.

It is instructive at this point to consider the similarity
between drag relationsnips for three Systemsvof both academic and
commercial importance; the rotating disc, the rotating cylinder,
and pipe flow. On one hand, pipe flow represents a nermally
turbulent regime in practice, as does the rotating cylinder,

The rotating disc and rotating cylinder may be contrastéd, the

former normally giving rise to laminar flow {Table 2.1).

Effect of Axial Flouw

Previous discussion has been limited to the case of zero axial
flow, but in practice axial flow represents 2 more common situa~
tion as for example in the cese of forced air flow through a

rotating machine with an outer cover, or of more importance here,

“the case of 2 R.C.E.R. with continuous flow, Two guestions

arise, viz. what is the effect of the axial flow rate on the
critical (Re) for instability, and what is the effect on the
degree of mass transfer to the inner cylinder. The laminar and

turbulent flow regimes may bz discussed separately.




Table 2.3 indica£es that a whole variety of flow patterns is
possible for a rotating cylinder geometry, depending on which
electrode is rotated, and whether axial flow is present.

The case of lamimar flow has been reviewedzg. It might be
anticipa;ed that an axial flow of sufficient magnitude might
persuade the Fluid around a rotating cylinder to follow a
helical rather than a tangential path, The studies of Fage26
and I'.‘.ornish27 have shown that both types of flow are possible,
whereaé the intermediate vortex flow apparently does not occurs
the laminar~turbulent transition becoming more comparable to

pipe flow,

Goldstein28 analysed the stability of laminer flow concluding
that the tangential lamipar flow is increased slightly by axial

flow superimposition,
For all superimposed axial velocity distributions the tangential-

|
|
velocity is subject to an axial entrance length, as in purely _
annular fleow (Fig. 2.14)29. At the entrance, only fluid in

contact with the rotating surface acquires a circumferential

velocity, while the remaining fluid is swept dounstream. With
increasing axial distance, the tangential boundary layer thickens

to eventually fill the gap. In a sufficiently long annulus,

the tangential profile further develops an approach towards

Couette flow, when the fully developed tangential velocity

distribution is independent of the axial coordinate.




The effect of éxial flow on the laminar regime has been
analysed thearetically by Coldstein® (1937), Di PrimaC (1960),

31’32, and Krueger & Di Prima (196&)33.

Chandrasekhar
Experimental studies have been conducted by Cornish (1933)27,

Fage (1938)26, Kaye & Eloar ({958)34, Donnelly & Fultz (1950)18,
Yamada (1962)°°, Snyder (1962)°C, Astill (1961)°, (1964)°° and
more recently by MacLeod & Shahbsndrian (1959)16, Mcleod & Russ

(1975)%°, and Coney et a1,”176168:67,12¢

Four separate flow regimes may te realised (Fig, 2.15):
laminary, laminar with vortices, turbulent and turbulent with
vortices, In practice; however, thz turbulent regimes are
difficult to realise at low rotational speeds without a2 severe

axial flow.

In contrast to the laminar flou case, it is rather surprising
that there appears to be very little 1iterature'concerning the
effect of axial flow on a2 turbulent core flow in a rotating
cylinder annulus, This is a2 case which merits attention, as it
represents for example the case of an electrochemical reactor
with high mass transfer to the inmnsr cylinder and good agitationg
i.e. it approximates tn the case of a8 flow through-continuously
stirred tank reactor (CSTR), in chemical engineering terms

(see chapters 5 and 6).
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1t might be anticipated thzt two extremss of behaviour could

be ebserved: at low axial velocities, znd high rotational
spaeds, the fluid behaviour would be as in the cese of normal
turbulent core rotating cylinder annulus; at high axial
velocities and low rotational sneeds, 2z tendznoy towards
turbulent annular flow mighé be expected, with superposition of
2 hzlical flou, This latter cese might destiroy the LSTR

approximation, giving 2 tendency teowards plug flow.

In practice, however, it is the zuthor'es experience that =t
rotational speeds necessary to produce turbulence, the highly
turbulent conditions in a roteting cylinder reactor are not
affected to any great extent by relatively high axial flow
rates,

One of the few available works is that of Kosterin et al.ao who
studied air flow in an annular channel of relative size

(c, - rI)/rI = 0.271 (r, = 24.4 cm, r; = 19.2 cm), in 2 long
(ca, 2 metre) annulus. Pressure measurements were maae over
this length, and also radially, and velocity profiles were
measured with 2 thermoanemometer, The (Ta2) renpe was 0-700,

where

3
(Ta) = w (ro * rI) Equation 2.36
- 3/2
2 (rD - rI)

equivalent to a (Re) of 10°, where

{ Re) wr; (t, -“rI) Equation 2,37

2,

t




while the axial velocity range was eguivalent to an axial (Re)

3

where

(RE) =

axial Uaxial (rD - rI) Equation 2,38

'\)

It vas found that as @ critical axial flow rate uas approached,
vortices appeared in the turbulent core, and the transition
between the turbulent and turbulent plus vortices region is asg

shown in Fig. 2.16.

Measurements were also made, in the above study, of the effect
of axisl velocity on the tangential shear stress at the outer -
cylinder wall at constant rotationel speed, and it was found
that the stress steadily decreases with (Re)axial in the
turbulent region, but became steady at a certain axia; velocity,

then increased with further increases in axial flow

(see Fig. 2.17).

It should be noted that the above work involved air as a fluid;
there is a marked scarcity of information on agueous fluids under

similar conditions.

It is interesting that the case of axizal flow superimposed on

rotational has been studied electrochemically as part of a heat

transfer studydon. " This work involved the laminar and Taylor

vortex flow regimes, the main purpose being to sbserve the



interrelation between axial vortex movement and periocdically
varying rates of mass transfer. The apperatus employed two
concentric vertical, 38 cm long copper cylinders. The inner
cylinder had dismeter of 5.8 cm, while the diameter of the

outer cylinder was 9.4 cm, giving an annular gap of 1.8 cm,

The inner rotating ecylinder éerued as an anode, The outer
cylinder contained 36 0.4 cm diamester circular copper cathodes
embedded et 4 mm axial intervals to investigate the cese zero
flow rate. A single 1.1 mm diameter cathode was embedded 2B.4 cm
from the bottom of the ocuter cylinder for the case of constant
axial flow with varying rotational rates. In addition, three
1.1 mm diameter copper wire cathodes were inserted into fhe
annular space, 2B.4 cm from the bottom of the cell, and.separated
in arc by ca, 200. These micro cathodes had an active surface
at ca. 2 mm from the outer cylinder, (the centre of the annulus),
and 2 mm from the inner cylinder. These wire cathodes were
very sensitive to velocity exponent perpendicular to the-cathAde
surface, but not very sensitive to the axial component. The
cathodic deposition of copper from acid copper sulphate was
employed as a test reaction oﬁer the following ranges of
experimental parameters, {Ta) 35-9200, (Re) 0-260,

(se) 3 x 103 to 8 x 105.

The results showed that the axial motion resulted in a damping
effect on the formetion of Taylor vortices, and a lowering of

mass transfer, As in an earlier study406, the vortices were




found to move aiially, in single file along the annulus of
secondary flow, This axial movement is important, as it
indicates that an electrochemical reactor would operate in the

plug flow mode under these conditions.

Power Reguirements’

From an operational and economic standpoint, it must not be
forgotten that fluid flow is atteined by supply of energy; as
pump pressure in the case of pumped flow through 2 pipe or via

rotational power in the case of rotating cylinder or disc systems.,

While turbulent flow is often desirable bothfor good mass
transfer and effective stirring; these features are attained
at the éxpense of increased power consumption in comparison with

laminar flow,
In addition, lhe power required te rotate a rough cylinder or
disc is markedly greater than that for a smooth electrode under

comparable conditions, due to the increased drag.

Table 2.4 compares expressiops for the torque and power require-

ments of rotating cylinders and discs, in terms of system

parameters,

It has already bsen seen that measurement of torque at a rotating
cylinder provides a means for measuring dynamic viscosity
(Equation 2.29), and also 2 means of measuring the friction

factor.



The torque for an inner rotating cylinder in a2 concentric

genmetryc, may be related to the friction factor

EE = > G -
ghA B I

as follous

Equation 2.39

where DG is the drag coefficient, A is the circumferential

surface area, and q is the dynamic prsssure,

For a RCE, g = %P qurI

whers W is the angular velocity

As D

where M = angular momentum divided by the radius,

N |-

M =

The rotational

2

Equation 2.40

Equation 2.41

Equation 2.42

Equation ?.d?

.

power may be expressed as the product of momentum

and angular velocity,

P rot

as q
A

and w
Prot
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:EqAI‘Iw
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2
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=2“I‘Ih
= u

R
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Equation 2,44

Equation 2.45

Equation 2,40
Equation 2.46

Equation 2,27

Equation 2,47




This last equation expresses the rotational pawer as a function
of both geometrical and electrolyte properties. If the C,G.5. system
of units is adopted, P‘rot will be in watts if the last equation is

multiplied by 1 U"'T,

3 -7 .
ot = g . TYP r; h U x 10 Equation 2.48

For the case of a rotating disc, 2 similar treatment mey be

adopted, and allowing for the change in surface area,
P Ty U x 10 Eguation 2,49

It can be seen that equations 2,48 and 2,49 differ only by the

ratio of surface areas,
Thus

RCE prot = RDE"rot X _DL__ Equation_ 2.50

I , ‘ -
and the difference in the value of the friction factors, is considerable,

Note that the effect of the 'disecs! at the top and bottom of the

cylinﬁer has been ignored.



Considering, for example, 2 rotating disc and rotating cylinder
both of radius ry; = 10 em, and a cylinder height h = 2rI = 20 cm, both
rotating at a peripheral velocity, U of 100 cm s '.  The rotation

rate of the ecylinder and disc is then given by

(rREM)

O
[ow)

Equation 2.51

]]
N
-1 14
H

-

= 95,5

If the electrolyte has a kinemetic viscosity of 0.01 cmé 5_1; the

relevant Reynolds numbers are given by

(Re)CYL = _g% = 100 5220
- 10
= 2% 10°
(Re)DISC = %§ = 100 §210
10
=1 x 1D5

Thus, the cylinder is in turbulent flow, while the disc is probably

still in lamipar flow,

Assuming both the disec and cylinder are smooth, ﬁfﬁ is given for

the cylinder by

/£ = -17.5 + 5.75 log, .Re f Equation 2,32
z 1. z
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which may be epproximated by57’58

£ = 0.079 Re~0+>0 Equation 2,52
2
CYL £ = 0.079 (2 x 10°)"0+%0
2
-3
CYL f = 2,03 x 10
2
and for the disc,
£ = 0.62 Re"0*7 Equation 2.53
2
= 0,62 (105)‘0'5
= 1.96 x 10~

The surface areas are 3948 cm2 and 314 cm2 for the cylinder anmd disc

respectively,

The above comparison is summarised in Table 2.4 . )



CHAPTER THREE

ELECTROCHEMICAL MASS TRANSFER

This general subject is presented in some detail, to form a
background for the understanding of the mass transport behaviour of
electrodes in both laboratory cells and commereial reactors,
Attention is drawn to the importanceof electrochemical techniques
of mess transfer measurement, and the choice of reaction system is

discussed and reviewed.



3.1

3.1.1

ELECTROCHEMICAL MASS TRANSFER

A relatively concise account is offered here; for further
discussion, the reader is referred to reviews by various other

authnrsaa’1n’.

General Considerations.

Electrode Processes

An agueous electrochemical process involves electron transfer
between an electrode and a species in solution. Such a process
may be represented by

(OXIDISED) + me~ = (REDUCED) Equation 3.1
More specifically, for the electrodeposition of a metal M, via
discharge of its ions of charge =, we may consider the foruward

reaction of

M+ e = M Equation 3,2

Such an overall process comprises three consecutive steps:

i) mass transfer, i.e. the movement of the metal ions from

the bulk solution to the electrode surface,

ii) charge transfer, i.e, neutralisation of the positively
charged metal ions leading to neutral atoms on the

electrode surface, and,
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iii) crystallisation, in which the neutral metal atom
diffuses along the surface to a nucleus and is

subsequently incorporated into the lattice of the

matal,

The overall reaction rete will be determined by the slowest of
the above steps. While each of the above steps may be rate
controlling, this thesis is mainly concerned with mass transfer

control, when step i) is the important one.

Types of Polarisation

Considering equatinn:341if the rates of the forward and reuefse
reactions are identiczl, the slectrode is at its equilibrium
potential, Eo’ and the partial current densities for the forward
and reverse reactions are equal, resulting in no net current flow,
As the applied electrods potential, &, is increased, a point is
reached where the rate of the reverse reaction méy be neglected,

and it is generally found that

R = (E - Eo) = RT 1n§i_§ Equation 3.3
ZF i,

where i0 is the exchange current density at the equilibrium potential
and N is referred to as the polarisation, or overpotential.

. BEquation 3,3 describes activation polarisation, where the electrode
process is under charge transfer control, and is often referred

to 2s the Tafel equation.



Further increase in the applied potential, and hence in the
resulting overpotential gradually leads to a situation where the
rate of charge transfer becomes fast compared to the rate of
transfer of ions from solution to the electrode. The system

is then said to be under mass transfer control, as concentration -
polarisation predominates, The observed cell current density,

i, reaches a maximum level for complete mass transfer control
known as the limiting current density, i, when the metal ion
concentration at the electrode surface approaches zeru; The
limiting current density represents the maximum rete of reaction

under given experimental conditions.
The above description of polarisation is deliberately over-
simplified; the rsader is referred elseuhere”® for 2 detailed \\Xi

discussion.

3.1.3 Polarisation Curves

Cell current density/electrode potential curves may be obteined
experimentally, the electrode potential normally being measured
relative to é standard reference electrode, Fig. 3.1 shows a
typical generalised curve for copper deposition from acidic
sulphate solutions:

Cu2+ + 28 — Cu Equation 3.4
an idealised system often used in mass transfer studies, The

plot shows the potentizl regions corresponding to charge transfer,
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mixed and mass transfer control, es the potantisl is increased

from the equilibrium potential, The limiting current density,

it , is exhibited as a plateau which extends to a certain

potential, after which the observed current density increases.

At this point, an additional reaction, hydrogen evoluation ﬁﬁ;
takes place at an increasing rate as the potential is raised

further.,
The limiting current, under given experimental conditions, may
be increased by agitation of the electrode relative to the

electrolyte (Fig, 3.2).

3.2 Transport Processss.

3.2.1 " Introduction

Trensport phenomena occur when the individual components of a
system are noi in equilibrium, giving rise to gradients, In
particular, gradients in concentration, velocity and temperatﬁre
give rise to diffusion, momentum transfer and heat transfer, A
detailed discussion of transport phenomena is provided elsewheredg,

while reviews of transport in electrochemical systems are provided

by LeuichBa and Newmanm’SD

, the last author having stressed the
importance of transport phenomenz in ths engineering design of

5
electrochemical reactors, 1.

The laws governing transport in dilute electrolytic solutions

- 52
have been known for many years .
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In the case of mass transport, three processes exisi:

i) diffusion, a2 molecular transport process due to movement

under a concentration gradient,

ii) convection, in which the species is transported via =

bulk hydredynamic flow, and

iii) migration, where ions move under the influance of an

electric potential gradient,

The flux of a species in solution is then described by :
7]
Total Flux = Diffusion@l Flux + Convectional Flux + Migrational Flux
N_= -DUC + UC - =uFCUY Equation 3.5
where D is the diffusion coefficient of the species of .concentration
C, u is the mobility, F is the Faraday constant, { the electrostatic

potential, and U the fluid velocity.

A material balance for 2 small volume element leads to the differen-

tial form of the law of conservation

6 = -ON_+ R Equation 3.6
dt

R'represents a bulk reaction term, the heterogeneocus rate canstant
for production of species. In electrochamical systems,
restriction of reaction to an zlectrode allows the neglect of R.
To a good approximation, the slectrolyte is electrically neutral,
ﬁigC = 0 Equation 3.7

(neglecting the diffuse part of the double layer very near the

" electrode surface).



The current density in an electrolyte is due to the motion

of charged species;

i = F ﬁiaN Eguation 3.8

The flux relation invelves the Fluid velocity, which must be

determined from the Navier-Stokes equation:

PE%% + UUU} = -QP-f4V1LJ+p3 Equation 3.9

where p is the electrochemical potential, end the continuity

equation

U = 0 Eguation 3.10

Both experimentally and in practice, the electrolyte has an

excess of an indifferent species. This has several consequences:

i) the physical properties of the electrolyte and pH are
governed mainly by the nature and concentration of the

indifferent electrolyte,

ii) the electrolyte conductivity is enhanced, and most

important here,

iii) the contribution of migration to the mass transport of

the main species may be neglected.

Indifferent electrolytes typically encountered in zcademic studies
are potassium hydroxide for ferri-ferrocyanide systems and
sulphuric acid for the copper sulphate system, Such conducting

electrolytes are added in relatively high concentrations.
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For the reaction of the species of interest, it is then
permissible to neglect the contribution of ionic migratien

to the flux of reacting ions, and

Total Flux = Diffusional Flux + Convectional Flux
N = -DUC + UC Equation 3,11
substituting into squation 3.6 yields

dC + UIC = DVC Equation 3.12
dt

which is sometimes referred to as the eguation of convection
diffusion. Similar equations apply to convective heat transfer
and masé transfer in non-electrolytic sclutions, and since these
fields gave been studied in some detail, it is often possible to
gpply the results to electrochemical systems, Equally,

electrochemical systems often proﬁide an elegant instrument to

test results which are too complex for precise &nalysis.

3.2,2 The Diffusion Layer

The concept of a diffusion layer is generally considered essential
to the understanding of convective transport problenms, Normally,
due to a relatively smell value of the diffusion coefficient,
concentration differs from its bulk valus in only a thin region
near the electrode surface. In this region, known as the
diffusion layer, fluid velocity is small, and diffusion is the
predominant means of ﬁass transport, In principle, there are as
many diffusion layers as there %re ions present, but discussion

will be festricted only to the ions of interest, e.g. metal ions

in the case of cathodic metal dsposition.



Experimentally,-it is found that the concentration increases
approximately linearly over a substantial part of the diffusion.
Foyluwing an approach by Nernst in 190453, it is sometimes
assumed (as a first approximation) that this linearity extends to

the outside of the diffusion layer, the slope dC remeining
dy
constant until 2 point is reached where the concentration is that

of the bulk selution. The concentration profile is then
represented by the dotted line of Fig. 3,32 which defines the
fictitious Nernst diffusion layer, Jﬁ, which is typically tenths
to thousandths of a millimetre. In reality, the concentration
distribution is of the form indicated by the full lime, which
‘asymptotically approaches the bulk concentration, rendering the

real diffusion layer thickness en ill-defined quantity,

According to the Nernst approach, an expression for the mass

transfer rate may be written as

j = DEdC} = DfCp -~ Cg) Equation 3,13
dy)g d .
N
and recalling eguation 3.8, the mass transfer rate may be written

in terms of a current density

j = 3?(1—71-_-) = D{:B-c53 Equation 3.14
=

This last equation indicates that the mass transfer rate is
proportional to CB - CS and inversely proportional to C(N' The
former term may be regarded as a driving force for diffusion, while

CrN is a form of resistance offered by the diffusion layer to mass

transfer,
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Thus, the Nernst model has the advantage of offering a compact
explanation of diffusional mass transfer. The great weakness
of the Nernst approach is that it offers no fundamental computa-
tion of C;N from the general propertiss of the system under
study, To accomplish this, é more rigorous approach is necessary
involving a consideration of hydrodynamics and convective
diffusion. .A proportionality constant KL may be defined

j = K (Cg - Cg) Equation 3.15
where KL is generally known as the mass transfer coeFFicient+, a

form of notation often used in chemical engineering.

Convective Diffusion

.In practice, convection is always present in electrochemical

systems, involving either free (nétural) convection in the

absence of artificial solution or electrode movement, or combined
free and forced convection in its presence. The presence of a
bulk, hydrodynamic flow due toc convecticn results in a considerable
snhancement in mass transfer (as measured by the limiting current ]
density, iL) with a conseguent lowering in ({N' Table 3.1
illustrates this by listing iL and ch values for various

hydrodynamic systemsas.

+ Ibl5

4 has recommended that KL be renamed the heterogenecus diffusion

rate constant, an apt but rather unwieldy assignment.



Regarding the mathematical solution of mass transfer problems,
the presence of hydrodynamic flow causes complications, as it
renders the relevant differential equations non-linear, and

less readily soluble, if at all.

A further complication is that the Navier-Stokes eguation

uvc = DVZC - dC Equation 3.16
dt

applies strictly to laminar flow, but may be carefully applied
to turbulent flow after subjection to an averaging process,
yielding a pseudo steady state relation

e = (D + Dturb)UZC Equation 3.17
where Dturb represents an enhanced diffusion due to the random

motion of eddies, and is itself dependent on fluid velocity.
In gensral, four methods are available for evaluating the rate
of convective mass transfer, and these may be applied separately,
or in combination:
i) exact solution of the Navier-Stokes eguations

together with a simultaneous soluticn of the convective

diffusion mass transfer equation,

ii) solution of the hydrodynamic and mess transfer

boundary layer equations.
iii) empirical correlation of experimental data, and

iv) analogy between mass, heat and momentum transfer.
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The aim of the solution is to express the rate of mess transfer
in terms of 2 mass transfer ccefficient, which is releted in

turn to certain physical properties of the electrode/electrolyie

system, (equation 3.15).

It has already been noted that method i) is beset with
difficulties for practical systems, but the other methods will

now be examined.

Boundary Layer Theory.

At the surface of a solid ph2se baoundary, such as an electrode,
the flow velocity is zero due to friction, but increases
progressively with distance from the boundary until the velue in
bulk solution is reached (Fig. 3.3b). The zone near the

phase boundary is referred to zs the (Prandtl) hycrodynamic
boundary layer, by analogy with the diffusion layer, In
contrast to the latter, however, the hydrodynzmic Soundary layer
of notiopal thickness c;pr extends much further from the

electrode, as indiceted in Fig. 3.3.

Boundary Layer Theory assumes that perpendicular to the boundary,
both the above layers are very thin, allowing a considerable

simplification of fundamental differential equations, facilitating
their solution for simpler geometries and flow conditions. In
fact, the theory is Uery restricted in that it provides a wholly

satisfactory treatment only for laminar flow; the situation for

" turbulent flow becomes exceedingly complex.
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In some cases, however, it is possible to adopt reasonable
empirical relationships for velocity distribution. Care must
be taken though not to apply the theory indiscriminately. in
particular, it is sometimes not appreciated that the boundary
layer equations, e.g. von Karmanfs integral approach

-, are themselves Eimplificaticns of the Navier-Stokes
eguations for the very specific case of 2 surface in an

urbounded free stream.

The extension of boundary layer theory to turbulent flow via
von Karman equations must also be undertaken carefully, since
once again a specific, ideaslised system, flow through @ pipe,

is employed to render complex differential equations determinate.

4
In practice, Boundary Layer Theory1 has been successfully
applied to simple systems including natural convection at
vertical electrodesss, and forced laminar convection along a

plans electrndess.

Dimensionless Group Analysis.

This generally forms the most satisfactory approach to practieal
problems, but in contrast to the boundary layer theory, %t

does not allow 2 complete calculation of the quantities of
interest, A complete description of the theory of dimensionless
group analysis is to be found elsewher921, but the relevant

features will be summarised.



The approach starts from the premise that the mathematical
relationship between the variables involved in the problem

must be dimensionally correct, i.e. the relation does not

depend on the fundamental units of measurement, It is then
possible to combine the variables into dimensionless groups.

This combination may involve the normal mathematical operations
of division and multiplication, or the variables may be raised

to some power, The actual formation and choice of dimensionless
groups is somewhat arbirtrary, being governed largely by conven-

ience.

This procedure considerably simplifies data treatment by

reducing the number of variables to be handled. According to
the T theorem of dimensional analysis*, the number of dimension-
less grﬁups is given by the number of original variables minus

the number of fundament2) dimensions.

Table 3,2 defines and lists the more common dimensionless groups
used in electrochemical sngineering. It may be noted that some

of these groups are rslated, for example (Sh) = (St) (Re)/(Sc).

.Dimensionless groups may be correlated by a least squares analysis

€.Q. (st) - a(ra’ (s’

where a, b and ¢ are constants,

* This rule occasionally fails in exceptional cases,



Such an expression is referred to as a mess transfer correlation

in dimensionless group format,

While some of the merits of the technigue have already been
mentioned, certain disadvantages arise. Firstly, the
application of dimensionless group analysis presuypposes that the
number and nm2ture of relevant variebles is known initially.
Secondly, a wide range is necessary for each of the variables,
preferably over at least a decade, in order to achieve a
mathematically sound correlation, and this is not always

possible experimentally; e.g. the Schmidt Number, (Sc) may be
changed by altering the temperature, but this has attendant
experimental problems, and even so, a8 large change in temperature
haé a relatively small effect on (Sc}. Thirdly, and related to
the first point, the selection of a variable in forming 2
dimensionless group is not alwéys obvious initially, - For
example, the characteristic dimension in the Reynolds number,

(Re) may be an electrode height, length or indeed an intevelectrode
distance or other dimension, In the case of a concentric
rotating cylinder system, with mass transfer to the imnmer cylinder,
one may consider the inner cylinder diameter or the interelectrode
disténce to be characteristic lengths (see later), while for 2
_parallel plate system, one may consider the interelectrode
distance-or the electrode length. In practice, the character-
istic distance used is gemerally the same as that used in

defining (Sh). It ghould also be realised that 2 dimensionless

group correlation is by nature an averaged expression over 2
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certain range of experimental conditions, hence extrapolation
outside this range should be undertaken with- caution. Related
to this, an exact prediction of mass transfer under specific
conditions should nof be expected. Indeed, it is often
considered that a good correlation will result in a predicted

value ~ 20% of the experimental value.

A review of the use of dimensionless group analysis in electro-

chemical systems is provided by reference 60.

Mass, Heat and Momentum Transfer Analogies.

Analogies between mass transfer and heat transfer or momentum
transfer may provide useful guide;ines for the development of
electrochemical mess transfer correlations, Such analogies

may be used, if valid, to predict temperature and concentration
profiles, and therefore heat and mass transfer rates from
measurements of friction factors (see later). Additionally,
they may be used to extrapclate available data to new dparating‘
conditions, different boundarf.cunditions, or different

geometries, and to rationalise empirical expressions,

- Unfortunately, many semi-~empirical expressions for mass transfer

conflict with each other, and are not fully supported by the

often scant data.



The most well known analoéy between mess transfer and momentum
transfer is the empirical Chilton-Colburn61 relation.

j = (St) (Sc\% = f Equation 3.18
2

Like this relation, heat and mess transfer correlations derived
from smpirical, or semi-empirical models also have the form
i = (st) (r,sc) Equation 3.19
Such functions are often complicated in their appearance, but
always yield a2 simple asymptotic solution of the form
(st) = ar®(se)® (Limit,(Sc) —yo®) Equation 3.20

for 1arge(SdL

Table 3.362 lists the asymptotic form for some of the more

commonly used of such expressions,

This table shows a great variance in the predicted vaiue of mass
transfer (as indexed by (Sh)). In particular, (5h) varies

either as f/2 or f , and as (Sc)% or (Sc)%. _ These asymptotic
expraessions are related to the basic assumptions made in developing
corresponding turbulence models for the viscosity (see previously).
Thus an exponent of % on f arises from the use of the von Karman
hypothesis (Appendix 1) for velocity profiles, while the

sxponent on (Sc) follows from the assumption that eddy
diffusivities will vary as the 1 or % power of distance from

the electrode into the fluid.
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Hubbard and Lightfoat have shown that the Chilton-Colburn
analogy is adequate for most practical purposes, and in fact
this, or rather @ modified version of it, has been successfully

used to describe the R.C.E,

Flectrochemical Mass Transfer Reactions,

In studies of mass transfer, electrochemical reactions present
several advantages over purely chemicel reactions (e.q. solids

dissolution) including the following:

i) in the case of an electrochemical redox reaction,
neither the solution composition nor the solid

surface change appreciably

ii) the measurement of 2 limiting current avoids the

necessity of tedious weighings

iii) in addition to providing a2 rapid evaluation of mass

transfer, continuous monitoring is also possible,

While providing an accurate, cenvenient and reproducible
technique for the elucidation of mass transport characteristics,
electrochemical studies z2re somewhati constrained by the choice

of reaction; the following triteria must normally be applied:
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i) the reaction is diffusion controlled
ii) the reaction is well established’
iii) the reaction is stoichiometric, and takes place at

100% current eFFiciency

iv) a limiting current density may be readily defined and

measured experimentally

v) analytical control should be straightforward and the

solution must be stable.

The above criteria are well met by a variety of reactions, but

the two which have received most attention are:

i) the Ferrdcyanide/Ferricyanide redox reaction
[ Fe(CN),] 4 2 [Fe(Tn), ] 7" Equation 3.21
and
ii) the cathodic deposition of copper
ce®t 4+ 260 —3  Cu Equation 3.4

It has already been noted than an excess of indiffereni eslectrolyte
is desirable, and this is normally provided by sodium or

potassium hydroxide (1 to 3 molar) in the czse of the first
reaction, and sulphuric acid (1 to 2 molar) in the second.  Thus
the redox reaction is stable in high pH media, while the copper

deposition reaction is stable in low pH media,




A
F‘C
The redox reaction is normally conducted on 2 nlatinum or
fresh nickel electrode for good reversibility and reproducibility,
although some worker566 have misguidedly employed caopper, a
practice which has been criticised1uo. Thz copper deposition
reaction is less critical rengarding substrate, but is best
carried out on a fresh copper surface. It is interesting that
the reverse reaction viz. anodic dissolution of copper has not
received more attention, although Robinsnn68 has pointed to
some problems with surface passivation and poorly defined

limiting currents.

In the case of the Ferrocyanide/Ferricyanide redax reaction,
oxygen is normally removed from solution, especially when using
a nickel electrode, in order to avoid passivation, and also to
avoid the possibility of oxygen reduction or svolution which

might interfere with the primary reaction.

The ferrocyanide/ferricyanide system is somewhat prone to slow

photolytic decompsotion69’70:
: ‘e light -
[ Fe(Cn) )77 « Hy0 =2 [Fe(CN)s] + CN Equation 3,22
dark
CN™ + Hy0 &= HCN + OH™ Eguation 3,23

but in practice, the use of freshly prepared solutions stored

in darkness eliminates this problem71.
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A fundamental practical difference between the two reactions

for mass transfer studies is that in the redox reaction no

i

change in electrode

S S v N . Sl .
surface roughness is expected, rough deposits

f .-

may develop at or near the limiting current, given sufficient
time, Normally, such rough deposits are te be avoided, as

they give rise to an enhanced mess transfer. As is demonstrated.
in this Thesis, however, the controlled deposition of metal
powder on a2 rough electrode provides the basis for 2 powerful,
high mass transfer reector. A recent and interesting exasmple
of the disadvantage of roughness development is provided by
Chin et a1.72, who studied a rotating cylinder with 2 skimmer
plate, in order to simulate a continuous moving sheet electrode.
These authors were forced to use a nickel electrode and 2 redox
reaction, as in the initial copper deposition reaction, copper
powder barticles became detachea and dameged the soft PTFE

skimmer plate, resulting in electrode contamination.

Both the ?errocyanide/?erricyanide reaction and the copper
deposition reaction have been employed in a whole variéty of
mass transfer investigations, Table 3.4 provides-a compilation
of examples of the former reaction, while Table 3,5 provides
examples of the latter reaction. Where possible, the Schmidt
Number has been calculated, and it may be seen that, in the
absence of glycerol additions and varying only temperature and
concentration, (Sc) varies within 2 small renge. It may be
noted that the majority of mass transport studies in Tables 3.4
and 3,5 have been carried out a2t or near room temperature,

presumably for convenience,




It is 21so noteworthy that in the study by Viswanathan et al.72
the concentration of indifferent electrolyte, potassium
hydroxide, was kept relatively low, at 0.01H, to avoid

chemical reaction with the glycerol which was, in some cases,

present at rather high concentrations.

While the two reactions discussed above have been employed in

by far the majority of electrochemical mass transport studies,

other reactions have been satisfactorily used including:

i) cathodic deposition of silver from acid solution587’103

Ag+ + e -3 Ag Equation 3.24
ii) oxygen reduction on si;ver78 or monelBB’89 electrodes

02 + 2H20 + de — 40H Eguation 3.25 }<
s ; . . 78
iii) quinone reduction at a2 silver electrode

+ - . "

C6H402 + 2H 4+ 2e — Cst(UH)2 Equation 3.26
R . ; s . . . ,68,90
iv) anodic dissolution of copper into phosphoric acid

Cu - 28 — cu?t Equation 3.27 z><:
v) cathodic reduction of m-nitrosulphonic acid93,94,99, and
vi) the iodine/icdide redox reactionﬂs’116

I2 + 28 —y 2I° Equation 3.28




It is obviously desirable to know the transport properties
of an electrolyte for mass transfer studies, including the
density, dynamic viscosity and diffusion coefficient of the
electroactive species, Sources of such data exist in the

literature for copper sulphate/sulphuric acid106’1085109’101,

111

ferro/Ferricyanide/potassium hydroxide and Ferro/Ferricyanide/

sodium hydroxide11n.

The importance of choosing and having available correct
physical properties of electrolytes is illustrated by the work

of Wragg & Ross who studied ionic mass transfer foer fully

developed streamline flow in annuli100’1o?. Driginally100,
these authors presented a correlation
' 0,33
(sh) = 1.76 (Re){Sc) dé/L Equation 3.29

the experimental data thus falling some 10% below the values
predicted by the thearetical relationship

‘ 0.33
(Sh) = 1.94 (Re)(Sc) de/L '~ Equation 3,30

This discrepancy vanished107 when more reliable values of D106

were used,
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french and Tobias 01 have presented an expression for cupric

ion diffusion coefficients in the copper sulphate/sulphuric

112

acid system, besed upon previous data by Wilke et al.
This expression gives the product of ~Jand D as a serial
function of each component of concentration, but is thought

106

by Arvia et al. to give vélues which are too high, especially

at elevated viscosity,

The latier authors determined the diffusion coefficient of
cupric ions with a2 rotating disc electrode techrique, a2nd the
viscosity, over a temperature range of 18~40°C.  The following
Einstéin-Stokes relationship was found

10

Dh = (2.23 Z 0.37) x 10° em> poise/s"K  Equation 3.31

T
With good approximation, the ratio was found to be independent
of viscosity and temperature, A similar relationship was

also found for the diffusion of ferro and ferricyanide ions in

sodium hydroxide solutions110.

Following the above discussion of V) and D, it is now relevant
to briefly examine how these important parameters may be

measured experimentally.

The determination of dymamic viscosity and fluid density are
relatively straightforward, the former being viz a U-tube ar
rotating cup viscometer and the latter via a standard density

bottle,




Several possibilities exist, however, for the determination

of D

s which may be divided into:

optical methods117,,inc1uding Gouy Diffractometry,

Wavefront, Schering and Hologram Interferometry,
porous diaphragm diffusion,
electrical conductivity,

electrochemical methcds,118 inecluding
it% curves at constant potential,
ip measurement from peak voltammetry,
chronopotentiometry, and

megasurement at a R.D.E.

i

The last mentioned technigque is generally considered to be

the most satisfactory, in view nct only of the convenience,

but also the precision. A rigorous equation exists for the

limiting current in terms of D and cther parameteré, allowing

+

1% or better accuracy.
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Mass Transfer Correlations and Data Treatment,

Various possibilities exist for the treatment and presentation
of mass transfer data. In the majority of cases, three
dimensionless variables are iéuolued, and to avoid a three
dimensional plot, one of the variables may be plotted against
a function of the other two. For example, in the case of the

expression

(5t) = 2 (Re)P(5c)° Equation 3.32
rearranging
(st)(sc)® = 2 (Re)® Equation 3.33

and taking logs,

LN (St)(5c)® = LN a + b LN (Re) Equation 3.34

1f (5£(5c)° is plotted against (Re) on log-log axes, a straight

line is obtained, of slope b.

Ideally, it may be considered that the most satisfactory way of
arriving at a correlation of the above type, i.e. determining

a, b and c, might be to perform a multiple regression on the
dimensionless variables (see Appendix 1). This is only accept-
able, however, if a sufficient range exists for sach variable,
and the experimental data is sufficiently precise, If only a
small number of data sets is available, omission of just one of
these may appreciably change the appearance of the cemputed

caorrelation, The great adventage of this method, heowever, is

that there is no prior assumption of the values of 2, b or ¢, and’
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a8 multiple regression will yield measures of the significance

of, and confidence in the computed values of these constants.

R less satisfactory method of data treatment is to assume =
given value of a, b or ¢ and perform 2 simplified rEQfession.
For example, if in the above expression it is assumed thet
a = 0.0791,
(sdGF = 0.0791 ReF Equation 3,35
or more severe, if it is also assumed that c = 0,644,

(s'c)(Sr.-}n‘644 = 0.0791 ReY Equztion 3.36

Here, the reéression has been confined to twe uariables,(St)

and(HéL

The above two technigues may yield oguite different results, as

is illustrated by the data of Robinson a2nd Gabe concerning mass

transfer of cupric icns to am inner rotating cylinder in 2
68,83 '

concentric geometry . At f‘irst,a3 the 49 sets of data were

regressed assuming 2 dependence on the form
(st) = a(ReP (0567 Equation 3.37

i.e. the value of ¢ was assumed to be ~%, sccording te 2 semi-
thearetical analysisss’113. (SﬁfSéP'667 was then used as a
dependent variable against Re in a two dimensional least sguares

analysis., The resulting correlation

(st) = 0.169(Re)’0'34(5c3“0'67 ' Equation 2,38
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may be contrasted with the one obtained by 2 three dimensional

least sguares regression of‘(Sa, (Re) and (Sc\,
(st - 0.0791(Ré'°'31(s£Y°'59 Equation 3.39

Similar occt.;rencas in the literature may be quoted. Thus
Ra ja et axl.‘lM studied mess transfer of ferro/ferricyanide ions
to an inner stationary cn::pper+ cylinder in the presence of a
rotating ﬁuter cylinder, These authors assumed a relationship
" of the form

(St)(Sr)% = a[RQb, Equation 3.40
the experimental data being fitted to

(StKSC‘)% = E].E!(t‘l(l:heﬁ-g'j7 Equation 3.41

One of the most extensive mass transfer studies is provided by

the work of Eisenberg, Tobias znd 'inlkes'r’58

who studied mass
transfer of ferro/ferricyanide ions to an inner ro’i‘.ating nickel
cylinder, These authors employed a8 wide raenge of each of thg
variables(St} (Re) and(Sc), and the indices b and c could be obtained
by crossplotting, on log-log axes,(St) and(He)at constant(Sc}, and
(st)against (Sc) at .constant{Rel,  The authors also studied chemical

dissolution of organic acids, and computed an gverall correlation

¥y 284 - o.o7s1 (R 070 Fquation 3.42

+ The use of copper electrodes for investigations involving ferro/

ferricyanide has already been criticised100.




In contrast to

Jagr:mna::lharajt.l.M

this extensive study, the date of Krishna and

is most mezgre, but an attempt was still

made to correlate the resulis by an expression of the form

(St\(ScB% = a(Re)b, Equation 3,40
resulting in

(s - 1.83Ry%%2 Equation 3.43
It is of interest to note that 2 ceries of art10195129 has

recently been published describing 2 range of regression

analyses relevant to mass transfer correlations. These

analyses are performed by packzges for 2 programmable desk top

calculator, and include for the following cases:

Y =

-
n

where Y is the
jindependent.
concerning

Y =

as this is the
(st)
LN(St)

of Y

a, + bDF(X) Equation 3.44
a, + boxl + coxz ) Eguation 3,45
a, + boxl + bl X2 + b2X3 Equation 3,46

dependent variable and Xl, X2 and X3 are

Of particular interest here is the programme

a, + bOX + COXZ, _ Equation 3,47

form of egustion obtained by taking logs of

1}

a (Re)P(se)°

LNa + b LK(Re) + e LN(Se) Equation 3,48

a, + bCLNX + cDLN X2, Equation 3,49
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3.8.1

The programme referred to above has the advantage of offering

correlation coefficients not only for the above case, but also
Y = dD + dl Xl Equation 3.50
Y = e * 8 X2 Equation 3.51

and provides 2 correlation ceefficient for 2ll of the above
equations, The user can then determine which correlation is

most suited to the experimental data.

Measurements of Mass Transfer,

It would be inappropriate to close a chapter on mass transfer

without briefly describing methods of measuring it.

Diract Methods

The simplest measurement technigue is to obtain a polarisation
curve on the electrode geometry of interest, under contrelled

conditions and to read the limiting current density, i, directly

L
as the plateau, for a known reaction (see previously) in the

presence of supporting electrolyte.

Problems arise, however, if the mass transfer rate is very high,
the degqree of mass transfer control is only partial, or the
electrode does not experience a2 uniform current density, Iin
such cases, the platéau is ill-defined (Fig. 3.4). Such results

are often found in e.g. the fluidised bed electrode reactor.




An interesting compromise occurs in obtaining cathodic
polarisation curves for metal deposition, in that the rate of
increase in potenti2l must be great enough to discourage
significant roughness formation near the limiting current,

but low enough to produce steady state velues of current

(sse Experimental work).

If it is desired to estimete limiting currents under a wide
range of conditions, 2 useful technigue is to set 2 controlled
potential corresponding to the plateau and read the resulting

steady state (limiting) current directly (see Experimental work).

If it is required to measure localised mass transfer rates or
mass transfer distribution, two technigues are available:

1. point 'indicator! eiectrodeszosyzﬂb

may be used,

mutually isclated, and the electrode of interest.

These may be polarised to a predntermined point

(as above) and the individual currents measured.

104,236,237
’

2. the electrode of interest may be segmented

and a similar ezpproach adopted,

Both of the above techniques are extremely valuable for
stationary electrodes, but for rotating a2ssemblies, complications
are caused by the need to insulate separate rotasting electrodes,

and to supply each with current.




By maintaining the potential of a2 bulk electrode at a fixed
value, it is also possible to study the gradual transition in
mass transfer with changing cell conditions such as concentra-
tion, electrode or sclution movement, or electrode area

(experimental work), i.e. the—dynamic respanse of the cell,

A disadvantage of the use of probes is that the hydrodynamics
at the probe tip may not be the same as at the bulk elsctrode.
Indeed, unless care is exercised, the presence of the probe

may even alter the hydrodynamics at the electrode,

Inter?erometryZBB and Brenner's freezing method239 have 2lso
been used to measure mass transfer, Interferometric methods
are based on the difference between the refractive index of the
electrolyte in the diffusion 1ayef and in the bulk solution,
which gives rise to optical fringes. Brenner's freezing metheod
inveolves sudden cooling of the electrolyte layer near the

cathode, with subsequent chemical analysis of the solid.
While both of these methods provide valuable means of laboratory
measuremsnt, they require high skill, and complicated experimen-

tal arrangements.

3.8.2 Indirect Methods

It is possible to deliberately study a reaction above the limiting
current when a» secondary reaction, e.g. the hydrogen svolution
reaction (HER) or deposition of a second metal takes place., If

allowances are then made for the secondary reaction current, the
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limiting current may be calculated, For sxample, the amount
of hydrogen liberated may be measured, or its separate
polarisation curve obtained. This is fraught with error,
however, as the HER is catalysed by impurities,and the partial
currents for HER and metal deposition may not sum to the
observed current. Additionélly, it will be seen that gas
evolution can provide an effective means of augmenting mass

transfer,

The method developed by Ettel, Gendron and Tilak °° was aimed

at in situ determination of mass transfer coefficients in natural
and foreed convection electrowinning cells. It involves
introduction of a noble metal tracer ion into the electroplating
solution, e.g. silver and codeposition of the silver with the
metal of interest, e.g. copper or nickel. The important
assumption is that silver will plate out at its maximum

(1imiting) current density.

Ehemical analysis of the resulting deposit gives & valus for the
limiting current density for silver via Faraday's laws. From
this value and the known or measured concentration of silver

ions in the electrolyte kﬂg+ may be tcalculated from

Ky + = iL . - Equation 3,52

It is important to appreciate that the mess transfer has been
measured under actual operating conditions which may be well

below the limiting current for copper.
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The assumption of mass transfer deposition of Rg+ was verified

by a rotating disc electrode study.

One problem is that chloride ions must be removed from the elec-
trolyte, prior to applying the technigue, due to the removal of
silver from soclution by insoluble silver chloride formation.
Also, if the tracer concentration is very low, its value may
change during an experiment, The presence of addition agents
in concentrations (typically 10-3M) greater than the silver also
presents a problem with regard to complex formation and non-mass

transfer coentrolled deposition,

The method also assumes uniform distribution of silver with

increasing deposit thickness.

The method has been found useful for mapping of mass transfer

distribution in commercial cells180’182, where Kbu2+ may be
derived from
n . .
Kcu2+ = Kﬂg+ DCu Equation 3,53
DAg

n = % for turbulent Flow and 2 for natural convection.

Hence the D value for both silver and copper must be known.
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CHAPTER FOUR

MASS TRANSFER AND ELECTRODE GEOMETRY

The literature has been reviewed with respect to the effect
of reactor geometry on electrochemical mass transport, Generalised
correlatiaons of- data are provided for the various geometries, which
may be broadly divided into static and dynamic electrode systems,
Bulk and particulate electrodes are considered, and the relationships

between the various geometriss are discussed.
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Mass Transfer and Electrode Geometry

General

AR whole range of geometries has been studied in the literature,

‘but only some of the more common and potentially useful ones

will be considered here, It is interesting, philosophieally,

to note that several of the comﬁon geometries encountered are
related. Consider, for example, the case of concentric
cylindsers, If axial flow is superimposed, annular flow results,
and if the inner cylinder radius is negligible, there is
effectively pipe flow. If, however, both radiae become infinite,
the parellel plate goemetry exists. In addition, if one or both
of the cylinders is rotated, the rotating cylinder electrode is
the resuit. In the case of the pamallel plate, employing
circular diacs,i}pecific example is provided by the rotating disc
electrods, The example of a concentric rotating innér cylinder
of very small diamster is effectively provided by rotating wirse
electrodes. Turning to particulete beds, a sufficient axial
velocity may transform the packed bed slectrode to the fluidised
bed slectrode, a situation which could be remedied by restraining

the bed.

In addition to the above considerations, the electrode of interest
may or may not be directly responsible for direct maés transfer
enhancement, as in the case of rotating electrodss, j Here the use
of turbulencs promcters or fluidised inert beads for flat plate
electrodes cbuld be quoted; the recently introduced static disc
electrode in a uniformly rotating field (SDERF)ZQ9 provides another

example.
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Static, Bulk Electrodes

This group includes annular geometry, and paralliel plate
electrodes, both systems having received a lot of attention in

the literature.

Parallel Plates

Tha parallel plate geometry is a classical arrangement; whose
origins are centuries old. The vertical arrandement of parallel
plates, in absence of pumped flow, is used not only throughout
industrial electroplating, but alse in battery tschnology and in
chlorine producing cells. Here, a multitude of plates are
agsembled in a 'filter press' arrangement, and the possibility

arises of bipolar opasration.

The general hydrodynamic treatment of widely spaced parallel plate

cells is described by Iblaz, Marchiano119, and Pickett120. While

widely spaced horizontal plates have been studied hydrodynamicallya2'121’12‘
there would appear to be little industrial use of such geometry, due
presumably to the problems of gas locking on the underside of the

above electrode, and the difficulty in removing such electrodes

from the cell,

Commonly, in ®lectroplating for example, mass transfer at parallel
plates in an open system is augmented by one or more of a series

of technigues including reciprocating the cathode, air sparging

and solution pumping. The enhancement of mass transfer by cathodic

. 4.7 and 4.8
gas evolution and/or roughness is discussed in later sectloné )
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The case of pumped flow through a parallel plate geometry has been
extensively studied, and is a favourite with many electrochemists.
Despite this background of knowledge, and its ease of construction,

the geometry is of little ipterest cummercially; with the important
exception of the Monsanto process for the production of adiponitrile123.
Mass transfer to these electrodes is camplicated by such variables

as gas scouring, leading edge effects, and high current density

edge effects, The situation has been treated in detail by Pickett120.

One special case of the narrow gap parallel plate geometry is

provided by the capillary gap cell of Beck, which has a typical
. 225

- gap of 2} 0.02 cm, Such a geometry has been revived recently

in the acadamic literature, but it is difficult to foresee widespread

large scale use of such cells in visw of the severe mechanical

requirement of creating and maintaining uniform capillary gaps

over extensive areas,

One of the most satisfactory treatments of flow through parallel
plate cells is provided by Eisenberg125, uho pointed out that flow

is laminar in the majority of practical cases,

-Another method of ephancing mass transfer at parallel plates is by
means of turbulence promoters, these commonly taking the form of
sheet plastic netting placed against or near the electrode surface,
Such a promoter may alsoc be utilised to act as a porous ipter-

electrode spacer.
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The electrode itself may form its own turbulence promoter as in the
case of metal mesh electrodes. One can also envisage a cell-

dividing membrane acting in a similar fashion.

An interesting variation on parallel plate cells is provided by

the 'Swiss Rol)l Cell' of 1bl and Robertson126’127'1za.

This is a
long, thin pérallel plate system which is coiled up on itself,

with the anode and cathode separated by a sheet turbulence promoter.
One cannot help noticing the similarity between this recent

r
development and the oledu Pont 'extended surface arepa' cell130’131.

A recent study of the effect of turbulence promoters in rectangular
sectiaﬁ flow has been undertaken by Leitz & Marincic76, who studied
elevated promoters of rectangular, triangular and circular section.
A series of such promoters was located at various positions on

and away from the electrode surface. Separate mass transfer
correlations were offered for sach circumstance, taking the general
form *

{sh) = a(Sc)1/3(Re) @égic Equation 4,1

AL

where A{ is the promoter spacing.,

The most favourable mass transfer promoter used was one of detached

circular section.

Table 4.1 provides a summary of mess transfer correlations, in both

laminar and turbulent flow, for parallel plate systems.
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Practical parallel plate cells suffer from both 2 hydrodynamic and
a mass transfer ertrance effect; Pickett & Dng99 have studied this

situation experimentally and the following conclusions were drawn:

1, for fully developed laminar flow, the average mass transfer

coefficient is well represented by an equation of ths form
(sh) = 2.54 (Re)(SC)Eégg 0.3 ' Equation 4,2
L

2. for turbulent flow proper, fully developed mass transfer is

' ¥

obtained after about twelve eguivalent diameters; the mass

transfer may then be represented by
(sh) = 0.023(Re)-0'8(5c)1/3 Equation 4.3
which may be reuritten in terms of the Chilton-Colburn analogy

ip = Lsn) = 0,023(Re)"0%? Equation 4.4
(Re) (s¢) /2

For shorter electrodes, with 0.10 ¢ Ed__ga < 5495
L

(sh) = 0.125(Re)2/3(5c)1/3£é930'2 Equation 4.5
L




3, for developing laminar flow, an empirical equation is

iy = D'%(RB)-1/2E%'3-D.05 [1 - E}H' s Lf/.a 2/3
- E1 + ﬂi Equation 4,6
L

Here the cell length, X = L + H and the Reynolds number
is defined in.terms of this, H = hydrodynamic entrance

length.

4,2,2 Annulus

It has already been noted that one could regard a concentric
cylindrical arrangement, with flow through the annular gap as a
special sort of parallel plate reactor, In addition, this geometry
represents the situation of flow through a rotating cylinder
electrode reactor with the cylinder stationary, In common with

the flat parallel plate system, the annular geometry also suffers
from leading edge complications, Space restrictions willi probably
dictate that practical reactors based on these gaumetriés will have’

an inherent leading edge section,

Therefore, flow is often introduced into such a reactor via a
dispersion system, typically a perforated plate or porous frit, to

encaurage premature flow development.

Table 4,2 summarises mass transfer correlations cbtained with an

annular geomstry.
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In comparison with the flat parallel plate geometry, the annular

geometry has the following specifications:

i) no edge effects are present, as at the édges of a flat
plate,
ii) it can normally be assured that limiting conditions will

occur on the inner cylinder,

The most extensive study of this geometry has been by Ross and

1 . .
Wragg DD, who considered mass trapsfer under various flow regimas,
hydrodynamic and mass transfer entrance lengths, and annular radius

ratios, The data from this study could be correlated by

Equation 4.7

(sh) = 1.76 g(aa)(.c,c)géﬂivﬁ

for turbulent flow.’

The constant = 1.76 was slightly sensitive to the annular radius

ratio.

Porous Electrodes

The term 'porous' is used here to describe electrodes which permit
flow through their interstices, rather than mersly over the surface

as with 'bulk’' electrodes.
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Hydrodynamics and mass transfer characteristics of porous matrices
have been extensively studied in the fields of geology and civil
engineering, in addition to chemical engineering; much of the
resultant information may be transferred to electrochemical

enginesring.

Porous electrodes may consist of a continuous physical surface,
such as a metallic mesh or stack of meshes, or may compriss a
‘packed bed' of discrete particles such aé graphite flakes or
metallic rods, spherss or chips. ‘ Additionally, an arrangement of
filaments may be used, for example steel wool. Earlier electrodes
comprised particles of a.conducting material, but continued develop-
ments in the metallisation of polymers and ceramics have encouraged
the adoption of a whole new range of matrices, including metallised
polymer foams, Thus the porous electrodd may be a regular array
as, for example, in the case of expanded matal mesh or packed
spheres, or a completsely random three dimensional array such as

a packed bed of carbon particles or a metdllised foam,

Flow through porous slectrodes are sttractive because they provide
iptimate contact between ths electrolyte and electrode, with an
axtensive electroactive area per unit volume, Their use has been
somewhat restricted, hdwauer, by lack of available design information,
the relatively large chmic drop acruss-the electrode {which renders
uniform potential control difficult), and the possibility of

blocking porous sites by metal or insoluble electrolyte impurities,
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Recently, Newman and Tiademann133 have attempted to review the
field of porous electrodes. Various cell configurations are
possible with respect to both electrolyte and current flow, as

indicated in Fig. 4.1,

Mass transfer:to these electrodes is complicated by the nature and
extent of porosity, which is often difficult to measure or reproduce.
In practice, the geometry of a ﬁoroqs elactrode is characterised

by both poresity and shape factors, The inherent problems here

may be readily seen whan it is considered that esven perfect spheres
may pack differently, with a porosity of 0,260, 0.4 or 0.478 Ffor

close, random or simple cubic packing.

Dispersion, both axially and radially may also have a marked effect
on mass transfer, and non-uniformity of geometry may lead to

channelling.

The overwhelming advantages of flow through electrodes have baen

appreciated for some time, Thus Liebanow134 (1897) showad how mass

transfer could be enhanced by flow, while Haise135(1939) has discussed
the application of Fflow through porous slectrodes to inorganic and

organic redox reactions, and metal recovery,

The development of theorstical models to describe porous elesctrodes
has lagged bshind experimental trials, and a whole variety of

assumptions have been necessary in developing models, including
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1. steady operation with uniform flow,
2. one dimensional geometry,

3. first order kinetics, with no side reactions,

4, negligible ohmic loss in the solid matrix,
5. constant electrolyte conductivity,

6. negligible diffusion and dispersion in the direction

of fluid flow,

7. negligible mass transfer resistance within the S%es.

Certain papers by Siodal? 12¢=140

have shown an increeasing
avareness that the overell reaction rate is determined more by
electrode mass transfer limitations within the porous regions

than by elsctrode kinetics.

Bennion and Newman136 have emphasised the importence of mass
trensfer in a packed carbon bed used to treat dilute solutions

of metal.

Potential distribution under limiting current conditions has been

. . 136 y o 139 . . .
discussed by Bennion and Newman and S5ioda . The distribution
of slectrode potential over a porous electrode not only influences

electrode kinetics, but also determines the suitability of an

electrode for operation within @ narrow range of potential,
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Sioda141-143

and Wroblowa and Razumney1aa have extended previous
analyses of electrode operation to include axial dispersion. In

many practical cases, however, the axial flow rate is sufficiently

high to justify ignoring the effect of axial diSpersion.
Due to the large number of relevant paramsters, and the difficulty
in characterising the porous electrode and its hydrodynamics,

there exists no single correlation to predict mass transfer.

Wilson and ﬂeankoplis145 have proposed+

€ Jgk = 1,09 {Odi1/3 Equation 4.8
D D ‘ .
for (Re) = M = 5 x 107% to 15
a-

in the case of shallow packed beds, while Colquhoun-Lee and

Stapanequé have proposed

Equation 4.9

___;g_ = 0.62 E£§1/3

sg%.i0.61

for 14 < Re < 1400.

+ See Table 4.3 for a definition of terms.



Mass transfer to a metallised polyurethane foam 'macroreticular'

electrode has been studied by Tentorio and Casoio-Ginalli147

While insufficient rssults were obtained to formulate an overall

correlation, the following equations were derived for two types

of resin For 10 pores per inch,

(sh) = 0.93(s¢)" %(re)*?? , Equation 4.10
and for 20 pores per inch,
(sn) = 0.95(5c)" 7’ (Re)P*? Equation 4.11

Mass transfer correlations for various porous electrodes are

summarised in Table 4.3.

Fluidised Bed Electrodes

If electrolyte flow through a particulate packed bed exceeds a
certain value, the particle/electrolyte system behaves in a fluid-
like manner, and the electrode is termed a fluidised bed. Such
systems are widely used end are hecoming well established in non-
electrochemical fields, such as catalytic flui‘ised bed reactors
in chemical processing, and fluidised coke furnaces in fuels

technology.
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Rs long as fluidisation is maintained by the use of a fluid
velocity within a certain range, the result is an increase in mass
transfer compared to a static bed, while the active electrode
surface area is still relatively high. In addition, fluidisation

may produce one or more of the following benefits:
1. removal of electrods gas,
2, alteration of the electrodeposit quality,

The particleé of the bed mav be conducting, e.g. metal spheres cor
graphite flakes, or ipert as in the case of ballgtini glass spheres
or alumina particles. In addition, the properties of gach are
displayed by, for example, metal coated glass beads, In all
cases, the particles are in intermittent éuntact with each other

and the current feeders,

Pioneering work on fluidised bed elecirodes (FBE%) was performed

148,149 150,153

bv Backhurst and extended by fFleischmann at al, nd

154,155

Goodridge et al,. Early work resulted in the filing of a

patent hy the National Research Development Corpnration156.

Further work has been performed by Kreysa et al.B7 who compared

85,86
W

non-conducting and conducting beds, Carbin and Gabe ho

studied mass transport and deposit morphology in a metallised glass

157,158

bead bed and Walker and Wragg who studied the FBE as an

slectrochemical reactor.
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Bipolar (as opposed to monopolar) fluidised beds are a more recent
development, their charactsristics having been déscribed by

Eoudridge159.

In the case of monopolar beds, all particles behave in either a
cathodic or anodic manner, whilst in the case of bipoler beds,

each individual particle exhibits both ancdic and cathodic sites,

As in the case of packed bed electrodes, various gecometries are
possible, as indicated in Table 4.13 which summarises mass transport

studies using the FBE,

Commercial development of the FBE ﬁay be said to have been started

by studies of Warren Spring Laboratory16a and £38 Davelopments Ltd.165,

the latter workers having produced pilot plant evaluations,

Refinements and further investigations have given rise to the

development of two markedly different FBE systems, the Chemelec

call166 developed by the Electricity Council at Capsnhurst, and the

FBE reactor developed by RKZG167 Zout Ehemie at Hengelo, Netherlands,

Both of these FBE designs will be discussed in the next chapter,

Oynamic, Bulk Electrodes

Previous sections have concerned the effect of electrolyte flow on
mass transfer at continuous and porous electrudes (with the

possibility of fluidisation). An obvious alternative method of

v
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mass transport enhancement is toc employ a dynamic electrode, and
the possibilities may be inclusive of reciprocating, vibrating or

rotating the electrode in question, in any dimension.

In practice, the most useful dynamic slectrode systems are those
which have a regular geometry and a regular movement, giving rise
to a uniformly accessible electroactive area and a reproducible,
predictable mass transport. Foremost here are rotating electrodes,
such as the rotating disc and cylinder, where mass transport to a

given size electrode may be controlled by the rotational speed,

and predicted by reliable mass transport correlations.

The use of rotating electrodes in specific fields has been reviswed
by Narasimham end Udupa255 in the case of electrodeposition of
metals, and Deslouis and Epelboim256 in the case of recent

8lectrochemical kinetic studies.

Fig. 4.2 attempts to classify the veriocus simple roteting electrode

geomstriss and their developments,

Much of our present knowledge and understanding of hydrodynamics

and mass transport has arisen from studies of rotating systems,

notably the rotating disc electrode (RDE) qeometry. Additionally,

the use of small rotating electrodes such as the RDE has served

to increase our appreciation of fundamental aspects of electrochemistry

such as reaction kinetics and mechanisms.
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The particular success and widespread use of the RDE as a powerful

electrochemical tool may be ascribed to its merits.

1. It is one of the very few geometries for which an explicit
version of the Navier-Stokes equation (Ch. 3) may be

formulated.

2. There is uniform mass transport accessibility to the

electrode.

3. The ROE provides a well defined laminar flow regime over a
wide range of rotational velocity,

l

The success of the RDE is well illustrated by the number of papers

3 ,250-253

5
and monographs/texts devoted to it. More recently,

the hasic R,D.E, has been modified to provide more sophisticated

234 {(R.R,D.E.).

geometries such as the rotating ring disc electrcde
Here, a coaxiel ring outside the central RDE is maintained at a

constant independent potential,

The rotating disc geometry has also been extended by the use of
multiple discs stacked on a common rotating shaft in a * jukebox!'
Fashion81, and by the use of rotatirig disc cells employing
capillary gaps and known as the "electrochsmical puimp cell"

{Chapter 5).
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While the RDE is undoubtedly a favourite geometry in electro-
chemical studies, other rotating systems including the wirezsv,
Spher9258, cun9259 and rin926[J have been employed, particulerly
. . . 261,118
for hydrodynamic voltammetry studies at solid electrodes .

Table 4.5 compares mass transfer correlations for various rotating

geometries,

It is interesting to note that a rotational flow may be induced
around an electrode by rotating either an impeller, the counter
electrode, or the electrolyte vesssl itself, Examples of iméallar
enhanced mass transfer are given in Chapter 5, Rotation of the
counter electrode is illustrated in the case of the RDE by

Matsuda et al.zqg and the monopolar electrochemical pump cellzz3

262

(Chapter 5). Jordan has described induced rotational flow at

stationary disc and cone slectrodes by movement of the containing
vessel (the 'rotating bucket'), Matsudaza9 and Bucur and Barteszsa

have recently presented a stationary disc electrode in a uniformly

rotating field {the S.D.E.R.F.).

There has bean grelatively little work on rough rotating disc electro-
.des; indeed, normally great care is taken to polish the electrode

surface before usa,
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4.6.1

The Rotating Cylinder Flectrode

Introduction

In marked contrast to the number of publications involving the
ROE, there have been comparatively few concerning the RCE. There

are several possible reasons for this discrepancy:

1. the RDE is essentially a laminar flow geometry over widse
experimental ranges of rotation speed, and this is often

considergd to be preferable for electrokinetic studies,

2. there exists an exact and rigorous solution of mass
transfer to the electrode, based on theoretical as well

as experimental studies,

3. construction and preparation of a disc may be regarded as

somewhat easier than that of a cylinder,

4, the relatively low mass transport to a RDE restricts current
requirements to a low level, allowing the use of modest

power supplies.

The RCE, however, is particularly well suited to high mass transfer
or turbulent flow studies, and to studies involving metallographic

0,315
, the RCE

!
examination of extensive surface areas.Unlike the RDE
has a substantially .uniform primary and secondary current density

distribution (Chapter 5), and is thus well suited to mass transport

studies, especially th9se involving controlled potential.
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Due to the relétiualy low value of the eritical Reynolds number
(Chapter 2),practical RCE's are invariably turbulent devices, and

this provides very effective mixing inside the cell (Chapter 6).

It has already been noted (Chapter 2) that a wide variety of

flow conditions are possible in a concentric geometry, depending
on the rntatioﬁ sense of gach electrode, and the presence of axjial
flow. In practice, the most convenient geometry for metal
deposition is a rotating innmer cylinder and stationary {counter

electrode) outer cylinder, with or without axial flouw, Due to

severe turbulence eround the inmer cylinder, practically encountered

axial flows have negligible effect on mass transfer to the working

electrods.

The general subject of mass transfer to the RCE geometry has been
25

ably reviewed by Gabe (1974), and the present discussion will

attempt to update and extend this,

Theoretical Aspects

The derivation of & mass transport relation for the RCE normally
begins with the definition of a velocity profile in the uicipity
of the electrode, for a given flow regime, Normally, a parabolic
profile is assumeﬁ[}aminar flow (Chapter 2), while the profile in

turbulent flow is considerably more complicated.
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Three analyses have appeared for the laminar flow ca5990’91'95,

. 90, : :
the first two 0,91 having assumed a linear velocity profile,

vhile the third95 is considerably more involved.

Gabe and Rubinsongu have derived the following relationship:

i
2
(sh) = D.64 (Re)(Sc) il (1 4+ rI2/r02
M 1 - r{z—féz Equation 4.12

where M = 2 T\'rI

Kimla and Straf‘eldag1 employed a somewhat different velocity

profile to derive:

(sh) = 6.38 { (Re)(Sc) r .

_ Equation 4,13
(1 - r12/r22)M

Comparison of the two above equations reveals a similar dependence
of (Sh) on (Re) and (Sc), although the empirical and geometrical

constants are quite diffsrent,

Mohr and Newman95 have attempted to treat the system using rotating
cylindrical coordinatss, rather than static cartesian ones, and

have incorporated various refinements, leading to
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(sh) = 1,0174 (99)1/3 1+D.1966{£_§(Pe)-1/3

- .

I
+ 0.618(Pe)" "3 0.009949 EL_§2 - 0.1548
S .
I
(F’e)-z/3 T— Equation 4,14
2 .

where (Pe) = P L°/2D Equation 4.15

Comparison of equations 4,12 and 4.13 shows that the latter serves
to apply a number of higher order 'correction’ terms, which

Mohr and Nemman95 consider to represent <{6-7% error,

The absence of a rigorous, well .sstablished theoretical treatment
of the velocity field for the rotating cylinder geomstry may be
contrasted with the case for the RDE, which has been amply

53

documented |,

Turbplent Flow

As has been pointed out in Chapter 2, the case of turbulent flow
is much more difficult to trsat., A three zone model (Chapter 2)

is normally employed,

Gabe and Robinson80 have attempted a simplified treatment, end

applying a Deissler type sddy viscosity component:

(sh) = (2b)"> (Re)¥? (sc)"/> Equation 4,16
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The .treatment cannot yield a value for the constant (2b)1/3,

which is a function of cell geometry and surface roughness.

Substitution of a relation due to Theodsrsen and Regier in
45

equation 4,16, however, yields a value of 0,079, which has been

confirmed experimentally617s29,79.

Experimental Work

Early experimental work on the RCE was largely empirical, with
little attempt being made to correlate the reaction rates with
experimental parameters. In addition, the geometry of the RCE was

not always well defined.

The effect of rotation speed upon mass transfer rate was first

studied by Brunner265 who found that the diffusion layer thickness
decreased with the 2/3 power of rotatiomal velocity. Only

gualitative conclusions may be drawn, as the effects of electrolyte
properties and rotor diameter were not considered.

Other worker5266—269 showed that the rotational uelocity-expcheﬂt ‘10&

value 0.67-0,70,.

Much of the sarlier work was confusaed by the study of non-mass
transport (or only partially-mass transport) controlled reactions,
or additional effects such as gas evolution, poorly defined flow,

or development of surface roughness.
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Roald and Beck!7® studied the dissolution of rotating magnesium
rods in hydrochloric acid, At low acid concentration, n was D,71

in the relationship
rate = constant U " Equation 4,17

but at higher acid concentrations, the rate of dissolution became
independent of rotational speed. This effect was attributed by the

authors to additional agitation by hydrogen gas,

Similar effects were obtained by King et al. who studied several

. . . . 270-277
corrosion and dissolution reactions . It was later concluded
that at high rotational speeds, chemical reaction control predominates

over mass transport control, and reaction becomes indespendent of

rotational speed.

King and Catheart273 indicated that the mass transfer rate was
proportional to the power of the diffusion species of the reactant

raised to 0.7.

Early electrodeposition studies at a RCE have been reviewed by

Narasimhan and UdUpaZSS.
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1. Laminar and Laminar + Vortex Flow

The majority of experimental mass transfer studies have involved
turbulent flow, but several authors have studied preturbulent

regimes mainly by chemical rather than slectroechemical technigues.

Flower, MaCleod and Shahbanderian16 have examined mass transfer
to the inner cylinder of a long annulus, for laminar + vortex
flow mith superimpased axial flow. Rir was used as the medium
((sc)21). | MaCleod and Ruess’ in a later (1975) peper, extended
the previous study to a liquid medium ((Sc) £ 2000). In these
studies, the mass transfer was found to be insensitive to axial

velocity, over the experimental range of variables, i.e.

(Re)axiar = 2(Fp=tp) Y iiar = 33 to 100 Equation 4,18
)
_ 3/2
(Te) = U (ry-ry) = 209 to 680 Equation 4,19
3
) rg

In the studies involving air16, the correlating expression involved
0.52 39 . N

(sh) o¢ (Ta) , but the later study”  relating to liguid was

consistent with (Sh) = 1.91(Ta)0'7, which approximated to the

Eisenberg st al. expression . In comparison to this last work,

however, the annular gap was much smaller and the annulus much

longer:

I =T - -
g0 1 =— 10.238 9 c.f. W,E,T., 0,17-0.9
o




This agreement with E€isenberg et al's work is rather surprising,
as the MaCleod et al, studied laminar+Vortex rather than the

turbulent flow of the former)

MaCleod and Ru35539 also noted that

1. the mass transfer coefficient at the outer (stationary)
cylinder was higher than that at the inner (rotated) one,

and,

2. the overall simultanecus mass transfer coefficient for both walls
of the annulus was intermediate between that at the individual

walls,

The correlating eguation employed involved a dependence of (St)

on both the annular radius ratio and the annular gap

(st) ot (Re)~0+> Eroi‘o's ErU-rI§+U.US Equation 4,20
i o
276-281 . .
Kataoka et al™ | have also studied mass transfer in an annular

system with rotation of the inmer electrode, the later studigs
employing electrochemical techniques, In particular, a recqnt
study278 has describad the interrelation between axial movement
of Taylor vortices and periodically varying rates of transfer at

the euter fixed cylinder by localised mass transfer measurement.

Copper deposition was employed as the mass transfer controlled
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reaction, at copper electrodes, It was shown that axial flow
resulted in movement of the Taylor vortices, with subsequent
damping of vortex formation, leading to a 30-50% lowering of the

average mass transfer.

The first systematic mass transfer correla=-

57,58(1953)

tion was deduced by Eisenberg, Tobias and Wilke These

authors studied several reactions at an.inner rotating cylinder:
1. dissolution of benzoic acid in aqueous solutions

24 anodic oxidation of ferrocyanide ions

3. cathodic reduction of ferricyanide ions

and correlated their results by the empirical equation:

0.644 =0.30

= 0.079.{Re)

J = (St)(sc) Equation 4,21

Arvia, Carrozza and Marchiano77 (1964) studied copper deposition
from acid sulphate solutions and the ferro/ferricyanide reaction
at an inner rotating cylinder, and chose to correlate their data by

(sh) = 0.=21'?(Re)3/5(5c)1/3 Equation 4.22
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In an earlier studyaz, (1962) Arvia and Carrozza studied copper

deposition to a static outer cylinder, in which the inner, anodic
cylinder rotated. The results could be correlated by
- 0.0791 (Re)™0" >

¥ e -
Jp Ed ; 0.70 Equation 4,23

In the secend study77, the authors suggested that the above two

equations could be resolved into a single correlation

(sh) = 0.217 (Ra)B/s(Sc)V3 Edlg/s Equation 4.24
dU
Robinson and Gabe also studied deposition of copper to an inmer

rotating cylinder, and at first correlated their results by68’83=

(st) = D.169(Re)-1/3(5c)-2/3 Equation 4,25

This equation was arrived at by assuming the exponents on (Re) and
(5¢) to bé -1/3 and -2/3. An improved treatment of the data via

. 83
a three dimensional least squares regression gaueﬁa’ H

(st) = 0.079(re) %% (5¢)"0+7? Equation 4,26

showing the sensitivity of the empirical constant to the value of

the (Re) and (Sc) exponents,
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Matic, Lovrecek and Skansi,282 have presented a paucity of data

on ferricyanide reduction, choosing to correlate their results in
a similar manner to Arvia et al.77. It should be noted that in

this particular study geometry was not particularly well defined,

and the rotatiomal velocities used involve the laminar and Qortex

reqgime as well as turbulent flow,

Several authors have obtained rasults in accordance with the

57,58

Eisenberg et al, correlation Ellison and Schrna.al283 studied

corrosion ufZ%ild steel rotating cylinder in concentrated sulphuric
acid, finding that the reactiomn rate could generally be expressed
by this eguation,

Postlethuwaite et al?aa studied cathodic reduction of m-nitrobenzene
sulphonic acid to metalinic acid at a turbulent inper rotating
cylinder, It was found that the data were in reasonable agreement
with fhe Eisenberg et al equation, but were correlated better by

] -
- (5t)(5¢)?*%* = 0.21(re)™0"" Equation 4,27

Kar ot al.285 studied the corrosion of a rotating copper cylinder
in salins solution, and obtained results in keeping with the
Eisenberg st al, equation,

2B6

Krishna et al, studisd the ferro/ferricyanide redox reaction,

and chose to correlate their results by

(sh) = 1,83(Re)0'58(5c)1/3 Eguation 4,28
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Ramaraju et al.287 studied the cathodic reduction of ferricyanide
at a stationary copper cylinder lying coaxially outside a
rotating copper ancde, The results were described by:

R
Ip o

) -

= (St)(Sc)2/3 = 0.041 Ed l13-0'37 Equation 4,29

There has been relatively little work published in the literature
on mass transfer to rough rotating cylinders, although such
slectrodes may achieve particularly high rates of reaction, In
addition, the study of rough slectrodss is relevant to corrosion
and chemical dissolution and to electrochemical preduction of metal

powders,

Theodopsen and Regier.g studied the effect of surface roughness

on cylinders and discs revolving in air, and their results have
been described in Chepter 2. It was found that for turbulent

flow above a certain critical Reynolds Number and in the presence
of saturated roughness, the drag on a cylinder could be independant

of (me), and a function of relative roughness,e/d,

1 = 1,25 + 5.76 log1ugg§ Equation 4,30
e

F/2

for Reynolds numbers exceeding

(Re) = (11.8 d/e)1'18

. .31
crit Equation 4.3
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194
Makrides and Hackerman studied the corrosion of mild steel in

2N HCl solutions, with and without additions of FaCl3 and
organics, and obtained results in accordance with Equation 4-30C,
These authors attributed the results to developed roughness of
the corroding specimens.

In an attempt to study the effect of wellwdefined, time independent
190

roughness at rotating cylinders, Kappesser, Cornet and Greif

studied oxygen reduction at knurled monel cylinders in oxygenated

saline solutions, Four cylinders were employed, a smooth one,

3 x 10"°cm and three of differing peak to valley roughness,
3 2

e

and 1,52 x 10" 2cm,uhich for the 6.35cm
5

e = 7.3 %107, 4,1 x 10°

diameter cylinderd gave d/e ratios of 72 x 107, 416, 156, and 87,

The roughness took the form of stagqgered diamond knurls,

The results . were in reasaonable agreement

with equation 4.30, Thus this equation has been tested by
roughness produced by sandcasting ’ corrosioriiSll and machin.ing
(knurling)t and by measurements of drag reduction in air ’
corrosion rates of steel in acid solutionslsl, and oxygen reduction

at a monel electrode in saline solutior:gci It is important to

note that the eqguation is only valid for saturated roughness,

tthereas sand casting, abrasion and corrosion produéa a wide dispersion
aof roughness, difficult to measure experimentally and to reproducs,

knurling offers a much more suitable means of producing a well-

definedymeasurable, uniform roughnsess,
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While the Kappesser et al. study deliberately avoidsed the complica-
e

tions of time dependent roughness and characterisation of roughness,

this is of importance in production of metal powder surfaces by

electrodeposition, and has been studied in this Thesis,

31+
A recent paper by Sedahmed et al, has considered the effect of a

non-saturated, bulk roughness viz. the effect of finning (or slotting).
These authors chose thé cathodic reduction of ferricyanide at a

nickel plated copper cylinder, Six cylinders wers used, a smooth

one, and five finned. Fins were produced by cutting longitudinal

rectangular grooves, such thet the peak to valley height, e,was 0.0185,
D.UZé, 0.053, 0.059 and 0.075, giving d/e ratios of 54, 3B8.5, 18.9,

17 aﬁd 13.3 for the 1 cm, diameter, 9 cm. high electrodes, 28

grooves were machined in each e;ectrode giving 8 common fin spacing

of 0.5 mm, and a 0.5 mm, width,

Comparisons were made with the E£isenberg et al. equation for smooth
cylinders, and.a 30-140% increase in mass transfer was found
depending on (Re) and fin height. The enhancement may be attributed
to vortex promotion in the fin space, increase in alectroactiue

area and the increase in hydrodynamic shear, The correlating

equation (average deviation 5%) uwas

L 0.644

§y = (st)(se)

= 0.714(Re) e Equation 4,32

"0039
(5

§U.2

190
Thus this equation is in marked contrast to Kappesser et al's work

where a dependance of j' on Re disappeared after an initial

value of(Re\. In Sedahmed et al's work, however, the jéi factor
was dependent on (Re) even for (Re) greater than L;- _
the value given by equation 43I, This indicates the importance of

the pattern of roughness as well as the relative value of roughness,




-98 - | /&

the fin geometry representing a two dimensional roughness only. It would be
interesting to see a study aimed at this aspect, attempting to take into
account surface area changes,

While this Thesis concerns enhancement of mass: transfer for the purpose of
electrowinning and electrorecovery of metals, it is appropriate also to
remember that mass transfer reduction is important, for example in controlling
corrosion or chemical dissolution. It is interesting in this context to

73

consider recent work on the R.C.E. by Sedahmed et al. . These authors have
studied electrochemical mass transfer controlled reactions in the presence of
drag reducing polyméfs,ftypically 0-I00 ppm. polyethylene oxide ('polyox') at
smooth cylinders in turbulent flow, finding:

(St)(Sc)ovsua = 0.0475 (Re)"-o"3 ' Eguation 4.33

290

Nadebaum and Fahidy have studied mass transfer to a R.C.E.. with tHe
electrode surface continuously wiped by spring loaded 'Teflon' skimmer blades.

A theoretical analysis lead to !

(sh) = 2| _w . (Re)(Se) 1/2 .
K I— WX . '
z Ty Equation &4.34
where w=number of wiper blades, each of thickness x, and . (Sh) and (Re)

were defined as :

(Sh) =2 i rI/ z FDC

(Re) =20 r /D
An experimental investigation of the cathodic reduction of ferricyanide or
oxygen in the range 820 > (Re) > 71,000 yielded results in & 50/0 agreement
with the above for (Sc)> 200, The relative enhancement in mass transport
compared to a simple rotating cylinder was given by =
)-O.ZGSC)O.T@Q

KL wiped = B8.05 w (Re

KLunwiped e Eguation 4.35

when the thickness of wiper blades was small., This factor was typically 2 to

8 under the experimental conditions. A% veey high rotation rates, the factor
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~——* 1, and the wiper blades would offer negligible improvement in mass
transport. An alternative method of enhancing performance would be an -
increase in rotation speéd. For the particular cell studied, the limiting
current density at 5 rad shl (wiped) could be attained at 50 rad s-l (unwiped)
Tﬁe equivalent rotation rate required to achieve wiped mass transport rates

was expressed as ¢

I
<o

= - 19.7 w0.715 (Re)-0a286(sc)0m206

Equation 4.36
For the particular case (Re) = 1250 and (Sc) = 1237 , equation 4.36 reduced
to ¢

@ — 115 w0 7150 7TH

Equation 4.37
indicating that the relative increase in rotation rate necessary (without

blades) became smaller as the number of blades increased.

Surface Roughness

It has been known for some time that increased surface roughness of an
electrode can appreciably enhance mass'transfer. The effect is normally two-
fold, being due both to an increase in the electroactive surface area, and
to improved hydrodynamic shear at the electrode, the rough surface acting,

in & sense, as its own turbulence promoter.
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This two-sided effect presents problems to gquantitative

investigations,as it is often difficult to measure the true area,

As noted in an earlier chapter, surface roughness also louwers
the critical Reynolds Number for the onset of turbulence, for a

,given set of conditions.

Rough electrodes may exhibit markedly different mass transfer
behaviour to their smooth counterparts, as evidenced by different
mass transfer correlations, A striking example is provided by-
the rotating cylinder slectrode, where mass transfer to the smooth
electrode may be described by, for example, the Eisenberg, Tobias

and w11k557’58 correlation

-0.30 -0.644

(st) = 0.079 (Re) (5c) Equation 4,23

while mass transfer to a rough electrode may be desecribad by

“'2 )-D-GQQ

(sc Equation 4.11

(st) = [1.25 + 5.76 loa, gg”

according to the work of Kappesser, Cornet and Grief190, and also

Makrides and Hackarman191.

Here éris the relative roughness of the elactrode i,e. the ratio of

€
cylinder diameter to surface roughness.

It may be readily seen that the rough cylinder correlation describes
the Stanton Number as independent of the Raynolds Rumber, anq
dependent only on the relative roughness, while the smooth cylinder
correlation describes a Stanton Number which is quite strongly

dependent on (Re), varying as (RE)"D'BD

. It may be noted that,
for convenience, any area increase has been disregarded in the above

correlation.
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€
The characteristic surface roughness, hay be readily defined

for uriform machined cylinders e.qg. in the case of knurled
surfaces it may be represented by the peak to valley height.
Similarly,in the case of a cylinder close wrapped with wire, the
pseudo~sinuscidal profile is uniform and a constant peak to valley
height may be taken. Similar considerations apply in the case of
a helical, screw thread profilse, Less regular roughened surfaces
present more of a problem, however, as not only the degree of
roughness but also the spacing of irregularities may vary widely.
Such a situation exists for abraded grit blasted or sand cast
surfaces, electrodeposited metal powder surfaces or corroded

metal electrodes. In such cases, it is also much more difficult
to account for the increased true surface erea. Ore possibility
is to use the root mean square (RMS) surface roughness, as revealed

by microsectioning or surface profile stylus instruments.

The effect of surface roughness on natural convection at vertical

plate electrodés has been studied by Fouad and Zétout192.

Ona of the earliest electrochemical studies of roughness was carried
outAby Ross and Eadhwarzsa who used cylindrical depressions in a
flow through tube,

Fouad et al.188 have studied the interesting case of mutual enhance-
ment of mass transfer by the combined effects of surface roughness
and gas evolution, The effect of both hydrogen evolution and
oxygen evolution on the rate of mass transport of Ferricyanide
and ferroc&anide ions to nickel electrodes was investigated, The
electrodes used were of similar size, and roughened by horizontally
machined parallel grooves, as in the above inuestigation192.
Comparison was made with a smooth (miwor polished) electrode. The
surface roughness was such that peek to valley height was 0.1, 0.25
and 0,45 mm,, while the corresponding peak to peak width was

0.52, 1.03 and 1.03 mm, For the three rough electrodes, In the

case of hydrogen evolution, the results showed that the increase in
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mass transfer due to roughness was higher than the increase in
the surface area of the electreds, the extra effect being :
attributable to the projections giving rise to increased hydro-
dynamic shear, leading to an increase in the number of active.

sites for gas nucleation. In addition, as the surface roughnsess

‘exceeded the mean diffusion layer thickness, the effective cross

section for convective diffusion was increased, giving rise to
possible turbulent wakes downstream of the projections due to
separation of the hydrodynemic boundary layer, In the case of
oxygen evelution, however, mass transfer dscreased with increasing
roughness except at low degrees of roughness and high gas discharge
rate. This puzzling contradiction may psrhaps be explained by

gas bubbles obscuring the electrode by clinging to the lowsr sidae
of protrusions, This effect is likely to be much highsr for
oxygen than for hydreogen, as the oxygen gas bubbles ere large and
the rate of increase of size with current density is greater than

in the case of hydrogen,

The more practical case of rough metal powder depcsits has been
reviswed by Ibl193. Of particular relevance to the studies in

this Thesis is the paper by Ibl and Schadegg193 concerning the
development of powdery copper deposits at rotating discs. This
study, aside from this Th551s, represents one of the very Feu studies

concarnlng roughness deualopment at an initially smooth electrode.

Gas Evolution

Introdubtinn

Mass transfer to an electrode may be appreciably enhanced by gas
bubbles agitating the adjacent electrolyte. A well established
example is the use of air sparging in electroplating baths for the
production of smooth metal plate, which snables higheEurrent densities

to be employed, with correspondingly higher plating rates. Such
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sparging may also serve to enhance deposit quality, and thoroughly
mix the bath, although the latter is not always a desirable
feature if sediment is dispersed and entrained in the deposit.

A further problem is the possibility of foaming. A great
advantage of practical air sparging is that the necessary
equipment and plumbing is 'low level technology' and may be
readily added to an existing electroplating bath, whether this is
in a metal Finishing/electroforming installation or an eleciro-
winning tankhouse. Indeed, Kuhn168, and Houghton and Kuhn169
have argued that the use of flat plate elsctrodes together with
suitable air sparging should be satisfactory for the majority of
high mass transfer metal recovery applications for some years to

coma. This rather simplistic notion takes no account, however,

of ether important considerations including:

i) the reguirement of continuous metal production s.g. in powder

form,

ii) the high floor space and extensive wiring and plumbing

necessary with conventional parallel plate~in-tank cells,

iii) the large inventory of metal in the cells and in solution,

which is especially important for precious metals,

iv) the need for an electrode geometry which facilitates selective

metal deposition via the use of controllable electrode potential,

v) the lack of automation and the control possible when using

an array of separate plate-in-tank cells.

One other attendant problem with air sparging is the risk cf
deleterious oxidetion of species in the electrolyte, e.g. ferrous
ions being oxidised to ferric, although this may be overcomeg,albeit

at greater expense,by the use of an inert gas such as nitrogen.
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While the introduction of gas into a cell may serve to enhance
mass transfer, the effect of gas stirring is most strikingly seen
in evolution of a gas actually at an electrode surface, as in the
case of concurrent hydrogen evolution with metal deposition.

' Such a secondary reaction is indeed unavoidable to some extent ,
particularly in the case of highly acidic solutions or a cathode
surface of low hydrogen overvoltage, In the case of copper
deposition from acid sulphate solutions, however, a current
efficiency of ca., 100% is normally possible for deposition by the
judicious control of slectrode potential, It is perhaps curious,
therefore, to consider that some Faradaic energy could be deliber-
ately wasted to svolve some hydrogen in order to increase the

mass transfer, In practice,there are other considerations, apart
from mass transfer enhancement. Hydrogen evolution may, for

example:

i) inecrease the pH near the cathode, leading to e.g. codeposition

of* unwanted metal oxide/hydroxide
ii) cause hydrogen embrittlement of the deposit, or pitting
iii) alter the deposit morphology

iv) present an explosive or spray hazard, or cause electrolyte

foaming

v) result in a lower production rate of metal, if the applied

cell current is not increased
vi) dislodge metal produck from the electrode
vii} lead to an increase in the sffective electrolyte resistance

viii) obscure the cathode leading to an.effective decrease in

active surface area,
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Academic Studies

The effect of gas evolution on the primary electrode reaction
has been less well studied than in the case of pumped flow or

rotational electrodes, but has been studied in the past 15 years

&2,175, Uenczel171, Janssen and

Hoogland172 and fouad et al.173 and Ibl and Uenczel17a. Ib],170

by several authors including Ibl

has reviewad previous work, and formulated an expression for the

mass transfer cosfficient at a flat vertical plate

KL = constant ua tguation 4.12

where a is a constant == 0,5
and v is the gas svolution rate.

The same author has also compared the effects of hydrogen, oxygen

and chlorine on mass transfer,

Relevant earlier studies were largely concerned with metallic
corrosion via gas evolution rather than with mass transfer ephance-
ment as such, For example, Roald and Beck1?5 studied the réte of
dissolution of rotating magnesium cylinders in acid solution,
hydrogen being freely evolved. These authors reported that although

the reaction rate depended upon w ! for low acidity, it becams
independent of rotation speed (w) as the acidity increased and
hydrogen bubbles contributed more strongly than rotation to the
forced convection. Ibl and Uenczel17a also reported that in the
case of hydrogen evolution at a rotating copper cylinder, the mass

transfer coefficient was only markedly alterad at a slowly rotating

cylinder; there heing little effect at the repidly rotating cylinder.

In the case of gas spargingaz, Ibl has described the injection of
gas via porous glass frit distributers at the bottom of concentric
cylindrical cells, In such cells, it is interesting to note that
pumping energy is governed almost entirely by the frit resistance,
and hence it is independent of cell height, With such an arrange-

it .
ment is perhaps stranoe that the pumping energy per unit electrode

.




- 106-

area may aetually decrease with electrode height, until the
electrolyte head presents a certain pressure drop. The use of swuch
porous friits presents some practical problems, however, when the
attendant high pumping energies and the possibility of frit

blockage are considered.

One interesting and extreme effect of gas introduction in a cell
is found in the case of ‘*gas lift" cells176, where the buoyancy
created by gas bubbles may be utilised to provide an autogenous

sourca of ‘pumping.

fiside from the promotion of mass transport by a foreign gas
intreduced into the cell or coevolution of a aas at an electrode,

a third possibility is the enhancement by anodic gas bubblesq77_133,
especially if anode and cathode are in close proximity. Recently,
Mohanta and FaHidy177 have studied this situation, concluding that
the effect was modest, besimg 209 or less. Ettel and Cendrun178
have argqued, houwever, that the effect may be substantial, averaging
an increase of ca. 50% over a vertical electrode, this being

particularly marked at the top of the electrode due to the rising

gas uwedge of anodic oxygen,

Mohanta and Fahidy1?9 have produced a correlation to predict mass
- oy
transfer enhancement. but this leads to a falsely low prediction 78,

and is probably only of use for ihe one specific set of conditions

pertaining tc the study.
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There are two current models of mass transfer at gas evolving

172

electrodes, the hydrodynamic model of Janssen and Hoogland ’

and the penetration model of Ibl and Uenczela2'170’17a. According

to recent pespers by Janssenwa’185

s the penetration model may be
useful when coalescence of gas bubbles is a frequent occurence,

while for the no-coalescence case, the hydrodynamic model is much

wore successful,

The combined effects of gas evolution and surface roughness may be
mutually enhancing, as demonstrated in ths work of Fouad and

Sedahmed188, which will be discussed in the next section.

Unlike the case of matural convection mass transfer or forced flow
via pumping or electrode movement, mass transfer to gas evolving
electrodes presents a newer and more difficult field of study,

and this is reflected in the relatively few published papers.

Very few dimensionless correlatiéns of data exist aside from the

ones mentioned above, althounh it is understood that Uogt189 ha

s
recently reviesuwed the field, deriving a theoretical, generalised,

dimensionless mass transfer correlation which has been substantiated

by experimental data.

Practical Studies

Much of the theoretical work outlined in the above section has .
been promoted by the need to develop gas stirred cells for the

practical électrodepnsition of metal, particularly for electrowinning
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operations, and the relevance of gas stirring to fuel cells

and storage batteries.,

In particular, the electrowinning of copper from acid sulphata
solutions has been Facilitéted by both higher current density
anodss and cathodes, as described by Ettel and coworkers178’180"183.
Higher cathode current densities are now available, without powder
formation, by ths use of air sparging. Enhancement of patural
convection mass transfer on the upper ﬁortions of wvertical cgthodes
due to a rising anodic gas wedge {referrsd to in the above s?ction)
has led to improved cell dssign in an ‘incot copper electrowipning
186 '

tankhause 8 s via the use of wedge shaped anodes, the top of the

anude tapering towards the cathode with increasing vertical height.

Air sparged, vertical parallel plate arrays have also been suggested
for silver recoverv from photofix snlutinns187. Problems may

arise here however, due to

i}  air dopolarising of the silver cathode,
ii) reduction of effective electrude area by obscuring gas bubbles,
iii) foaming near the cell top, and

iv} air oxidation of the photographic fixer.

INCO = Interpational Nickel Company Ltd.
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Miscellaneous Methods of Mass Transfer Enhancement

The major methods of enhancement involving electrode and/or
solution movement have now been reviewed, and it remains to

briefly mention others.

Ultrasonics and Vibration

While the epplication of ultrasound may eppreciebly increasa
mass transfer, it's main advantages in electrodeposition lie in
the attainment of better physical and mechanical properties to
deposits, including increased tensile sﬁrength, hardness and

4
adhesion, and decreased porosity and str9552 1.

The development of robust, reliable transducers has been spurred
by other, sometimes related fields such as ultrasonic cleaning,

but the problems of cost and noise pollution remain.

The application of ultrasonics in metal finishing has been

240, and Walker and

Clements have reviewed electroplating aSpect51§1.

comprehensively reviewed by Shenoi et al.

Unfortunately, the majority of literature in the field is not
readily available, being resiricted to Russian 3uurnals,
although Kochergin and Uyaseleuazaz have reviewed some of this
literature, and several contradictions and misconceptions are

apparent.
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Examples of the application of uvltrasound to metal recovery
problems include high current density electrowinning of COpperzq‘,
and the prevention of fluidised bed agglomeration by ultrasonic

stimulati0n157.

It may be noted that vibrating dropping mercury or platinum wire
glectrodes have been used for a long time in electrocenalytical

chemistry to yield reproducible polargrams,

The effect of vertical slectrode vibration on copper deposition
has been studied by Ismail et al, using wire electrodes at up to
48 Hz frequency and =8 mm, amplituds, Enhancements of up to 6x

were found compared to a stationary electrode,

Longitudinal vibration at horizontal disc electrodes has been
investigated by Podesta st 81.97, who powered their disc electrode
with @ loudspeaker voice ceil, Similar ephancements of ca. éx

vere found,

While no general mass transfer correlation is yet éuailable, ane
has been attempted for the specific geometry of cylindrical

electrodes under longitudinal uibration245.

The effect of magnetic fields has been recently investigated in a
series of articles by Mohanta and Fahidyzae. The effect on mass
transfer was only modest; a factor of ca, <=1.25 using a magnatic

field intensity of 7.95 Wb m-z under natural convection conditions

to vertical plates,
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Abrasion, and Wiping/Scraping

Eisnerza? has described increase in mass transfer and deposit
guality by mechanically abrading 2 working electrode with an
248

abrasive belt. However, little has been heard of this patented

process since,

Wiped and scraped electrodes are reviewed in Chapter 6, with

special reference to rotating cylinder electrodss,
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ELECTROCHEMICAL REACTORS

This chapter reviews the subject of electrochemical reactor
technology for metal deposition, with reference to the mode
of operation, control and performance. Particular attention

is paid to electrode geometry, Certain of the known and more

. novel reactor geometries are reviewed as a prelude to the

presentation of the rotating cylinder electrode reactor in

Chepter 6 and the remainder of this Thesis,
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ELECTROCHEMICAL REACTORS

Introduction

Unlike chemical engineering, which has been an established
discipline for almost a ﬁentury, electrochemical engineering is

a much younger science.: This is avidenced by the widespread use
of the term electrochemical 'cell' rather than the terminology of
electrochemical 'reactor’', The latter implies that the cell has
been deszigned and engineered to perform a defipnite duty, which
may be energy prdduction in the case of *driving' cells, or
production of material in the case of ‘drivan' cells. Examples
of the former ipclude batteries and fuel cells, while the latter
cells are illustratéd.by electroplating baths and chlorine

producing cells.

Flectrochemical engineering is an interdisciplinary field, involving
2 combined consideration of the following aspects: electrochemical
thermodynamics, electrode kinetics, transport phenomena, gensral
chemical engineering, process engineering, materials engineering

and design, and electrical enginesring.

As with chemical engineering, it is important to consider the integra-
tion of unit processes, for example, the reactor may serve as a
production unit which follows feed preparation and precedes product

separation. Thus in the case of an electrochemical reactor used




to produce metal powder from an acidic electrolyte, it may be
rnecessary to control the acid strength to minimise hydrogen
gvolution or prevent codeposition of metal hydroxide prior to
electrolysis. -Following the reactor, separation of a three
phase mixture of metal, gas and electroclyte may be necessary,
together with further purification of the matgl product or the
elactrolyte. As with chemical reacters, it is normally
desirable to achieve as pure a product as possible and this may
be encouraged by controlled potential electrolysis (as discussed

later in this chapter).-

The study of mass transport (Chapter 3) plays & very important
part in reactor and process design, as ths majority of reactions
encountered in practice are mass transport controlled to some

extent.

In order for aslectrochemical engineering to develop into a fully
recognised discipiine, it will be necessary to formulate generalised
ralatibnéhips to describe reactor design, and also to appreciate
the wide spectrum of available and possible reactor types and their

modes of operation.

Regarding generalised relationships, great progress has been made
in the last two decades in the use of dimensionless mass transfer
correlations {as described in Chapter 3), both by empirical analysis

and from theoretical considerations, The best practical approach
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is invariably an empirical one (possibly guided by theory),
however, as industrial electrolytes may behave in a very non ideal
fashion due to e#.g9. a high degree of contamination. In addition,
the use of mass transfer correlations necessitates prior knowledge
or measurément of the viscosity and diffusion coefficient of the
(metal) ion cancerned., ' While the viscosity may be readily
measured, data on diffusion coefficients for industrial process
solutions is much more difficult to generate. Care should also
be taken not to expect a mass transfer correlation to yield
accurate predictions well outside the limit of variables used to

formulate it in the first place.

Wagner203 and Nawmann51 have stressed the importance also of current
distribution relationships., It must be remembered, however, that
reactor geometries are available where ths current (and potential)
distribution is substantially uniform thus avoiding the need for

such complex relationships (see later),

Use of the term electrochemical engineering implies that a scale-up
step is involved, perhaps from a laboratory cell through a pilot
plant to a full sized industrial reactar. This also begs the
question aé tu which particular reactor dimensions need to be
increased during the scale-up operation. In general, scale-up
will be a fupction of electrode size, surface area, and solution

or electrode motion.
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Table 5.1 indicates the influence of electrode size on the
(average) mass transfer coefficient, according to known mass
transfer correlations., It can be seen that in the case of natural
convection at horizontal plates, the mass transfer is insensitive
to electrode length, while in the case of turbulent rotating

discs and laminar and turbulent rotating cylinders, a marked

oELUr S
dependence an electrode radiu%ABeSpecially for the turbulent

rotating disc where k variss as rD'B. The importance of flow

raegime here is readily demonstrated by the r® variation for a laminar
rotating disc. The affect of surface roughness may also be very
important, as evidenced by turbulent rotating cylinders, where

the dependence on mass transfer changes from d0'7D for a smooth

cylinder, to d® for a cylinder of saturated roughness (see

Chapter 3).

The influence of the peripheral velocity of a rotating electrode
on mass transfer is also dependent on the elsﬁtrods type, e.g., disc

or cylinder, #nd on the surface roughness (Table 5.2).

There have besn relatively few pepers on generalised aspects of
electrochemical reactor design, in contrast to chemical engineering
where @ whole spectrum of undergraduate and specialist texts is
availeble. Ore OF.the few texts ‘has been provided recently by
Pickett120; while this provides a valuable collation of known
data, the approach is'perhaps unnecessarily over complicated and
detailed, An excellent text on purely chemical reactor design is
provided by the uery'readable book by Denbigh196; it is guite

unfortunate that an analagous text is not available in the field

of electrochemical engineering.
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As with chemical reactors, electrochemical reactors may be divided
into two distinct categories, namely contipucus stirred tank reactors
(CSTR) and plug flow reactors (PFR)}, and each of these may be
employed in the batch mode or the continuaus mode. In the batch
mode, the reactor is charged with feed and then operated;

following discharge of products this is repeated.
Advantages of this system include:

i) flexibility -~ the reactor conditions may be altered each
time to suit various feeds or to achieve various products from
the same feed, this is especially useful for a large number
of small scale preparations, to avoid a multiplicity of

reactors,

ii) capital cost may be much lower than that for a continuous
process. for this reason, the batch system is especially
useful for new and.improued processes, which may then be
changed over to a continuocus reactor schems at a more advanced

stage of development.

Continuous processes, despite greater cost, are eventually adopted

in almost all large scale industrial installations, however, as

i) labour costs may be minimised as routine charging, discharging,

monitoring and contreol changes, may be mors readily avoided due to

ii) the facility of automatic control, This in turn leads to
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iii) greater constancy of reaction conditions and better quality

product,

It is interesting that the choice between the above two modes
is very dependent on work costs in relation to capital costs; the

cost or provision of labour may be a deciding factor,

The routine electroplating of metals and plastics for decorative
or protective purposes ;s @ good illustration of a batch process,
while the slectroplating of wire or stesl strip is a continuous
process, the product of reaction (plated metal) being c0n£inuously

removed from the reactor {plating bath).

There are very feuw truly continuous electrochemical reactors, especially
in the case of the electrowinning of metal from industrial process
streams, The above example of removal of metal onie plated wire

and foil is unrealistic as é means of product removal, rather it

is a means of obtaining the product in the reguired form, as in

electroforming of sheet metal,

An alternative is to produce the electrodeposited metal in powder
form, by judicious control of reactor feed and operating conditions,
Such a product may be dislodged from the electrode by scrapipg,
fluidised out of the reactor with the outlet electrolyte, and
separated by conventional means such as centrifuge, settlement,
filtration or cycloning. Alternatively, the powder product may

be collected in the bottom of a suitably designed cell, and periodi-
cally withdrawn, This represents the interesting case of continuous

electrochemical operation with intermittent product recovery.




-119-

The plug flow reactor is one through which there is a steady
movement of the electrolyte in a given direction; no attempt is
made, to induce_m;xing, i.e, dispersion of electrolyte along the
direction of flow, Examples of this type of reactor are provided
by annular and rectaAQUlar channel geometriss, with axial flow and
flow thrsugh packed beds. The plug flow reactor results in a
gradual concentration profile over the reactor, the inlet concen-
tration profile tending progressively towards that of the cutlet.
Plug flow conditions are favoured by lamipar flow through the

reactor, o

The continuously stirred tamk reactor has perfect mixing of
electrolyte in all directions, resulting in a completely uniform
concentration within the reactor equal to the outlet concentration.
Thus this extremé reactor may be viewed as a plug flow reactor with
infinite dispersion in the direction of flow. The result is a
stepuise change in concentration between the inlet manifold and

the reactor itself. Approximations to this reactor type include
uigofously agitated plate-in-tank reactors and the rotating cylinder
electrode reactor (RCER). In both cases, the high degree of
mixing is favoured by turbulent flow. The perfect mixing of a
CSTR is destroyed by any bypassing loss: a given pprt of the

inlet to the reactor may Find its way directly into the outlet,
This may be minimised in practice by judicisus manifold design and

positioning, together with severe agitation.
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it is interesting to note that certain electrode geometry may be
utilised as a PFR or CS5TR depending on the electrolyte flouw
conditions, For example, laminar flow through an annulus
approximates to PFR bshaviour, as previously noted. If however,
the inner cylindrical electrode is rotated, even at modest speads,
turbulence and very effective mixing ensues, and the system is
transformed dramatically to CSTR behaviour, A further example is
provided hy flow through a packed bed electrode reactor. This
PFR system will tend towards the CSTR model if the linsar velocity
becomes sufficient to cause Fluidisa&iun. In the cese of this
fluidised bed electrode reactor, however, behaviour is intermediate
betwesn that of PFR and CSTR models, (as with most reactors) and

this renders mathematical modelling more difficult.

The desired reaction in an electrochemical reactor may be the
anodic or cathoéic one, or both, For example, in ths case of the
recovery of metal from industrial process streams, the important
reaction is cathodic deposition of metal; the corresponding anods
reaction may commonly be oxygen evolution and becomes comparable
to a side reaction in a chemical reactor. In the case of metal
refining, anodic dissolution of the 6etal to be recovered may he
practised, either in the same reactor, or a preceding one. There
are cases howsver, when the anodic reaction is beneficial here,
e.g. oxygen evolution may'increase the mass transfer to the pathode177,
or an unwanted, toxic species such as cyanids may be destroyed by

197
oxidation, as described in a recent patent .
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0ften, the electrodes are separated by a membrane, which may take
the Form of a porous cloth, ceramic pot{ or an impermeable membrane
with or without ion exchange properties. Thin ion exchange
membranes have a much lower resistance than thicker ceramic dividers,
and are less sensitive to an increase ia their thickness with scale-
up. In addition they are not prone to brittle fracture like
ceramics, and their ion exchange propertiss may be tailored, to an
gxtent, to suit a given epplication, Ceramic dividers are only
readily available in standard shapes and sizes which limits reactor
design, Thin resin-impregnated cloth membranes, howsver, roguire

adeguate support and are prone to cracking on drying,

In general, thes use of a cell dividing membrane may confer ore or

more of the following advantages:

i) choice of a separate anolyte/anode system is possible, allowing
independent alteration of the catholyte, e.g. effluents contain-
ing different metals may. be treated cathodically, while

maintaining a constant acid anolyte,
ii)} @anode corrosion via aggressive catholyte species may be auoided,

iii) the products of reaction at the anode and cathode may be
separated, e.g. for reasons of safety, cathodic hydrogen and
anodic oxygen may be separately vented, or metal powder dislodged

from the cathode may be prevented from anodic dissolution,
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iv) the ion exchange properties of the membrane may be utilised
for synthesis of a wanted product, or maintenance of a
species, e.,g., if hydrogen ions are lost at the cathode via
hydrogen svolution, some degree of pH balance may be attained
by the use of an acid anolyte and H* transfer through a

cation exchangs membrane to the catholyte.

It must be remembered, however, that the above advantagss are
gained at the expense of ipcreased engineering complexity, increased
cost of materials and increased power requirements due to the

potential drop across the membrane.

Dasign Eguations

It is important to establish the best mode of operation of a reactor.

As indicated in Fig. 5.1, common examples of operation include:

i)  simple batch,

ii) single pass,

iii} batch with recycle,

The characteristics of each may now be compared by considering the

relationship between concentration; flow rate, time and current

for both CSTR and PFR models,
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Plug Flow Reactors

Consider the gensralised plug flow reactor of Fig.

5.2a, where

a steady volumetric flow rate N of electrolyte enters the reactor

at a metal concentration CIN’

to emerge with a concentration C

ouT.

1f the total current passed is I, an overall material balance

yields

] (CIN - C 1

) L
ouT —F

Equation 5.1

Ignoring dispersion due to longitudimal diffusion, the concentration

may be expressed by the first order differential equation

dC
dx

i

- KA C
N

which may be integrated to

Cour 7 Eyw expg-%%g

where K is the averaged mass transfer coefficient.

a ratio of the terminal concentrations

Cur F .expﬁ'%éi

and as a fractional conversion

- - = 1 - -
fr = CryCour EXPE 5%%
— ;

N

Equation 5.2

Equation 5,3

Rewritipg as

Equation 5.4

Equation 5.5
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The overall limiting current is given by combining equations

5.1 and 5.5

IL = zFN CIN [1 - expg-%?g ] Equati?n 5.6

-

Equation 5,5, for a single pass PFRyindicates that a high conversion
may be achieved by the use of low throughputs. This in turn,
however, results in diminishing mass transfer, especially if the
flow regime. changes from turbulent to laminar, A mars suiteable

alternative is a high'value of electrode area,

If, howsver, part of the outlet stream is recycled and mixed with

fresh feed, it is possible to achieve the same degree of conversiaon

as in single pass opsration, but with higher mass transfer rates.
198

Such a mode of operation has been considered by Pickett and

\Wragg and Wélker199. )

Fig. 5.2b shows the recycle mode, a flow rqtefwﬂ of exit solution

being recycled to the inlet. The duty of the reactor is similar

to single pass operation except that a greater volumetric flow rate
R

N + N_ flows through it, with a subsequently lowered inlet concen-

tration CR where:

CR = CIN + R CUUT Equation 5,7

and R is the recycle ratioc. = N
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Equation 5,7 may be rewritten

CDUT = ER expi- K A Equation 5.8
N + NR

wvhere KR and AR are the modified average mass transfer coefficient

and electrode surface area.

Comparison of the single pass and recycle electrode areas reveals

that

=
prel
n

K (1+R) 1ln Cq 1n Caut Equation 5.9

ry Ka C C

ouT IN

If it is.assumed that both modes operate in the same flow regime,
and K is proporticnal to the flow rate raised to the same power P

in both cases

1-p
Eﬂ = {1+R) 1n ECIN + R EDQI 1n Cout Equation 5.10
A Con * R & Cpyy

This squation indicates that AR is appreciably lower than A for a

given conversion,

Fig. %.3 shouws an annular plug flow reactor, for which equation 5.4

becomes
- - - ) i . 1
CDUT axp K ZTrth Equation 5.1
C N

IN
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5.2.2 Continuous 5tirred Tank Reactors

Consider the operation of the batch CSTR shown in Fig. 5.4a
where the electrode under study is the cathodic inmer, rotating
eylinder in the concentric geometry. The reacter has an

and initial copcentration C_.

electrolyte volume VREACTUR 0

If the reactor is operated under limiting current density cenditions 3
the cencentrabion will deca
exporentially with time so that at time t,

Ct = CD axp ’KLA t Equation 5.12

REACTOR

The exponential term is equivalent to an apparent rate constant,

for the first order process, k,

Fig. S5.4bshows a CSTR with a volumetric throughout W, According
tojthe CSTR approximation, the outlet concentration CUUT will be

ggual to that inside the reactor.

Under limiting current operation, a material balance across ths

reaction yields

N (CIN - COUT) = KA CUUT Equation 5,13

and the terminal concentrations are related by

C = 1 Equation 5,14

QT - TR/

CIN
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and the fractional conversion is given by

fa ® Ciw - Sur ' Cour

IN

KA/N = 1 - 1 Equation 5.15
1 + KA/N T + KA;N

The corresponding limiting current is given by

I, = Nzf C LN {1+ KA/N) Equation 5,16
Equations 5,14, 5,15 and 5,16 may be compared to the corresponding
aquations for a PFR, 5.4, 5.5 and 5,6, 1t becomes svident that

a smaller fractional conversion.is obtained with a CSTR than with

a PFR for given values of KA and N, In addition, a high valus

of K may be maintained by vigoroué agitation in a CSTR with a.
moderate reactor size, whereas PFR conditions may demand a large

reactor to maintain the same K value,

fre means of increasing the overall conversion with a CSTR is to
operate severa)l reactors in hydraulic series. Such a cascade of
’

CSTR's is considered later for the case of a rotating cylinder

electrode reactor.

The design equation for a rotating cylinder electrode reactor is
particularly straightforward in that the value of K is invariant

with electrode distance, both axially and circum?erentially, due to

-
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the uniform current density distribution, The RCER is also an—'
exceedingly good approximation to the 6STR model, as.the very
seuefe three dimensional turbulence around the inner electrode
provides very sffective mixing, Also, in practice, volumetric
flow rates have ﬁo'appreciable effect on mass transfer to the
inner cylinder, as noted in Chapter 2, particularly if the inner
cylinder is not long compared to its diameter, and the annular

gap is relatively large.

The possibility of recycling part of the outlet of a CSTR may be
considered, according to Fig. 5.4c¢, in order to achieve better

performance than in the single pass mode,

Assuming limiting current density operation again, the inlet
concentration is now CR’ which results from mixing fresh feed of
concentration C_  with product feed,

In

2 = Eiv * R Coyyr,a Equation 5,17

1 + R !

The terminal concentrations are related by

C = CH Equation 5,18

guT,R P KRA

—E—K1+R)

where KR is the mass transfer coefficient under recycle conditions,
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Combining equatians 5,17 and 5.18, simplifying gives

c
- IN Equation 5.19

c
TouT,R T+ KA/N

Comparing equations 5.19 and 5, 14:

Sout,r = 1+ KA/N Equation 5,20
Cour * "R

which demonstrates the supsriority of the recycle mode ovar single

pass operation, as long as KRJ> Ke

If the increased flow rate on recycle has negligible effect on

the mass transfer {(i.e. the latter is largely determined by

electrode movement as in a R.C.E.RJ, KR <> K and for a given
value of CIN’

C C 1T + KA

_%EILE = Eﬂ % p«i Equation 5.21

ouT IN 1 + _KA
N+Np

which is > 1,
The fractiopal conversion is given by

fR,R = 1= Coyr,n Equation 5,22

c

IN
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By manipulating equations 5.17 and 5.18

. 1 .
'fR,R = i - Equation 5.23

KA
N(1 + R)

and a comparisen of recycle and single pass conversions (squations

5,23 and 5.5 ) reveals

Far = 1 - KA/N Equation 5.24
q T - KA/N{1+R) .

showing that f-R R <_{—R.
¥

It should be noted that for a given C_,, and K, the increased C

InN ouT
value will necessitate a higher current and a subsequently higher

rate of product conversion, i.e. enhanced duty,

Despite the importance and simplicity of CSTR's, there have been
relatively few relevant electrochemical studies.

SudallZDD’201

has considered theoretical aspects of electrocﬁemical
CSTR's and performed sxperimental work on a conceritric, dyliﬁdrical,
divided reactor using nickel mesh electrodes and the ferrocyanide/
ferricyanide redox reaction (Fig. 5.5). The slectrode under

study was the anode, the anolyte being recycled, The outer

catholyte was .stationary, and separated by a porous ceramic cylinder

from the anolyte. Electrode conditions were altered to produce
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hydregen and oxygen evclution at the cathode and anode in addition

to the redox reaction. Departure from true steady state behaviour
was observed, as the anolyte composition changed yith time,

(despite the steady inlet concentration) due to migration of hydroxyl
ions through to the anolyte. ‘The conductivity of electrolyte in
both Fompartments steadily ;ncrgasad,'and under the applied

constant cell voltage conditions, the reactor current increased,

as did ferrocyanide oxidation, The above bghaviour could have been
avoided by flowing the catholyte, when both Eompartments would have
acfed as CSTR's, by use of a more selective membrane, or by potential
control of the electrodss,

Krishna et al.'m’202

have produced a small amount of data on a
stirred tank system, although this study was undertaken to ev;luate
mass transfer and Floﬁ regimes present at various positions in

the tank, rather than the efficiency of tha overall cell. The
experimental arrangement comprised a copper ring electrods on a
rotating shaft, and several copper ring counter electrodes lying
flush on the cell bottom, Mass transfer was studied via the
ferro/ferricyanide redox reactiom, and it was found that the
presence of an impeller on the bottom of the shaft, or provisiocn

of vertical baffles made no significant contribution, Mass

transfer enhancement was observed when either the shaft diameter

or the impeller - bottom of cell distance was increased.

The above authurs74 also studied mass transfer to each of several
concentric rings in the bottom of the vessel, showing that two

regions existed; one of increasing velocity from the centre radially
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outwards to a certain point, followed by one of decreasing
velocity as the vessel wall was approached.

The work was extended202 to obtain a better correlation for mass
transfer to the radial rings, using extra rings and vessels of

two sizes,

Batch Recycls Mods

Previously, PFR and CSTR operation has been considersd both in

the single pass and the recycle mode, A third mode of operation
commonly used both in the laboratory and industrially is the
'Batch Recycle' mode (Fig. 5.6). Here a batch of electrolyts is
cantinuously recirculated through the cell and back to a (stirred)
reservoir, which effectively extends the volume of the electrolyte
beyond the céll voluma,

Such a system has been considered by several authors16a'207’208’120,

and more recently by Walker & Wraggqgg. The system as a whole
approximates to CSTR behaviour if the reservoir volume is much
greater than that of the reactor, and the residence time is high.
Unliké the previously considered systems, both the inlet and outlet
concentrations of the reactor ars time dependent.

A mass balance over the well mixed reservoir (of volume V___)} gives

RES

dC
v IN = N(. _-¢C
RES —+ ouT

IN) Equation 5,25
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For a plug flow reactor, substitution fer CDUT

into 5.25 and integration gives

C..(t) = C (o) «t | 1-exp (-KA
tw ot [ )

where ‘U is the reservoir residence time = URES/N:'

For a C5TR, substitution for CDUT

and integration gives

-t 1 = 1
Y 1T +

' CIN(t) = CIN(D) exp -~
N

Equations 5,26 and 5,27 are approximate solutions' >’

adequate for practical reactor modelling.

from equation 5.4

Equation 5.26

from eguation 5.12 into 5.25

Equation 5.27

y and are

In the laboratory, a convenient mode of operation is batch

.recirculation with dosing of the reservoir by concentrated reactant,

A negligible volume change occurs if the reservoir is of high

capacity, and the reactor may be operated with contipuous flow and

product recovery.

The relevant limiting current history for equations 5,26 is given

by &
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1 = zFC, N [ 1-exp{-KA)[x exp -t | 1-exp{-KA Equation 5,28
L IN _— = - -
N X N

for the batch recycled plug flow cese, and

= ‘ L .

IL = ZFCIN,DN 1nE1+55§ x exp =t 1-E1+Eﬁ7ﬁi Equation 5,29
N X

foer the batch recycled CSTR case, whers U is the residence time

in the reservoir =V . /N
» T reservo;r/ *

Mizushina st al.205’206

have made measurements of mass transfer
in an agitated vessel employing the inner surface of a hollow
cylinder as the cathode, and a flat disc at the bottom of the cell
as anode (Fig. 5.7). An array of isolated point cathodes was

let into the cathode proper, and individual polarisation of these
snabled localised mass transfer coefficients to be studied. The
above electrodes were made of copper, with an electrolytas of

0.001 M CuSDa and 2 M stoq.

Mass transfer measurements on the cathode yielded data which

could be correlated by

£ =y = 0.15(Ra);1/3 Equation 5.30
2

where the Reynolds number was based an the diameter of the paddle-

type impeller.
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Chilton et 31,294 obtained the following equation for heat

transfer in a paddle-impeller, agitated vessel

(M) = 0.3 (re) ¥ (pr)"/? E‘Lia-m Equation 5.31

B
where H; is the interfacial viscosity.

fieglecting the correction term for viscosity, this may be
translated into

) o=

Jy = 0.156 Red /3 Equation 5,32
which tends to substantiate the mass/mementum/heat trensfer

analogy for this system.

in Mizushina et al.,'s work, the vertical distribution of mass
transfer mag such ;hat a maximum occurred around the impeller
height.  This peak becams lower as the impeller width increased,
eventually sepqrating into two peaks, The peak effect was
attributed to jet flow(s) from the impeller, the flatter distribu-
tion away from ihe impeller being attributed to rotating motion

of the elecﬁrolyte.. There was very little svidence of vertical

flow in the abuve work,

The special case of a CSTR employing a cathodic rotating cylinder
as an agitator forms the main subject matter of . this Thesis, and

will be considered in detail later,
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Control & Characteristics of Electrochemical Reactors

Electrical Control .

There are various possibilitiss for the mode of electrical control,
and as in the electroanalytical technigue of coulometry; three
cases occur, which may be discussed with the aid of polarisation

curves for copper deposition:

1. constant current (galvancstctic)1

2, constant cell voltage,or

3. | constant (corking) elactrode potential (potentiostatic),

The constant current mode is perhaps the most conventional one,

and is commonly used when it is required to establish a conscant
rate of reaction. For example, in electroplating it is normally
desirable to achieve a given thickness of deposit, and this is most
easily done by passing a fixed current for a given time to a work=-
piece of known surface sarea,

The metal concentration of most plating baths is held at a high

and reasonably constant level, If the same technique of controlled
current is employed with dilute solutions with a high current,
depletian takes place, and the potential of the elsctrode may rise
(Fig. 5.Ba), such that the limiting current is exceeded, The
subseguent formation of hydrogen in the case of copper deposition,

results in a progressive lowering of current efficiency.
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A similar effect is seen if a decrease in electroactive surface

area or mass transfer occurs during deposition. (Figs. 5.8b and
5.8c). If, on the other hand, the electrovactive surface area
increases (due to increasing roughness for example) or the mass
tran§Fer increases (due to greater electrode or solution movement ),
the maximum duty will not be attained in the reactor, as the control
current lies below that of the new limiting current, In addition,
the change in electrode potesntial may result in a significant

change in deposit morphology,

In summary, if constant current is to be used, and the electrode
potential must remain reasonably constant, then the concentration

in the reactor must also remain at a fixed level, It is noteworthy
that the inlet concentration to a reactor may be sllowed to vary,
within limits, and the reactor concentration maintained by altering

the flow rate, a point which will be returned to in Chapter 6,

Constant cell voltage is often convenient in practice, as simple
transformer/rectifier power supplies effectively operate in this
mode, for a fixed load, While this method is generally less
sensitive to reactor changes than the constant current mode, in
order to achieve constant electrode potential, all the sources of
polafisation in the system must remain constant, including anode
palarisation, iR drop in the electrolyte and external iR drops
e.g. across a brush and slip ring assembly in the case of a

rotating cylinder electrode assembly.
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The most satisfactory mode of control is often that of constant
electrode poteatial, where a third (reference) electrode is
employed, and the cell current alters so as to maintain the
electrode potential. This situation may be achieved automatically
using potentiostatic cireuitry?2’, which may be eithar solid state
or electromechanical, Unfortunately, such sophisticated
electronics is normally relatively expensive, and the requirement
of a reliable réferance electrode sensor is an additional |

consideration.

The control of electrode potential, howesver, may result in greatly
enhanced selectivity of reaction and controlled deposit character-

istics.

It has already been noted, however, that very few industrial
reactors operate potentiostatically, pgobably due to the lack of
large scale potentiostat devices, Coupied with the previous scarcity
of raactor; which give rise to uvniform potential across their

glectrode surfaces,

Both constant current and constant voltage technigques have been
employed in cells utilised -for silver recovery from photofix
solutions. Potentiostatic control, howsver, has only recently

been introduc96321.
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Potential and Currant Density

The contrel of electrode potential is of paramount importance to
electrochemical reacter operation, in general, as it affects the
spacificity of reaction and hence the purity of product, An

impure product may necessitate a difficult and expensive purification

stage after the reactor,

Additionally, in the cass of metal deposition, the potential can
greatly affect the deposit quality. Thus the hard, smooth

deposits obtained at low patential, as in metal finishing operations,
progressively lead to darker, roughened powdery depesits at high

potential.

In the case of deposition of a single noble metal, (such as copper
from acidic solutions) the potential must be controlled below that
at which hydrogen evolution uc&urs as & secondary reaction, in order
to maintain 100% current efficiency (Fig. 5.B). Operation at such
a potential also corresponds to the maximum current density and
hence the maximum recavery rate of metal, Powdery deposits are
still maintained if the potential is lowered somewhat, although

the powder characteristics may change appreciably (Chapter 7).

In the case of a mixed metal electrolyte, the idealised cathodic
polarisation curve may comprise a number of limiting current
plateaux {cf. standard polarograms where the plateaux are regardad

as polarographic waves) (Fig. 5.9). If the differences in standard
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potentials of the metals are sufficiently large, each of the
metals (starting with the most noble) may be successively depoasited

in a selective manner.

Fig, 5.10 indicates the idealised, standard electrode potentials
shown by certain metals over a wide activity range. It may be
seen that while copper and silver, for example, have a wide segpara-
tion, facilitating controlled potential electrolysis, nickel and

tin are much closer.,

Due to the Nernstian change in potential with activity, the
separation in potential of a given pair of metals may appreciably

alter if the concentration of either is changed.

Also, the presence of complexants such as cyanide or borates,
commonly present in e.g. plating process solutions or matai

cleaning solutions, may drastically shift the electrode paotentials
at which limiting current plateaux occur, In this case,

obgserved plateaux may be associated with mass transfer decomposition
of the complex rather than mass transfer controlled deposition of

the ‘metal,

‘By far the majority of work here is restricted to the electro-
analytical literatur921u’211’226’227, where miniature electrodes
such as the dropping mercury electrode . are used, the technique

" being referred to as polarography, In such cases, houwsver, the
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electrolyte to be analysed is normally treated to allow an
efficient separation to occur. Such a treatment may include
complex removal steps (e.g. oxidation of cyanide}, pH correction
(by buffer additian), or concentration correction (e.g. by
sevaporation). This procedure is rarely possible in the treat-
ment of industrial process solutions, as the chemical and
équipment costs are prohibitive, and the process solution may bs

required, substanptially unaltered, for reuss.

The use of -the rotating cylinder electrode reactor for selective

recovery of metal will be discussed later in this chapter.

One of the few pilot plant scale studies in the literature concerns
the 'Swiss=Roll' csell of Robertson and Ibl126, which is described
latey. Successful separation of copper from copper/zineand
copper/nickel solutions was obtained, using an initial metal
concentration of 1072 M For sach metal, together with 1072 M

sulphuric ‘acid. 99,9% of the copper was recovered, in each case,

with no detectable change in the concentration of the sscond metal,

It is interesting to gote that the problem of metals separation
from industrial processing solutions such as pickling, plating

and etching dragouts and rinses énd hydrometallurgical streams is
the converse of the problem of codepositing metals from a solution

to produce an alloy for metal finishing purposes*.

122 346 357
¥ Brenner, Raub, Gorbunova,
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The possibility of clean, selective separation and recovery of
metals in the above manner is a strong advantage of electrolysis
compared to other less discriminating means of mestal removal from

process streams,

Closely linked to potential distribution is the subseguent current
dansity distribution over an electrode, In the idselised case,

both distributions will be uniform, and the mass transfer cosfficient
will be spacially invarisnt, An approximation to this implies a
uniform interelectrode spacing, which leeds us to coneider tha

parallel plate, annular sand concentric spherical geomstriss,

Discussions of current distribution are to be found in works by
F’it:kta-i',t:lm[:| and Neu:man'0 , but a simplified approach will be adopted
hers. Two limiting cases may be idsntified, When the current
distribution over an electrode is determined by convection and
diffusion, the 'primary' current density conditions exist and the
current density is infinite or zero af the edges. On the other
hand, if ohmic potential drop in the electrolyte and surface over-
potentials are taken into account, ths secondary current density
distribution exists. The general effect of electrode poclarisation

is to render the current distribution more uniform than the primary

ene; infinite current density at electrode edges is sliminated.

Consider the paiallal plate geometry, perhaps the simplest and most .
obvious ape for an electrochemical reactor. Fig. 5.%1 shows a

definition sketch and the corresponding current distributions along
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an upper cathode, The primary curve is hyperbolic, the
substantially uniform current density over the central portion

of th? electrode rapidly tending to an infinite valus near the
edges. The limiting current distribution continuously decreases
from its initially infinite value at the leading edge to lowser

values with elsctrode distance.

. . ou

1f the parallel plates are b nded by the cell as in Fig. 5.12
which depicts free convection in a rectangular cell, the primary
distribution becomas uniform, which is readily undsrgtood by

comparing the corresponding current and equipotential lines (Fig. 5.13).

The rotating disc electrode has a uniform limiting current density
distribution and a non~uniform primary one, while the rotating
spherical slectrods shows bshaviour intermediate bestwesn a uniform
primary distribution and mildly non-yniform limiting distribution

(Fig. 5,14).

a

The non-uniform primary distribution ormfotating disc electrode

. is pegligible for small laboratory elsctrodes, moderate rates of
reaction and high conductivity solutions, but scale-up, fast reac-
tions and low conductivity process solutions could each result in

10,315

a substantially non-uniform distribution . This situation
could lead to a secondary reaction occurring at the edges of the
disc, e.g. hydrogen evolution or deposition of & secondary metal,

while the main reaction occurred under limiting current conditions

over the main disc area;
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The rotating cylinder electrods is unusual in that both the primary
and limiting current density distributions are substaptially
uniform, only 2 negligibly small area being suspect at the top and

bottom of the cylinder.

5.3.3 Duty and Performance

Dasign of an electrochemical rsactor necessitates a compromise
between capital and power costs; in addition, space is often at

a premium and this may also prove an importent restriction.

fapidly increesing costs of electricity have recently focused more
attention on process inefficiencies, and power consumption has
become a major consideration, Exceptions always suggest
themselves, and in the field of precipus metals recovery, pouwer

costs are normally a secondary consideration.

In order to compare the performance of reactors, several 'figures

of merit' may be invoked, many of thess being interrelated.

X . 1
One possibility is to define a space~time yield, Ys?2 2

R _amount product _ Equation 5,33
st  electrolysis time x reactor volume
Y = A i P o

ST =]
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where

"i is the current density
P is the Faradaic amount of product per Ahr.
© is the current efficiency

P may be on a weight basis or (especially for gases) a volume basis
As is in itself a figure of merit:

A = area electrods Equation 5,34
unit valume

The denominator is normally the reactor volume, which will be
reflected in increased capital costs, but a second As may be defiped
in terms of the alactrode volume, This latter As is especially
USéFul for expeﬁsiue slectrodes and thres dimensional electrodes,

Chemical yield, Y_ is given by

E

amount product Equation 5.35
Y = . T
£ maximum possible amount product
based on reactant conversion.

If costs of electricity are considered in relation to the reactor

product, powsr consumption figures are all important,

+ i .
Ucell g I %1 Equation 5,36

m

Specific power consumption

where Uc is the total cell voltage, 1 the cell current and m the

ell

mass of product, Typical units would be KWhr kg-1. In the casa



~ 146 -

of treatment of a process stream with recycling of electrolyte,
the recovery of a metal product may be secondary to the treatment
of the stream, and a more suitable figure of merit is the power
consumption per unit volume of effluent treated, stated, far

example in terms of KWhr m—j.

Kuhn and Houghton169 have compared reactor performance using as an
index the limiting current density in 0.01 M concentrated solutions,
for a two electron raaction. Equally useful, and more familiar

to chemical engineers is the mass transfer coefficient:

Table 5.3 compares estimated As and Ys? values for a variety of

reactor designs. As and YsT are an index of the compactness of
a given design, It can be seen that particularly high values
are obtained for reactors employing three dimensional electrodes

such as packed and fluidised beds, and mesh echtrodes ﬂpere
Fr

=1
A b high as 100 _The A.C.
Sl rabie which T appreaches 1 om 1 for_ small
DGPS Clr\d |ﬂ(3 C\ec":rc €S, u,h\\o, U’)Q, R .D. E.R ( 0
fus & value © wada s \nd{. cadant  of eledirde

In the case of the Swiss-~toll cell, it is lnterestlng to note
that the electrode area per unit electrude volume ( ™/ 200 cm2 cm“3)
appreciably exceeds the electrode area per unit cell volume

( "~ 20-50 e’ cm-s).

The importance of the effects of the above figures of merit to

gplectrochemical reactor performance is summarised in Table 5.4.

E.R.Chas an areu/

5 16)

.;:&Q_,
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Recalling equations 5.5 and 5.15 describing conversion over plug

flow and CSTR electrochemical reactors,

fR = 1 -{exp [%Eﬂ] Equation 5.5
N

FR = 1 - 1 Equation 5.15
T+ KA
N

it cen be readily seen that for a given value of flow rate, N, i.e.
a given reactor throughput, the conversion fp may bs increased by

increasing either K, R or both.

Reactors such as the RCER may achieve high conversion efficiencies
by virtue of higﬁ mass transfer, i.e. large K, while packed beds

‘or the ffickle tower o i!achieve such conversions via a

high electroactive surface ares. Reactors employing fluidised

bed slectrodes or turbulence promoted parallel plate or mesh
assemblies achieve a similar goal by a moderately high mass transfer

and electroactive surface area,

If mass transfer rather than electroactive surface area is

considered, the ratio KL/U becomes important. Devices such

reactor
as the R,C.E.R. have a relatively high valug of this index, indica=

ting their relative compactness for a given duty.

From the above discussion, it is clearly misleading to compare
electrochemical reactors according to a single figure of merit,
rather several such indices must be used together to arrive at a

suitable design.
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It must also be remembered that other considerations may be of
overriding importance in reactor selection, including ease of
product removal, ease of maintenance, facility for control and

automation, and specificity of reaction,

Comparison of Reactor Configurations

General

Various classifications are possible, but one of the most general

is shown in Fig. 5.1% where reactor types are first divided into

"dynamic and stationary electrode reactors, each of which is in turn

subdivided.

Mass transfer to various types of electrode geometry was discussed
in Chapter 3, and it was noted that a number of interrelations

occur as jindicated in Fig. 5.17.

In recent years, a whole variety of pew or improved reaétor designs
have been presented in the electrochemical literature, The
novelty of some of these designs is questionable, howsver, as

there is evidence that many designs have in fact been

‘rediscovered’,

The majority of designs have been developed for either electro-
organic synthesis or the removal of metals from dilute industrial

process streams, In both cases, the problem is to find a reactor
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4

capable of high mass transfer and/or.high electroactive surfaca
area, ip order tp provide a reasonable duty from low concentration

solutions.

It is possible to criticise the preoccupation of certain
electrochemists with the possibility of novel designs. This

has resulted, on one hand, in sxtensive investigations into rather
obscure geometries, and on the other hand, specific geometries
have been placed on a pedestal as possible 'universal' reactors.
1t is the author's opinion £hat a whole spectrum of reactor
designs are now possiblé, and the main aim of the electrochemical
enginger should be to choose the most suitable onefor the job in

hand,

A full discussion of reactor designs will not be attempted here,
for rsasons of spaca, Instead, some of the more recent or
promising reactor designs will be briefly reviewed with special

relevance to the cathodic removal of metal from dilute solutions.

Mass transfer and Flow characteristics of the designs that follow

(or similar ones) have been discussed previously, in Chapter 3.

Electrochemical Pump Cell

This reactor, which is an extension of the capillary gap cell of

Bsck21a, has been developed by Jansson, Fleischmann and coworkers

at the University of Southampton and a patent application has been
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215

filed . Like the capitfﬁ} gap cell, interelectrode gaps are

small, typically <(0.5 mm.,yielding a low solution iR drop,

but one of the electrodes is rotated.

Features of the design (Fig. 5.18) include?'®;

2.

16

a high velocity gradient bstween the electrodes,

encouraging high mass transport,

an inherent pumping action,

the ?Dssibility af the csell baiﬁg self-cleaning,
the ability to treat or produce dispersions,
reasonablé potential distribution,

the reactor may be adapted to continuous use, and the solution

residence time controlled indepsndently of the mass transfer

rate, by controlling static pressure at the cell inlst,

Disadvantages of the reactor include:

1.

2.

the difficulty in Fitting a diaphragm,

the requirement for precise engineering and dimenpsjonal and

chemical stability of thselectrodes.



" -151-

; -
217,218 and hydrodynamic cha:jacteristicsm9

Both mass transfer
of the pump cell have been studied, and studies of possible applica-

tions have concerned:

7. organic synthsseszzu, including the hydrodimerisation of
acrylonitrile, alkoxylation of furan and epoxidation of

propylene,

2, inorganic synthesis including oxidation of bromide to

hypobromit9221, and production of chloratezzz,

224,216 (see Chapter 7).

3. production of metal powders
The reactor may be operated in either the monopolar or bipolar
mode (Fig. 5.19), the latter obviating the need for a rotating
pover feed to the rotor, A small commercial pump cell is

available driven by a magnetically coupled pumpzza.

Tracer experiment5222 have shown that thereactor behaves essentially
according to the plug flow modsl, but within each radially expanding
fluid element, sxcellent mixing is obtained due to tangential shear.
Residence time within the reactor may be controlled by adjusting

the mass flow, while mixing of species originating at the anode and
cathode is mainly governed by rotational speed. This situatiaon
allows partial tailoring of the reactor environment to suit the
needs of the electrochemical reactions and subsequent or consecutive

chemical reactions.
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In general, the reactor is said220 to be suitable for the following

kind of reactions:

Ta fast electrode reactions such as metal deposition or redox

reactions, where its high mass transfer may be utilised,

24 reactions with fast kinetics feollowing the electrochemical

reaction,
3. irrsversible electrude reactions,
4, reactions requiring mixing of electrogensrated products,

5. reactions requiring a species generated at one electrode

which is then to be oxidised or reduced at the other,

6. reactions of electrogenerated species with dispersions or

emulsions of other phases,

The possibility of sealing the reactor facilitates treatment of

toxic materials.

5.4,3 Extensive Surface Area Reactors

Several examples of bigh electroactive area cells have been
referred to already, including the Suwiss-roll cell, the Dupont

Extended Area Cell and the HSA reactor.
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128

The Swiss-roll cell has been developed and patented by Ibl

and Robertson’'s ressarch group at the Swiss Federal Institute of

Technolegy (ETH), Zurich. It is constructed

126,228 from an

electrode sandwich (Fig. 5.19) consisting of electrode and

-éeparating laysrs, the assembly being spirally wound around an

axis, and incorporated into a cylindrical container, The

electrodes may be sheets or nets, while the separators may be

individual or combined cloths, ion exchange membranes or porous

non-woven materials. This results in a modular reactor of high

surface area per unit volums and moderate mass transfer,

Mass transfer and hydrodynamic characteristics have already been

referred to in Chapter 3, where the importance of turbulence

promotion via the separator/electrode combination was noted,

Advantagas of the Swiss-roll geometry include:

© 2.

3e

a divided eell enables anodes corrosion by contaminated catholyte

to be avoided,

“the properties of the cell may be partially tailored by

alteration of the electrode/separator combination, although

this must be done on a modular basis,

the small interelsctrode gap and monopolar construction

result in a relatively low cell voltage and power consumption,

substantially uniform current density distribution,
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high space-time yield,

high electroactive surface area (2@-50 cm—1) per cell

volume,

Disadvantages include:

24

3.

in the case of metal deposition, the product may not be
removed coétinuously. Instead, intermittent operation is
necessary with backwashing and chemical or anodic’ stripping,
This is undesirable és a concentrated solution is cbteined,
rather than metal, and reversal of cell polarity may damage

the expensive anodes,

. the modular design means that electrode/ssparator changes must

be made as .a package changse, with gonsequent loss of

uersatility5

the engineering design, while simple in concept, is rather

complicated in practice‘

due to metal accretion, the pressure drop over the reactor
progressively increases; when the backpressure increases to
a critically high value, operation must ceass pending
cleaning, or alternatively a2 second, standby reactor must be

employed)
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The Swiss-roll cell has been used for the removal of various metals

from dilute solutions, including:

deposition of copper from acidic solutions, on a batch

3 5

recycle basis, from 5 x 107" M Cu to 5.1 x 107" M Cu, at an

overall current efficiency of 57%, and a cell voltage of

228
< 1.99 v,

removal of silver from photographic fixing solutions, a-

2 litre batch decaying from an initial concentration of ca.
0.05 M to a residual concentration below 0.1 ppm. in some
400 minutes.

3

removal of mercury from waste waters {4 x 107~ M Hg(ND

372)

at a stainless cathode resulted in high end concentrations

of 2 ppm. due to disproportionation or resoxidation of marcury.

The use of an amalgamating cadmium cathode solved this
problem, with a residual concentration -~ 0,01 ppm. (the Swiss

legal limit)

removal of zinc from cyanide pleting dragouts from 1l'_l_3 M Zn

to 55;10-6 M Zn, It was found that indirect oxidation of

cyanide, encouraged by Cl~ addition and subsequent anodic OCL~

formation, resulted in a faster deposition rate with lower
i

end concentrations

selective removal of copper from copper-nickel and copper-zinc

501utimns126, of 10-2 M in each metal and 10-2 M H,50

250, 99.9%

of the copper was removed with no detectable change in the

concentration of the second metal.
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It has already been noted that metal product removal is a
problem with the Swiss-roll cell. There are three possible

stripping methods:

T cell opening and mechanical remoual?
24 chemicai dissolution,

3. electrochemical (anodic) dissaolution,

The first is messy, tedious and rather impractical for a full

size reactor, Chemical dissolution is a fast and more convenient
sclution, but rather aggressive oxidising solutions such as nitric
acid or sulphuric/hydrogen peroxide must be used. This raises
cerrosion end materials degradation problems, regarding both the
electrodes and the reactor construction, In particular, damége

could result to the expensive Ti/Ru02 ancdes.

Anodic stripping can be performed under milder solution conditions

2.g. 1M H,_S0 but Ti/HuU2 anodes face serious damage due to

274
. ' 126
reduction of RuDz. Carbon felt andpaper

alternative anode materials.

e
ha% been suggested as

The metal holding capacity of the cell is illustrated by copper
deposition where, theoretically, 2 g/cm2 may be deposited. 1In

practice lower loads can be tolerated,.
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Simultaneous with the development of the Swiss-roll cell, Dupont
have independently developed a similar concept, the Extended

131,229

Surface Electrolysis (or ESE) reactor, vhich has alsc been

patented130. Curiously, Dupont have referred to this cell as a

.
'jelly=-roll’ 31.

The electrode sandwiqh used would appear to be comparable wigh that
of the Swisse~roll ceil, but knitted stainless steel mesh

(1 cm. thick) is employed rather than the thinner sxpanded titanium
mesh or sheet af the latter. The elsctroactive cathode surface

area per unit volume would eppear to bes similar at 30-50-cm-1.

In addition to metal containing effluents, the ESE reactor has been
examined with a - view to treatment of hydrometallurgical
process streams, Wark has been described on copper, gold, silver,

mercury and lead,

"DSA" anodes (Electrode Corporation, Chardon, Ohio) have been

emplayed rather than the Ti/Ru02 anodes of the Swiss-poll cell.

Metal leaching of copper was carried out with 20% w/u HNO; to
produce a concentrate of typical concentration ca. 20,000 ppm. Cu.
HZSDa/HZD2 has also been employed, when the leaching step took

30 minutes (cf., 10~30 hours for deposition).

The stacking of ESE modules end to end has also been investigated,

in order to achieve high overall conversions,
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Scale-up has been accomplished. through a 3 galy/min. pilot plaét
setup to a 100 gal/min, commercial scale. Although most of the
development work used spiral wound sandwiches,.consideration of
fabrication sase and cost caused the sandwich to be unrolled and
used in the planar configuration, with a fibre-reinforced

polyester reactor body.

AR third high surface area reactor has recently bsen developed,
in addition to the above tuwo. The patented231 carbon fib.er

reactor of H,5,A, Raéctora Ltd, (Toronto, Ontario, Canada) has
been developed by Das Gupta and Fleet232. Its applicatian to
the treatment of metal containing effluents has been described

by Kennedy and Das GuptaZBU.

The carbon fibre cathode material is advantageous in:

1. | having a high electrical and thermal conductivity,
2. being hard and light,

3. having a very low coefficient of thermal expansion,
4. having a high chemical inertness,

5. possessing.high hydrogen and oxygen overpotentials,

6 2
6. exhibiting an enormous surface area, typically230 2.6 x 107 cm

per g. fibre, which results in a specific surface arsa several
Ehousqni times larger than with other particulate reactors. Indeed,

such a value approaches that of hetercgeneous catalytic

reactors in chemical engineering.
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This reactor, however, still faces the problem of product recovery,
which agaimn is discontipuous, Additionally, treatment of
effluent streams containing significant cencentrations of

certain organics such as plating bath addition agents may serve

to poison the carbon fibre surface by irreversible chemisorption.

Fluidised Bed Electrode Reactors (F,B,E.R.)

The fludised bed elaectrode reactor, ipvented by Fleischmann,
Goodridge, Plimléy and Backhurst and patentad156 in 1970, has
received considerable attention from academic research workers
(see Chapter 3), and has fraequently been hailed as ong of the moét

important reactors ever conceived,

Until gquite recently, howsver, these expectations were not

realised by the commercial marketing of a F,B.E.R, Commercial
development work may bes said to have arigimated at Warren Spring
Labnratory16a and CJB Davelopments Ltd.165. The lattef work,
suppourted by N.R.D.C., led to the development of a commercial scale
pilot plant design. This was tested for a period at Scuth-African
hydrometaliurgical concerns, but further development ceased rather
abruptly and it is understood that operational problems arose,

Fig. 5.20 shows a sketch of the planar, side by side arrangement

of the CIB cell, where the platinised titanium anode and 1 M
sulphuric acid anolyte are separated from the metal containing

catholyte by an ion exchange membrane, Both cationic and anionic

types wers used, The cathode bed consisted of fluidised atomised
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metal (copper) particles with current applied via copper or

titanium fegeders in the form of rod or mesh.

A laboratory 30 x 40 cm. cell of this type (100A) was
successfully scaled up to a 100 x 100 cm. cell (1000A) before

a commercial cell was built,

The ion exchange membrane serves to achieve a low resistance
division between the electrodes, to prevent conducting fluidised

particles from bridging the electrodes, résulting in cell shorting.

Wilkinson and Haineé165 mention that a possible alternative arrange-
ment is a concentric geometry, and AKZD (see later) have used a

modification of this,

It is interesting at this point to consider slectrochemical
engineering studies of the F,B,E.R., by Backhbrst1ag. This author
studied both plane-parallel and concentric configurations, and
concluded that regarding scale-up, increasing the reactor dimension
perpendicular to current flow permits a linear increase in cell
capacity. Such anincrease in the.dimension parallel to current
flow, however, is not advisable past a certain length, 0.25 dm. in
the above studies. Thus scale~up might be best accomplished via
multiple cells rather thag a single one, This is in possible

conflict with the AKZD developments where single scaled up reactors

are being employed,
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The AKZO F.B.E.R.16? has been developed over the past seven years

at AKZO Zout Chemie, Hengelo, the Netherlands, and following pilot
plant trials since 1975 within and outside the AKZO Group, is now
being marketed for the removal of toxic metals from effluent and
the electrowinning of metal in hydrometallurgical processing.

Two commercial installations were set up in 1978 inside the AKZOD
Croup, each for recovery of ca, 1 Kg/hr copper from 50-100 g.p.l.

sulphuric acid,

The AKZ0 F,B.E.R., (Fig. 5.21) eppears to be a wsell engineered

reactor, having the fecllowing iﬁprouements over past designs:

1. rounded corner and smooth surface design details, together

with uniform fluidisation tend to prevent particle agglommeration,

2. the potential and current density distribution over the cathode

bed is substantially uniform due to the design,

3. problems with membrane erosion have beesn 'designed out'! by
the use of an AKZ0 developed smooth, cylindrical, porous,

ceramic diaphragm which has substantial chemical resistance.

Bed expansions of 10-30% are used to fluidiss purpossly prodgced
seed particles of the metal to be recovered. The bed ﬁarticles
grow from 0,5 mm. to ca. 1 mm,, become heavier and sink gradually

to the bottom of the cathode compartment, The process can be
operated continuously by addition of fresh feed particles and with~
drawal of grown particles, The subseguent short particle residence

time in the bed helps prevent agglommeration,
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A further feature of the AKZD reactor is sealing of the system,
to facilitate overpressuring of the anode compartment, or to -
prevent atmospheric contamination by 8.9 Clz in the case of

electrolysis of Cl~ solutions.

A main feature of design is the cylindrical disphragm construction
with an inpner rod anode, several anode/diaphragm assemblies being
positioned inside the single cathode compartment, This arrange=-
ment facilitates simple enlargement and avoids the need for exten=

sive manifolding as with filter press F,B8,E.R. designs.

Compared to packed bed reactors, F.B,E.R.'s display less tendency
to blocking, but opsrate at high power consumptions. ARs
demonstrated by the above AKZ0 design, the possibility of continuous

product removal is also an atiraction.

In complete contrast to the rather sophisticated and costly
enginesring design of the AKZQ reactor -is the 'Chemelec Cell' partly
developed by Lopez-Cacicedo et al. at the Central Electricity

Ressarch Council, Capenhurst, Cheshireiss’zjq, and marketed by

BEHT235 (Water Engineers) Ltd., Alcester, Warwicks.

The Chemelec Cell is @ modular design (Fig. $.22) comprising a

side by cide arrangement of alternating flat meshes, anodes and
cathodes. The electrodes are in the form of.meshes to encourage
turbulence promotion. Unlike the C3B and AKZO F,B.E.R.'s, fluidi-

sation is carried out via non-conducting glass beads, ca. 1 mm diam.,
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rather than metal particlies, and metal is deposited on the

cathode mesh rather than onto the bed medium, and in the form of
hard plate, rather than dendritic powder., Even flow distribution
is encouraged by a porous distributor in the cell bottom, 100%

bed expansion was used,

A particular advantage of this system is that, in electroplating
installations, the deposited metal on the titanium cathode may be
removed and used directly in the plating bath as an suxilliary anods.

Great care must be taken, howsver, to avoid bath contamination.

Unlike ths AKZQ F,B,E,R., the Chemelec Cell is unsealed, overflow
taking place by gravity to separate the outlet solution from the

glass bsadg.

The cell has been designed in perspex, for use near room temperature,
and to be installed near electroplating drag out and rinse tanks,

etc,

Power costs for the cell are stated as lying in the range 6-10 KWhr/Kg
electrolysis plus 1,5-10 KWhr/Kg pumping power, i.e. 7.5-20 KWhr/Kg
total, depending on the metal and its concentration, and on the

conductivity of electrolyte,

The standard module accommodates a maximum of 12 double sided
expanded mesh cathodes and 12 anodes, giving a total cathode (and
anode) area of 3.3 m2, the overall cell dimensions being 0.2 x 0.6

x 0.75 m. Half and quarto size units are also available.
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The Chemelec Cell is an interesting design in that the simple
geometry ;F parallel plate cells is retained, while the use of
fluidisation and ﬁesh alectrodes results in a cell capable of
respectabls mass transfer and electroactive surface area per unit
volume.

The cell has been employed to recover many electroplated met31523a

including:

1. copper and zinc from sulphate and pyrophosphate solutions,

2. copper and zinc from cyanide solutions,

Ja zinc from zincate solutions,

4, nic%el from 'Watts' solutions, and

5. silver and gold from cyanide solutions,

with varying efficiencies.

The absence of a diaphragm raises the objection of hydrogen.and
oxygen gas in close proximity, but results in a lo@ar cell voltage,

simpler engineering and the possibility of simultaneous CN~

oxidation when treating cyanide solutions,
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6% Sb/Pb anodes, or 1% Ag/Pb anodes have been used, in addition

to more expensive platinised titanium,

The €JB, AKZO and Chemelec F.B.E.R.'s are compared in Table 5.5.
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THE ROTATING CYLINDER ELECTRODE REACTOR (R.C.E.R.)

.

The concentric, rotating cylindsr slectrode (R.C.E.} is an
interesting uniform geometry which has been utilised in academic

and investigative studies due to its special characteristics regard-
ing uniformity of electrode potential and current density, high

mass transport and turbulent hydrodynamics,

These characteristics have resulted in diverse laboratory aspplications
for the gecometry, including controlled potentiel,elsctrogravimetry,
fundamental and spplied mass transport studies, corrosion measurements

in dynamic enuironmanté, strip electroplating simulation and

‘metallographic examination of electrodeposits,

The R.C.E._has also provided a suitablé geometry for an increasing
number of commerciel applications (perticularly in the fields of
electrowinning and electroforming of metals) including recovery of
silver from photographic fixer, hydrometallurgical recovery and
refining, electroforming, rapid electroplating and metal pouwder
deposition, effluent treatment of dilute metal-containing solutions

and electro-organic and electro-inorganic synthesis,

This Chapter attempts to present and characterise the R.C.E.R. as
a special, high performance device havipg interesting technical

possibilities.
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Gaperal

Some of the characteristics of the R.C.E, have already bsen

examined in earlier parts of this Thesis. Thus ths hydradynamics

of the system was extensively reviswed in Section 2.4, while knouwn

mass transport relationships were covered in Section 4.6, The

duty of R,C,E.R.'s has been referred to in Section 5,3.

In the majority of practicel ceses, the R.C,E. is in turbulent

flow, and the electrode surface is the smooth exterior of an inner

rotating electrode,.’

The generaelised characteristics of the R,C.E,R, are as follows:

2.

the slectrode surface is substantially equipotential due to

the uniform geometry (see Section 5.3.2),

the currant density experienced is also substantially uniform

(Section 5.3.2.),

the turbulent, three dimensional flow in a R.C.E.R, provides

a good approximation to the C.S.T.R. model (Section 5.1),

the mass transport is uniform and relatively high, being
readily conirolled by the rotation of the Eylindar rather than

the axial flouw through the reactur,
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3. rough rotating cylinders display markedly higher mass transport
than their émnoth counterparts, and ths mass transport also
shows a stronger dependence on peripheral velocity,

(Section 4.8).

These characteristics may be examined in more detail], The uniform
elsctrods potential pnoﬁerty facilitates potentiostatic control
(Section 5.3.2) of .the R.C.E., which may'ba utilised for the maas
transport controlled deposition of a single metal, or the salectiuq
deposition of the more noble metal from a mixture of one or more
motals. This aspect will be examined in detail later in this
Chapter and ié the experimental part 6? this Thesis, Controlled
potential deposition may also be utilised to delibserately produce

metal alloys of kpown composition,

The unifo%m-current density at the R,C.E., enables the system to

be utiliséd fﬁr the electredsposition of compact depositslof
guaranteed thickness at sub=limiting currents (as.in elactroforming)
or of reproducible metal powders, unde; mass transport control,

The spacially invariant current density and mass transport render
the R.C,E, an ideal tool for the microscopic or profilometric study

of the surfaces of metal deposits.

The approximation to C.S5.T.R. 5ehauiou: leads to a reactor whose
mass transport capabilities are not significantly affected by the
volumetric throughput. The mass transport {and hence the rate of
metal recovery) is, however, strongly dépendent oﬁ the rntatiunal.

velocity. In addition, the turbulent hydrodynamics in the R.C.E.
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enables reactants to be mixed at the reactor inlet, without the
need for an external agitator vessel, or an in-line mixer; gas
evolution from the electrode is also promoted. The practical
result of the C.S.T.R. epproximation is that the inlet concentrakion
reduces t©  tYhe reactor comcentrabion

(which is identical to that of the outlet) over the inlet
manifold, In large reactors, employing low rotetional speeds,
small annular gaps and low volume hold up, it is considered a

wise precaution to manifold the fluid nozzles to aid dispersion

and preserve the C,5.T.R, approximation,

The enhancement of mass transport et rough rotating cylinders is
an essential theme of this Thesis, and is examined in detail in

the experimental Chapters,
In the case of the electrodeposition of metal powders (Chapter 7),

the geometry of the R.C.E.R. allows a stationary or near stationary

scraper to be used to facilitate continucus metal product removal.

Basic Design Considerations

This section considers only single unit R,C,E£.R.'s, multipls
(cascade) reactors are discussed later, in Section 6.6, The
majority of the text refers to monopolar electrodes and to the

{mass transport controlled) deposition of metals at an inner R.C.E,
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6.2.1 Design Equations

The fundamental design equations for a R.C.E.R. may be arrived
at by considering the reactor to be a special case of a general

C.S.T.R, which has been described sarlier (Section 5.2.2).
Consider Fig. 6.1 where a R,C,E.R. operates under mass transport

control in the simple batch mode. The concentration at time t,

Et' may be related to the initial vaelue, CU by
c, = Co axp [ ~kt ] Equation 6.1

where the apparent first order rate constant, k, may be expressed

in terms of tha electroactive area, the effective reactor volume,

reactor’ and the mass transport coefficient, KL :

C = C exp| =K, A . t Equation 6,12

t a L =
v
reactor

The resulting fractional conversion is
1 - Ct = 1 - exp —KLA.t Equation 6.2
T v '
Q

Thus the conversion at any time t may be increased by increasing

KL or A, or by decreasing V.,
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Fig., €.2 illustrates this by considering a hypothatical example

uhere A = 100 cn®, V = 1000 e’ and K = O.icm s,

This yields

i - ct' = 1« exp -I: 10_‘21;] Equation 6.3

o

°

which is displayed as curve a) in Fig. 6.2, Curve b) shows the
increased conversion obtained by doubling k, This may be

. accomplished for a given volume by doubling A, or K or by

L
increasing both,.

The afea of the cylinder in the above example may be readily doubled
" by dogbling its length for a given diemeter. - (The mass transport
coefficient is largely insensitive to the lengthtn.diaméter aspect
ratio)., The expensive altermative is to employ two identical

RIC.EQ'S.

The mass transport coefficient may be enhanced by increasing ths

peripheral velocity, In the case of a smooth cylinder

0.3 -0.346 0,644 0.7

K, = 0,079 d7'7 Y Equation 6.4

i.e. KL ol UP'T : Equation 6,5

while for a rough (e.g. knurled) cylinder

K = [1.25 + 5.76 log. g—-l "2 g, 0-644 Equation 6.6
=]

ice. K VAT o Equation 6,7
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For example, if the diameter of the cylinder is maintained, KL may
be doubled by doubling the rotational velocity in the case of a
rough cylinder, and increasing it by a factor of 2,69 for a smooth

oneg.,

In the above casés, the increase in performance was gained by
increasing the size (lemgth) of the slectrade with the attendant
increase in materials and fabrication, or by increasing the

rotational speed and hence the rotational power consumption (sse
_latar). While pouwer cost; and mochanicel limitations impose a
constyaint upon KL for a given electrods size, the arsa is cone-
strained by the ratioc A . It has already been noted in Section 5.3.2

v
that this ratio spproaches 1cm—1 for a concentric R.C,E.R. with
negligibly small volume ( fo‘ih rI) and an annular gap (r0 - rI)'

of 1 cm.

The limiting current-time expression corresponding to Equation 6,1
is
.= - : Equati 6.8
I IL,O exp [ kt] quation

L,t

For sub-limiting current operation,Equations 6.1 and 6.8 becoma

C, = C_ exp [-KR] : Equation 6.9
t o rend
v
where k = Y KL A Equation 6.10
v
Y is a dimensionless parameter = i/i
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This may be rewritten

C = C Bxp - I .t
t ° [ 2FCV ]

The corresponding current history is

i, = 1 exp - .t
L ° l:zFCU :l

Equation 6.11

Equation 6,12

The behaviour described by Equations 6.1 and 6.8 assumes that the

exponential factor k is constant, that is, for a given reactor

volume, K, and A are time invariant.

L

experimegntal section, KL

metal powders under near=limiting current conditions.

As will be seen in the

and A increase during the deposition of

The simple batch reactor is of only limited use industrially, as

noted in Section 5,1, and a continuous flow through,single~pass

R.C.E.R., may now be considered, Fig, 6,3 illustrates this mode

with a steady volumetric flow rate of L cm3

outlet concentrations CIN and COUT'

3'1, and inlet and

Under limiting current

conditions, a steady state mass balance across the reactor yislds

MASS INPUT -~ MASS DUTPUT = MASS ELECTROLYSED

N {Cry = Cour) = XU A Creactor

according to the C.S.T.R. approximation, C

N {C C

N T nur) B ouT

REACTOR

= C

Equation 6.13

gurs 2nd

Equation 6,14
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The terminal concentrations are related by

Cour = 1 ' Equation 6.15
1
Coy + KLA/N

with a fractional conversion

FR = ELN - CUUf = 1= CUUT Equation 6.16
CIN CIN
A
fo K AN Equation 6.17
1+ KLA N

The factor KLA/N may be regarded as a performance factor

f. KLA/U for the previous, simple batch case). For a given
volumatric throughput N, the reactor conversion may be enhanced

by increasing KL, A or both, It has been noted previously that
increasing KL by use of a higher rotational ueloqity has mechanical
and power requirement restraints, while any increase in area must
be carried out judiciously with due regard for materials and
-fabrication costs. In pfactice, scale~up normally involves an

increasse in both KL and A,

The limiting current for the single pass reactor, in terms of the

.inlet concentration, may be cbtained by considering the definition
= Iﬂh , and manipulation of Equation 6,15
AZFCDUT

¢
u] KL

I =AzFC, o K '-k%hy_\_g | Equation 6,18
N
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For a steady state, single pass reactor, with constant R.C.E.
characteristics (KL and A) and a constant throughput (N},
Equations 6,15 and 6,18 indicate that both the conversion and the

limiting current are time invarient.

In practice, however, the deposition of metal as a powder under
mass transport control takes place with a concomitant increass
in both KL and A, This aspect, examined in the experimental

section, results in an enhanced conversion end limiting current.

Table 6,1 illustrates Eguation 6.14 by considering the conversion
of a hyputhetical_R.E.E.R. with KL.R = 1000 cm3 5-1, corresponding .
to various flow rates in the range 0_10& cm3 3-1. As expected,
the conversion is very sensitive to flow rate. In practice, the
conversion over a single pass R,C,E.R, for metal powder production
is normally in the range 0.1 to 0,9. This value may be_con#idared
as rather high for a single compartment reactor, but substantial '

improvement is achieved by operating a number of compartments in

hydraulic series in a 'cascade' R.C,E.R, (ses Section 6.6).

It is an interssting thought that the conversion of a R,C.E.R. might
be enhanced by recycling, as in Fig. 6.4a, Tha general case of

a C,5.T,R. with recycle has been considered by ﬂickett120. It

becomes obvious, howsver, that for a good C,5.7.R., no amount of
recycled flow can incrsase the mixing inside the reactor, or the
apparent residence time {(V/N), Recycle is only effective on a poor

C.5.7.A. which suffers bypessing from inlet to outlet. The conver-

sion is then invariant with recycle ratio,
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It might appear that there is no advantege in including a

recycle loop on 2 R,C.E.R, Consider, however, ths case shown in
Fig., 6.4b where én ialet concentration from a process stream is
time dependent, bu£ a constant recovery rate of metal, i.e. a

constant current must be passed through the reactor, .

The R.C.E.,R, must function at a fixed concentration, CUUT and
hence a fixed inlet CIN' This may be accomplished, over a
restricted range, by diluting C with treated outlet liguor

process

from the reactor to lower its valus to C The control ocperation

mw*

may be automated by sensing C and taking appropriete control

ouT

loop action to open or close valves in the process linas,

Batch Recycle Mode

The ge&eral case has been cansidered in Sectian 5.2.,3, and it has
been noted that this mode of operation is useful in the laboratory.
and in industrial.processing. The system approximates tuo

C.S5.7.R, behaviour if the reservoir volume is much larger than that

of the reactor,_and the residence time in the reserveir is high,

This mode is very useful in the laboratory for the following

reasons:

1) " the well mixed reservoir provides a large buffer capacity

to smooth out any concentration fluctuations,

2} additions of replenishment chemicals may be added directly to
the reservoir, for rapid and convenient mixing, e.,g. metal

concaentrate solution,
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3) the reservoir may be readily diluted in metal eithar by
immersing & secondery electrolytic cell in it, or by

addition of background elsctrolyts,
4) if the reservoir is dosed with metal concentrate (or metal
dissolved anodically), the system may be used as a single

pass R.C.E.R. with a large inlet concentration buffer cepacity.

EeZe2. Power Requiremsents

The powsr consumed by a R.C.E,R, may be divided into elsctrolytic

(Faradaic) and rotational power.,
Faradaic

The electrolytic power consumption P_ may be obtained as the product

E

of reactor voltage and reactor current

P =

3 VCELL’I

The reactor voltage includes components due to potential drops in
the busbars, electrical brushes and slectrode fesders, the

electrolyte, and the algebraic electrode potentials

IRelactrolyte + IRbusbars * Eanode

+ E

UCELL

cathode Equation 6.19
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In the case of a divided cell reactor, the contributions of anolyte
and catholyte potential drops may be separated, and the membrane

potential drop must be taken into account

UCELL = IRannlyta * IRcatholyta * IRbusbars

+ E IR Equation 6.20

anode T Ecathode * membrane
Recent increases imn energy costs have encouraged process technologists
to critically examine sach of the above components, &nd peowsr con=

sumption has becoms a major criterion in reactor performance.

In the case of the R.C.E.R., the electrolyte resistances may be
minimised by restricting the arnular interelectrode gap. The
anode potential contribution in the case of an'insoluble anode may
be minimised by use of an open mesh design to allow fres gas
evolution. In the case of divided cells;a thin conductive ion
exchange membrane may bs employed. Voltage drops in the anode
feeders may be mipimised by thick cross-sections, while for the
rotating cathode correctly méchinad, large surface area, metal
filled grephite brushes rupning on a conductive slip ring may be

employed,

Typically, for deposition of copper powder in an industrial divided

R.C.E.R.

-2
R = 3,5 ohm cm
membrare

-2
R = 2,5 ohm cm *
anolyte

-2
Rcathnlyte 7.5 ohm cm
Rbusbars = 0. trohm
Eanude = 1.5V
Ecathode = 1.2V
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At a rsactor current of 1 KA = 0,2 Acm_z, Equation 6.20 gives

CELL ~ Uanolyte * Ucathulyte-+ Ybusbars
Eanude + Ecathoda * Umembrane

(0.2 . 2.5) + (0.2 . 7.5) + (1000 . 0.1 x 10°°)

} (1.5) + (1.2) + (0.2, 3.5) v

G.5 + 1.5 + D.1 + 1.5 ¢+ 1.2 + 0.7 V

UCELL = 5,2V

It may be noted that the catholyte potential drop results in a
heating effect, This may be utilised, however, in ordar to
increase the mass transport of the reactor. The increase in

temperature may be sstimated as follows

AT = Equation 6,21

Pcatholyte
4,19 x N

. . . o
where A 7 is the increase in C, and

pcatholyte = ) I Ucathcllyte EQUatlpn 6.22

In the above example,

pcatholyte 1.5 . 1000 W

pcatholyta 1500 W

and the temperature rise given by Equation 6.21 at a flow rate of

100 em” s~ s

AT 1500 c

4,19 x 100

AT = 3.6 C
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If the current efficiency is 85% for copper deposition, the 1000A
will deposit 1005 g Cu in 1 hour. This is equivalent to a
Faradaic yield of 5,2 KW hr/Kg, To this figure must be added

ths rotational pouwsr requirements,

Rotational Power Requirements

There appears to have been very little work reported concerning
turbulent flow in fluids of low Schmidt No. with regard to the
powsr required to rotate an innar cylinder within e coaxial
stationary outer cylinder. While deteiled theoretical and experi-
mental studies have been carrisd out in the laminar regime, the
approach tc turbulent flow must be via experimental studias mhiﬁh

give rise to empirical relationships.

As reported in Chapter 2, the most comprehensive examination of
turbulent flow powsr requiremsnts has been by Donnelly and Simon17-20.
Unfortunately, this work was mainly concerned with Reynolds numbsers
near the critical value (ca. 200), and with small cylinders

(d ~ 1 em). With regard to practicel R,C.E.R.'s, the work of
wgndtZBB is more relevant es it involved smooth cylinders of radius

13.75, 12.5 and 10.0 cm rotating within a fixed 14.7 ¢m radius

outer cylinder.

For [U(rD - rI)])ﬂUa, the following empirical expression was
)

derived for the torgue transmitted to the outer cylinder

1
~

G = D.D?BTT'rIa‘P 1 wZESrD§O°25 Ewr Si'D'B Equation 6,23

%
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The power consumed in rotation may be obtaiped by multiplying by

the angular velocity, w

4 3 0.25 =0.3 .
prnf" D.U?31Tr1 P 1w §Sr0§ gersi Equation 6.24
rI -~
writing w = U/r,
=0,3 :
prot = us Equation 6.25

. 3 0.25
9.0731? rpplu !Sroi Eus;

1

It may be noted that the eguation denotes a small depsndence of

the powsr on the (interelectrode) gep S = Ty=Tp end the radius ratio

I 1) and fluid, {(knouwn

P and 3 ), the equatien may bes simplified to

ro/rl. For a given geomstry {known T T

) = constant uz‘7 Equation 6.26
rot

showing a rapid increase in P with increasing peripheral velocity U.

In Chapter 2, an expression for rotational power derived from fluid
mechanic considerations was stated as
3 -7

prot = f . /-TI'P T l1LuU” . 10 Equat_lon 6.27

N

for aanooth cylinder,

=0.30

f = 0.079(Re) Equation 6.28

2
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Combining Equations 6,27 and 6.28

p]__tJt =0.,079 . TU pr

! -7

. 10 Equatiqn 6.29

10 fuo
)

g"'no 30

It is interesting to compare this with Eguation 6.25, While both

equations indicate a Uz'7 dependence, Equation 6.29 shows no

dependence on r,~fp or T, due to the absence of thess fFactors in

T

Equation 6.28.

Considering typical valuss for the perameters, the respective prot

may be calculated,

-3
P = ‘1 g cm
I‘I =. 11.75 cm
1 = 23 cm
U = 1000 com s
d = 23.5 com
T = 12.75 cm
0
o = 0.00591 cn® &

Equation 6.29 yields g9 W while Equation 6.25 gives 171 W.

for rough cylinders in & saturated roughness condition,

-2

= {1.25 + 5.76 10910 d) Equation 6.30

f g
2 B
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Combiring Equaticns 6.30 and 6.27,

_ . =2 . 3 =7 .
Pt = (1.25 + 5.76 log,, g) «.-Tp . LU0 Equation 6.31
' Using similar figures to the above example, and assuming the
surface roughness e = 0.1 cm, the new rotational powser may bs
gvaluated from Equation 6.31 as -39"'5;;w, a considerable increase over
the case for the smooth cylinder, If @ is increased to 0.2 cm,
the power figure reaches 4*8’3 W.
T
It should be remembered thet the above rctational pouwsr fTigures

relate only to the shear force required to turn the ecylinder, In"

practice this is supplemsnted by motor and drive losses,

G.2.3 Scale-up

As has been noted, the process of scale-up involves increasing the

size and duty of the R,C.E.R. by increasing either KL and/or A,

This may now be considered in more detail, with the aid of mags

transport correlations.

A generalised mass transport for the R.C,E.A. may be written

e e o —wa e

(st) = a (Re)? (5¢)° | Equation 6,32

t
i
1
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It has already been seen that for a smooth cylinder, b = -0.30,

Equation 6.33, while for powder forming conditions in the Eco-Cell,

Holland308 has suggested the useful empirical formula where

b = -0.08 for copper deposition from acid sulphate solutions,

Equation 6.34. In both ceses, a = 0.079 and c = -0.644,

—U- 30 ( -D.GQQ

St Sc) Equation 6.33

0.079 (Re)

St

~0.08 (SC)-ufpa

8.079 (Re) Equation 6.34

Rewriting Equations .33 and 6.34 as an expression of the mass

transport coefficient:

b b

tg} Eg§°'6“4 Equation 6.35

K = 0.079 U™
. '\)‘ D

L

One-obuious concept of scals-up is such as to maintain the value

of KL' For a given metal and ion change, this amounts to mainteining
the current density at a fixed metal concentration in the reactor,

The increase in A with scale-up will then result in a larger duty,

by virtue of the heavier currents involved, For a given solution

at constant temperature, ~A) and D are fixed, and Equation 6.35
simplifies to

14b db

K = constant U

L Eguation 6,36

b b

Equation 6.36 indicates that in order to maintein K, (U1+ . d)

must itself be held constant during scale-up,
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For a hydrodynamicolly smooth R.C,E.R,, this facter is (UD.7 d—D.J)

while for a powderad metal rough R.C.E,R,, it becomos (UU'92 d-U'Uﬂ

).
) Th?éirasuiLS in martkedly different scale~up requirements.

Eun%ider a cylindar whora 1 = d = 20 cm (A= 1257 Cm2) and

U = 1050 bm 5-1 {corresponding to 955 rsvolutions per minute).

For scale-up in the smooth cylinder éasn, increasing the area of

the cylinder by a factor of 2 results in a diamster of 28.3 cn.

17 "Uu.}

To maintain the factor Uﬂ d , Ul must be 1160 cm 5_1 (equivalent

to 763 revolutions per minute),

0.92 d~D.UB

for » powdered R,C.C.H. however, maintaining U results

in U = 1031 em s~ (equivalent to 696 reveiutions per minute),

fhe differonce in r.p.m. is more merked with increasing scale-up

as will ba scen later.

Table 6.2 shows scalo-up of 'fco-Calls' according to Equation 6.34,
. o _
showing the r,p.m. neceoasary to maintain KL at 0.526 cm 8 , In thig

table, d/l has boen variad Feom .67 to 1.5 to ellow a smaller

number of diameters Lo be incorpurated as e standard renge.

For engineering convenience, the peripheral velocity might be

-1 :
maintained during scale-up 8t say 1145 cm s |, but according to
Equaticn 6,34, this would result in a fall off in KL with scale-up

{Table 6.3).

1t should be noted that a3 ‘a conseguence of acaie-up, larger
cylindere revolve at a deocreasing speed, which facilitetes engineering

design,

IT U is maintained during scale-up, the rotational power density,
’

inw 1:m-2 will be similar for pach size of R.C.E.R. .

R - LA ~
—————— . — —. —
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During a linsar écale-up in terms of area, the conversion over
the zeactor will increase in accordance with an eerlier squation:

f = KLFVN

R 1 + KLA7N

Equation 6,17

If, for example, the area is doubled and the flow rate N and mass

, transport KL remain the same,

Frea = 201K A/N)
fﬂ,,| (1+2KLA/ﬁ7

n

A
2+ 2KL /N

1 A/
+ ZKL N
If A/N is maintained, the conversion will remain constant,

The increased performance on scale-up may also be regarded zs a
chance to accept a higher volumetrie throughput (i.e. increase N)

while maintaining the sams conversion.

Mass transfer to the R,C,E.R. is high, and a constraint on the
performance of R.,C.E.R.'s for a given size is the anode current

density, which must not exceed that for known anode materials.
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If a perfectly uriform concentric geometry can be assumed,
neglecting any volume at the top and bottom of the cylinder, the

volume hold up in the cell is that of an annular space defined by
v =1 (e 219 Equation 6.37 .
reactor o I .

The elsctroactive area is defined by

A = 2T1ir ' Equation 6.38

A = 277l F1 Equation 6.39 -
v Tl &r 2 r 23
o 71
Ifd=20 =1,
A = ZrI
v R 2" .2
u_rI
Ifr -~r_ =1cm
o] I
A = 2r1
v (r0 + rI)

Further, if r, = T which is true for larger cells,
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Table 6.4 examines the cell volume as a function of reactor size
during scale-up, It cean be seen that the volume increases with
the arsa as required by Eguation 6.37. Further, A/V «p 1 cm-1

as discussed above,

It can also be seen that for a given flow rate, the nominal residence

time V/N increases with reactor size (Table 6.5).

Design and Construction

General
The design and construction of both laboratory and industrial
R.C.E.R.'s may now be discussed, There are many features which
have influenced the overall design, but the following points are
worthy of special consideration,
1. Is it desirable to seal the reactor?
2, Is division of the resactor necessary?
3. Is ths R.C.E. wiped or scraped?
4, Does the reactor incorporate a reference slectrode probe to

measure ths R.C.E. potential, or faciiitate potentiostatic

control?
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Regarding sealing, very few reported reactors have been .ssaled,
presumably due to the additional enginsering complexities this
iptroduces such as e rotary shaft seal, There are, howaver,

saveral practical reasons for sealing the reactor:

1. gases evolved at the electrodesand entrained in the electrolyte

may be safely vented,

2. the reactor is more likely to fill, and vortex formation is

discoureged,

3, fluidisetion 'and removal of metal powder from the catholyte

is encouragsd,

4, the reactor flow system may form a closed circuit to prevent

air oxidation or atmospheric corrosion of nesarby plant.

In laboratory cells, the design is often that of an nvarhung'stirrar
in a beaker ' with clear access at the cell top for introduction of
the R.C.E. Vortex formation in such systems may be discouraged

by either a baffle plate surrounding the shaft and near the solution
level, or by a close fitting lid around the shaft, Air oxidation
of the electrolyte may be discouraged by a conventional inert gas

(e.g. nitrogen) blanket over the electrolyte.

In the case of continuous metal powdsr production in the Eco-Cell,
(one of the few examples of a sealed call)‘consideration must be
given to thé protection of the shaft seal against the @brasive

action of fluidised mstal particles.
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- o . to
There are several reasons for dividing a reactor in separate

anclyte and catholyte compartments:

2.

3.

the use of a separate anolyte facilitates choice of an anode;
the provision of a noble anode in aggressive process solutions

is often a difficulty,

in the case of soluble anodes, such as in a refining cell,
the membrane may prevent anode slime from spoiling the cathode

deposit,

if the membrene has ion exchange propertiss, the selective
directional transport of a given species of ion may be

practised, i,e., slectrodialysis,

a reactor may be utilised for a variety of metal containing
catholytes, while retaining the same anode/anclyte (as in the

experimental part of this Thesis),

if oxygen svolution is the primary ancde reaction, and
hydrogen evolution occurs as a secondary reaction at the
cathode, the membrans senvés to separate a potentially

hazardous combination of gases in a sclution.

Depending upon the epplication, and the mechanical characteristics

required, the reactor may be divided by a porous ceramic cylinder,

porous plastics, or ion exchange membranes. The last mentioned
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dividers have thq advantage of being light, thin, of excellent
chemical stebility, low resistance, and of having a specific mode
of ion conduction, but are relatively expensive and need careful
support over éheir erea, which tends to increase the complexity
of desian., The support fabrication necessery may decrease the
available membrans surface erea, resulting in an incregse in

membrane {and enode) current density.

The possibility of screping or wiping the electroactive surface of
the R.C.E. has been considered in the literaturs. Such contact
of the cylinder may ﬁe continuous or periodic end may serve to
clesn and activate tha electrode, reﬁoue the product of react;un,
enhance rates of mass transfer or esven subdivide the R.C.E.
compartment, According to the duty required, the wiper/scraper
may be a relatively soft materiel such es rubber, or a hafd
machining tool material such as 'Stellite' alloys. Nadebaum

and Fahidy289 have provided a brief tabular reviesw of wiped

glectrodss,

Strafelda and Singerzga have reported the use of a small laboratory
bismuth R.C.E. which formed a predictable, well characterised,
near-ideel pH electrods when wiped continuously with a soft rubber
blade. In 2 second peper, Strafelda and Kozak293 employed a

wiped graphite R.C,E. as a continucus ampsrometric analyser for

the detarmination of phenol in water via anodic oxidation,
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Spencer et 212761297 have described® C and patentedzg? a wiped

rotating cylinder for an electroorgapnic reaction; the cathodic
reduction of bisulphite to dithionate. This reactor is described
in detail later in this Chapter.

72 have déscribed mass transport studies to a

Chin et al.
rotating cylinder wiped by a 'skimmer plate' of PTFE, Thase
" studies, described later, were undsrtaken in order to model mass

transport to a moving sheet.

The novel 'rotating multipolar electrode' reactor of Nadebaum and

Fahidyzag"zgz, utilises PTFE wiper blades to divide the reactor

intd several compartments, with an improvement in mass transport290

and continuous activation of the surFacezgS. This reactor, which

has also besen scaled to pilot plant sizezga,-is,considared ir

detail later.

Considering reactors for the electrodeposition of metals, the
rotating cylinder provides a useful geomatby which may be readily
scraped by either static or dynamie, partial or full, continuous
or periodic, single or multiple devices. The patent literature
contains several references to the use of such reactors in the
production of metal flakes aﬁd powders., The scraper may dislodgs
powder to the bottom of the reactor, where it may be periodically
withdrawn, or it may allow the powder to fluidise aut of the
reactor, or act as a chute.to carry the powder away from the

cylinder.
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These scraped reactors?’ 207

Eco-Ce11°%8720% g c.E.R., will be reviswed in detail later in this

s including the recently developed
Chapter.

Controlled potential slectrolysis of a R.C.E.R. by means of a
potentiostat hes been referred to in Secticn 5.3.1. ‘In order to
exert potentiostatic control the R,C.E. potentiel must be
measured with'rBScht to a standard reference electrode. This
necessitates the introduction of a probe into the reactor which
must be tough, resisteant tov chemicel and ebraeasive action, and
whigh must pess through the reactor body such that its tip liaes
near the active surface of a central portion of the R,C.E. The
pr&be connects via 8 salt bridge to a reservoir containing the
raference elsment, In practice, it may be necessary to seal or
pressurise the reservoir to pravent bulk diffusion of ligquid from
the cell. In addition, the R.C.E. shaft must be fitted with en
auxiliary potentiél sensing or 'zero- line' brush (Fig. 6.6b).
This brusﬁ connection carries only the minute (pA) measurement
currentlin a high impedance circuit, and in this way voltage
erp; across the power brushes are not included. In the absence
of this brush (Fig. 6.6a) the reactor effectively operates in a

partially galvonostatic made.

6.3.2 Laboratory Reactors

It is now interesting to compare the construction of laboratory
cells which have been dsscribed in the literature. The majority

of these studies involve mass transport measurements, and have been

N
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describsd in an earlier part of this Thesis (Section 4.6).

Table 6,7 attempis a broad comparison of laboratory R,C,E,

cells and reactors with regard to design, materials of construction,
and mode of control. The complexity ;f these cells' ranges from

a rudimentary, unssaled, undivided 'pole in beaker' design73, to an

engineered divided and sealed cell94 (present work).

Cell Body

Smaihaim's early cell employed a bakelite material, but the

majority of later ones havs utilised acrylic plastics {'Lucite',
'Parspéx',‘Plexiglas') as an insulating, transparent casing.
Aérylics have several advantages; from the constructional point

of view they are readily available in standard forms including

tube, bar and sheet, may be bonded by wglding, or use of a solvent
or solvent cement, and are readily machi#ed and polished, From

an operational point of view, the material aids visibility (although
this adventage is of course largely lost if the counter electrode

is a continuous cylinder).

Class (including simple beakers) has also been amplnyedTB, as a
vessel, An alternstive to an insulating cell body is to fabricate
it in the anode material. This feature was incorporated into

Robinson'ssa’84

cell (Fig. 6.,12), where a cylindrical copper vessel
was employed as a soluble anode, thshcup shaped bady being

directly clamped to an '0' ring in a phenol-formaldehyde resin
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top plate. The bottom of the vessel was treated with an
insulating leyér of polystyrene to limit anodic dissolution to

the cylinder sides, A similar approach could undoubtedly be
adopted for nickel counter electrodes for the ferro/ferricyanide
redox reaction. The use of discretse foil or mesh counter
glectrodes in an insulating vessel ﬁinimisas investment, especially
in the case of more exotic anode materials such as platinised
titaniumag, and results in a more versatile cell where a soluble

or insoluble anode may be utilised. Certain materials (e.g. lead)

are either too hasavy or 50P£ to be utilissed as a vesssl.

For particularly aggressive solutions containing organics or
operating at high tempepaturgs, acrylic plastics have a limited
lifetime and more suitable materials include polypropylene, pTFE289
or ceramics. Polypropylene, uéed for certain Eco=-Cell designs
(see later) must be welded (suitable adhesives ere not available)
and the cell designed for strength, és the material is less rigid
than acrylics. PTFE is rather expensive, is not readily available

in some standard forms, and may not be easily bonded by either

welding or adhesives,

Sealing and Covering

The majority of cells have been covered by a top plate to prevent

splashing and vortexing, and discourage heat loss. This top plate

68,684,284

may conveniently incorpurate a steady gland for the shaft

{which may tend to act as a seal if close fitting) or a pukka seal.
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Care must be taken to ensure that electrodeposition or dissolution

does not occur in the éaal arsa, and the cell may bs only partially

Filledzaa for this raason;

The cell body, if cylindrical, may be conveniently spaled to

68,84 94,82
ne 8]

r both of the end plates by an '0' ring seal com-

68,84,94,82,58

a

pressed into a groove with appropriate tie bars

This errangement has the advantages that disassembly is relatiuély
sasy, and different sizes of cell body tubes may be accommodated

by a series of caoncentric '0' ring grooves in thes end plateasa.

This desigh ﬁould also accommodate a diaphragm cell divider in

the form of a ceramic tubs, Such an arrangement has been constructed
by Sudallzo1, but for an agi£ated vessel rather than a R,C.E.R,,

and by Postlethuaite st al, for a R.C.E.R.°" (Fig.6.13).

It has already besn noted that, with;the exception of Eco-Cells
and the réactur described in the experimentai section of this
Thesis, thers are uefy few examples of fully sealed cells in the
literature. Moreaver, almost all of the laboratory cells have
been used ip the batch mode, with no ﬁréuision for flow through

the reactor.

Rotor and Drive .

The design of the R.C.E. depends very much on ths study in hand,
In the simplest case, the R,C.E. and the drive shaft may be

continuous,” having been machined from a solid bar of material; the
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electroactive area of the cylinder may be delineated by insulating
laquer, tape or sleeves and discs, In practice, a much more
versatile cell results if the cylindrical electrode is demountable
from the shaft, when different sizes and types of elesctrode may

be used, and electrode preparation and cleaning are facilitated.
Such preparation may inelude abrasion, chemical or electropolishing,
pickling or chemical cleaning, or electroplating to yield a fresh,

reproducible metal surface.

In the particular case of surface studies by, for exemple,
microscopy, a metal foil may be employed, wrazpped around the rotor,
(Hobinsonée’aq, Beard et a1.312 and the present work). This is
.facilitated by the fitting of machined end ceps.

Swalheim310 and Beard et a1.312, vtilised the R.C.E. to simulate

high speed plating of steel strip, and the plated foil could be removed

for further trsatment or examination.,

3
Eisenberg et al.57 and Sherwood and Ryan i have studied chemical
dissolution by casting organic acids directly as a solid rotor,

and machining the surface.

it is interesting to compare the shape of R,C.E.'s in laboratory
cells, by means of the ratio d/1. Normally, this ratio is

approximately unity, although it has been systematically varied

58,112

from 0.33 to 3.3 by Eisenbsrg st al. The majority of
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investigators have used a fixed gecmetry, and a d/l1 retio of == 1,
i.e. long‘cylindera. Aside from the convenience of simply
extending the drive shaft to form the rotor, long cylinders have
the advantage of minimising the contribution of any edge effects
near the end caps due t; a chqnge in hydrodynamics or current
density distribution, Squat cylinders of high d/l ratio have,
however, been reported by von Hahn and Ingraham31q, and the study
of Pini and DeAnna’ ' used a R.C.E. with d = 5 cm, 1 = 0.25 cm.

Robinson and Gabe68 have pointed out the advantages of using a

low raetic d/1, but using only a portion of the active area.

All of the cells in Table 6.7 have utilised a vertical R.C.E., and
this no doubt reflects the sase and convenience of such a system,
where a cell seal may be avoided, and the cell may be separated
either by raising the electrode and drive, or lowsring the csell.

In common with the rotating disc elesctrode, the R,C.E, requires a
variable spesd, controlled drive, Eccentricity and vibration,
although deleterious from the mechanical point of view, have far

* less effect on the aiready turbulent R,C,E, than on a normally
laminar R,D,E, The drive to the shaft may be either direct or

via a pulley and belt arrangement, and this is largely a matter of
mechanieai convenience. One point which should be borne in mind,
however, is that it may be desirable to electrically insulate the
shaft from the drive motor. The use of different ratio pulleys
generally enables a wide range of rotational speeds to be realised.
If a high r.p.m. drive motor is directly coupled to the shaft,
without an ‘intermediate gearbox or pulley system, it may be
difficult to realise low rotational speed due to commutating from

the motor, or mechanical resistance in the bearings.
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Normally an electric motor is used but hydraulic end pnsumatic

drives are possible, and an air motor has been used310.

Rotational speed may be measured with a mechanical tachometer
or stroboscope, but a more accurate and suitable device is an
electronic tachometer which may be used to automatically control

the Bpeéd.

A whole variety of bsaring errangements have been utilised in the
literature, The simplest designs have utilised a stirrer motor
with no additional bearings, or with merely e guiding gland near

the cell top. Other designs have utilised one or more bearings

58,68,84,282,

betwesn the motor and the c¢sll to produce a rigid assembly 190. 94
’ -

A bearing mey be mounted on the cell top315. In the absence of

bearings between the cell and the drive motor, or for additional

68,

support, the top plate of the cell Ba,(present worﬂ thae bottom

o1ate 21210 or both?84178482 oy be Fitted with steady bsarings,
typically fabricated as a PTFE slesve in the top plate or ' a cup

in the bettom,

Power Supply and Control

Conventionally, power may be supplied to the rotating cylinder
electrode via brushes, or liquid metal contact. The latter is
suitable for laboratory cells involving small currents, as the

mercury may be held in a cup with a platinum wire or rod making
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eiectrical contact, For higher current, however, & larger surface

area inverted cup design (see Fig, 6.11) is normally used and this

may suffer from hazardous splashing, with poor contact at higher

rotational speedsse. The use of a conducting mercury
190,73,58,284,311,74,82, 94 282

well conveniently avoids the nesd for a

separate potential msasurement contact,

Metal brushes have beasn employed for highsr currents, but grephite
brushes, especially when metal filled and running on a well -
machined matching slip ring, are preferred and have been used by

68,84,315,310,89

ssveral groups of wyorkers , 88 well as in the

present study.

It has been noted that a second brush is nscessary- for potential

measurement, and this has been incorporated by several research

190,89

workers as well as by the present author,

Unusual .Features

Certain specific features of R.C.E., cells have already been
mentiocned, including the design of rotors to hold foil

electrodessa’ea’312’310.

In contrast to the R.D.E., which is normally restricted to an
active surface area appreciably below 1 cmz, the majority of
laboratory R.C.E.'s are 'macro' electrodes, having typical surface

areas in the range 10-200 cmz. In view of this, it is interesting
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to note that a study has.been report9d316 on a8 'micro’ cylinder

of appareﬁt surface area 3,93 cmz, being a platinum plated, nicgal
plated brass cylinder of diameter 5 cm and length 0,25 cm.

Cﬁrrent densitiss of aﬁprox. 2~12 mA cm"2 vere obtained by
rotating this electrode at 480-19280 r.p.m,,correspending to

currents of approximately 8-48 mA only.

A vertically finnad R.C.E. has been studied by Sedahmed et al.,

as described previously in Chapter 4.

Normally, the inner cylinder is rotated in a fixed outer coaxial
cylinder, .but Ramaraju st al.ﬂl‘l have reported work on a cylindrical
anode vessel rotated about a fixed cylindrical cathode. This

coll employed a horizontal ring plate baffle mear ths solution

level, presumably to avoid wvortexing.

Soveral workers have includsed vertical baffles inside the R.C,E.R.,
somgtimes in urdef to aid mass transfer by encouraging random
turbulent flow. Thus Swalheim310 (Fig. 6.6) included baffles

"... for the purpose of acting as plates in breaking or retarding

_ the excessive rotation of the plating solution". This author

also ccnsidéred that baffles were necessary "to confine the current
largely to one half of the total cethade area", in order to
facilitate accuracy iH calculating anode efficiencies. Krishna
andajagnnnédharaju7a included vertical baffles fixed to the outer
cylindrical container walls (Fig. 6.9) to impede rotational flow,
These authors state that narrow vertical baffles considerably

influence flow, but-studies to this effect have concerned impeller



-202 -

stirrerquB which would be expected to give riss to strong
rotational flow. The authors also sought to improve mass transfer
by including en impeller at the bottom of the R.C.E., but there

was no marked enhancemsnt.

Racaqtly319, a pump impeller has been included on the bottom of a
R.C.E. to fender the reactor self pumping and increase fluidisation
of metal powder screped from the cathode, I¥-will bs sesn later
thét several reactors in the patent literature have included R,C,E.

fitted with impellers.

The use of a rotating coaxial outer cylinder for corrosion studies

in a dynamic fluid has been discussed by Haitz320 et al,

The judicious use of expensive platinum foil on a fixed titanium

anod3311 or a PTFE R,C.E. cathod9289 has been described in the

literature.

AR case of severely impeded flow around a A.C,E, is, perhaps

inadvertently, provided by Chin et 51?15. These suthors used a

R.C.E. fo simulate mass transfer to a continuous moving strip, and
provided a single, full length, close fitting baffle in the form

of a PTFE ‘'skimmer' plate (Fig. 6.19). | The mass transport results
were markedly different to those known for the R,C.E,

292

The R.C.,E.R. invented by Nadebaum and fahidy and studied by

61289—292

Fahidy et is worthy of special consideration dus to its
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novelty and sophistication. This device, referred to as a
rotating bipoler electrode (R.B.E.)} cell is depicted in Fig, 6.15,

and has several distinguishing features:

1. the R.C.E., is wiped continuously by close fitting PTFE blades

which subdivide the rsactor,

2. the R,C.E. is bipoler, as-the anodes in the subdivided
compartments are held at differsnt potentials, and as =a

consaguence the R.C.E., is voltage pulsad,

Indeed, the R,C.E, may be cathodic in one compartment, and

anodic in the other,

3 the device normally operates at rather low rotational velocitiss,

but the mass transfer is enhanced by the wiper blades.

The earlier deaigh of a bipolaer alecfrode, used for an examination
of the mass transfer characteristics, was supercedad by an improved
tripolar design using.threa carefuily machined wiper blades to
yield a low intercompartmental leakage current. This design
employed a platinum surface R.C.E., 12.50 cm long and 3.176 cm
diameter, giving an elsctroactive arsa of 145.8 cm?.  The R.C.E.
was installed inside a PTFE cylinder supported by a steel sheath,
The R.C.E. was driven from below with a PTFE-PTFE bottom bear ing
and a clese fittimg top bearing. IABrt gas was passed through

the bottom bearing obviating a continuous electrolyte film under
the electrode and reducing current leakage. The specially designed

. wiper blades maintained an average gap size of < 0.0015 cm.
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Mass transport in this reactnrzag’zgﬂ

has been described in
en
Chapter &, The reactor has normally b%‘potentiostatically

controlled,

It is understood that the development of a pilot plant version
of the above reactor is procesding (Fig. 6.16), but full details

are as yet unavailable.

The applications of the R,B.E. reactor will be reviewed in a
following. section, An industrial scale version has been envisaged

for the purpose of a recent sconomic analysiszsa.

AR comparison between the above reactor and the multicompartment
Cascads R.C.E.R, is made in a later part of this Chapter (Section 6.6

and Table 6.6).

Several other labaratory reactors are of interest. Fig. 6.17

shows an undivided R.C.E.R, with a hexagonal arrangemant of graphite
plate anodes, and a stainless steel/polypropylene rotor, This
reactor, suitably enginesred,has been employed in the recovery. af
precious metals including silver from photographic fixer solutions,

and gold from an alkaline cyanide solution321.

In 1a60rator§ cells, it is often convenisnt .to employ plate anodes
and Flatnembraneé, and Fig. 6.18 shows a suitable arrangement for
this, ~Fig. 6.78 a) shows an open catholyte, where the cell body
may be formed by a large tank, while 6.178 b) depicts a closed

catholyte arrangement for handling smaller volumss.
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Laboratory Applications

Mass Transport Studies

It has been seen in Chapter 2 that & wide range of flow patterns

is possible in a2 R.C.E. goometry merely by changing the rotational
speed, and this has encouraged hydrodynamic and mass trapsfer
studies invelving the R,C.E, geometry (see Chapters 3 and 4), with
and without axial flow, The electrochemical study of mass transfer
is a particularly elegant means of obtaining mass traﬁsfer data,

and its use as a routine tool has been encouraged in recent years

by the development of mass transfer correlations (see Section 4.6).
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The last ten years or so have sesn growing interest in voltammetry
as a means of obtaining elsctrokinetic date, and for analytical
purposes. Forced convection is often employed to obtain

sensitive, steady-state reproducible conditions at an electrode,

the technique then being referred to as 'hydrodynamic vaoltammetry!,

M8 o

Forced convection electrodes have besn reviewsed by Adams
may be divided into static slectrodes Qith moving electrolyte, or
dynamic electrodes, There are many examples of stationary elsctrodes
including conical, spherical, wire, tubular, chapnel, micromesh

screen and wall-~jet types. Also included in this class are £he
numMeraus porous columnar electrodes. The most studisd stationary

electrode is the tubular variety which may be utilised for the

quantitative apalysis of flowing streams.

The most studied dynamic electrods is undoubtedly the rotating disc
which along with the ring disc has found extensive use in the
slucidation of electrochemical kinetics as noted in Chapter 4.

Other rotated slectrodes include the wire, hemisphere and sphere.

The méjority of the above electrodes are best suited to laminar

flow conditions, which restricts studies to low mass transfer

rates, below 0,01 cm 5-1 say. Turbulent flow, characterised by
random chaotic eddy motion, is often avoided in academic studies

as it is invariably more difficult to treat from a theorstical
standpoint, However, turbulent systems are essentially for high
mass tranSport-stud;es, and the rotating cylinder SUppleménts the
rotating ring eleétrode; ihe turbulent tube electrods and the micro-

ring electrode in pipe flow.
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The R.C.E. has found surprisingly little use in hydrodynamic
voltammetry, despite established mass transport correlations.

1t possesses several possible advantages, howsver, including a
very high mass.transfer (making it suitable for very fast
reactions) which is readily varied by changing the rotation raﬁe,
and a very uniform electrode potential and current density
distribution, In eddition, the mass t;ansport rate at the
turbulent R.C.E. is substantially independent of velocity, and the

device is thus well swited to the analysis of electrolyte streams,

One possible disadvantage of the R,C.E. here is the incidence of
turbulent fluctustions of the valtammogram in the limiting current

region. This feature, common to other turbulent electrodes, may

"be attributed to microséopic velocity changes due .to eddy penstra-

tion into the laminar sub-layer. Thig effect has been studied

at a,R.C.E.zaz.

Elsctroanalysis

As mentioned above, hydrodynamic voltammstry may be used as an
analyticel tool, for gravimetric and coulomstric fechniques as well

as in the separation of metals prior to analysis.

The controlled potential separation of the more noble metal at a

R.C.E. has been raferred to previously in Section 5.3.2, and the
. ) L

technique is described in detail by llngan92 1 in Vogel's text

b00k210, and by Rechnitzzzs. Vogel's book210 provides an sxample.
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{p.525) of a rotating platinum gauze anode cell used to selectively
deposit metals at a cylindrical platinum gauze cathaode whose
potential is closely controlled. Depending on the ease of segpara-
tion, control of cell uoltéga or potentiostatic control may be
required, ' The rotating cylinder has a substantially uniform
electrode potential across its entire surface, facilitating a

clean separation, and the high rates of mass transfer ensure a
reasonably rapid analysis time, The inert pletinum cathode
facilitates chemical cleaning and being static is less likely to
lose metal than a rotating cylindrical cathode. A great advantage
of electrolysis is that it avoids addition of sxtransous rsagénts
which may complicate subsequent determinations, In addition,

it avoids ths loss of constituents via coprecipitation, which is

a drawback of chemical precipitation methods of separation,

The industrial separation of metals by the R.C.E.R.323

is being
encouraged by the development of large scals potentiostats. and

suitable reactors such as the Eco-Cell,

One of the few examples-in the literature of a flow through R,C.E.
cell is the one due te Johansson, (Fig. 6.20) which has been employed

as a controlled potential coulometric device.
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Electrodeposition

The R.C.E, has béan utilised to examine various asﬁacts of
elactrodeposition, including electroplating deposit quality,
surface morphology of powdered deposits, electrowinning and

slectrorefining.

The studies of Swalheim310, Beard at 31.312 and Chin et al.72

in simulating strip plating have already been noted. The
electroforming of metal foils on a hbrizontal, partially immersed,
slouwly rotatiﬁg cylinder cethode is accepted industrial practics,
and is routinely used for nickel and copper foil production.
Electroforming may be contrasted with the spplication of the
Eco=Cell to metal rscovery. The latter is a high peripheral
velocity, high mass transfér device wsll suited ta the reéovery

of metal from reletively dilute solutions ( <2 gpl), whereas

~electroforming is invarimbly carried out in high concentration

(v 60 gpl) solutions with a rotational velocity in the order of
several r.p.m, In the case of electroforming, close conforming
anodes help to ensure a low IR drop ip solution with uniform
current density, while pumping the electrolyte through the annular
gap provides increased rates of plating and uniform solution
compasition, It may be noted that the hydrodynamics at the
partially immersed cylinder are not well defined.

32&}302

Metal mesh may also be produced at R,C.E.'s and this will

be referred to later,
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Earlier work on electrodeposition has been reviewed by
Narasimham and Udupa255 and is essantially qualitative making
use of the R.C.E. motion to improve the rate of deposition or the

deposit quality.

Edwards and wallzaa have considered experimental powser consumption.

in a coppsr electrowinning R.,C.E. cell.

The presence of uniform potential and current density over a
substential area of the R,C.E, facilitetes studies involving
microscopic or profilometric examination of deposit

morphologyjzo’sa’aa

, as in the present work,

The uniform deposit morphology extends to the case of metal powder
deposition, and forms an important aspect of the experimental work
in the present study, Nadebaum and Fahidy291 have smployed the

novel 'rotating bipolar electrode cell' to concentrate, refine and

purify copper in sulphuric acid solution.

The use of the copper deposition reaction to study mass transfer

at a.R.C.E. has been discussed in Chapter 3,
Corrosion
The use of the R.C.E., to study corrosion in dynamic environments

is a developing field which owes much to the endeavours of Heitz

and his colléagues at the Dechema Institut, Frankfurt,
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Much of the earlier literaturs is confused due to a tendency for
chemical reactions to be rate contrelling at higher rotetional
270-277
speeds rather than mass transfer control, At intermediate
speeds, thes velocity index was found to have valuses bstween
0.7-1,0, Gas svolution may also have an important effect, and
Roald and Beck175 found that at low acidities the rate of corrosion
of magnesium by hydrochloric acid was proportional to (angular

0.71

velocity) as expected, but. for HCLl > 1,4 M, the corrosion

rate was apparently indspendsnt of rotation,

Haitz287 has pointed out that the R.C,E, offerse a much more
convenient leboratory tool than a flow through pipse geometry,
There are several reasons for this:

1. a small volume of fluid may be used,

2. flow rigs may be avoided, including rotammeters and pumps,

3. there is greater access to the specimen for pretreatment and

examination,

4, the effect of relative flow may be easily studied by altering

the rotational speed,

While an inner R,C.E. may be studied for corrosion tests, Heitz
et 31.325 have preferrsd an outer rotating cylinder with a static

cylindrical specimen, referring to this as a 'coaxial cylinder’'.
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With increasing rotatinﬁal velocity, three separate regions may be
discerned, After a region in which the mixed kinetics of mass
transfér and phase boundary kinetics predominate (region I), a
region virtually indépendent of Flow rate follows {region II) as
with sarlier studies, Finally, typical erosion corrosion ensues
with a further increase in currus;on rate (region III)} after an
induction time of several hours, The above workers have used
the 'coaxial cylinder' for the selection of resistant materials
for the casings of seawater pumpsszs. Studies involving a flow
through 'coaxial cylindar} {described in detail by Loss and Heit2326)
involved a rotation speed of up to 7000 r.p.m. 2bout an inner cylin-

der of 12 m diameter, with an annular gap of 0.4 cm,  There are

several advantages of the static inner sampls elsctrodes

1. surface corrosion products are not removed by centrifugal

force,

2. the flow pattern is considerably more stablie; no Taylor

vortices occur,

3. difficulties of electrical contacts to a rotating assambly

are avoided.

A ‘rotating drum' corrosion test, relevant again to erosion

corrosion, is described by Syrett3322
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328,329

The effect of“dissnlued_oxygen327 and chloride ions on the

rate of corrosion has been studied,

The cathodic protection of a Monsl R,C.E. in 4% sodium chloride
at 23°C has been examined by Cornet and Kappasssrag, while

285,311

Kar et al, have studied the effects of alkyl amine surfactants

on cathodic protection.

%0 have described the reduction of the corrosiaon of

Sedahmed et al.
copper via use of iphibiting drag reducing agents added to the
orthophosphoric acid,

191,330,331

Makrides st al, have attempted to incorporate a roughness

factor into mass transport relationships for corroding specimens.

Commercial Applicaticns

Despite a host of diverse laboratory studiss, there has been
relatively few reports of commercial R.C.E.R.'s in the technical
iiteréture with the exception of the Eco-Cell, It is necessary
instead to explore the patent literaturs, where a whole varisty
of R.C.E, assembliss are found, particularly.For metal deposition,
but also for organic synthesis, Some of these patents date back
to the turn of the century, showing that commercial R,C.E.

assemblies are by no means a8 recent introduction,



6.5.1

-214 -,

Organic Synthasis

Udupa et al?33 have synthesised salicylaldehyde on a pilot plant
scaia by reduction of salicylic acid, Production was carried

out on a semi-continuous basis using a reactor incorporating three
amalgamated copper R.C.E. cathodes (Fig. 6.21). The reactor
employed 10 cm, diameter seamless copper pipes, cored with wood,

and stopped off at the bottom with black pitch, rotating at

1EOD r.p.m, The salicylic aciﬁ catholyte was eeparated from the
sulphuric acid anolyte and lead anodes by a porous rubber diephragm,
Thic process was scaeled up from a laboratory cell to a 300 A unit
capablé of producing 1 Kg of the aldehyde in four hours at 18%c

and a current density of 12=15 A dm-z.

Spencer et al, , as previously noted, have described296 and
patentedZQT'a novel wiped R.C,E.R. to synthesise dithionite by
cathodic reduction of bisulphite. The authors had employed both
R.D.E, and R.C.E. cells in early studies,but decided toc concentrate
their efforts on the latter for process development, due to higher
mass transfer and more uniform current density and wiper pressure.
The reactor (Fig., 6.22) was used in a continuous mode, with bismuth,
nickel or stainless steel rotating cylinders, 3 in, diameter and

3 iphigh, rotated at 10-100 rpm. A perspex cone was glued to the
cathode base to minimise cell volume, and the reactor was divided

by a cylindrical cation exchanga membrane from a quartersd cylindrical
carbop anode in a brime anolyte, The unit was capable of 30 A

current, Four vertical wiper blades pressed against the cylinder
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to increase mass transport and activate the electrode surfacae.

The efficiency of wiping was demonstrated by the current efficiency
of the process at 20-30 Adm~% which incressed from 26% with a
cathode-wiper clearance of 0.062 cm, to 96% with e zero nominal

tlearance.

6.5.2 Electrodeposition

0f the many references to electrodeposition at a rotating cylinder
geometry in the patent literature, it is difficult teo know which
designs have sventually been incorporated into industrisl practice.
The revisw of the patent literature which follows is not exhaustive,
but neverthsless serves to illustrate interesting features and
applications of the R.C.E,R. An overall comparison is offered in

Table 6.8.

The device described by Benner334 is the only known example of a
bipolar R.C.E.R.? apart from the previously described reactor of
Nadebaum and Fahidyzgz. The main aim of the inﬁentinn is the
removal of ions from a liquid by segregation into anionic and
cationic streams. Fig. 6.23 shows one version of the reactor,
eﬁplnyiﬁg two horizontal R,C.E.'s, although a greater number may
be used, as may a vertical rotating assembly. Separate power
supplies and a resistor network are used to control the potentials
of each R,C.E. relative to counter electrodes, The resulting

polarities are such that the facing sides of the cylinders ars of

opposite sign, as are the opposite sides of each cylinder., Liquid
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enters the reactor in the space between the contrarotating cylinders,
and is pumped through narrow conforming geps betwsen the R.C.E,'s

and the reactor body, Cations are induced to preferentially pass
towards one outlet, and anions to the other. This is facilitated

by coating the R.C,E. surfaces with therappropriate ion exchange

material.

It is interesting to compare this reactor with the rotating multi-
polar electrode reactor (Fig. 6.15). The latter is undoubtedly

., @ morg versatile reactor and necessitates the use of clossely fitting
wiper blades to maintain a low intercompartment leakage; Benner's

device, however,utilises no such wiper and compartment division.

It -should be noted that no detasils of dimensiors ,meterials or
performance are divulged in Benner's patent; the device seems

little known and might be expected to be very inefficient.

A further point of interest is that the above author has suggested
the use of.a number of such units connected in hydraulic series,

i.e. a cascade arrangement of ssparate f.C.E. reactors.

Two of the earliest patents on‘the R.C.E.R, are those assigned to
Lacroix335 and Cowéer-towlesj36. Lacroix335 has described a R.C.E.
for the extraction of metals from hydrometallurgical solutions,
such as copper from sulphuric acid, (Fig. 6.24), An insolubie
anode is employed, electrolyte passing from the catholyte, through

the anode, to overflow through the cell body. It is suggested that



-217 -

a8 cylinder of diameter 1 metrse, with a similar circumference
(aree = 100 cmz) may be rotated at 40 r.p.m., to obtain regular
~ non=-spongy deposits, even at current densities of 200«400 A m"2
and copper concentrations <<1%. The author commented on the
uniformity of the deposits, attributing this to the Bymmgtry, and
on the current efficiency. Normally current efficisncies were
low in the presence of ferric ions due to redissolution, but the
'rotary electrolyser' was stated to overcome this problem,

6ne of the simpiegt (and shortest)} patents. is dus to Cowper-C0195336
who has described the deposition of sﬁooth iron as tubé or shest.
Thess.deposits vare sdherent and non<brittle even at relatively

high current densities of 40 A(Ft)-z. The cell was specifically
designed to prnui&e good mixing for the 'in gsitu' dissolution of
iron sponge in hydrnchlbric or sulphuric acid, or ferrous sulphate
and could be operated just below the boiling point of saturated
ferrous sulphate solution. It is.interesting that the author

included an additional impeller attached to the underside of the

R.C.E. (Fig. 6.25).

The increased rate of deposition of silver was the motive for a
patent by Schaefer337. The device described is a cell in which
a cyanidic silver electrolyte recirculates, gnd wvhich is equipped
with soluble silver rod anodes and a R,C.E, cathode (Fig. 6.26).
{athode current densities of 75-200 A ft-z are claimed at silver
‘cyanide concentrations of 40-50 g 1'1, but no details of cathode

rotational speed are given.
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British Patent 1,349,672 describes the elactrowinning of metals

at a rotating horizontal hollow drum>~° (Fig. 6.27). This

invention is an unusual device in that both the ancde and cathode
rotate (in the same direction), and the containing vessel also
‘'serves as a cathode at its inner surface. The vessel is cherged
with crushed ore in a bat;hmise fashion via &n insulating bush
around the anode rod, and the inlst/outlet pipe may act as a gas
vent, No further details of the device ar examples of its
performance are disclosed in the patent. The pussibility is
mentioned of inclining the rotating drum to facilitate the continuous

charging of fresh ore and discharging of spent ore,

One of the main practical applications of the R,C.E£. geometry
has been the removal and recovery of silver from photographic
fixing solutions, end several R,C.E.R.'s appear in the technical
" and patent literature, in cells of varying complexity, The

removal of silver is practised for several reasonss
1. the inventory of a precious metal is kept louw,
2. the fixing rate increases with silver build up in solution,

3. silver may be removed from unused or waste film by fixing out,

followsed by electrolysis.

Fulweilar339 has described & cell with an hexagonal arrangement.

of graphite plate anodes surrounding a central hollow stainless steel
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rotating cylinder, equipped with an impeller on its top surface,
(?ig. 6.28)., This unit claimed to have a current efficiency of
about B88-92%, appreciably greater than existing units which
operated at 75 percent under similar conditions. The R.C.E. was
reported to be égpable o% operation at silver concentrations as
low s 0.2 g 1”1, but -preferably betwsen 0.3-0.5 g 171, At the
0.5 g 71 level, &n optimum design of cylinder, with a diemeter
of 12 in, end a langth of 6 in., rotated at 317 cnm 3'1 and was
rcapable of current densities of 8-10 A Ft-z. It was stated'that
the diameter/length ratioc of ebout 2 to 1 was a preferred
characteristic, The hollow cylinder fabrigated From'16 géugel N
stainless steel was equipped with a bottom support bearing and a
top-mounted impeller to‘promcte fluid circulation, end vertical
baFles were provided in the tank to impeds rotational flow. The
essential features of'this invention are incorporated in a

commarcial cell marketed in the U.S.A.3QU.

Thé cell described by Fisc:he:rj!41 for photographic-silver recovery
is rather more sophisticated. This device comprises a cylipdrical
cathode surrounded by four cerbon rods as ancdes {Fig. 6.29). To
improve circumferential fluid movement, the cylinder is provided
with & number of full length, vertical helical fins. The
possibility of using a rotating polygon with, for example, B sides
is also discussed,. The hollow rotating cylinder is equipped with
an impeller at its upper surface to encourage downward axial
motion of fluid, speeds of 50-200 r.p.m. are mentioned which enable
silver to be recovered at 57 grams per hour (equivalent to 14,3 A
at 100% curreqt efficiency). To the authort's knowledge there are
no commercially.marketad units incorporating the features of the

above invention,
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Rnuthar polygonal rotating electrode is Qascribed in an Australian
patent3a2 (Fig. 6.30), and was devised to electrowin mstals.
Advantages claimed were depolarisation of the electrodes, and the
maintenance of current densitiss of approximately 50 R(ft)-z.

A novel feature is that the polygonal cathode was made to oscillate,
i.s. to revolve in one direction, then the other. As with a
previous raactopjsa (Fig. 6.27), the crushed ore was introduced
directly into the well-sgitated electrolyte in the cell, thus
conveniently combining leaching and electrowinning in the same
reactor. The-oscillating rotary motion wasg claimed to avoid
uortaxiag. Another interesting claim is that the polygonal
cathode was diréctiy compared with a cylindricel onse, when the
former demonstrated a superior current efficiency of 80% rather
than 50%. This was conjectured to be due to the voltage pulsing
arising as a consequence of the changing distance bétween the.
electrodes, Thé deposit was hard and crystalline, end uniform in

"thickness,

Examples indicate that the reactor typically operated at concen-~

trations in the order of ;B 1g 1-1.

Julien343 has described the slectrowinning of copper in sheet form
at a R.C.E, (Fig. 6.31).- The main‘purposa of this invention was to
adequately support an anode basket cantaining soluble copper by
suitably positioned braces, the anode arrangement being devised to

yield a uniform cathode current density.
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A patent dated in 1968:“m involves the use of a rotating cylinder for

the electroplating of metals, with specisl reference to the recovery
of silver from photographic solutions. " The epparatus (Fig. 6.32)
involves a closely conforming thin sheet counter elsctrode which is
free to adjust itself to a relatively censtant spacing {ca. 0.003-
0.020 in.} from the R,C,E,, which may serve as eithsr anode or cathode,
The patent claims that the device is cepable of treating quite viscous
solutions, yislding silver as a thin plate which may be stripped from
the R.C.E. Electrolyte is removed from the rotating drum via e

rubber wiper blade exerting a "sgueegee" action, This gecometry,

while ingenious, would appear to present difficulties in engineering
and maintenance and, to the author's knowledge, is not commercially
marketed. The &euica appears to have been effective, though, and at

a silver concentration of 2.5 to 10.9 1'1, a voltage of 1.5 to 2 volts,
anode rotational speeds of 5 to 115 r.p.m., and an interelectrode

spacing of 0,005 in,, current densities of up to 3 A ft-z were

realised,

The action of scraping or wiping 2 R,C.E. may accomplish one or more
of 'a variety of purposes. In a patent by Arrigo Pinijos, ‘doctor
blades' are employed to remove metal from a R.C.E. which then settles
in the electrolyte, to be removed from the bottom of the cell (Fig. 6.33).
The doctor blades are mounted in an apnular cavity formed between
coaxial surfaces of the rotafing cathods and scraped opposing faces

~ of the cathode. The static anodes which were dissolved and replaced,
were interspersed between doctor blades in the annular cavity., Metal
was recovered from the cell via settlement as tiny crystallites, and
apart from periodically replacing the consumable anodes, and the

metal product, the reacter was continuous, No process details or

examples are given in the patent.
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While the general aim of the above patent is the prﬁductiun of purse

(silver) metel, a British Patent3ou

describes the production of a
cupro~lead alloy powder from a cyanide/EDfn complexed bath containin
both metals. The alloy powder was deposited (Fig. 6.34) on the
outer surface of a partially immersed horizontal R.C.é., and scraped
from its exposed surface, either cnntinuoﬁsly or discontinuously,
then transferred via the scraper trough from the electrﬁlyéis cell.
Tha anode_wdg typicelly a bed of mixed copper and leed turnings,

and the geometry was rather irreqular (fig. 6.34). Typically the
cell operated et a current density of 50 A dm-z, a cell voltage of

8 v and a temperature of 80°C to produce fine homogenaous metal

pouwder,

The recovery of zinc from an alkaline solution has been reported in

a French patent?’”,  The invention (Fig. 6.35), typically operated

at zinc concentrations of 30-40 g 1-1, a current density of 10«15 A dm”

vith an slectralyte temperature of 25-30°C and a.current efficiency
of 90-93%., Zinc was deposited in a spongy form with a typical
specific surface area of 4000 cm2 g-1 employing a R.C.,E. travelling
at 5-10 r.p.m, As shown in Fig. 6.35, the apparatus utilised
aither a horizontél or a vertical R,C.E. In the‘Former case, the

R.C.E. was less than half immersed, with a scraper-trough conveying

|

300

the powder away from the exposed surface, as in a previous example
(Fig. 6.34), In the vertical design (Fig. 6.35), insulating
plastic scrapérs are incorporated on the R,C.E., anode, and the metal
powder formed on the cell body/cathude is allowed to settle to a

conical section in the lower part of the cell (c.f. Fig. 6.33)305.

i

b
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Alternativaiy, the roles of the R.C.E, and stationary electrodes
may be reversed, In the case of the horizontal design, the cell
‘body conveniently doubled as an anode and the scrapsr trough, uhose
tension against the cylindef was regulated, acted as an glectrical
contact taking the place of a conventional power brush/slip ring
arrangement, The R.C,E, drive shaft and end cap are fabricated
from an insulating material, to prevent electrical shorting to the

anode,

A recent petent dug to ch:r:iy:"03 describes a R.C.E. which, in common
with one version of the aboﬁa patentzgg, has the feature that the
partially immerssd horizontal R.C.E. is scraped by @ tensioned
trough, wHich doubles as a pouwer Feeasr, (Fig. 6.36), The main

aim of this inveption is the anodic dissolution of metel e.g. copper
ores in acidic cuprous halide solution,:the resultant copper cations
being slectrodialysed through a porﬁus dividing pot around the aane.
Deposition of recovered copper then takes place on a R,C.E. cathode,
The cell operated at a typical cell voltage in the renge 6-12 V,

and an anode current density of 8-10 A (Fﬂ'z, and produced copper

either as a shiny plate or a powder.

British patent 506,59039“ to Johnson (communicated by 1,G.Farbenindustrie
Aktiengesellschaft) concérns the recovery of zinc 'dust' from

zincate solutions on a R,C.E. cathode, A novel feature of this

reactor {Fig, 6.37) is the provision of a hollow drive shaft and
cylinder, to facilitate cooling by a recycled fluid., Zinc dust is

- deposited on the vertical cylinder, and its lateral growth is

controlled by static rubber scrapers attached to the anodes., In
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use the device was typically used to electrolyse zingcate solutions
containing 50-120 g 1! ZInQ,with a cell voltege of 3=4 V, and current
densitiess of 15-25 A dm-z. Zinc of 90-99% purity was obtained at
9d;98% current eéFiciency. The cathode was typically rotated at

YV r.pem.

Cleau9301 has patented a rather complicated reactor involving a
R.C.E. cathode for electrodeposition of metals (Fig. 6.3B), with
special reference to the refining of silver. Thedvice utilises
static anodes incorporated into an insulating, inverted (earthenware)
vessel. The segmented plats, rotating éylindrical cathode is
scraped by a resilient rubber strip set at an angle to the vertical
surface of the cylinder, and the product collects in a jar to be
removed at intsrvals. The patent incorrectly refers to current
pulsing as a major cause of the production of loose deposits.
_Advantages of the dovice were stated to include a smell volume,

the minimal attention required, automafic acraping, rsduced

inventory of silver and low cell resistance.

In contrast to ail of the above patents which concern metal plaete
or powder production, Nurdblom302 has described the electroforming
of ‘nickel flake at a pertially submerged R,C,E. (Fig. 6.39). The
metal flekesg ,utilised as the positive plate of nickel alkaline
batteries, were tyﬁically 0.1 in, squaref;bout 0.000040 in, thick,
This flake was produced continucusly, by contacting the surface of
the cylinder with a special non-conducting matrix (e.g9. a phenolic
resin), The nickel was removed from the cathode by slectrolyte
jets.  Typically, a nickal sulphamate bath was used containing

150 g 17 nickel carbonate at 48°C, with current densities of up to

200 A Ft-z.
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The most recent patént literature concerning rotating cylinders

206,307 hile

is due to f.S.Holland and Ecclogical Enginesring Ltd.
being superficially similar to some previous R.C.E.R. designs, the
Eco~Cell is an engineered, scaleable reactor capable of continuous
producfion of metal powdar with continuous electrolyte Flow3061309

(Fig., 6.40). The current density on the R,C.E. is chosen in accord-

ance with the formula
i = KCv Eguation 6,40

where x = 0,7 to 1,0 , such that powder production ensues. A
divided cell is pfeFerably used, and the reactor is cepable of
treating relatively dilute (2 ppﬁ - 10,000 ppm) metalAcontaining
liguors, - fig, 6.40 shows a flow schematic of a typical Eco-Cell
process, The catholyte comprising the metal containiné process
solutiuﬁ'is circulated %hrough the Eco~Cell where metal powder ic
deposited on the R,C,E, cathode, The metal product is continuousiy.
dislodged and is fluidised out of the reactor in the metal depleted
liguor. This three phase (gas, metal, and electrolyte) may be
separated by conventional means, for example, following gas separation
the metal may be recovered by gravity settlement,- -filtration,
cycloning er centrifuge, The Eco~fell is designed to sustain
reproducible turbulent hydrodyn;ﬁics around the inner rotating
cylinder, and this gives rise to very high mass transfer, enabling
the device to achieve realistic metal recovery rates even from

dilute solutions. The substantially uniform electrode potential
GXperienceJat the R.C.E. facilitates the controlled potential
separation of metals (éea the experimental section) and the reprodu-

cible deposition of characterised metal powder deposits. The
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desigﬁ of a scraper in the Eco-Cell is of paramount importance.
Ideally, _the scraping operation is required to remove metal praoduct
centinuously while not affecting the roughness of the growing
deposit. Thus mass transfer may be maintained at a high value

by virtue of the high surface area and hydrodypamic shear at the
R.C.E, In practice, there are several ways of accomplishing this,
including a rotating helical blade scraper, or e raciprbcating

'point' blads scraper.

The Eco-Cell and its multicompartment modification, the Cescede
Eco~Cell (Section 6.6) form a large part of the experimental

works for this Thesis, and will be described in further detail.

It is interes£ing to compare the R,C,E.R.'s described in the

literature (Table 6.9). fFirstly, the diverse applications of the geome-
try include academic laboratofy studies of mass transfer, induétrial

production of organics, electrophoresisjsa and a host of electro

deﬁosition applications, The last mantioned include reactors for

producing compact slectroplate or Foil343 for decorative or

engineering u59335—337, metal powder5299-309’ or flake 02,

The symmetry of the described R.C.E.R.'s varies tramébuusly from

‘coaxial arrangements utilising a full anodezggb’335’338’304’361 via

299a,364,302,306-309

partial but concentric anodes to offset

300,303

irregular geometries Certain of the reactors employ a

series of plates342 or a polyganal arrangemenf341 rather than a true

cylinder. A distinct advantage of a largs anode is the permissible
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anode current density; 'irpégular geometries may give rise to
current pulsing but this has been claimed to be advantegeous in

at least one Eexampls.m2

Baffles have been introduced into the 'annular' gap in certain
design5339 either to red;ce free rotational fluid flow or increase
turbulence. ' While baffles may be effective in laminar flow or
free rotational flow around 2 conventional impeller, it is doubtful
if they serve any useful purposé in a turbuleﬁt R.C.E.R. In one

design, the baffles also deliberately act as scraperszggb.

The use of a metallic vessel lining as an inpsoluble anode must be
approached with caution and correct design, &8s any localised
corrosion is a threat to integrity. Nevertheless, it represents
an engineering convenience and has been utilisad2gg. Cartain
devices also utilise the internal éidas of the vessel as a cathode

for electroreduction of nr95338 or a direct cathodezaa.

Horizontally rotating, partially immersed R.C.E.R.'s ars often
employed for electrofdrming324, when the foil or Flak9302 may be
conveniently stripped from the exposed surface of the cylinder,

This has been extended to screping powder from the R.C.E, by means

of a trough299a,300,303. It is interesting to note that a scraper
has also begen utilised to remove glectrolyte from a R.C.E.Bsa.

In addition to mechanical scrapér5299-301’303"306

, 8lectrolyte
jet3302 may also be employed to remove loose metal product from the

R.C.E. Depending upon the application, mechanical scrapers may be
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Fixed?  —>01,303-305 mouing306'309, and may be incorparated

into the reactor bodyzggb, the anodesjua, or a rotating

alectrndezgg. They may also convey electrical powsr to the

R.C.E, 2772303

Several reactors have been fitted with additional impellers

attached to the R.C.E.339’336’341.

This is largely unnecessary
in fully turbulent reectors, but is nauarthelass a aaFeguard
against poor mixing. In addition, the impallar may promote
fluidisation of the scraped product to facilitate removal by
‘sutlet liquor. Conversely, the reactor may be designed with a
quist lowsr cone to promote settling of the product, pending

' 304,299b

withdrawal as a sludge , or with recassses in the reactor

body305 to perform a similar task.

There appear to be very few diephragm R.C.E,R.'s described for
electrowinning and slectroré?ining, although the inclusion of a
membrane may greatly improve current efficiency, minimise anode
corrosion and prevent undue reactions éuch as chlorine evolution
in chloride soclution hydromsetallurgy. At least one patent has

smployed a porous pot cell divider, howaver__m3

Ecu-—CellsGG-}U9 is normally constructed with an integral ion

,and the
exchange membrane diaphragm.

Apart from the Eco~Cell, there appear to be few examples of a
sealed reactor; several reactors employ gravity overflow outlets

instead304’305:335,3&2.

In the cass of electrorefining,the use
of an open topped annlyta compartment or cell greatly facilitates

the periodic replacement of soluble anodes.
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It should be noted that the majority of R.C.E.R.'s described

above were operated with rather high metal concentretions and only
moderate current densities with relatively low peripheral velocities
i.e, they were low mass transfer devices. They may thus be
contrasted with reactors such as the Eco-Cell, where the high
peripheral velocity, turbulent flow, and the rough powdered deposit
combine to give a very high mass transfer, Fécilitating the treat-

ment of dilute‘metal containing solutions.
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Multiple (Cascade) Rotating Cylinder Elsctrode Reactors

It has already been noted (in Section 6.2.1) that the conversion
in a single element R.C.E.R. may be enhanced by increasing the
mass transport coefficient (by raising the peripheral velocity),
or by an increaéa in surface area, There are obvious limitations

however, on cost, space, and enginsering feasibility here,

especially in view of the fact that the rotational power require-

ment increases approximately as the cube of the rotational velocity

(see Section 6.2.2).

The Concept of a Cascade Eco=Call

"An alternative approach to the realisaiinn of a high overall

conversion is to employ an array of reactors in hydraulic series
(Fig. 6.41). Such a cascads allowé stepwise reduction of the metal
concentraéion gver each reactor elemént. If the n elements in the
cascade are identical_(which could tend to minimige investment costs),
aAd each operates under mass transport cantrol (which results in
maximum duty Fog given conditicns), tﬁe terminal concentrations

are related by the overall fractional conversion (FR)n

(FRln = Sy = Cur = 7~ 1 Equation 6.38
Cin (1 + K A N}

Furthermore, in the case of rotating electrode reactors, the
possibility occurs of assembling all the reactor elements on a

common shaft for enginmeering convenience, minimisation of space, and
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to 1oper investment and maintenance costs, Such an arrangemsent
-has been considered for the rotor electrodes of the 'electrochemical
pump cell' developed at Sodthamptun Uniuarsity215, and a multiplicity
bf disc electrodes on a common rotating shaft is commonly employed

in the photographic industry for cathodic silver recovery from

fixing aolutionsyaa’395

, although it must be noted that these
agsemblies do not function as cascadses. A further possibility,
in the case cf rotating cylinder reactor;, is to employ a single
extended cylindrical cathede, inside one reector body, and to

subdivide this into idepticel elements by means of regularly spaced

internal baffles, (Fig. 6.42).

Division of the cascade reactor by means of internsl baffles results
in a versatile fabrication offering considereble scope for altera-
tion of the number of compartments and the extent of sach ons.

This construction will approximate to a series of C.5.T.R.'s as long
as the cylinder rotational velocity is sufficiently high (mainfaining
gffective stirring in each element), the axial flow rate is not
excessive, énd the baffle aperture is sufficiently small (which

discourages bypassing).

The concept of idealised Eco-Cascade-Cell operation is illustrated
in Table 6.10, where an inlet metal (copper) concentration of

100 mg dm"3 is reduced stepwise to an outlet of 1.6 mg dm—j. Here,
of 0.5 is assumed, the concentration thus halving

over each element., If the electrolyte flow rate is 1000 em’ 3—1,

a conversion, FR

the individual compartment currents may be calculated by means of

the following analysis,
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A mass balance over each element yields the removal rate of
copper,

. _6-
R = 10 ".n (CIN ~C Equation 6.39

UUT)

R will have units g s—1 if N is expressed as cm3 5—1 and C as mg dm-3.

The rate of copper removal may be related to the current, [, by
application of Faraday's law and assumption of 100% current

efficiency:
R = 1I.Mm - - Equation 6.40

where I iz in amps, F is the Faraday (= 96498 Coulombs), z is the

electron change and M the molecular weight of thes metal. Far

_copper, z = 2 and M = 63,54 giving

R = 3.292 x 10““.1 Equation 6,41

.53 G4
Coupling Equations 4 and &,

I = N(CIN - C
329.2

UUT) Egquation 6.42

Equation G. 38 shows that to attain a fractional conversion of 0.5

3

with a flow rate of 1000 cm g™ (as in Table 6.10) the factor K.A

must egual 1000 cm3 5—1 , and this must be achieved by suitable

choice of electrode size and rotational velocity.
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1t has already bsen noted that for maximum duty, each individual
compartment of the Eco-Cascade-Cell should function undei limiting
current cpﬁditinns. * An additional consideration is that slectro-
deposition must be maintained at or near the limitiﬁg current in
order to produce metal in powder form, rather than as a hard,
adherent electroplate. The latter might present removal problems

and a lowering of mass transport due to the less favourable hydro-

dynamics and lower slectrochemically active surface area.

The most satisfactory method of supplying electrical power would
Qndoubtedly be achieved through 8 potentiostatic approach, where

the electrode potential in sach compartment could be automatically
controlled at a preselected value, regardless of meial concentration,
This is rather impracticel, howsver, as a segparate control circuit
would be necessary for each compartment, Moreover, each compart-
ment would reguire its own independent, slectrically insulated
cathode and power feed brush, or separate anodes would be required

in each compartment,

To overcome these problems, alternative approaches have been adopted,
utilising simple, moderately priced, constant current transformer/
rectifier power supplies, In the case of divided cell reactors
(Fig. 6.42), it has been found possible to tailor the anode size,
position and effective surface area to achieve substantially uniform
elactrode potential in each compartment, with a suitable current
profile over the reactor length, This hes been achisved by
modifying the position of the anode along the reactor langth? the

+

length of anode, and étrategic masking of the anode. The number
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and the nature of the variables involved in the resultant current
denéity profile here, e.g. anode geometry, membrane resistance,
inter-compartmental current.leakage via baffles, anolyte and
catholyte resistance, and effect of gas eveolution, is such that a
wholly empirical approach has been adopted, guided by experience.
For undivided celi reactors (Fig., 6.43), individual anodes have
Geen provided in each compartment, and a suiteble resistor nestwork
has been employed to achieve desired current density profila over
the reactor. This second spproach, while more costly in terms of
powar, anode materiel, additional electronic components and wiring
results in a versatile reactor, cepable of being sasily modified

to suit different needs.,

The development of practical pilot plant/commercial cascade

L

R.C.E.R,'s is described in Chapter 11.

1t is interestipg to make a genéral comparison between the 'Cascade
Eco-Cell' and the 'Rotating Multipolar Electrode! (R.B.E,) reactor
(Table 6.6). The two reactor types both employ the auter surface
of an inper rotating cylinder as the working elsctrode. The
reactors may, however, be strongly contrasted with respect to
design and application. The 'Cascade Eco-Cell' is subdivided
axially and employs a high pegipheral velocity, while the R,B.E.
rotates only slowly. The R,B,E, requires a smocth regular surfacs
finish electrode, to facilitate reactor division by means of the
uviper blades, ‘The 'Cascade Eco-Cell' utilises a rough, metal

powder electrode; this electrode is scraped rather than wiped.
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The scraping action in the Cascade reactor does not markedly affect
the mass transport, while a severe enhancement is provided by

the clossly conforming PTFE wiper blades in the R,B.E.R.

Normalliy, all individual working slectrode compartments in the
tCascade Eco-Cell' are cathodic, and of & similar potential,
whersas in the R.B8.E.R., the potentiel of the working electrode

may be varied and sven reverssd in the various compaertments,

ThB'Cascade Eco~Cell’ has been employed for cathodic metal removal
and recovery from dilute process streams, The R.B.E.R. has besn
mainly investigated for inorganic end organic synthesis, although

291
mgtal refining has been considered,



-236-

FLECTRODEPOSITION OF METAL POWDERS

The fundamentals of the electrodeposition of metal pouders

are presented, followed by a review of the present theories

of po@der formation, The recent literature is then reviewed,
with special rcference to the application oflnodql electro-
chemical reactors, and the possibility of controlled potential

ttailoring! of the powder deposits,
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7.1 Introduction

The production and working of metal powders dates back some five thousand
years, Since ﬁhe early 1930's,however, the realisation of powder
metallurgical pressing of metals and alloys has greatly encouraged
interest ana provided the driving force for the development of new
nroduction methods, inciuding electrolyéis. A large range of metal
components, some d? complex shape, can be cheaply and readily manufactured

by compression and sintering of powders; mass production is also facilitated,

T raditionally, atomised metals have been preferred for powder metallurgy,
but there is evidence of a growinb interost in the electrolytic method,

due to tha high purity of tho product and the low cost.

As early as 1803, Priestf% had discovered that 8 black, finely divided
metallic_sediment could be produced at a cathode by electrolysis of silver

nitrate solution, but the first serious studies on powder electrodeposition

may be csaid to have been instigated by Smee 345.

There have been several reviecws of aspects of the electrodeposition of

mrtal powders (Table 7.1), the most notable being due to 1Ibl 193 in 1962.

The remainder of thﬂschaptér will attemnt to update and build upon the

information contained in Ibl's work 193. The most recent and most

357

extensive review is due to Calusaru

Before a fuller consideration of electrodeposition of powders, alternative

methods of powder production will be briefly reviewed.
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thile the sintered products, powder metzllurgy industry is updoubtedly the
greatest user of metal powders, particulorly iron, other eixsting markets
may be identified =2ccording to products as follows:

1. batteriss

2, bearihgs

3. printed eircuits

4. brake apd clutch linings

5. metallic pigment paints

6., catalysts, and

7. themicals, including photographic film

In general metal pouders may be used wherever it is impractical to use
prefabricated forms {(e.g. sheet or rod) or to melt the massive metal to

obtain the desired shape,

The diverse use of various individual metals is illustrated in Table 7.2,

while Table 7.3 provides greater detail for the case of copper powder,

Methods of Metal Powder Production

GCeneral

The mein industrial techniques used to produce metal powders are:
1. cﬁemical,reaction i
2. mechanical comminution

3, atomisetion

4, electrodeposition,

The choice of technique is importanﬁ not only frem an economic and convenience
point of view, but because the properties of the resultant powder vary with
the production method, Chemical reacﬁions generaily vield cheap, porous,
readily-compressible pouders, but alloy production is not possible,

Mechanical comminution is a convenient technique for brittls metzls, and

results in powders of irregular shape, The most prolifiec technique,
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atomisation, gives a spherical particle shape. In theory, electrodeposition
is one of the most convenient and wversatile techniques; not only can a wide
variety of metals be produced, but codeposition of metals as an alloy pouder
is possible. Both aqueous solutions and fused sa1;s352 may be employed,

but. the former are always preferred from the standpointsof enerqy uce, safety

and operating convenience.

Chemical Reaction

This method may be subdivided into roduction, displzeement, decomposition from
the vapour phase, and oxidation followed by decathurisation and intergranular

corrosion,

Rgdﬁction iqvolves the chemical production of metal by reaction between a
reducing agent and a compound of the metal. Examples of reducing agents include
carhbon, hydrogen and sodium. Carbon is much preferred on a engt basis, but
provides insufficient driving forca im some cases, and tends to causze product
contamination, An example of reduction by hydrogen is provided by thz Pesce
River Process whers ferrous chloride is reduced to iron, and by the Sherritt

Gordon Process.

Displacement reactions invalve precipitation of metal from solution by addition
of a lpss noble matal, A well-knowun example is the cementation of coonpar From

hydrometallurgical leach liquors wsing strel scrap or zinc dust.

Production of metal from the gaseous phasc may accur.uia roduction or by
decomposition of & volatile metallic compound. An example of the latter is

the production of nickel from the carbonyl Ni(CD)4 by heating to 200° € at 1 atm.
pressure. fhe itannesmann process for the production of pure iran involves the
oxidation of the metal carbide

MO + MC == 2M + CO
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lMochznical Comminution

The term'Bomminution! ineludes machining, crushing and milling. This method is
expensive and tedious, and restricted to brittls metals such as iron, manganese,
cobalt and beryllium., - #letal floke or powder produced oy the technigue is oftén
used as a pigment For paints. Wet milling may be used to realise_lom particle
sizes, down to 1 micron. An example of a product normally obtained by the
method is dental alloy powder which is a tin-silver alloy manufactured by lathe

cutting end milling of the bull: material.

This noreally involves the aspraying of the molten metal thrqugh a small orifice
whercupon mechanicai disintegration occurs to produce droplets or small solid
particles, depending on the cooling rate bf a fluid jet (sir, woter or inert
gaz). It is the most comman technigue employed to produce mestal powders,
BSpﬁcially for the powder metallurgy industry, and is czpable of producing a

wide variety of motals.and alloys.

Electrodepnsition

Metel powders may be prepared electrolytically by =ither a direﬁt or indirect
route, In the indiretct method, the metal mesy be rlectrodeposited in a cohersnt
but brittle .form, which may be rendered powdery by mechanical  comminution,

This chapter, howsver, concerns the direct electrodeposition of metzl powder,
which is more important for low overvoltage metals, As will be seen, a wide
variety of cell gnometries and electrolytes are possible, and powder oroduction

may be continuous (see also Section 6.5).

The electrolytic deposition technique mey be considered to offer the following
potential advantzages:

1. @ high purity product,

3]
"
W]

Favourable scaleup cost,
3. a considernble range of powder qualitiecs are possible by varying

gither the electrolycis conditinns or the electrolyte composition,
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4. The dendritic nmature of the powder may serve to confer good compacting
properties,
5, the product has a very high specific surface area,
6. production may be automated by the use of, for example, soluble anodes,
of a flow-through reactor.
Disadvantages of the technique for certain applications include the irregular,
non-sphercidal particle shape, and the ease with which untreated powder may corrode,

due to its high activity.

Fundamental Aspects

Conditions Favouring Powder Deposition

Depending upon the electrolysis conditions, many metals may be obtained either

in a compact, adherent form or as a loose deposit capable of being easily stripped
from the cathode, Empirically, it is known that powder formation is usually
ancoyraged by:

1. & decrease in the concentration of metal ian

2. an increase in concenptration of indifferent algctfulyte

3, a decrease in the rete of stirring

4, an increase in current density

5, a decrease in tempefature

6, an increase in viscosity

Il

The above facters are all consistent with the theory that powder deposition is a
mass transport contrelled phenomenon 193. Th? structure of the deposit also
depends on the individual metal and solution composition. For examplé, copper,
nickel and iron readily yield dense deposits at low current densities, whereas a
§iluer, lead and cadmium tend to form flakes or needles from simple solutions,
and smooth deposits from complexed solutions, e.g. cyanides. Deposit quality
and adhaéion may be severely altered by éurfactants 358, eleﬁtroactiue substances
such as thioursa 359, passivation of the cathode or incorporation of codeposited
species, Passivation tends to give rise to a multiplicity ofﬁnucleatimn sites

for slectrocrystallisation, and spongy growth,
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Properties of Metal Powders

7.4

There is a multitude of interrelated chemical and phygical properties of powders
used to characterise a particular pruductjéﬂ. Of these, the mns? important are:
1. apparent density

2. particle size and distribution

3.-Flow rate

4. chemical and thermal stability

5. particle shape .

For powder metallurgical applicatiens the property of a ﬁressed and sintered
compact is of paramount importance, and for catalytic applications, yhe specific

surface area is important.

For most commercially available pouwders, the product specification provided by
ths manufacturer normally includes, as a minimum, a statement of the Fullcwiné
properties:

1. purity

2, apparent density

3. tapped density (when the powder has Eeen settled)

4. average particle size

5., sigve analysis,

Problems exist in the standardisetion of methods for the measurement of the
properties of interest, and the British Metal Sinterings Associeation has
attempted to prouidg a guid9361, for iron powders, The mosit important general
praoperty of a metal powder is its consistency, in order to facilitate the

reproducible preparation of good quality compacts,

Theories of Powder Formation

Any theory of powder formation would perhaps be expected t& start from a knowladge
éf electrocr?stallisatiun. Unfortunately, despite great progress in recent
years, a rglatively large volume of work by, for esxample, Ibl, Pomosov, Calusaru,
Despic and their collaborators has resulted in no precise relationship between

powder formation and electrocrystallisation.  The approach to -the problem has
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357 :
been largely gualitative and phenomenological, cithcough Calusaru™”  hes attempted
A guantum mechanicaol treatment, Ibl19), considering thet powder production is
largely 2 convective diffusion problem (concerning concentration polarisation),

hns proposed a widely accepted mass transport theory.

A Hvﬂrooen cvolution

Early workers attributed powder formation to hydrogen svoluticn, the intergrowth
of cfystals beiny prevented by gas bubbles or by adsorbed hydrogen. While many
casez of simultangnué hydrogen avolution and metal powder deposition zre known,
it has becn demonstrated many times that powdery deposits.may be produced without
any hydrogen évolution, 50 disproving this theory. The evolution of hydrogen
may, however, serve to loosen nowdery depnsits from the substrate or encourage
hydroxide/oxide Formation dus to localised pH changes in the cathode layer. It

may olso locally incrozse masz transport rotes (Chapter 3),

.7 Oxide Formation

Substantial amounts of oxide arc sometimes found in clectrolytic powders, par-
ticularly from near neutral or alkaline solutionz, and this led Kudra and others
to postulate that powder Formation was due to such codeposition, It should be

notaed, kowever, that powder is often dkained under conditions whers the denosit

iz gssentisally free of oxides,

.3 Dizcharge of Complex Ions

Kudrn has postulated that disperse metallic powder deposits are formed by the
incorooration into the metal lattice of cations originating From the discharge

cf complex ions of the type (CdZSOa)2+. The thaory was largely and erroneously
based on the e2proavent experimental cvidence for two discharge potentials on
palarisation curves, The first potential corresponded to the reduction & simnle
-%etal cztions, while the second was attributed tn the discharge of the coemplex ion.
The deposiﬁ was invariably compact ot the first potentisl, and powdmgat the second.
Howsver, no limiting current corresponding to tho eomplex ion dissociation has

boen observed. This theory is in contradiction of the known theory concerning

the direct hvdrogen discharpe From water molecules at the secondary discharge potential,
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4 Colloidal Substances

The presence of colleidal substances, either added directly or cedeposited, hos
often been suggested as a cause of sponge or powder formation. Certainly, cclloids
are known to inhibit crystal growth and louwer grain size, but this does not neces-
sarily lead to formation of 2 loose powder, Indeed, colloids Form.one type of
addiiion agent used to promote fine-grained, smooth deposits in electroplating,
it is probable that such colloids enhance the rate of nucleation, thereby providing

greater tendency for powder faormation. -

.5 1on Denletion in the Cathode Layer

Loshkarev et al.362 and Ib1193 Have promoted this theory which postulates that dus

to matal ion depletison near the cathode, powdery deposits develop at {or near) the
limiting current, Ibl193 has extensively discussed mass transpert considerations

regarding the theery, and Chapters 3 and 4 have discussed mass transport and ite

implications for metal recovery.

Calusaru352 has accepted that the above theory satisfactorily explains the transition
from compact to powdery deposits, but considers that the theory doss not gxplain
the intrinsic dispersion or the absence of interparticle binding. This author

argues that a dendrite would be expected to adhere to the cathods,

.6 Quanﬁum Mechanical Electron Tunnelling -

Calusaru357 further considers that the above mmss transport theory concerns only
transport phenomena, and ignores the most.impnrtant phenomenon of electrocrystallisa-
tion i,e. the overpotential at which powder Formation takes place (eguivalent to

supe%saturation in ordinary crystallisation).

dSeveral works have indeed studied the transition from compact to powdery deposits

as a function of potential363’ 364, rather than current density. In the case of

copper and gold, Calusaru357 claimed that the pntentials of pouwder formation were
largar than those corresponding to the beginning of the limiting current nlateau

region, and that this finding could not be interpreted in terms of previous thaaries.

365, 366

Rather, 2 new theory based on guantum mechanics was constructed
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7.5 Apparatus
Traditionally, metal powders have been produced on static flat plate slectrodes,
with electrolyte agitation, the product being removed periodically and scraped
from the cathode, This is not only ; labour intensive, messy and costly
operation, but the product is time dependent, as grouth of the metal powder
takes place on the cathode. These facts have encouraged the deueldpmen? of

continuous cells and reactors such as the rotating cylinder versions discussed

in Chapter 6.

Removal of the metal powder product js a problem which has received considerable
attention in the literature, and methods include:

1. pericdic current reuarsal367

.
2. vibrating the cathoda 0! 98

- 3, amalgamatin9369

4., 3 moving band cathode with product removel outside of the cell

5. & two-layer bath, with a horizontal rofating cathode. This cathode moves
through and is passivated by an organic solvent containing a surfactant; it
then travels into the agueous elsctrolyts, A fine powder is deposited at
unpassivated sites, and the particles, being lyophobie, disperse in the
orpanic soluent351

6. mechanical seraping which may be divided into statie scraping of a moving
electrode, or aAstatic electrode with moving scrapers

7. use of solution additives (aithough this moy have a deleterious effect on

the powder),

-

368

Cells for metal powder production may utilise soluble replaceable 2nodes '

as in electrorefining, and the 2node may be installed inside a pofous container
to prevent anode sludge contaminating the catholyte or the powder deposit. In
the case of cells utilising very insoluble anodes, the metal concentration in

the ©ell may be maintained by solution flow,
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?:6 Operating Variables and the Transition from Compact to Poudery Deposits

The properties of metal powders and the effect of operating variables have been
especially well studied in the case oé copper deposition from acid sulphate
solutions. In an early study, Tyrrell370 found that the apparent density
Aincreosed with increasing metal concentration, increasing temperature, decreasing
current density end increasing rate of stirring, and similar results have been
obtained by other workers, This change of apparent density may be roughly linked
to a variation in particle size, although it should be noted that the apparent

density is a function of particle size and shape.

It has geﬁerally been found that particle size decreases with increasing current

: g3 . .
density (or increasing cuerpotentlal)1 . The particle size appears to increase

with increasing temperature, increasing metal concentration and increasing rates

of stirring. Thus the changes in particle size roughly parallel those in

apparent density, according to the mass tremsport control., The wide particle
size distribution, together with an irregular shape, helps explain why slecirnlytic

metal powders are well suited to powder metallurgical processing.

Thé transition from smooth, compact to dendritic, rough deposits has been studied

68, 83, 194, 193, 31376, 68, 83, 194, 371, 374
?

by a number of authors sunder galvanostatic

68, 83, 194, 371, 374-377 372, 373

potentiostatic , @nd pulsating potentiostatic

control of the cathode.

The tranzition to powder growth,-as has been noted elseuwhere, is accompanied by an
inerease in both surface area and roughness of the deposit. It follows from this

that experimental measurements of the powder transition might be made by sensing

' X 378 194
of an area-dependent parameter such ag electrode capacitance or reactance ’

< o . z
7195 1’3, or of the roughness by microscopy (optical or alectron)és’ 8, )5?,

. 380 . .
surface profilometry or increased shear stress (or torque). In addition,
elactrochemical study of the transition may he accomplished by polarisation curves,
potentiostatic current-time curves, golvanostatic potential-time curves, or

. 7
P
current efficienty . The measurement of surface changes represents a more
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direct approzch in practice. The direct measurement of potentigstatic increass
of current with time is a powerful method as it moy be utilised on both laboratory
and industrial scales$ and shows the current corresponding to both a smooth and 2

rough deposit, as well as the transition zone.

Tha electrocrysallisation of metéllic nowders takes place under highly igreuersible
conditions, and Gorbachev and his collaborator3381 have studied the thermal effect
involved in the sgparation of metal powders, This requires very careful ex-
perimental conditions, and the trensition is marked by 3 emall but measurable
tempcratu;e tjump?t, This effect may be ﬁttributadBET to an apprecisble increase

im ohmic resistonce of the cathode layer follsowing ion discharge.

N dictinction may be made betunen the smeoth-rounh transition under fres and
. 5
s @ definite initiation

C A . s 19
Fforeced convection comditions. In the Former case
time is folt, equivalent to the time taken for the interfacial concentration
to f2l1 to zeooon. This time t_, follows the law i/ tp = constant, The caso
; P »

of free convection, 2)though importamt from 2n z2codemic viewnoint, will not be

furthzr considerted hore,

N3 haz been seen, thore are relatively Few studies stressing the importance of

. . s 312-375 s
nlectrode potential, In this contaxt, the work of Popov et al, metits

L
L

]

cT
[

L

3

nkian, These suthors studicd the electrodeposition of copper from acid
sulaohate selutions on to copper and 2luminium wires under controlled potential,
Apart from constont potontial, triosngular, simusoidal and squarte wave pulsating

pitontial conirel ware employed, The ennclusions of these studies maoy he

cumiorised as follows:

P N
.
]
e
2
o
-4
ted,
3
]
a
]
@
3
@]
[p]
[{n]

y consumption is possible by means of pulsating

. 362
notential

2. for sinusoidal, pulsating overpotential deposition, increasing freguency

[

leods Lo an

94
[N

ncrease in particle aize, 25 well as a decreasc of ampliture

-
. . . , 072
in tho value of pulsating overpotential for the camz Fregusncy of pulsabion
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3, smooth copper depnsits moy be obtained in the limiting current density
range by pulsating overpotential of freguency 1Dd—-1D5 Hz, At lower
frequancies, the deposits are rough and dendritiec, but more compact
compared ta‘those obtained by constant potential deposition -82

4, in thz case of constant potential electrolysis, morphology and particle

372, 373

size are functions of overpotential , particle size decreasing

with an increase in overpotentisl, and @ narrow distribution ensuing with

an increase in potential373

5, a narrow size distribution results in the case of pulsating potential
compared with constant putantialaﬂ3

6. Fér 5QUATE wave pulsating overpotential, an increase in mark to space
ratio results in a larger particle size, and a sharper particle sizo
distribution 773

7. energy consumntion is -smaller for deposition on aluminium slectrodes
than for platinum electrod95374

8. galvanostatic operetion requires a smaller energy cnnsumption than does

potentiostatic deposition

9, the critical cathodic overpotential for copper dendrite growth is ~~550 mV.

Closurn

This chapter has indicaied that electrodeposition of metal powders is @ versatile
technigue, capable of yielding a preduct of deliberate characteristics by alter-
ing the elsctrolysis conditions. The economic and technological viability and
increased adoption of the technigue depend upon several factors including the
cost of electricity, the cost of electrolyte and the existence of an efficient,

versatile and continuous reactor.
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Conzidering cheap elsctrolytes, o very atitractive idea is to recycle industrial
process solutions thfough a reactor and remove metal as powder in the process.
.Ideally, the reactor, may be controlled to praduce 2 continuous, premium product
which is directly saleéble, perhaps to the pouwder metallurgy market. To

minimise energy and investment costs, such a reactor must have é low interelectrode
nap, and be capable of high rate production of metal powder, often from rather
dilute solutions {1 91—1 metal). In addition, the slectrode potential of the
-reacfor cathode should be ufniform and capable of being controlled to alter the
powder charncteristics, either to produce a premium product, or to facilitate

removal of 2 loose produck,

Apart from the scavenging of metal from dilute solutions, using an insoluble

anode, scrap metal may be used as a soluble anodre in metal powdar production,

In both cases, the need often arises for s divided cell, to prevent anode corro-
sion and fouling in the case of insoluble anodes, or to prevent anode slime reach-
ing the cathode in the case of soluble anodes,

r

The above requirements arse well met by rotating cylinder electrode reactors such

as the Eco-Cell.

The potentiostatic control of a reactor not only facilitates the separation of a
valuable, pure, noble metal powder from a mixed metal solution, but may also be
used to déliberately produce an alloy whose composition can‘bs selacted to a
degree. The paséihility of direct alloy pouwder producticn has not been
extensively examined,  but récent literaturé (mostly Russian) shows a developing
interest in this aspect, Table 7.4 indicates known work on metal alley powders.
Alloys for the pouder metallur@y industry may be formed by combination of
separate powders or the plating of one metal on another, although the results

arc generally not as satisfactory as when a directly deposited alloy is used.
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Sintered compacts prepared from 2 mixture of metals can have properties which
ate radically different from the components, and this shows promise for the

production of exciting compacts,



S0URCE METAL TOTAL PRODUCTION
Free World Copper 6,200
" Zinc 4,500
" Lead 2,500
" Nieckel 540
" Tin 183
Totsl World Molybdenum 72
" Cadmium 11
" Mercury 9.1
Free World Silver ' 7.4

TABLE 1.11 MINE PRODUCTION OF METALS (1974)

figures are in.kilo tonnes




Geometry ,(RB)

crit. 2c based on
Rotating Cylinder 200 diamster
Roteting Disc 2 - Fx 105 radius
Pipe Flow 2900 ' diameter
(Re)

crit =-£L3i

TABLE 2.1 CRITICAL REYMNOLDS MUMBER FOR THE LAMINAR TO TURBULENT -
FLOW TRANSITION FOR VARIDUS CASES, showing the

importance of geecmetry,



Function Mode ROTATING CYLINDER ROTATING DISC PIPE FLOW
£/2 Laminar 2 0.62 8
Flow {Re) Re)* (Re)
(F/Z)'% Turbulent -17.5+
flow 5.75 1091D(Re) F/2
Smooth -3.05 + 5,75 0,30+
Surface 1og1D(Rei F/2 5.75 1091D(Re) F/2
F " 0.0791(Re)~0~"C 0.0265(Re) C*? | 0.0396(Re)"0+27
2
(F/z)‘% Turbulant 1.25+ 3.2 - 5.76
Flow 5.76 log, .d log, (Re) F/2
10= 10
Rough ]
Surface
TABLE 2,2 FRICTION FACTOR EXPRESSIONS -‘FOR UARIOUS GEOMETRIES




CASE ROTATION OF ROTATION OF AXIAL
INNER CYLINDER QUTER CYLINDER FLOY
1 Zero Zera Iero
+2 Zero Zpro Positive
+3 Clockuise Zerao Zero
+4 Clockwise Zero Positive
5 Clockwise Clockuwise Zero
6 Zaro Clockwise Zera
7 Zero Clockwise Positive
8 Clockwise Clockwise Positive
9 Clockwise Counterclockuwise Zaro
10 Counterclockwise Clockwise Positive
TABLE 2,3

POSSIBLE FLOW COMBINATIONS FOR A CONCENTRIC CYLIMDRICAL GEOMETRY

+ Cages of practical importance in electrochemical engimeering,




ROTATING

PROPERTY D1ISC CYLINDER
radius/cm. 10 10
aréa/cm2 314 3948
RPM 95,5 95.5
peripheral
velocity/cm s~ 100 100
flow regime LAMINAR TURBULENT

expressian for
friction factor
£/2 =

0.62(Re) 0+

0.0791(Re)™0*>

*(Re) 10° 2 x 105
£/2 1.96 x 107> 2.03 x 10°°
rotational 0.062 0.26
power/W
TABLE 2.4

* (Re) besed on r for dise, d for cylinder

COMPARISON OF ROTATING DISC AND ROTATING CYLINDER




i‘_ &N

HYDROIDYMAMIC SYSTEM r—— /mm
natural convection at 14.4 0.2
vertical electrode (height :10 cm)
natural convection at horizontal 36,5 0.08
electrode
laminar flow along plate slectraode
(v = 25 em/s, length 10 em) 30 0.1
turbulent channel flow
(v = 25 o/s) 3650 0.0008
rotating cylinder (180 rpm
peripheral velccity 94 cm/s) 81 0.036
cathode with H, -evolution

3 2--2 -1
(13 cm” gas cm min ) 194 0.015
cathode with H, -eavolution
(1 cm” gas em-2 min “1) 27.6 0.1
bubbling of gas through fritte
(17 1t/min) 132 .02
wiping of electrode with net
moving along interface 228 0.013
ultre sound (7 W/cm?) 500 0.006

The figures given for the limiting current rgfar to a 0,3 M
solution with a diffusion EoeFEiciant of 1077 em“/s and a
kinematic viscosity of 107° cm“/s,

TABLE 3.1 LIMITING CURRENT DENSITY (i, ) AMD EQUIVALENT
THICKNESS OF DIFFUSION LAYER (Jﬁ) FOR VARTOUS
HYDROIDYNAMIC SYSTEMS. 46




SYMBOL NAME DEFINITION DESCRIPTION
(Sc) Schmidt No, ) transport properties
o
(Re) Reynolds No. U=x fluid flow
>
(5t) Stanton No. iy =Ky concentration dependent
zFCU u mass transport
(sh) Sherwood Nao. i,x= K _x mass transport
ZFCD D
3 \
(Gr) Grashof Na. gAg L free convective
pY mass transport
(Ra) Rayleigh No. (Gr)(Se) "
(Pe) Paclet No. (Re)(Sc) = UL "
D
Note:

1. {(Sh) is sometimes replaced by (Nu), the Nusselt No.

2, (Pr), the Prendtl number, is sometimes written in placs of the
equivalent {Sc), especially in Russian literature.

3, (sh)

TABLE 3,2

St)(Ra)
Sc)

DIMENSIONLESS GROUPS COMMONLY USED IN
ELLECTROCHEMICAL MASS TRANSFER STUDIES,




AUTHORS REFERENCE EXPRESSION

CHILTON AND 61 (St) = % "(se) ~%
COLBURN
-3
DEISSLER 63 . (5t) = 0_-72‘5@ Vf (sc)
LEVICH 59 sty & V¢ (se) ~E

(5t) oC \/T(SC) -3

9 /e (Se) -%
LIN et al, 64 (st) = (W)
> 3
VIETH ot al. 65 (5t) = -g-‘/—ﬁz (1.77) % (Se)
i x  Umax
Uave

TABLE 3.3 ASYMPTOTIC FORMS OF SOME COMMONLY USED
HEAT AND MASS TRANSFER CORRELATIONS,




COMCENTRATION / M
TERP, Awgglc RED OX KOH/ D) SYSTEM | oo
[y L]
/°c, CATHIDIC SPECIES Na OH RANGE STUDIED
25 A/cC 0.009- 2.0 2230~ RCE 58
0,204 2650 ' 57
25 C 0.025 1.0 1923~ RCE 73
2427
257 a/c 0.01 0.5 "2 RCE 74
1-25 C 0.005 1,0~ 1700 FT PD 62
4.0 30,000
24-40) A/c 0.0004- 0.5 ? RDE 75
0.1
25 C 0.0128 0.1 ? TPPP 76
25 A/C 7.0128 2.0 2698 RCE 77
1N=-29 a/c D.005- 0.5, ? ANNULLUS 78
n.01 FT
ROOM c 0,025 0.5 700, moving 79
1800 wire
ROOM a/c 0.0002- 0.02 ? FAE 87
0.02 PBE
22 c 0.0005 1 KC1 9 FT 80
0.0% mesh
22 C 0.01 0.01 + 1800- RCE 72
0.5Na,5n, | 29,000
20~40 £ 0,001 0.5 + ? HDE 97
0.005 0.1KC1
7 n/c? 0.05 1.0 ? APPE €1
Rey: RCE Rotating Cylinder Electrode
FTPP  Flow Through Parallel Plate
RDE Rotating Disc Electrode
PBE Packed Bed Elsctrode
HDE Hanging Hg Drop Electrode
RPPE Rotating Parallel Plate Electrode
TABLE 3.4 MASS TRANSPORT STUDIES TINVOLVING THE

FERROCYANIDE/FERRICYANIDE REDOX REACTIOM.




CONCENTRATION/M

TEMP, (sc) SYSTEH
/°c. Lusa, H,S0, RAMGE STUDIFD REF.
16-40 N.0059- 1.5 3300- RCC 77
N.050 28000 *
15-40 3.055 - 1.5 2450 RCE 82
0.025
22-45 0.014 1.5 750 RCF 68, 83, B4
2240
22-40 0.005- 0.9s 750~ FBE B85, 84
n,57 1780
20N 0.010- 1.0 2830~ PRE 93
n.013 3040 single layer
19-26 N.01- 1,38~ 1750- vertical- plate 91
0.74 1.57 3400 matural conv,
moving wire 92
25 0.08- 1.6 2700 passed 96
0,54 3880 clectrode
20 0.N5~ 1.5 2340 horizontal 95
0,460 2690 screen
20-22 0,05= 1.5 2470 vertical array 98
0.1 2860 horizontal cyl,
18 0.01 or 1.5 238N~ annulus 100
n.ns 3080
22 0,01- 1.5 2100=- horizontal 101
n.7 52000 * plate, FC
35-.125 0.005~ 1.5 1120- Free conv, 102
N.15 + heat transfer
229 n.03 1.5 &600- her., plate 104
n,47 12000 * Free + Forced
17-45 N.0&67 or 1.5 940 FThR 105
0.015 3300
TABLE MASS TRANSPORT STUDIES IMUNLVING THE

* glycerol additions used to increase (Sc)

CATHIDTIC DEPOSTITION COF COPPER,




FLOW
REGTME ELECTRODES CORRELATION
LAMINAR . {INFINITE WIDTH) (5h) = 1.95(Ra)§(5c)§ [g%‘}
L | 0l
LAMINAR (FINITE WIDTH) (sh) = 1.467(Re)¥(sc)} -‘E—ﬂé [‘ EY]
LAMINAR LONG (Sh) = 2.692 da.
‘ 5

0-8 4
TURBULENT LONG (sh) = 0,023 (Re) (5c)
TURBULENT SHORT (Sh) = 0.145(Re)§(50)% [_a_e]*

*L/cjia < 12.5

de = squivalent diameter = 2BS
: B+S
B = width
L = iength
S = Separation
(Re) =ud, /D
(5h) = everage Sherwcod No, = KLDde
Y = éspact ratio = S/B

TABLE 4.1 MASS TRANSFER CORRELATIONS FOR THE PARALLEL
GLATE GEOMETRY.
(Compiled from referencs 120.)




AUTHORS a b z
Lin et al, 1662 0e33 0,33
Friend and Metzner 1.94 0,33 0.33
Ross and Wraag 1.76 - 2,03 | 0,33 0.33
Coeurat et =al. 0.45 0.53 -
Bazan and Arvia 0.525 0.50 |+ 0.25
Carbin and Gabe 3.93 0.32 a, 35

sh) = a(se)?*>? (re)® [

~rl o
@
| WS §
N

TABLE 4,2 MASS TRANSFER CORRELATIONS FOR LAMIMAR FLOW
IN AN ANNULAR GEOMETRY,
After Carhin and Gabe 195




AUTHORS REF,

PROPOGED CORRELATION

Vilson & 145
Geankoplis

shallaw packed beds

edk = 109 [o_d] 3

i

D D

v = 5 x 10-4 to 15
a v

H]

s(Re)

Colquhoun-Lee 146
& Stepanek

oy
1

5 -l B

—
pue)
1]

—
t

_Vv = 14 - 1400
av

TABLE 4,3 MASS TRANSFER CORRELATIONS FNR POROUS AND

PACKED BED ELECTRODES,




CONSTANTS 1IN
EQUATION /
AUTHOR(S)  REF. | 3 -a[Re, ]~ de/d5 SYSTEM (Re)y, (Sc)
;:E? (1-2)
Smith & King 163 n,32 0.38 j41-105 |Cylindrical T-1067 580-2100
0.54 0.44 |17-27 |wall mass 34-2334
transfer
Jottrand and 161 0,45 | 0.375 |93-360 | Plannar test 6-200 1250
Grunchard electrode in
cylindrical
bed
Jagannadhara ju Innar anaode
and Venkata of annular
Rao 162 G.,43 | 0,38 B8-27 bed 200-23800 1300
Coeuret et 160 1.2 0.52 93-290 | Various 6-200 1250
al, cylindrical
probes
Carbin and 85, 1.24 | 0.57 }80-150 |Cylindrical n,1-70 787-1777
Gabe 86 test
electrode
in
cylindeical
bed
Walker & 157, 0.6 0.39 43 Rectangular | 936-567 2675
Wragg 158 ' channel wall
mass
transfer
TABLE 4.4 COMPARISON OF MASS TRANSFER STUDIES FOR THE

FLUIDISED BED ELECTRODE,

After Walker end Wraqg

157,

158




SYSTEM

FLOW CORRELATION REF.
35,3
Disc Laminar Sh = 0,62 Re?Sc 59
Disc Turbulent Sh = 0.02 ReC*85c® 59
) - o-o4
Cylinder Critical Sh= 0S¥ Re 89
Cylinder Turbulent Sh = 0.079 ReDJDScD'SAa 91
Wire Laminar E— 257F
Cane Laminar E— 259
Sphere Laminar - 258
..

TABLE 4.5 MASS TRANSFER CORRELATIONS FOR (SMOOTH) ROTATING ELECTRODES




SYSTEM

average limiting
current density ~~

natural curvection

at verticel electrodus (luminar)

natural crrwvection al

horizontsl electrodes (turbulent)

laminar flow slong plate 1

J
channel flow {laminar) (ﬁhl)-’
channel flow (turbulent) Dh'ﬂ'ogl'%
roteting disk (Leminar) r°
rotating disk {turbulaent) 08
roteting cylinder {laminar) g4
rotating cylinder (turbulent) 02
TABLE 5.1 INFLUENCE OF ELECTAODE SIZE ON LIMITING
after 101207 CURRENT DENSITY
h = height of slectrode
1 = length of slectrode
r = radius
D = equivelent diemeter




MASS TRANSFER COEFFICIENT

Rl VARIES AS U"
) WHERE n =
smooth RDE laminar flow 0.5
smooth RDE turbulent flouw 0.9
smooth RCE laminar flow 0.33
smooth RCE turbulent Flow 0.70
rough RCE turbulent flow 1.0
TABLE 5,2 INFLUENCE OF PERIPHERAL VELOCITY ON MASS

TRANSFER TO ROTATING ELECTRODES,




REACTOR nJSen™ Yoq/ (he)™"
Filterpress 0,3-1,7 D.12;U.68
cepillary gap 1,0=5,0 0.4-2,0
rotating disc 1 4
rotating eylinder 0,1=1 0.4-4
packed bed 10-58 4 - 20
fluidised bad 20-100 8 ~ 40
Swiss roll 2050 -

TABLE 5,3 COMPARISON OF REACTOR DESIGN IN TERMS OF
SPACE TIME YIELD AND ELECTRODE AREA PER
UNIT CELL VOLUME,

(After Goodridge + additions 213)




DESTIRABLE PROPERTIES

CRITERIA AFFECTED

high area/unit cell volume

uniform electrode potential

low internal ochmic drop

gond heat and mass transfer

ability to act in flow throuah mode
simplicity of censtruction )

electrade renewal )
product recovery )

ability to deal with gases

ability to operate at pressure

Y
ST

Y A Y ease of

€ ST control

Y
£

Y Y

C ST
Y Y control

C ST

cheapness, reliability
ease of automation and
maintenance

Y
ST

TABLE 5.4 IMPORTANCE OF SPACE~TIME YIELD, EHEMICAL
YIELD AND EASE OF CONTROL ON REACTOR

PERFORMANCE,

2
(After Coodridgs “1°)




PROPERTY

AKZO

Cis

CHEMELEC,

Divided

Yes

Yas:

>No

Fluidised by

matal particlaes

metal particles

glass beads

geometry cathoda
feeder

?
cylindrical

planar or *
cylindrical

planar mesh

cathode metal partg/ metal parts/ metal mesh
+ foedar feeder {expanded)

geomatry anode cylindrical rods planar planar

around ceathode
FIG. 5.42 5.41 5,43
REFS. 167 165 166, 234, 235
nwerall concentric plamar planar
goomatry cylinder side by side side by side
concept (multiple plate)
metal continuous via discontinuous discontinuous as
recovery gravity separa=- as metal hard plate

tion as metal pouder

powder

TABLE 5,5 COMMERCIALLY DIVELOPED, FLUIDISED BED CLECTRODE REACTORS




N/cm3 &~ FR
1 0.9990
10 n.9901
100 0.9091
1000 0.5
10n00 0.09091

Fo = KA/N = 1000 '

1 + KA/N N(1+100/N)

KA = 1000 cin” s

TABLE 6.1 EFFECT OF FLOW RATE, N ON THE FRACTIONAL CONVERSION,

FR for a R,C.E.R.



CYLINDER | DIAMETER LENGTH PERTPHERAL R.P.M, d/1
AREA d 1 VELOCI :
R/m /cm /cm U/cms-
0.05 12.6 12.6 1145 1735 1
0.1 20.6 15.45 1195 1108 1.33
0.2 20.6 30.9 1195 1108 0.67
0.4 40 31.8 1265 604 1.26
0.625 40 49.7 1265 604 0.80
1.25 72.7 54.7 1333 350 1,33
2.5 72.7 109.5 1333 350 0,67
5.0 '154,5 103.0 1423,5 176 1.5
7.5 154,5 154.5 1423,5 176 1

10.0 154,5 206.0 1423,5 1{5 0.75

TABLE 6,2 POSSIBLE SCALE-UP OF ECO-CELLS

(maintaining the mass transfer coefficient, K

according to equation 6,34)

L’




CYLIADER DIAMETER LENGTH R.P.M, MASS 4
AREA d 1 TRANSFER REDUCTI ON
A/m /cm /cm COEFFICIENT in X
KL/Cms-
0.05 12.6 12.6 1735 D.526 0
0.1 20.6 15,45 1062 0.506 3.8
0.2 20.6 30,9 1062 0.506 3.8
0.4 40 31.8 547 0.476 9.5
. 0.625 40 49,7 547 0.476 9.5
1.25 72.7 54,7 301 0.457 13.1
2.5 72.7 109.5 301 0,457 13.1
5.0 154,5 103,0 142 0.431 18.1
7.5 154.,5 154.5 142 B.431 18.1
10.0 154,5 206.0 142 0.431 18.1
TABLE 6,3 POSSTIBLE SCALE-UP OF ECO-CELLS

(maintaining the peripheral veloecity, U, according to

equation 6.34)




r A v Y4
/ém /cm2 /cm3 /cm-1
10 400 K ' 420 TV 0.95
100 40000 TV 40200 T\ 1
A= 2T rIj‘

2 2
v = -ITL (I‘o - I‘I )

TﬁBLE 6.4 IDEALISED 'ECO-CELL' VOLUME AS A FUNCTION OF RERCTOR SIZE

according to equation 6,37



CURRENT CELL NOMINAL
LOADING VOLUME RES IDEACE
1 v TIME T
/KH /dm3 /s
0.5 0.852 0.852
1 1.692 1.692
2.5 4,207 4,207
5 8.391 8.391
7.5 12.573 12.573
10 16,750 16,750
20 33,449 33,449
40 66.830 66.830
50 83.518 . 83,518

Assumgtions:

Ve I L(roz - rIz)

T =T
o I

T -

s 1 cm

e

L = 1000 cm3 s

(annular volume)

TABLE 6.5 NOMINAL RESIDENCE TIME AS A FUNCTION CF FLOW-RATE

for idealised Eco-Cells




PARAMETER R,B.E.R, EASCADE ECQ-CELL
subdivision of radially axially
reactar
working anode or cathode normally all cathode
electrodes depending on compartment
number of 2 (or 3) 6 -~ 12
elements
typical 20 100 - 1000
r.p.m.
Flow nominally laminar highly turbulenf

division into

undivided

may ‘be divided by IX

anolyte + membrane
catholyte
roughness of exceptionally smooth rough and powdery
R.C.E. deposits
Wiping/ PTFE blade, continuous, metal or ceramic blade
scraping full length wiper discontinuous traversing
point scraper
intercompartment very lou appreciable
leakage of
current
subdivision PTFE blades, touching internal baffle rings with

accomplished by

R.C.E,

clearance

effect of wiper/

increases maass transfer

removes powder product fFrom

scraper divides the reactor the cathode
electrode varias with comparfmant normally sama for each
potential compartment
prafile
mass transfer low very high
approx. to CSTR poor good

TABLE 8.6 COMPARISON OF ROTATING BIPOLAR ELEETRODE AND CASCADE

ECO-CELL REACTORS,




L N D LTS

AW LA LS

4/1 BO0Y CYLINDER DETAILS BEARING | POMER | c'coramne | crL O | Rer. | FIG. | R.P.M.
MATERTAL FITTED ya | ELECTRODE LU a/sTaT | .
MATERTIAL | DIAM, | HT./ | ACTIVE
Jem. cm, AREQ/
cm
0.64 | BAKELITE| STRIP 9,7 | 15.2.| 464 C NO Cu- STEEL NO G 310 | 6.6 |50 -
‘ /PYREX STEEL CARBON 1250
‘ ' BRUSHES
0.08-| LUCITE CHEMICAL | 1.27 |15 60 A YES MERCURY | NICKEL NO G 58 6.7 |30 -
0,40 | OR TO T0 WELL 1650
NICKEL 5,98 284 C
1.09 2,17 2.0 14 MERCURY
n.61 | LUCITE COPPER 3,75 6.1 TO A YES WELL COPPER NO p g2 |6.8 |0 -
0.90 6,60 7.3 | 275 350
0.60 | COPPER/ | COPPER 1.52 2,53 12.1 C NG MERCURY | COPPER NO p 74 | 6.9 | 60 -
PERSPEX WELL 1800
n.17 MONFL 6.35 | 38 N4 C N Cu PLATI N ND p B9 {6.10| 0 -
CARBON ISED c 201
BRUSH TITANIUM
0.33 | PERSPEX | COPPER 2.5 7.6 | 5.0 C YES MERCURY| COPPER ) G 284 | 6.11 | 470~
WELL 3060
0.99 | COPPER STAINLESE 5.9 6.0 | 22.4 A fo- COPPER NG p B4,
STEEL + NO CARBON £.12| 180~
C OPPER C BRUSHES G 60 1500
1491 | PERSPEX | COPPER 2.47 | 1-3 10 C YES MERCURY|[ LEAD YES TRANS 94 | 6,131 0 -
WELL SIENT 250n
. G
5 GLASS NICKEL 2.0 p P C NO MERCURY | NICKFL NO C 73 | 6.14 | 200~
[ PLATED I I WELL COPPER 200n
Cu
0OPPCR
0.92 | PERSPEX | varIous | 5.5 [e.0 [100 | f | TmO | Ao- LEAD YES p | pros- 200~
CF\RBQN ent 25010
. ARGH wunrle S
THGLE 6.7 COMPRRIGON OF LADENATORY R.C.E. CELLS RECARDING DESIGN OR CONSTRUCTION




APPLICATION

"DATE- | ‘METAL - ANDDES R.C.E, DETAILS SPECIAL
ol o . MATERIAL | d | L ] & [rem | u | FERTURES
, _E"! . { “
1925 |8ILVER |}  AEFINING" SOLUBLE SCRAPED
’ '.Ih .;',_ RRE ! — — — p— — R-C-Eo
POWDER
PRODUCT
302. | NORDBLOM | 1968 | NICKEL |PRODUCTION OF ? STAINMLESS [ | _ _ | _ | criooeo
L NICKEL FLAKE STEEL BELT'
. . ON R.C.E.
306~ | HOLLAND © | 1977 | VARIOUS |ELECTROWINNING, | VARTOUS, | STAINLESS 1-4 | SCRAPED
309 ' ELECTROREFINING | NORMALLY STEEL 10 R.C.E.
EFFLUENT INSOLUBLE - | conTinuaus
TREATMENT TITANIUM POWDER
‘ I PRODUCTION

TABLE 6.8

PATENTED R,C.E. CELLS




REF. ASSIGNEE DATE METAL APPLICATION _ | . ANODES R.C.E. DETAILS SPECIAL
- ' FEATURES
MATERIAL d i A rpm
305 ARRIGO 1963 | SILVER . | REFINING OF S OLUBLE METAL SCRAPED
PINT ©'; | SILVER FROM SILVER - — | — - R.C.E.
SphA L NITRATE POWDER
. .| soLuTIONS PRODUCT
300 SOCIETE 1961 | COPPER-". ALLOY POWDER S OLUBLE STEEL SCRAPED
INDUSTRIELLE LEAD ., | PRODUCTION LEAD/ _ __ . _ R.C.E.,
DES ALLDY : COPPER POWDER
COUSSINETS . . PRODUCT
299 PRUNET AND ~ | 1961 | ZINC RECOVERY TNS OLUBLE METAL 5 . SCRA PED
GUILLEN FROM _ - _ 10 R.C.E,
ZINCATE POWDER
PRODUCT
303 GORDY 1973 | COPPER ELECTROWINNING ORE COPPER SCRAPED
OF ORES R.C.E.
- — — - pPOSSIBLY
POWDER
PRODUCT
304 JOHNS ON 1939 | ZINC ELECTRO- ? IRON OR 1 SCRAPED
DEPOSITION NICKEL R.C.E.
OF ZINC DUST — — — POWDER
PRODUCT
COOLED
R.C.E.
334 | BENNER 1969 | (DESALI- | REMOVAL 0OF IONS ? ION XS 2 RCE's
NATION) FROM A LIQUID MATERIAL _ _ _ - CONTRAZ
MAY BE ROTATING
USED BIPOLAR
PARTIALLY
IMMERSED

FLOW THROUGH




-

]

FEATURES

MATERIAL | d/ vV n/2 RAM | U/
cm cn | cm cms
%}35 ;| . LACROIX 1912 { VARIOUS ELECTRUWINNING{ INSOLUBLE METAL 31.8 | 100 10° 40 67 | BOTTOM
ST - COPPER - g BEARING
© 336 : COWPER- 1915 | - IRON ELECTRUWINNING INSOLUBLE METAL PROPELLER
c COLES ] S & /SOLUBLE _ _ _ _ _
o ELECTRO-
REFINING
337 SCHAEFER 1945 | SILVER ELECTROPLATING SILVER METAL RECYCLING
ROIDS (WORK~ - - - - -
: PIECE)
338 1.C.I. 1974 | VARIOUS | -ELECTROWINNING INSOLUBLE METAL RAOTATING
- - - - — | ANDDE +
VESSEL
(R.C.E.)
339 BERKEY 1971 | SILVER RECOVERY OF GRAPHITE STAINLESS | 30 15 | 1460 | 230 | 367 | IMPELLER
PHOTOD INC. SILVER FROM PLATES STEEL AT TOP
(FULWEILER) . PHOTOGRAPHIC (6) OF R,C.E,
-’ +FIXER
341 FISCHER 1972 | SILVER " CRAPHITE " 50 VANED
POLES ~ - — | 200 — { R.C.E. OR
(4) POLYGON
342 GOOLD 1975 | COPPER ELECTROWINNING INSOLUBLE METAL POLYGONAL
et al. + ' 8.9. LEAD | (STAINLESS | — - - — — | ROTATING
OTHERS STEEL) ELECTRODE
343 JULIEN 1925 | COPPER ELECTROPLATING SOLUBLE METAL ANMDE
OF FOIL COPPER - “" - - ~ | BASKET
344 COCOLEY 1968 | SILVER RECOVERY OF GRAPHITE STAINLESS | 13 25 323 [150 | 100 | CLOSELY
METALS max, C ONF GRMING
COUNTER

ELECTRIDE




REF. sos_;}mﬁgm. p1vIDED | SEALED | ScRARED g@:g@ PLATE |PO:DER pggﬁmié-?& D,FW: BAFFLES ?hé";. IE;ELEER FIG.
299b v v |y vV v |V 6.35b
. 2992} v v v v v v v 6.358
0 |V v v V.o | v v v 6.34
3019 | Vv Vv Vv v 1Y 6.38
302 v Iy . Vv 6.39
303 | v v v ' V| v v 6,36
304 v - v v |V v 6.57
305 | J 1A v J v 6.33
t 306 v v v Y K v v Y - v 6.40
339 v v vV iv v . |6.28
341 v V| v vV iV | v v 6.29
342 Vv Y N v v £.30
" 343 v VI v v 6.3
344 v vV ViV Y v v v 6.32
338 v ylilve o 1y Y Vv 6.27
337 | Ji1 v v Iy Vv 6.26
336 | v V| v v v v oo|s.2s
335 v v v v v v 6.24
¥ ruake Teco-ceLL x 'finely divided Form!
TRBLE 6.9  COUPARISON OF PATENTED /.C.E.D.'e FCR ELECTRODENISITICT




Compart~ IN ouT ¢ " (r) ’

ment No, /mg dm /mg clrn-3 /mg drn—3 /g(hr)-1 R'n /h
1 100 50 50 180 0,500 151.88
2 50 25 25 9a 0.750 75,94
3 25 12.5 12.5 45 0.875 37.97
4 12.5 6.25 6.25 22.5 0.938 18,99
5 6.25 3.125 3.125 11.25 0.969 9.49
6 3.125 1:.5625 - 1.5625 5,625 0,984 4,75

Overall 100 1.56 28,44 354,375 | 0.98B4 300

TABLE 6.10 PERFORMANCE OF HYPOTHETICAL ECC-CASCADE-CELL

Copper deposition under limiting current conditions,

with & fractional conversion of 0.5 in each compartment,

100% cathode current efficiency.

(some figures have been rounded off for convenience)




RUTHOR(S) REF . SCORE YEAR
ROSSMAN 347 U.S. Patents 1894 - 1931 1932
ROSSMAN 348 U.5, Patents 1932 - 1943 1944
I8L 193 Patents 1894 -~ 1959 1962
MANTELL 349 Metals for Pouwder Metallurgy 1959

350 (examples listed by the metal)

WRANCLEN 370 Metal Powders in General 1950
(deposit properties)

IBL 193 Metal Powders in Gensral 1962
(mass transport)

I8L 193 Metal Powders in General 1964
(Mass transport)

WALKER & 351 Production of Metal Powders 1979

SANDFORD
WALKER 351A Alloy Powders 1979
KROLL 352 Fused Salt Electrolysis 1945
SHAFER & 353 Iron Powders - Production & Properties 1958

HARR
MEHL 354 Copper Pouwder 1958
KUMAR & GAUR 355 Copper Powder 1973
MITAL 356 Metal and Alloy Powders 1973
CALUSARU 357 Metel Powders in Ceneral 1979
TRBLE 7.1 REVIEWS OF ELECTROLYTIC METAL POWDER DEPOSITI (N




METAL USES

i) Cadmium speciality batteries, phosphorus for TV tubses,
low melting elloys,

ii) Cobalt specialised magnetic and high temperature alloys

preparation of X-ray sources

ifi} Silver

printed circuits (by powdered inks)
dental fillings

decorative trades

spaciality batteriss

spark plugs

electrical contacts

conductive resins and chemicals
industrial chemicals

iv) Manganase

chemicaels, electrical dry cells
alloy production (especially non-ferrous alloys)

v) Lead

lead-hronze metal oil-less bearings

special purpose paints

sprayed protective coatings

praparation of bhattery plates

special lubricating greases (for oil exploration

gosket materiels end gland packing (as filler
for asbestos and rubber)

brake linings

metallic threads

thin rolled and cast sheets

with plastic mouldings, PVC sheets as radiation
guards, and sound insulant

tyre balancing

superconductors betwsen deposited metal films
and external electric circuits

vi} Tinm

as a8 sintering medium in bronze
sintered parts

laboratory applications
additives

protective coatings

solder component

vii) Nickel

fuel cells electrodes

plates for speciality batteries

porous metal filters

welding electrodes

binding agent for metal carbides

chemicals (especially catalysts)

sintered products (e.g. magnets)

coating of steel strips {s.g. for strip wound
covers, transformer laminations and magnetic
shields)

coinage

TABLE 7.2 USE OF INDIVIDUAL METAL POWDERS




METAL USES

viii) 2Zinc surPace coating for stesl {paints, etc.)
reducing agents (especizlly for paper industry)
dyea production

welding primers

pyrotechnics (smoke producing compositions)
gold extrection from cyanide solutions
electrolyte purificetion in zinc production

ix) Copper - unalloyed - decorative trade

- filter applications

- sintered component parts
- chemical catalysts

- bonding adhesives

= friction materials

bronze - decorative trades (spherical)
- filter components (spherical)
- sinter components {spherical)
- coating applications (spherical)
- metel filled plastics (irregular)
- diamond tool end wheel trade
(irregular)
- alloy pouwders and premixed powders
(irregular)

brass - decorative tradss
brake linings

TABLE 7.2 USE OF INDIVIDUAL METAL POWDERS (Contt'd.)




Uses Grade/Type Powder
1. Aerospace
Brake lining counter |Atomised powders Atomised
weights, filtars, {Pre-alioyed) and Cu 90/Pb 10
bearings others

2. Agricultural

Farm machinery
parts, Garden
equipment parts,
Food enrichment,
fungicides, soil
conditioning

Atomised pouders
Hydro refined,
Electrolytic

Cu and Cu base

3., Automotive

Brake lining

Brake bands

Buehes

Clutch facings
Engine parts
Transmission parts
Dynamo parts

Atomised pouwders
Hydro refiped,
Electrolytic

Cu and Cu base

4, Building/construction

Conductive concrete

flooring (non-spark,
fungus proof, struc-
turally stronger for
hospitals, theatres,
shower baths, dairies
locker rooms ete),

Decorative plastics
Linoleum
Pipe jointing

Magnasium Oxychlo-
ride cements (shrin-
kage promotion,
increased moisture
resistance,

Atomised powders,
Hydro-refined
Electrolytic

Extrafine gradaes
preferred

Atomised can alsa he
used

Cu and Cu base

Cu and Cu base

5, Chamical

Catalysts
Reactants

Ultra fine grades
preferred

Atomised can also be
used

55 Cu/45 Al
50 Cu/45 A1/S Zn

6. Domastic

Cordless Electric
Tooth Brushes,

Atomised, hydrorefined
milled and other types

Cu and Cu base

Razors,
Finger nail laquer,
etc.
TABLE 7.3 USE OF COPPER AND COPPER BARSED POWDERS




Uses

Grada/Type‘

Powder

7. Electronics/Electrical
Contacts
Crystal Supports
Printed Circuits
$ink)
Electrodes

Permanent magnets
commutators

Semi conducting
polymers

Motor brushes

Low density gas reduced
powders

High density/low
porosity with 3.2 to
3.3 gm/cc density
irreqular preferred

Ultrafine powders

Various grades,
including Dispersion
hardened copper and
atomised powders

Cu and Cu hased
Cu-W
Cu-Ag-Cd

Cu and Cu-Rg

Cu-graphite

8. Lubricants

Anti-galling-joint-
ing

Copper bearing-
lubricants

plastic filled
metals

Various finer grades

Cu and Cu basa
pouwdars

9.. Medical

Drassing superficial Various finer grades Cu
wounds

10. Nuclear Engipeering
Gamma ray shdelding Various gredes Cu=k=Ni

(attanuation)

11. Ordnance

Armour piercing
cores, Incendiary
Bombs, Flares,
Torpedo parts,
Tracers, Projectile
rotating bands

Electrolytic and other
grades (explosive
compacting also used)

Cu and Cu base
pouders

42, Powder Metallurgy (P/M)

Abrasive wheels,
Metal bended
diamond tools,
Bearings/Bushes
Low porosity

and cther mechanicel epplications

Atomised and others (hot’
or cold pressed sintered
to make grit matrix)
Atomised, irregular

end gas reduced high
density grades

Cu, bronze, brass
or/Cu-Ni alloys
Leaded Brass

(77 Cu/2 Pb Zn)
Niekel Brass

(69 Cu/9 Ni/Zn)

TABLE 7.3

USE OF COPPER AND COPPER BASED POWDERS (CONT'D)




Stesl backed
Al backed

Plastic field

0il impregnated

-Filtars

density grades

Atomised
pre-alloyed
Atomised

Pre-mixed qrades

Atomised (spherical
high density grades
with narrow sieve cuts)

Uses Grade/Type Powder
12. (Cont'd)
Porous Ntomised, irreqular
and gas reduced low Copper/Tin

88 Cu/10 Sn 1 Fe/4C

20 to 30% Pb/Cu
20 ©b/55n/Cu
89 Cu/11 Zn

Tin-bronze - 20%
Wt, PTFE

Up to 10% Pb
1-5% graphite

S - 20 Sn/0.7-1.0
P/Cu

13. Friction material

Infiltrants

Iron-copper com-
pacts

Mechanical com-

Hydro-refined atomised,
ementation, coated

Various grades for compact-
densification

Atomised irregular

Rtomised, electrolytic or

Cu-5n mixes
2 to 10 Cu/Fe

Copper coated
78 Fe/20 CU/ZSn

20 Cu/0.8 C/Fe

Cu~-5n-Fe-Pb-L-5i
Mixes for heavy duty
use,

5 Fe/5 Mn/Cu
Various grades by
Powdser Mc%allurgy
ttd,, (UK'"), MSP
{India)s

3 to 14 Cu/Fe

ponents hydrorefined
l.eaded brass 77 to 30 Cu/1 to 1
Pb/Zn
Nickel silver 6?2 Eo 56 Cu/16 to
19 Ni/7Zn
(mechanical
components)
Leaded nickal 62 to 66 Cu/16 to
3ilver 19 Ni/1 tn 1.8 Pb/7n
Infiltrated iron 7.0 to 85 Fg/1.5 tn
25 Cu/0 to 1 C
Copper steel . 86 to 98 Fe/15 to
11 Cu/0,6 to 1 C
TABLE 7.3 USE OF COPPER AND COPPER BASED POWDERS (CONTID.)
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Uses

Powder

13, (Cont'd)

Resistance welding
electrodes

Rolled strip,
Extruded tube
preforms

Self brazing

S1lip castings

Miscellaneous
heavy alloys

Others

Grade/Type

Aluminium bronzes {irregulart)

Atomised Copper/Lead/Tin

Atomised copper-lead

Atomised brasses

Suitable grades

Elsctrolytic (dendritic reduced)

(spongy) DHC

Atomised, others
Ultra fina electrolytic

Atomised (spherical)

Atomised

13 A1/4 Fe/83 Cu

69 to 83 Cu
3 to7 PBb
3 to 11 Sn
1 Za (max)

49 ta 77 Cu/23 ko
51 Pb

55 Cu/44.75 Zn/0.2
Mg

90 Cu/10 Zn

90 Cu/9.5 Zn/P

90 Cu/9.5 Zn/1.5 N
78.5 Cu/20 Zn/1.5
Pb/P

89 Cu/12 Zn/0.8 Fe
70 to 85 Cu/15 ta
30 In

73 to 85 Cu/14 tn
28 Zn/D.25 to 0.5 Al

Lu/W/Ag

Cu and Cu base
sintered slugs/
forged preforms
Cu/Fe

Cu/Fe

Cu (high density)
Cu/vl/Hi

Nl base containing
up to 2,59 Cu

14, Rail roads

8rake lining
Pantograephs
Friction strips

Electrolytic and other grades

Cu and Cu base

15, Surface coatings

Anti-fouling
marine paints
Conductive paints
Corrosion resise
tance paints
Decorative paints

Special varnished
Protection of
Silvering on
mirrors

Dye preparations
Coloured plastics

Atomised/Milled Cu grades
are usually used

Ultra-fine Elsctrolytic,
atomised, milled

Cu and Cu base

100% Cu (red) to

70% Cu/30% Zn

(green gold)

TABLE 7.3
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Uses

Grade/Type

Powder

15. Cont'd,

‘Spray coating

Vacuum metallizing

16, Gold Bronze

Paints
Inks

Decorative applica-

cations. Labels
Calandars

Cigar bands etc,
8rush ar spray
Coated paper

Decals

Roller coating
tmbossing
Transfer foils

Intaglio
Surface printing,
Stencils

Inks
Linings
Striping

Atomised/Milled/Polished

Pusting Bronzing
(304 + 325 mesh)
(30% - 325 mesh)

Ceneral/Decorative

(855 - 325 mesh)
(15% + 325 mesh)

100% - 325 mesh

100% - 400

Cu base a2lloys
(brasses)

Pale golds:
Brasses

B5 to 95 Cu/4 to
15 Zn

Rich golds:
Brasses

70 Cu to 30 Zn

50 micron size
average

60 toe 100 million
particles/qm

25 micran size
average up to 500
million particles/gm.

TABLE 7.3 USE OF COPPER AND COPPER BASED POWDERS (CONT'D)




AUTHBR(S) REF, ALLoy POSSIBLE APPLICATION
RRITHVIRAJ 383 Cu - Mi Electrical Resistance Alloy

et al.
YUREY et al, 384 Co - Ni Magnetic Material
BONDARENKD 385 Fe - Co - Ni Magnetic Materials

et al.
MAGANATHAN 386 Cu - Zn Brass products

et al,
SEDZIMIR et al, 371 Cu - Sn Bronze products
ASHWORTH et al, 216, Cu - Sn " "

223

FEDYUSHKINA 387 Cu - Sn Bronze Bearings

et al,.
NATANSON et 21, 388 Fe = Co - Ni Magnetic Materisl
poOMOSOV et al, 389 Ni - Fe " v
YUREV et al, 390 Fe - Co " "
YUREV et al, 391 Cu = Zn Brass products
YUREY et 21, 392 Co - Ni Magnetic material
DUBE et al, 93 Cu - Zn Brass products

TABLE 7.4

ELECTROIDEPOSITION OF ALLOY POWDERS







FIG. 1.1 PATHWAYS OF TOXIC METALS FROM THE
ENVIRONMENT TO MAN

(adapted from reference 2)

Key:
e —— food chains

respiration
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FIG. 2.1 PRESSURE GRADIENT AS A FUNCTION OF
REYNOLDS NUMBER FOR PIPE FLOW

showing the laminar and turbulent zones

FIG. 2.2 FRICTION FACTOR AS A FUNCTIGN OF
REYNOLDS NUMBER FOR PIPE FLOW

showing the laminar and turbulent zongs
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FIG.,.2,3 FRICTION FACTOR NS A FUNCTIONM OF
REYNOLDS NUMBER FOR PIPE FLOW
showing the effect of roughness,

After Moody 7
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FIG, 2.4 VELOCITY PROFILES FOR PIPE FLOVW

for various Reynolds Numbers

FIG. 2.5 MODEL OF TURBULENT DAMPING NEAR A SOLID WALL

showing a three zone distribution of concentration

After Gabe and Robinson ' 1°
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FIG. 2.6 TANTENTIAL FLUID NMOTION FOR THE LAMINAR
REGIME ARQURND A ROTATING CYLINDER

After Newman 10

FIG, 2.7 TAYLOR VORTICES AROUND A ROTATING CYLINDER
in transitional region flow,
After Schlichting 14

Outer cylinder stationary
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FIt. 2.8 FRICTION FACTOR AS A FUNETION OF REYNOLDS
NUMBER FOR A ROTATING CYLINDER
showing the limits of stability for
laminar flow,

After Cahe 25

FIG, 2.9 TORQUE AS A FUNCTION OF REYNOLDS NUMBER
FOR A ROTATING CYLINDER

showing the transition to turbulént Flow

Relative gap size

Key:

o experimental measurements by Taylor 13

non-linear theory, Stuart

£
----- linear theory, Schlichting '*
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FIG, 2.10 SECOMDARY FLOWS AROUND A ROTATING
CYLINDER IN THE TURBULENT REGIME
a) observed by Taylor i

b) observed by Pai 22

FIG, 2.11 - VELOCITY PROFILES IN THE ANNULAR GAP BETWEEN A
ROTATING INNER CYLINDER AND A STATIONARY

CONCENTRIC OUTER CYLINDER
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FIG., 2,12 FRICTION FACTOR AS A FUNCTION OF REYNOLOS
NUMBER FOR A ROTATING CYLINDER
showing the limits of stability.

After Theodorsen and Regier ?
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FIG. 2.13 a i FRICTION FACTOR AS A FUNECTION OF REYNOLDS
NUMBER FOR A ROTATING CYLINDER
showing the effect of saturated roughness.

After Theodorsen and Regier ?
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FIG, 2.13 b FRICTION FACTOR AS A FUNCTION 0OF REYNOLDS
NUMBER FDR A ROTATING CYLIMDER
showing the effect of unsaturated roughness.

After Theodorsen and Regier 4
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FIG, 2.14 DEVELOPMENT OF A TANGENTIAL VELOCITY PROFILE
AROUND A ROTATINMNG CYLINDER
showing an axial flow entrance length,

After Martin and Payne 29

FIG. 2,15 SCHEMATIC REPRESENTATION OF DOMAINS OF FLOW

REGIMES AROUND A ROTATING CYLINDER.

After Kaye and Elgsr 34
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FIG. 2.16 AXTAL REYNOLDS NUMBER AS A FUNCTION OF TAYLOR
NUMBER FOR A ROTATING CYLINDER
showing the transition zone betwssn turbulent
and turbulent + vortices regimes for axial
flow through 8 rotating cylinder.
After Kosterin, Koshmarov and Finatou40
A. laminar flow
B. laminar + vortices
£, true turbulent flow

D, turbulent flow + vortices

FIG. 2.17 TANGENTIAL STRESS AS A FUNCTION OF AXIAL
REYNOLDS NUMBER FOR A ROTATING CYLINDER

After Kosterin, Koshmarov and Finatov 40

C. true turbulent flow
D, turbulent flow + vortices

rotational spesed : 4 2 21
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FIG., 3.1

SCHEMATIC POLARISATION CURVE FOR COPPER
DEPOSITION FROM ACID SULPHATE SOLUTIONS
showing the well-defined limiting current

plateau, and the onset of hydrogen evolution,

13

‘At Cu,1++ 2e” = Cu

B : A and H++€‘ZJIQH1
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FIG, 3.2 SCHEMATIC PGOLARISATION CURVES FOR COPPER
DEPOSITION FROM ACID SULPHATE SOLUTTONS

showing the effect of agitation

Agitation: 3 >2 >1
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FIG, 3.3 a CONCENTRATION PROFILE NEAR AN ELECTR(ODE
defining the Nemst Diffusion layer

thickness, CS N

FIG, 3,3 b VELOCITY PROFILE NEAR AN ELECTRODE
defining the Prandtl Hydrodynamic

layer thickness, cs
pr
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FIG. 3.4 SCHEMATIC POLARISATION CURVES FOR COPPER DEPROSITION
showing ill-dafinad limiting current plateaux, as

concentration is decreased

Concentration, C : - (‘-37 Cy 70,









FIG.

a)

b)

4.1 CONFIGURATIONS FOR FLOW-THROUGH, PCROUS
ELECTRMES relative to the direction of

fluid flew

common feed for electrolyte; solution flow from front
fact (combines favourable electrode potential and mess
transfer conditions to produce maximum rate at the front

with minimum overall potential drop in solution)

solution flow from back to front (ohmic potential drop
works against the favourable mass transfer conditions
near the inlet, hopefully resulting in @ more uniform

reaction distribution)

perpendicular (permits a higher flow rate while main-
taining a large electrical driving force over the
reactor length, but this case is more difficult to

analyse)
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ROTATING ELECTRODES

— X

Roteting Disc Rotating Cylinder

(R D.E.) (rR.C.E.)

\ see Ch, &
51mple ring confined gap
Elactrnanalytical
Electrokinetic
Corrosion capillary
gap

stacked Pump Cell
alectroérganic synthesis
synthasis metal remcvel
photogrephic
recavary

FIG., 4.2 CLASSIFICATION OF ROTATING ELECTRODES,

Others

conical
wire
spherical

hemispherical

Electroanalysis

tlectrokinetic






FIG., 5.1 MODES OF OPERATION OF ELECTROCHEMICAL REACTORS

a) Simple Batch -

b) Single Pass

¢) Batch with Recycle
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FIG. 5.2 OPERATIONAL SKETCH FOR PLUG FLOW REACTORS

a) Single Pass

b) Recycle
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FIgG.

5.3

OPERATIONAL SKETCH FOR AN ANNULAR PLUG

FLOW REACTOR




A 4






FIG., 5.4 OPERATI ONAL SKETCH FOR A CONTIHUOUSLY

STIRRED TANK REACTOR

a) Batch

b) Single Pass

c) Recycle
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FIG, 5.5 SKETCH 0F AM EXPERTMEMNTAL CSTR

After Sudall 200s 207
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FIG. 5.6 OPERATIONAL SKETCH FOR AN ELECTROCHEMICAL

REACTOR TN THE 'BATCH RECYCLE' MODE
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FIG., 5.7 AGITATED VESSEL FOR £LECTROCHEMICAL #ASS

TRANSPORT STUDIES

After Mizushina et al. 205, 206
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FIGC. 5.8 SCHEMATIC POLARISATION CURVES FOR COPRER
DEPOSITION FROM ACID SULPHATE SOLUTIONS

indicating the effect under controlled

current eoperation gf

a) Concentration C32> C2:> C1

h) -Surface Area A3> r'»\z > A

¢} Relative Motion U3:> 32:> U1
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FIG. 5.9 SCHEMATIC POLARISATION CURVE FOR IDEALISED

DEPOSITION OF A SERIES OF METALS

comparable to an idealised polagraphic wave

Control Potentials: E1, E2, E3
Limiting Currents @

1IL Metal 1

2IL Metals 1 + 2

BIL Metals 1, 2 + 3

Nobility °: Metal 1>2>3
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FIG. 5.10 . NERMSTTIAN PLOT FOR SELECTED METAL CATIONS,

0

257 C

representing

0

E=E +RT log a,z+

F M
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FIG. 5.11 CURRENT DENSTTY DISTRIBUTION FOR

UNBOUNDED PARALLEL PLATE ELECTRODES
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FIG, 5.12 CURRENT DENSITY DISTRIBUTION FOR BOUNDED
PARALLEL PLATE ELECTRODES
(which comprise the ends of a rectangular
cell)

Natural Convection.
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FIG. 5.13

SCHEMATIC REPRESENTATION OF CURRENT (solid)
AND EQUIPOTENTIAL (broken) LINES FOR A

PARALLEL PLATE ELECTRODE
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FIG. 5.14 CURRENT DENSITY DISTRIBUTIONS FOR THE

ROTATING DISC ELECTRODE
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FIG. 5.15 SKETEH OF A ROTATING CYLINDER ELECTRODE
REACTOR
showing area, volums and area/volume

ratic for various cylinder radiae

FIG, 5.16 SKETCH OF A ROTATING DISC ELECTRODE
REACTOR
vith an interelectrode gap of 1 cm

and 2 radius T
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FIG. 5.17 CLASSIFICATION OF ELECTROCHEMICAL REACTORS

showing interrelationships
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FIG. 5.18 THE ELECTROCHEMICAL pump ceLL 21° = 224

(Southampton University)

a) Schematic Bipolar Cell

b) Laboratory Cell for Metal Powder Production
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FIG. 5.19 THE "SWISS-ROLLY CELL 22

a)

b)

8

(2.T.H., Zurich, Switzerland)

Sectional view of the Cell and Ancillary
equipment
The "Swiss-Roll" sandwich used for capper

deposition

1, cathode cloth separator
2. cathode

3, ion-exchange ‘membrane
4., anode cloth separator

5. anode
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FIG. 5.20

PLANAR, SIDE B8Y SIDE FLUTDISED BED
ELECTRODE REACTOR
{C.J.8, Portsmouth)

After Wilkinson and Hezines 165
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FIG, 5.2 TUBE, FLUIDISED BED ELECTRODE REACTOR

(AKZ0, Hengelo, NL)
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FIG. 5.22 PLANAR FLUIDISED BED ELECTRODE CELL

( rcHEMELEC® CELL) 2°%

(ECRC, Capenhurst, Cheshire)
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FIG, 6 .1 DEFIMNITION SKETCH FOR A BATCH ROTATING

CYLINDER ELECTRODE REACTOR




KL cm s”

A cm?2

"V ecm3







FIG. 6.2 CONVERSION AS A FUMRCTION OF TIME FOR A
THEORETICAL BATCH R.C.E.R,
showing the effect of surface arez A and
mass transport coefficient, K Ffor a

L

given peripheral velocity V = 1000 ems™ |

CURVE — H/c:m2 l(/c:rns'-1
A 100 0.1
B 290 0.4
C 100 0,2



o L I |
0 100 200 300
| TIME ., t /s







FIE. 6.3 DEFINITION SKETCH FOR A SINGLE PASS ROTATING
CYLINDER ELECTRODE REACTOR

(electrical connections and anode omitted for clarity)



,\ / U cm f_=,"i
N cm3g’ Ky cm.s| N cm3g
> >
CIN A cm2 Cout







fiG. 6.4 a dEFINITIDN SKETCH 70R A ROTATING

CYLINDER ELECTRODE REACTOR WITH RECYCLE

FiG. 6.4 b PROCESS SCHEMATIC OF A R.C,E.,R, WITH
RECYCLE AND FIXED INLET AND QUTLET

CONCENTRATIONS
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FIG. 6.5 ELECTROOE COMMECTIONS FOR POTENTIOSTATIC

CONTROL OF A ROTATING CYLTMNDER ELECTRODE

gt a point P.

Z.L. Zero Line Potential Pick up
R.E, Reference ELlectrode

S.E. Secondary Electrode

W.E. Working Electrode

a) incorrect 3 termimal connection

b) correct 4 terminal connection
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Q ? Q
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e o e 0
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FIGC. 6.6 LABORATORY ROTATING CYLINDER ELECTRODE

due to Swalheim 310, (1944)

a) Plan view of cell

b) Sectional view of rotating cathode
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FIG, 6.7 . LABORATORY ROTATING CYLIMDER ELECTRODE

58,

due to Eisenberq et al, (1954)
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FIG. 6.8 LABORATORY ROTATING CYLINDER ELECTRODE

82, |

duo to frvia et al, 19562)

A copper anode

c copper cathode

5 electrolytic solution
R.E. reforenco electrode
£.C. electrical contacts
H.C. heating coils

L -'Lucite' boards

5t stirrer shaft

1 insulator material

M,C. mercury cap, for E.C.
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FIG. 6.9 LABORATORY ROTATING CYLINDER ELECTRDE

due to Krishna et al. (% (1955)

a) electrolytic cell, sectional view

b} plan view

c) rotating electrode

1. rotating shaft

2., inverted cup

3, mercury bouwl

4, '"hylam" cover pla?e

5, capillary

6., grooved "hylam" plate
7. ring electrodes

8. copper shell

9. electrical connections
10. 'L!' -« clamps

11. baffles
12. bottom support

13. copper ring electrodes
14. steel rod

15. ‘tallsathene'insulators
16, ‘"Hylam" rod
17. copper ring
18. "hylam" ring
19. impeller
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FIG, 6.10 LABORATORY ROTATING CYLIMDER ELECTRODE

due to Kappesser et al. 89, (1971)

’

FIG. 6,11 LABORATORY ROTATING CYLINDER ELECTRODE

284

due to Edwards and Wall , (1966)
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FIG. 6.12 LABORATORY ROTATING CYLINDER ELECTRODE

68, 84,

due to Robinson and Gahe (1970)

FIG., 6.13 LABORATORY ROTATING CYLINDER ELECTRODE

due to Postlethwaite et al, 9d, (1971)
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FI[';‘. 6.14 {LABORATORY ROTATING CYLINDER ELECTRODE

due to Sedahmed et al. 73, (1977)
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FIG, 6.15 LABORATORY ROTATING TRIPOLAR ELECTRODE
CELL
due to Nadebaum and Fahidy 283 - 292’

{1973)

a) plan view of cell
b) sectional visws of cell

c} plan view of wiper
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FIG, 6.16 INDUSTRIAL ROTATING BIPOLAR ELECTRODE
REACTOR envisaged for the purpose of
economic analysis

After Nadebaum and Fahidy 298

a) sketch of the principle
b) section of the apparatus

e) & (d) industriel scale reactor
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FIG., 6.17 UNDIVIDED LABORATORY ROTATING CYLINDER ELECTRODE
FOR PRECIOUS METAL RECOVERY

{Walsh, Ecological Enginesring Ltd.)

2) Section

b) Plan

A. Rotating Cylinder Cathode (Stainless steel)
B, Insulatin§ End Caps {(Polypropylene)

C. Graphite Plate anodes

D. Titenium anode feeder/support ring

E. Gless or Plestic Vessel

F. Powdery Metal Deposit
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FIG. 6.18 DIVIDED LABORATORY ROTATIMNG CYLINDER ELECTRODE

REACTORS
vtilising planar ancdes

(Ecological Engineering Ltd.)

a) open catholyte compartment

b) closed catholyte compartment









FIG. 6.19 . LABORATORY ROTATING CYLINDER ELECTRODE
o due‘to Chin et al. 72, (1977)

“a) plan view.

b) sectional view

" FIG. 6,20°° < 7 EXPERIMENTAL ROTATING CYLINOER ELECTRODE CELL
' J-Fbr controlled potential coulemetric analvsis
) n Due to Johansson 288, (1965) B

euil%;gry electrode
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FIG. 6.21 AFALGAMATED ROTATING CYLINDER ELECTRODE REACTOR
for synthesis of salicylaldehyde.

After Udupa et al, 333

, (1963)
a) sectional view

b) plan view

1. pitch-lined mild steel tank
2. copper cathode (rotating)

3, micro-porous rtubber diaphragm
4, lead ancde

5, lead cooling coils
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FIG. 6.22 WIPED ROTATING CYLINDER ELECTRODE CELL

for synthesis of sodium dithiconite

296, 297

After Spencer et al. , (1969)
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FIG, 6.23 PATEMTED BIPOLAR ROTATING CYLINDER ELECTRODE
for removal of ions from an ionised liouid

{Berner, 1969)

12, 13. rotating cylinders

27. counter electrode

23, inlet *

26, | outlets for segregated ionic streams
20. overflow

21, anion rich liguor

22, cation rich liguor

10; vessel

15, 16. power brushes

For other symbols seu the c¢ited roference,









FIG., 6.24 PATENTED ROTATING CYLIMDER ELECTRODE
for electrolysis of metallic solutions

" (Lacroix, 1912)

a compartment

b rotating cylindrical cathode
¢ (perforated) insoluble anode
d inlet pipe

e  (overflow) outlet pipe
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FIG., 6.25 PATENTED ROTATING CYLIMDER ELECTRODE
for Electrodeposition of Iron

(Couper-Coles, 1915)

a containing vessel
b peir of soluble or insoluble ancdes
¢ rotating cylinder cathode

d onropeller

-
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FIG.

6.26 ~ PATENTED ROTATING CYLINDER ELECTRIDE
for coating of metal articles

(Schaefer, 1945)

pump

inlet

rotating cylinder cathode
electrolyte chambar
silver rode #nodes

drive motor

gear

gesar

slip ring

power brush

11 . vessel

12,
13,
14.
15,
16,
17,

18.

return to pump

cell top -
workpiece rack
electrolyte

upper portion of tank
shaft

shaft









FIG, 6.27 PATENTED ROTATING CYLIMDER ELECTR(DE
for metal winning from ores

{Campbell et al,, 1974)

16. hollow cylindrical cathode (rotating)
17. crushsd ore

18, electrolyte

19, anode rod (rotating)

20. insulating closure (removeable)

21, charging and discharging pipe









FIG. 6.28 PATENTED ROTATING CYLINDER ELECTRODE
for recovering silver from phétographic solutions

(Fulweiler, 1971)

10. cell
11. tank
12. bridge

14, rotating cylinder cathode
15. aqraphite plate anodes (&)
16, shaft

17; nylon bearing

20, impeller

21. impeller cerrying plate
22, fasteners

24, wvertical baffles

-
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FIG, 6,29 PATENTEb ROTATING CYLINDER ELECTRODE
for recovering silver from bhotographic solutions

(Fisher, 1972)

10, electrical control unit

11. polyethylene drum

12, frame

13, rotating cylindricel cathade

14, carban rod anodes

20, stainless steel surface {smooth)
21? cross braces

22, bearings

23. impeller

24, leading edge

25, trailing edge

26, downward flow of electrolyte

“

27, direction of rotetion

30.33. impeller fins
34, fluid opening

35, bess




a)

b)

c)







FIG. 6.30 PATENTED ROTATING CYLINDER ELECTRODE

for ﬁetal TEeCOoUBTYy

(Goold et al., 1975)

2,

11. octagonal tank

12. plastic coating

13. insoluble anode

14, conductor

16. insulating lining
17. shaft

18, bearings

19, lever arm

21, lever

22, pitman wheel

23. geared motor

24, oscilleting cathode
26, cathodo freme mambers
27, cathode supports
28, metal sheets »
29, cathode - shaft conductor

30, slots

31, commutator

32. brush

33, fluid

34, overflow inlet outlet

36, drain valve

37. fins
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FIG, 6.31 PATENTED ROTATING CYLIMDER ELECTRODE
for copper production

(Julien, 1925)

1. wvessel

2, rotating cylindrical cathode
3, anode basket

4, copper particlés or piecss
5. anode feeder plates

6. longitudinal braces

7. " | '

B, slanting bfaces

9. upright support
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FIG. 6,32 PATENTED ROTATING CYLINDER ELECTRODE
for metal recovery

(Cooley, 1970)

10. rotating cylindrical anode
12. shaft

14, wvariable speed motor

16. bench

17. opsning in bench

18, framework |

20, support for shaft

22, flexible sheet cathode

24, rod clamp

30. anode fesder

32, cathode feeder

34, power supply source

36, tank

38, solution

40, pipe

42, pipe

44, constant discharge pump
46, cogting hopper

47, thin layar of plated metal
48, scraper (rubber)

49, solution stream
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FIG. 6,33 PATENTED ROTATING CYLINDER ELECTR{DE
for metal recovery

(Arigo Pini S.p.A., 1966)

1. outer wall of vat

2. inner wall of vat

3, recesses

4, collecting sump

5. sloping fleor of vat

6. cylindrical cathode plats
7. " " "
8. cathoée bridge connecter
9. supporting spider

10. drive shaft

11. slectric motor

12. belt drive
13, welectrically conducting ring (anode feeder)
14, support for anodses
15, anodes

16, doctor blades









FIG. 6.34 PATENTED ROTATING CYLINDER ELECTRODE for
cupro-lead powder production
{Societe Industrielle des Coussinets, 1561)
a) sectiopal elevation of the electrolysis tank

b) " " " " uwhole apparatus

a copper rod anode feeder
b plastic sheath for (a)

d cathode surface

A inner, electrolyte tank
B outer, cooling tank

L anode

R scraper trough

U trough for copper and lead scrap

M disintegrator
E centrifuge

F conduits

I receiver

G valved branch conduit
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FIG. 6,35 PATENTED ROTATING CYLINDER ELECTRODE for
metal recovery

(Prunet and Guillen, 1962)

1. vessel/anode

2, anode connection

3. rotating cylinder cathode
4, drive shaft (insulating)
5. insulating end cap

6. scraper trough

7. cathode connection

8., rotating cylinder anode
9, cell body/cathade

10. R.,C,E. drive shaft

gscrapars

14, settling cone
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FIG.

10.,
1.
12,
13,
14.
15.
20,
21.

22,

6.36 PATENTED ROTATING CYLINDER ELECTRODE for

copper recovery from its ores

(Gordy, 1970)

tank

anode chamber

anode

anode feeder

anode connection

anode chamber outlet

rotating cylinder cathode
drive shaft

scrapaer member

mounting for 12

tensioning spring

cathode connection
ore/électrolyte slurry hopper
catholyte inlet '

catholyte
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FIG.

12.
13,
14,
15,

16,

6.37 PATENTED ROTATING CYLINDER ELECTRODE For the

production of zinc dust

(Johnson, 1939)

vassel
inner cover
hollow shaft
rotating cylinder cathode
slip ring
cathode connecting rods
cooling medium inlet
" " outlet
"o " groove
outer cover
anode aggregate
copper ring anode feeder
scrapers (rubber) secured to anodes
electrolyte inlet

" outlet

n " (optional)
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FIG, 6.28B PATENTEd ROTATING CYLINDER ELECTRIOE for
depasition of metals

(Cleave, 1925)

A, earthenware jear
€., anode plates
D. rotary cathode
E. drive shaft

F. scraper

For the meaning of other symbols, see the cited patent,
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FIG. 6.39 PATENTED ROTATING CYLIMDER ELECTRODE for
producing nickel flakes

(Yordblom, 1968)

21. rotating cylinder cathode

22. non-conducting grid

23, electrolyte

24, anode

25, electrolyte jet {for metal removal)
26, pump

27. alectrolyte jet {for gas removal)

- -









FIG. 6.40 PATENTED 'ECO-CELL' for recovery and production
of metal as powder

(Holland, 1977)

10, rotating cylinder cathode

13 anolyte inlet

14, anolyte outlet

15. catholyte inlet

16, catholyte outlet

17. " n  {alternative)
18. scraper

19. gas vent
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FIG. 6.41 FLOW SCHEMATIC OF A TYPICAL'TECO-CELL' PROCESS



ANOLYTE TANK

FEED TANK

TYPICAL ~ 2000 PPM CL

AS Cub04 IN 5% Ha50,
SALUTION - TOTAL 100 GPM

ANOLYTE
ouT

TYPICAL - 14% MN30OH

FEED

CAFTHODL
+ BVOLTE

ANQLYTE IN
TYPICAL — 15% NaQH IN WATER

HON EXCHANGE
MEMBRANE

POWL Ft
IRECTIFIEHR
TRANSI OREHY

FOWER

ANOUE
B VOLTS

SEPARAIOR

f——=" METALSDEPLETED
LIO0UOR OUT

t¥PICAL — 100 GPM SOLUTION CONTAINING
§0 PPM CU, CAN BE REDUCED TO <1 FFM BY
PASSING THAQUGH POLISHING ECO ~CELL

RECOVERED METAL
TYPICAL ~ 2400 LBS /DAY
" COPPER AS 99+ % POWDER

SEPARATOR

ANODE

ROTATING CATHODE






FIG.

6,42

A CASCADE OF R,C.E.R,'s IN HYDRAULIC SERIES
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FIG.. 6.43 A SIX-ELEMENT 'CASCADE ECO-CELL?
(divided, with internal distribution

of current)
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FIG, 6.44 A SIX-ELEMENT 'CASCADE ECO-CELL!
{(undivided with external resistive distribution

of current)
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