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L ABORATORY EXDER-I_MENTQL ND{?KT S

The exgeriment;l studies described in this chapter?were
ganerally performed at Loughborough University of Technology,
in the Departmeﬁt of Materials Engineering eand Design,

The apparatus used was designed and built by thevauthnr to
act as a versatile rotating cylinder electrode reactor for

the study of controlled potential deposition of metals and

powder formation under mass transport control.
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8.1 DESIGN CONSIDERATIONS AND APPARATUS

cem e e 80101 Design Lonsiderations se— com e e miame ieml ol
There were tuwo conFliqting requirements for the design of the
Iaboratory reactor, in that it had to be capable of:

i) perquming academic mass transport studies under
controlled, reproducibla conditions, which were com-
parable with previous work, and

ii) acting a8s a scaled-down version of én Eco-Cell,hmith
the capacity to treat industriasl process solutions,
The general requirements may be stated o=z Follows:
1. The non-electrode reactor components had to bs fabricated

from chemically resistant materials,

N
.

The reactor had to be capable of being readily dismantled
and assembled, to facilitate cleaning ana to fFacilitate
changing electrolyte or Qlectrodes.

3..The reactor had to be capable of being divided by an ion
exchange membrane, as in Eco-Cells,

4. Insoluble anodes had to be incorporated when usihg'the
reaqtor in a8 divided mode, whereas soluble (copper) anodes
had to be used for undivided aperation.

5. The reactor was required to operate in batch, single pass
and batch recycle modes; a flow-through design was necessary.

6. The reactor had to bs operated under controllad temperature
conditions. | |

7. The-reactor had to be capable of being sealed and vented, to
prevent undue ubrtexing, aeration or hazardous gas .gvolution,

8, It w2s desirable to minimise the use of immersed metallic

components to the electrodes, to negate the possibility of

stray current elrctrolysis,
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9, The reactof gecmetry had to give rise to a uniform cathode
" potentizl dnd curtent density, and the Totdting cyrinder === = ===
- cathode had to be capable of potentiostatic control.

Mare specific requirements will be seen in further sectians,

The resultant verseatile wnrking raacto; and associated instru-

mentation and fluid flow assemblies is shown in Figs. 8.1 « 8.8

and will now be described in some detail,

8.1.2 Apparatus
Fig, 8.1 (a) and 8.1;(b) show an actusal phuﬁngréph and @ schematic
sketch of the completed rotating cylinder electrode reactor assembly.
This apparatus wes constructed around four "Tufrnol" platfnéms,
which may be described as base, . lower,intermediate and uppér
platfurmé. Tanol'Qas eﬁployed due to its chemicel resisténce,
insulating properties and mechanicel stability. Four 2.5 cm,
diameter nickel-plated steel rods wers bolted to the base, and
thase rods wers scrowed above » certain height and préuid;d with‘
hexzagonal nuts to accept three further Tufnol platforms,
The upper Tufnol platFprm had the drive motor mounted centrally
on its upper surface. The motor was a 1/8 h.p. Servomex Controls
Ltd, model M.C.43, equipped with a tachometer gensrator feedback
winding to facilitate measurement and control of its rotaticnal
velocity, by an electronic power sunmply. This system-enabled
rotational speeds of 180 - 1500 r.p.m. to be employed, set speeas
being controlled to within 1%. The lower limit here was governed
by the tendency of the ungeared motor to “commutgte" and produce
uﬁsteady rotation, while the upper limit was governed by the
méchanical inertia of thé drive assembly'and Frictidn due to

brush loading,
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The driﬁe motor wds coupled by an insulating nylon sleeve to the
stainless stesl drive shaft. This shaft wes vertically mounted

.-Detuaen two rollsr bearings held in an alyminium elloy housing

This housing was mounted between the lower and intermediate plat?mfms
and provided with strategic grease nipples for the periodic lubrica-
tion of the bea;ingé. The drive shafit accommodated the powér’slip
ring as it emerged From the upper surface of the intermediaée
nlateorﬁ. The slip ring, which was silver plated for good slectrical
centact, was fitted on a locking taper to the shaft and secured by

an additional hexagonal nut.,  This arrangement enabled the slip ring
to be rendily removed, but Facilitated good mlectrical conductivity
to the shaft. The powar brush assembly wss mounted on the upper
side of the intermediate pletform, and cansisted of a twin, tinplated
steel, sprung-calipér unit incorpoﬁat;ng two silver fiiled graphite
brushes, each of spproximate sufFaCE ares 8 em.’ Tha contacting
faces of thalbrushes were machined before use to mate with the slip
ring, and the assembly was run in for several days.

A small tachometer gcﬁerator was also mounted on the upper surface

of thn iﬁtefmgdiate platform, and was driven from the shaft by
nulleys and 2 rubber belt, This provided an output of 1V a2t 1000
T.p.m., which was proporticnal at different speeds, Coupled to a
voltmeter, the alectro-méchanical tachometer provided a check on

the reotational speed.

The lower platform carried a sm2ll 12 V. DC mntor on its upper
surface, and this was used to drive the anolyte bath stirrer via a
thyristor speed cenirol unit,

The rotating cylinder electrede (catholyte) compariment, which will
bn doscribed halow, was flenged on to 2 2.5 cm. thick perspex plate,
Thi=z zolate-wes suspended From the undor side of the lower platfarm

by Frour screwnrd stainlesz steel rodz,
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A small silver platsd copper slip ring was fitted on to the rotating
sha®t whers thz letter emerged from the louwer glatform, This was

contacted by 2 small silver filled ographite brush of approximate

contact area 0.3 cmz, which served to measure the potential of thé

" R,E.E. without including the potential drops across the slip ring/.
brush assembly and the drive shaft.

The top plate of the geactor (Fig. B.Zc}uas provided with several
sealable aperturos to mount the central drive shaft, the fluid
outlet/gas vent, a mercury thermometer, and the reference elactrode.
praobe. The last two were sealed via PTFE screwed collars com-
pressing silicone'ﬂ'rings. The thermomster aperture 2lsc served

ac a sempling point in certain oxperiments, small discrete semples

of eglectrolyte being withdrawn with a hypodermic syriqge or A8
micro~pipette, The reference eléctrade probe consizted of a
vertical glass tube terminated in 2 low leaskage ceramic Frit located
approximately 1.5 mm, from the active cathode surface, and at half
the height of the cylinder. While a smaller distence and & luggin
capillary along the lines of current flow are clearly desireble from
the point of view of measuring an a2ccurate electroda.potential,

these considerations wers relaxed tp allow metél powder buildup to
occur in some caggs. The liquid jﬁnction glass tube probo uas
conveyed via a flexible transparent PVC tube to a polypropylens
reservoir mounted on the side of the upper platFﬁrm. This reservoir
was filled with salt bridge sclution, typically 1.0 M sodium sulphate
and fitted with 2 mercury/mercurous sulphate reference electrods and
a tap to facilitate filling, sealing and bleeding air From the system,
'Tﬁis design of probe and reservoir resulted in a rigid,robust,
uérsatilé assembly, which could be readily changed for an alternative
roferance electrode system, removed to aid electrode or reactor

cleaning or apreparation, or used externally. Whilst the small
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hydrostatic head of the salt bridoe, sealed reservoir and ceramic
frit combined to give a gbod reproducible liquid junction with low

leakage, o sulphate reference electrode was preferred td a chloride ’

¥

variety such as bacause sulphate fons~were~diractly--Come—- oo -
patible with the sulphuric =scid indiFFgrent électrolyte used in many
rexﬁeriments, Moreousr, chloride fons, even in small concentrations,
are known to sxert a marked eFFeﬁt on the glectrochemical behaviour
~and deposit'characteristicé of copper deposition,
The catholyte compartment was an approxihately cubic perspex vessal
open a2t the top and flanged vie 2 3 mm. rubber gasket.tu the perspex
top plate, It was secured to the latter by 8 guick-relesese stainless
steel thumbscrews, For flow through operation, or amptying the
reactor, the bottom was provided with 2 screwad-iﬁ polypropyliene
inlet tube. This, and the similar cutlet tube on the £§p plate_of
the catholyte ccmpartmeht, (Fig. 8.2 c))could be sealed off for batch
operation, | o |
Fig. 8.2 provides a series of pﬁotmgraphs to illustrate the construc-
tion of the catholyte compartment, The four sides of the compartment
were machined from 6 mm., thick transparent "Perspex" sheet, and werse
each‘prouided with a central square 8 ﬁm. x B em. aperture. The
sides were joined by a solvent cement (1.€.1's Tensol &) and clamped
together mithls Bﬂ'stainless steel allen cap screws.(FiS. 8.}2 ﬁ)). ‘
The latter were counterbored and covered with zn insulating layar of
solvent cement. The top flange of the compartment consisted of a2
square Frama_of 6 mm. perspex sheet, with a central 12 x 12 cm,
apefture. It mas_bonded to the compartment sides as above {Fig 8,2 Q».
The Framework of the catholyte compartment was completed by the

addition of 2 square 6 mm, thick perspex plate containing 2 central

screwed zperture to accommodate the inlot,
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Fach side of the compartment was fitted with 2 sheet of cation
exchange membranz (Ionac MC 3470, Ionac Chemical Sybron Corporation,

New Jersey, U.S.A.), This was sandwiched between 3 mm. thick rubber

gaskets, and the aése;biy wos éaéﬁfédrb}“éﬁs;ém: thick perspex
backing plate and Mé pélyprepylene fastenings. This resulted inl

an 8 x B cm, window of membrane in sech side (Figs. 8.2 B)).. The
resilient rubber gaskets were moistened with silicone grease to aid
sealing and dismantling, and the membranes could be sealed with

little more then finger pressure on the bolyproﬁylans fastenings.

Fig. 8.2 c)shows the cell complets with its top plate. for simplé,
rapid trials it was sufficient to merely clemp the cell loosely to

the tap platse, whareas For continuous flow through axperimanfs the
fixings weie u;ed, finger pressure being sufficient to sgal ﬁhg
chember,

The catholyte chamber was immersed in a square sectioned tank (Fig. B.1 c))
This tank, fabriceted from glued and screwed 10 mm. transparent perspex
sheet, held the anolyte (1.5 M sulphuric acid) and also served to
provide a constent temperature bath.. The anolyté chamber (Fig. 8.3)
had 2 recessed igternal ledge which accepted a 10 mm, perspex cover,
and facilitated mounting of two disgonally opposed 240 V,. 500 W.

" silica sheathed immersion heaters, The 1atter.were controlled by o
capillary, mercury in copper thermostat probe which was glass sheathed,
The pérspex'cuupr alsc sccommodated 2 thermometer snd & flexible tube
conveying inlet liquor to the catholyte chamber. The cover of the

* anolyte chamber incorporated @ stirrer gland through which a polypro-
pylene impeller shaft passed. The end of this shaft was provided

with 2 polypropylene stirrer to encourage uniformity of temperaturs

and composition in the anolyte, and to promote escepe of gas from the
anodes. The anodes comprised four 6 mm, plates of lead/6% antimony

disposed to each side of the anolyte chamber, and connected externally.
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The effective immersed anode 2rea was apbrpximately 100 cm2 for each
anode, i,e. 400 sz total and was considerably in excess of the
tathorde area to prevent anpde polarisetion affecting studies at the
R.C.E. Thé anodes were anodised to asstablerleadpoxide,surfacséz_ﬁl
before use, and occcasicnally anodically protected using a “dummy"
cathode during periods of disuse, to preserve the surface oxidg
coating., No effort was made to minimise the effective interelectrode
gap, as the voltage copability of the potentiostat power supply was
relatively lerge (20 V), end the relatively large interklectrode
distence (epproximately 10 cm) essisted in providing e more uﬁifnrm
potential and current density distribution., The anélyte‘chamber lid
was a relatively close fFit to discourage electrolyte loss via oxygén
éaaaing, and to provide bstter thermel insuletion, The asnolyte

chember was provided with 2 drain plug, and mounted on 8 manually
elevated jeck to raiss (Fig., B.1 ¢)) and lower {Figs. 8.1 8 and-d) it.
When the anolyte bath was lowered, the catholyte chamber could be |
left in plece (Fig. 8.1 a)} or allowed to fall (Fig, 8.1 d)) as appropriate.
The desion of the reactor assembly-around platforms produced a rigid
apparatus, and the platforms were individually adjustable, to allow

the drive components to line up correctly.

In soluble anode experiments, 2 copper foil anode was employed mounted
inside tHe catholyte chamber, which then acted as an undivided reactor
rather than an individual compartment,

Catholvte solutions were convaniently prepared and stored in 2 thermo=
statically heated and stirred 20 litre cylindrical glass resesrvoir

- (Fig, 8.4). This was provided with an inlet and outlet, and could

be used as part of a pumped flow batch recirculation system, together
with the rotammeters in the inlet line to the celi, and a large bore
peristaltic pump. The flow rate could be controlled by both the
variable speed peristaltic pump or by throttling vaelves in a bypass
lire, The oputlet liguor from the reactor was then filtered by 2

small naper cartridge (Whatmar 1Gfagrade) before returning to the
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reservoir, The flow spparatus (Fig. 8.4) was largely mounted in a
"polypropylens tray for sscurity and cleanlinéss. In the majority of
expoariments, the reservoir merely served as a supply of Frgsh elaetrolyte,

the preparation of 2 'large volume of solution helping to prevent minor

variations in composition,

The insﬁrumantainn employed for the laboratory studies is collectively
shown in Fig.-8.5, although it should be noted that not ell of the
instruments were employed in each experiment, Fig. 8.6 shows a typical
elactricel eircuit.  The instruments will be referred-to in. the
following saﬁtions._r

The design of the R.C.E. and the rotating shaft/catholyte chamber seal
both received considerable thought, The szeal design, which was re-
quired to yield 2 low friction surface, is indicated in Fig., 8.7. The
stainless shaft was machined, lapped and polished to a mirror finish

in the vicinity of a stainless steel cése, stainless-steeLspring-reinForced,
ﬁitrile lip séal, which was ecentrally installed in the perspex top'platé
of the catholyte chamber, The seal wes removable from above or below
the perspex plate; the rotor could be remaved to facilitats seall
replacement without disturbing the top plate, The 1lip seal was meanted
between a fixed, lower, and an upper, adjusteble PTFE coller (which also
acted as steady sleeve bearings). The upper PTFE coller extended for .

2 short distance to allow a smell (5 -~ 10 m1) poel of water to lie

above the seal and around the exposed shaft, This served two purposes:
firstly, the water acteéd as a'tell-talé for electrolyte leakage, as its
colour or pH would change, or it would overflow; secandly, the water
sorved to lubricate and brclong the 1life of the seal from above, while
electirolyte lubricated the seal fFrom below. The shaft was only

exposed to electrolyie for several millimetres in the immediate vicinity
of the seal to minimise electrodeposition. In practice this did not
prove to be @ problem, @2lthough the small amount of plate was periodically
remaved, The section of tha shaft extending to the-R.C.E. was protected

from plating By a sliding fit PTFE sleeve.



-260 -

Fin 8.8 shows two designs of rotor used in this work; both types
were ramoveble from the shaft vie 8 male thread on‘fhe uppar side of .
the 691{héér;€6r convenience ih’Eledﬁihﬁf‘éIactrode;preparattun;cand-s:?"wm
deposit examination and measurement. . The first design {Fig, 8.8 a) )
comprised a stainlesé steel eylinder of aiamater 6 cm, an& length 6 cm,,
provided with insulating PTFE end caps 6 mm. thick, on its lower and
upper faces, The diaméter of the end caps was identical to that of

the eylinder, to promote uniform hydrodyneamics around the top and

bottom extremities of the ecylinder, and minimise edge effects, This
design 2lso fecilitated cleaning or remachining of the cylinder, and

the end caps could be readily sealed to the rotor, by light compression;
the top cep was compressed between the shaft and cyl%nder while the
bottom one was scrawed on to the underside of the cylindér. Duplicate
cylinders were knurled. .

While the above design was preferred from » hydrodynamic end mass
transfer point of view, it was desirable in gertain experimants to

be able to remove the deposit, e.gq. Fur.microscopic examination, to
examine the effect of surface oretreatments, or to facilitate cleaning.
This was accomplished by wrapping 2 thin metal foil around a steinless
steel former ana employing shaped end caps to secure the eylindrical
foil. If a2 seamless foil was employed, haowever, the wrapped over
saction of the foil would Haue tended to promote non-uniform deposit
growth due to hydrodymeamic or slectrocrystallisation effects, and

care would have besn necessary to ensure that slectrolyte did not seep
into the space between the foil and the roter, resulting in unwanted
deposition on the latter; eccentricityu,msalsm a problem.  Tha foil
electrode also facilitated the use of varying electrode materials,

and this is QSpecially.impoftant in the cesa of precious metals such

as platinum, where thé inuento?y of electroactive substance may be

minimised, An altgrnative is aluays provided by electfodepnsition,

hut this iz rather inconvenient, It was desirable to use foils for
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certain experiments in the present study, but to eliminate the seam.
The use of adhesives or solder proved'to be tedious and unsuitable,

8s foreign material wes introduced on to the electrode shrFéce.

Frm zames - -

The problem wes soluad by electron beam weldlng “of coppor FBil” “around "
a suitable former. This technique was employed to prnduce foil
cylinders having 8 diameter juqt (sey 1 mm) greater than the- rotating
cylinder. The seamless foil was readily fitted end proved to be
reasonably concentric and quite suitable for surface microscopié
studies. Foils prepafed in this wyay could be re-uéed, sectioned
for examination, or cut aﬁd straightened for storage. Fig., 8.8 L)shows
a ;oteting cylinder according to this design, | |
The roteting cylinder and its drive assembly were machined and assembled
such as to maintain a concentrie, uibratibn-?ree system; typicai Tun
-out figures efter 6 months (measured by a diel gauge) are shown in
Table 8.1,

8.2 Procedure

8.2,1 Genersl
Laboratory solutions were prepared volumetrically by ﬁissﬁlution of
the required chemicals (normally AR, grade) in‘the background_
electrnlyté. For example, 1; the case of acid copper solutlons,
cupric sulphate pentahydrate was dlSSUlUQd in 1.5 M sulphuric acid
which was itself prepafed by dilution of cnncentratmd sulphuric acid
(AR, grade).. Freshly prepared solutions were normally énalysed'
($sction 8.2.8) by atomic absorption spoctrophotometry or thiosulphate
titration to check the metal concentration, and alkaline titration
with caustic so;a (phenolphalein as indicator) to check the acid
concentration.  The majority of copper solutions mafe 0.014 M in
copper sulphate, and hence 0.014 in coppsr (equiualent to 890 parts

per million metal),’
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During lengtrytrials, the composition of the copper solutions was
frequently checked and corrected. Dilution wes performed Ey
addition of 1.5 M sulphuric acid and comentration by addition of a
small uolume;nE:poncentrated,cupricﬁsulphatswinvj,S_M;sulphuric;acidrmy.ﬁw
solution,
The mejority of cupric solutions for mass transfer involved experiments
with 0,014 M Cu solutions in 1.5 M sulphuric acid, to provide com-
parison with previous work, and to facilitate use of transport properties
already documented, such es dynamic viscosity, density end diffusion
ﬁoeFFiéient.
Industrial proneés splutions were used in the "as received" condition,
unless otherwise stated.
In the case QF stainless steel electrodes, the surfece was polished by
wet 600 grade emery papar, then degreased by swabbing with 1,1,1-

°

trichlnroethgne . Deposits were stiipped by HNUSfcih};r copper
foil electrodes, 2 similesr procedure was adoptéd- . Geperally, priﬁr
tao an experimental trial, the surface of the clean électrode;.mas
preplated potentiostaticeally at a2 low overpotential {wall below that
conducive to mass trensport contrni) for 60 seconds, to yield an active,
compact and adherent surface which was found to foster reproducibility.
More complicated methodé of slectrode preparation were not undertaken,
as early studies showed that no significant differences were oEserued,
within experimental error, between chemically polished or electropolished
coﬁper foils, and those. prepared accordinag to the above method. While
chemical and electrochemical methods of polishing undoubtedly heva a
pronouﬁced effect on the initial stages of eiectrmcrystallisation,
this effect is rapidly swamped in the ca2se of powder formation. In
the cese of foil plectrodes, the suréace area uas raproducihly defined
by wrapping stretched 0.65 mm. thick PTFE tape arcund the rotating
eylindrical surface, A éreshly prepared R.C.E. was employad for

each trial and, following ch2rging of the cell, the rotor was 2llowed
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to turn at the sppropriate stabilised and monitored speed to remove air.
and aid thermostatic operation of the catholyte. The catholyte
tamperaturé was tontrolled in the range 20 - GUU £ by tha surrounding
anolyte bath, and wes held to within ' 0.5%°C ~&t shy temperatures=-— - -
The R.C.E. was normally controlled potentiostatically using s Chemieal
Electronics 20 V/50R maodel petontiostet acco?ding to the circuit shoun
in Fig. B.6. Currant was normally continuously monitored on a Bryans
modeal 28000, y~t chart recorder, as the potential differsnce acrods a'
standdrd 1% tolersnce shunt.  According to the current bﬁi;g measured,
the shunt and recorder sensitiviéy ware selected to gi@e a2 reasonable
low noise signel. Generally, 2 50 A/50 mV (i.e. 1 @V/A) or @ 5A/50 mV
(i.n. 10 m¥/A) shunt was employed, with the recordsr input switchod
within the range 0,1 mV to 100 mV, The time axis of ths recordsr
chart was.calibrated eithar in minutes or in terms aof mU-potsntial

'
for pblarisation work,
The cell voltage of the reactor was continuou#ly monitored by an
analogue moving coil 0 ~ 3 V meter, to provide a check on overall cell
oneration and power use, A high impedance Ccrgng - EIL model 125pH
moter/millivoltmeter was switched in order to measure electrode
sotential, cell.uoltage, auxiliary potentials or pH, as appronriate,

to within > 0.1 mV, In certain later experiments, the electrical

charge passed to the reactor was monitored by a digital Coulombmetar

" {Kemitron Electronics, Chester).

Potentiostatic Dolarisaticn Curves

Potentinstatic polarisation curves were obtained autematically on thé
't' axis of the recorder by linearly inecreasing the potential applied
to the working electrode (as measured by the potential pick-un hrush),
with timg,using a Chamical Electropics Ltd. lingar swsep unit.

Swees Tatas of 15 - 1900 my (min}"1 were employed, but the majority

af trirlz utilised &0 mV (min)-1. Current was displayoed on tha 'y!

axiz of the recorcer. The electrode was preparsd as deseribed in

3.2.1, 2llousd to reach a steady rcecordzd rest petential (essentially
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the reversible potentisl of copper) and the cathodic polarisation secan
was initiated, From the open circuit potential. At a.swaep rate of
60 mi (min)"1 and an overpotential range of 0 - 700 mV, a complete
“minutes,” RS expiaifgd
lategr, theo scan rate was necessarily chosen as a coﬁpromise to achiove
significant, steady state, reproducible results.

Polarisation curves were chtained under & variety of conditions For both
smeoth, "knurled and powder-deposited rough eylinders usiﬁg the above
procadure, |

For 2 limited number of trials, 2 comparison was made betwsen limiting
currents ohserverd From polarisetion curves, and the stsady current
obtained by immediately raising the potentisl of the cylinder to a

value corrasponding to o nantral_pnrtioh of the limiting currant .
plataau, |

For precise work, a sample of the catholyte takon under limiting

current conditions was enalysed for copper concentration.

Potentiostatin Crowth of Deposits

" The smooth - rough trensition for daposition of copper was followed

8!2.{l

as o function of time while subjocting the R.C.E. to potentinstatic
control and monitoring the cell currant, This was accomnlished at
various cylindaf speeds, and the concentration of copper in the catholyta
was held constant by a combination of a flow-through elecfrolyfa and
soluble anodes. Soluble anodes in a2 sealed undivided cell did not

prove to be a suitable system, especially for lengthystudies, as

copper fissolution cccurred by cnrroéion as well asizaradaic disleQtion.

Coneentration Decay Trials

Several trinls on copper solutions ware performed using @ potentiostati-
cally rontrolled R,C.E. in a divided cell, with an insoluble anadse,
The subseqguent decay of concentration was followed by sampling the

solution (and analysing for copper), while the current was 2lso monitored.

The effect of potential, electrode arsa, rotational speed and deposit

roughness were studied.
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B,.2.5 Controlled Potentisl Separation of Maetals

Similar trials to the above wers performed on mixed metal -solutions

including:

0,014M Ags 0.D14M Cu in 0.15M HNO,

3
0.014M Cus 0.014M Zn in 1.5M HZSD4
0.044M Cus 0.0714M Ni in 1.5M HZS[]‘!1

and mixed Auf/Ag/Cu/other metals cysnidic solutions from a precious
metal plating dragomt . The technique used was to obtain.the polarisa-
tion curve, select @ p;tantial corresponding to mass transﬁort control,
i.e, limiting current conditions, end hold the R.C.E, ét that potential
for the duretion of the experiment. The concentration of each metal
was monitored with time, The. deposit was elso analysed for the less
noble metal, in certsin cases, by scld dissolution, dilution and

atomic absorption spectrophotometry..

8.2.56 Solution Analysis for Metals

Several analytical techniques were employed during the sxperimentel
work, as appropriate, These includad titrimetry, atomic absorptien
spectrophotometry and ian selective eslectrode potentiometry, Standard
titrimetric techniques were employed such as a dirsct thiesulphats
titration For‘cnpper. Atomic eabsorption anelysis wes performed using
an Instrumentaticn Laboratory Model IL 151 machine, end an air/ 7
acetylene or nitrous oxide/acetylens flame, Where possible, the
samples were simply diluted to the linear workinmg range, normally

1 - 1D_ppm deoending on the metal, and directly aspirated. The
concentration was obtained by a direct digital readout following e
previous calibration by volumetrically prepered speciroscopic
standards. The absence of interfering species, 2.4, anions or a
secand metal was checked Ey the direct standard addition technique.
Atomic absorption proved tediocus due te the large number of discrete
samples necessary and the subssquent dilutions, and this encouragsed

the development of a novel ion selective electrode (I.5.E.) detector

336
call which will be described elsewhere. Discrete samples were 2lso

analysed by direct I.5.E. potentiometry.
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Seanning Electron Microscopy (SEM)

The davelopment of pough deposits under potentiostatic control was

studied by means of SEM. Separate copper foil R.E.E's were alectro-

The deposit was washed with distilled water, then with a hot stearic
acid solution to prevent oxidation and stored in a desiccetor. Tha
foils were sectioned into 8 mm x 8 mm squares, mounted on to standard
aluminium alldy stubs with a cdonducting silver-loaded spoxy resin,

. {Mode! 54)
and exemined by & Cambridge "Sterooscan® instrumentA?ith a perpendicular

incident beam, and an sccelerating voltage of 20 KV,  The above

procedure wes rapeated for specimens undergoing deposition for fixed

time and rpm, but verying overpctentials, or fixed time and over- .

potential but verying rpm. All experiments were performed with

0.D14M CuS0, in 1.5M H,80, at 22° c.

4 4

Surfece Profilometry

The development of deposit roughness was also studied in'a direct
manner by surfece profilemetry, in which a stylus was allowed to
traverse the surfece of the sampla. The procedure was similar to

that described in section 8.2.3, but following depbsitiuq, the

rotating cylinder electrode was detached, rinsad; dried and corefully
mounted on @ "' block teble. The surface profile end average

surface roughness (RA value) for the.surFaca‘was then ﬁeasured_

using a Rank Taylof Hobson Talygur? Model 10, equipped with a Spm
diamond stylus. Great care was taken to preserve the integrity of the

deposit and align the sample prior to measurement.
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8.2.9 Miscellaneous

In one expefimantal trial, an attempt was made to monitor the

reactor, as electrodo roughness developsd., This was egccomplished, in
an approximate manner, by monitoring the potential difference across
"the armature windings of the 0.C. drive motor. According to the motor

manufacturer, the resultant p,d. reading was proportional to the torque,.

WYhen necessary, dynamic uis;oéity was maasufed by 'Ubbelohde’
pattern, 'U-tube' glass viscrometers, immersed in é £hermcstétted water
Eath. For each determination, Four separate trialé wvere undertaken,
and the mean quoted, Fluid densities.were measured by means of ‘&

standard density bottle,

d-Totate=the cylindrical—cathodo- in the- - ...
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é.2.10 Ultrasonics

Preliminary studies on the effect of ultrascund on mass transpart
controlled deposition of copper to 2 R.C.E. were carried out in co=-
operation with Mr, C. Gould. -The equipment used was designed and

constructed by this worker.

- The polished stainless steel R.C.E. of active diménsions d = 1.03, 1 = 1*#6cm
was rotated at speeds of 500-3000 r.p.m. Its position was

approximately central in @ one litre pyrex cul%%e vessel (OF FVIL),

The rotating cylinder circumference was at a distance of approximately

2 cm from the soluble copper foil anode, and &6 cm from the radiating

face of the ultrasonic probes, The three probes, mutually placed at

120° were immersed in a thermostatted 50 litre water bath, and arranged

so that their radiating faces pointed towards the axis of the R.C.E.

The transducers, with @ lead zirconate/titanate active element were
encased in stainmless steel to give a radiating face ca. 2 in. diamster.
The high frequency generator (DAWE INSTRUMENTS LTD., LONDON, SONICLEAN
RTO TYPE 300/150”/119DA) operated at a power of approximately 150W average,

300W peak at maxlmum output level, with a frequency of 25 KHz, pulsed at

100 Hz.



-268 -

o, PILOT PLANT EXPERIMENTAL WORK =~ == »=== == fowr s oom o

This chapter describes experimental work performed on
pilot plaﬁt - aéale reactors at Ecologicel Engineering
Ltd., Macclesfield,

Tuo separate raactérs werae evaluated:.

a 500 ﬁ éiagle cathode compartmont "Eco-Cell" * and

A 200 A six cathade éompartment "Eco-Cascade-Cell" *

* "Eco-Cell" and "Eco-Cascade-Cell" are registered trade marks
destribing single and multiple cathode compartment rotating
cylinder electrods reactors manufactured by Ecological

Engineering Ltd,, Macclesfisld,
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500 A Pilot Plant "Eco-Call?

Introduction

The exparimental work undertaken masfaimad,at agvaluating. the .. .. .-
performance of an improved design, commercial scalé "Eco-Cell”
resctnr. The Teactions studied weré: 4
1. deposition of cppper from 0.5M sulphurié acid at a

temperature of ca,. 40° C., and
2. dsposition of cadmium from & solution. containing 128 ppm

Cd and 127 g dm™> zn ot 60° C.
The first reactién had previously been extensively studied on
a renge of "éco-Céll" aasemblies, providing @ means for comparison,
while the second reaction was of importance to an'organisationr
involved in exploitation of the "Eco-Cell" in.zinc hydrametallurgy.
The following aspects roceived attention;
1. cathodic polarisation characteristics
2. reactor conversion and performance
3. product recovery.

"Feo-Cell" Reactor

The 500AR "Eco-Cell™ reactor is shown schematically in Fig. 9.1.

The design essentially incorporated a concentric rotating cylindar

. = diaphragm - anode assembly. Complets concentricity was disturbed,

howeuer;_by the neqd,to provide Fluid monifolds and a scraping
mechanism along the 1ength-of the cylinder, For convenience, the
outlet monifold wes located in the same cavity as the scraper shaft,
The ma2in reactor body waes fabricated from machined sections of high
density polypropylene sections, joined together by welding. flanges
were provided at the top and bottom of the reactor body to Facilifate

mounting and dismantling. The reactor body was secured vis itks

~top flange to a horizontal, polyoropylene-covered, steel platform,

This pletform also served to support a mechanical packed gland,

shaft seal assembly which was lubricated by a water Feed,
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The 3 inch diameter stainlesé—steel drive shaft was supported by two
vertical raoller bearing races ca. 30 cm. zpart, ‘driven by a 4 KW D.C,
eégqtricalrpqtng_an@f;aunleqfﬁgiq_}}l_Pu%lpyrand belt system, The .
motor was speed controlled, allowing rutationél speeds in the.range

100 - 1000 rpm. Electrica]l power was Fed to the shaft by an assembly

of sight graghite b;ushes, spring loaded on metal fingers; a small,'
éuxiliary graphite. brush located nearer the cylinder served as a
potontial pick-up,

The votating cymindef consisted of a hollowsed out, mild stesl Fabricmtion,
coppef nlated on its working surface and incorporating pédlypropylene top
ond bottom and disce to yield elsctro-active dimgnsioﬁs of diaméter 22,9 cm,
longth 22,7 cm and sutface area 1633 cmz. The eylinder was fitted to

the drive shaft by heat shrinking. The.section of drive shaft in the.
reactor was shrouded by a polypropylene collar which vas shaped to

winimice reactor volume above the cylinder. The bottom cover of the
reactor had 2 cénfral }aised portion which performed a similar function,

as did a nalypropylene insert in the scraper bavity. The bottom ceover
carried inlet and outlet manifold tubes,

The manifolds wave % inch i.d. nolyprooylene tubes (running parallel to

the rotating eylinder)which waré drilled at intervals ta provide good

Fluid dispersion, The outlet tube Ead 10 x 10 mm, diameter holes at a

25 mm, pitch, while thc'ialet tube had 16 » 5 mm, holes at a 14.5 mm.
pitch, The large diameter holes in the outlet helped to prevent blocking
by metal powder, while the pluraliﬁy of holes prevented pressurising of the
catholyte compartment.

The scraper device comprised a stellite-tipped blade, located on @ vertical
shaft, This shaft passed through supporting and sealing glands in the

top and bottom af the reactor, and was driven pneumaticzlly in the vertical
plane, The pnoumatic sycstem automatically moved the scraper blade un

the lennth of the cylinder at a controlled speed (tyoically 1 cm. 3-1),
then guickly moved the binds off the eylinder and returned it to Ehe
starting position roody

s to commence another cyecla,
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The anolyte and catholyte cumpartméﬁts were separated by 8 perfluorccarbnon,

cation sxchange membrane, Nafion type, The two membrane sections were

supparted by perforated nolypropylene backing plates and sealed around

their adges by a 2 mm.'rubber window gasket clamped viz nolypropylens
holts. The two anolyte comparimants were each fitted with a precious
metal oxide/titanium anode.

Flow System and Product ﬁécouery

Fig. 9.2 shows a sghematic diagram of the flow system which provided
essential services Fé the reactor, including'anolyte andlcgthclyte flow
circuits, and metal powder separation,

The entholyte wes prepared and stored inm a mixed and temperature-controlled
polypropvlene tank which was provided with a gas vent aﬁd 8 funnel Faor
makawup additions, The cathelyte solution was pumped from this holding
tank thra uph 2 magretic flax Flowmeter to the reactor, the flow rate being
controlled by a bynasz loop éack to the tanlk. Depending on the experiment,
the catholyte comprised either of the following sol;tions:

1. cupper sulphate in 0.5 M sulphuric acid ot ca an® c, or
2. =zinc sulphate, 127 gdrn"J with cadmium sulphate additions at 60° C.
The concentration of the métal depesited (copper in the first case and

cadmium in the latter case) wasz maintained by controlled additions of 2

concentrated solution to the catholyte holding tank by means of a peristaltic

-
2

fumn, Tho tntal inventory nf caiholyie solution in tHe system was 400 dm
Thn catholyte passed out of the reactor tn a vented, conical gas separator
whare any hydrcgen nas could be safely removed from it, From the gas
separatar, the dilute depleted metsi/mstal powder slurry passed to a
hydrocyclone nnlid - liguid separater. Hzre, 3 concentrated caoppor
uowder/céthnlyte slurry passed from the hydrocyclone underflow te a

filter tray. Matal poawder cqllm:ted an to @ filter cloth in this tray,
while catholyte filtrate returnad from thz Filter ténk to the main holding
tanle by overflowing a weir, Poudzr~free linuar avorflowsd the cyclona

to reiyrn rithar to tha o2s sepavator, or to the holdinng tank via a

wnbar coolad hest oxchangrr. The eatholyte flow svstsw was baloneard

T T S A T o e T T T e B N N - T ot T PPN
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The 2nelyte, 0,5 M sulphuric acid, was recycled to the anol}ta_compart-
mants of the reactor via a pump and a small PYC holding tank. The

annlyte invantory maé 30 dm3, and a Flow rate of 5 dm3(min)-1 ung used,

temperature 2t ca, 40 ©,

Both the catholyte and anclyte holding tanls were provided with drain
valvas and sight glasses for cnhueﬁienca, and the catholyte temperature
and flow rate were continuvously and autometically monitorad.

Thz catholyte niéewark near. both the inlet. and outlet points to the
reactor was provided with 'T'.junctions Lo facilitate sampling, either
discretely or as a continuous bleed. The sample éolutinng wers analysed
by mither discretc atomic absorption spectrophotomstry, or cantinunus ion

396
selective slectroda potentiomatry.

Filectrical Supplies
Fig. 9.3 shows a schematic diagram of the electrical connections to the

reactor, = Faradaic d.c, powsr was supplied to the "Eco-Cell"™, via aluminium
busbkars and

Acoppar cared flexible leads, from a de stinghouse transformer/rectifier

set (rated 500 A at 12 V).

The electrode potential of the evlinder was monitorad releative to 2
mercury/mercuroﬁs sulphate/0.5 M H2504 reference electrode sysfnm.

R polypropylens probe with a ceramic frit.was positionad 4 mm, away from
the face of the cylinder, and connected to an external reFeréncé glectrode
raservoir by moans nf 2 N,z M HZSDa salt bridgei The cylindgr was
motentinstatically controlled, the cell current being adjusted by 2
servo-controlled "Variac" regulater in the primary circuit of the
transformer/rectifier,

The cell current was monitored by sensing the potential drop across o

50 mM/500 A shunt in the annde line, by means of a digital voltmetar (DVM).

R second high imoedance DVM was used to measure electrode potential,

while an analogue panel meter monitored cell voltane.



9.1.

i

- 273 -

Rntational power was supplied to the d,c. cylindef drive mﬁtor via @
thyristor-controiled_spead regulator (Thorn "Stardrive"), the actualj
shaft spesd baing measured pariodically by a hand held, techometer.
The motor armaturé current was also monitored, as a measure of the

powsr applied to the rotating cylinder,

Experimental Procedure

Both catholyts and anolyte circuits were allowed to F;ow at their required
ratos, and the system was allﬁwad toe reach its working temperature, The
cylinder wes then roteted ot ths requirsd speed, and its'surfece wasg
preplated with ; compact=depcsit of tha metal in auestion (éither capper -
or cadmium) by deposition 8t 8 current density well bslow that conducive
to powdar formation,

Electrodeposition of metel powder.was carriad.out by raising the cylinder
potential to that ﬁoerSponding to limiting current opefatiog. Steady
state trials were performed by dosing the catholyts tank with the required
matal salt pcncentrate (cqpper sulphate or cadmium sulphate)'and scraping
the cylinder cdntinucusl} to maintain an effactively constant slect;oactiua
surface ares and rohghnass. |

In pne trial, the concentration of metal (copper) was ®llowsed to decay,
{no external metél salt additions being made), and the concentration-time
and current;tima histories were followed,

Polarisation curves were cbtéinad by manually increasing the cvathode
potential from the rest potential by, typicelly, 25 mV increments, while
recording the corresponding steady curreﬁts.

In the case of all trisls, the following parameters were normally measured
or controlled:

1. catholyte and anolyte temperature

2. catholyte and anolyie flow rate

3, catholyte and anolyte compositions

4 ecylinder rotational speed.
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2.2 200 A "Cascade Eco-Cell"

9.2.1 Introduction

Following the succassful operation of a 10 compartment laboratory cescede

reactor, and 2 12 compartment commercial ons (see Chapter &), a "sscond
generation” design was 9§aluated. This new design incorporated several
important features including:

1. the facility for scraping of the rotating cylinder

2. 2 vartical rotating cylindef

3. removable eanolytsé/membrane pompartmants

4. romovable baffles to subdivide the catholyte compartment )

5. a rigid rubber lined stesl reactor body

6. flushed seals at both the top and bottom of the reactor.

The performance of the new design reactcr-masieualuated both slectrn-
chemically and From 2 product recovery point of vieuw, The reaction
chasen was the well~astablished deposition of copper powder from 0,5 M

sulphuric acid,

'9.2.2 "Cascode Feo-Cell” Reactor

Fig., 9.4 shows a photogreph of the six compartment cascade reédtor, while
fig, 9.5 shows a schematic diagram, The reactor body was fabricated
from welded mild‘steal sections, the interpal surfaces being rubber coataed.
The central cathecde compartment was subdivided into six compartments by
reqularly spaced pplypruuylene baffle plates, whibkh were a close fit on
the interhal reactor walls. The baffle to rotating cylinder spacing

vas approximately 3 mm,

The rotating cylinder cathode was mounted centrally in the reactor.

The cathode was Fabriqated'From stainless steel and waz provided with
pclypropylene end caps con its top and bottom durfaces. The eylinder

was supported by top and bottem bearings, with 2 smeal arrangement ot

each end, 2nd wes driven et 730 rpm by an ouersizad 13 KW a.c. motor,

via 2 pulley and belt arramgemant.
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The seal arrangement, both top and bottom, consisted of tmiﬁ lip seals,

with a lubricating watsr flush between, In addition, 2 positive sulphuric
... .- acid flush was provided through_the seals into the.resctor, to.prevent. .. . ..

metal powder settlement, and -subsequent seal destruction.in thase areas.

The two anmolyte compartments were insertad into the rsactpr sides, being

fabricated from rubber coated steel, The curved cdmpaftmanf side fFacing

thé cyiinder carried a eation exchange membrane (Nafiog), supported between -

two nhrForéted titanium plateé; A soft rubber seal wéslusad as a gasket

between the anolyte compartments and the reactor body.

Thé ano&e compartments were each equippad ﬁith 3 geparate anades,

manufactured Ey perforating 3 mm. nickel plate, followed by rolling the

materiai to conform to the curvature of the rotating cylinder,

The top of the reactor bhody was flanged cn.to_the main assembl} to 2llow

the ecylinder and baffles to be remﬁued.

Each of the six cetholyte compartments wes aquiﬁped with = sampie pnint

and o refefenca eleétrode probe. The effective cylinder diﬁensinns were:

dinmeter 30.6 cm |

compartment length 14.4 cm, and

compartment ares 1387 cmz.

9.2.2 Flow System 2nd Praduct Recovary

Fig. 9.6 shows 8 schematic diagram of the flow system serving the reactor,
which may be divided into three separate circuits: snolyte, catholyte and

water.

e -

The anolyte solution comprised 2,5 M Na(OH, stored in a 200 ¢m3 polypropylene
tank. From this holding tank, the solution was pumped to the bottom of cach of
the anolyte compartments, overflowing these compartments near the top to

return to the tank, Air space was provided in the tank to blesd off

aoxygen, which was then safely vented. The anolyte temperature was

typically 30° C, while the flow rate was 25 dm3 (min)-1.
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narmal Flow the catholyte was pumped via a rotammeter tn the bottom uF
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The 0,5 M sulphuric écid catholyte, containing copper sulphate in the
range 0 - 1000 mg dm-3, was maintained at constant temperature in an

dgitated rubber lined steel tank oF approx1mate capacity 3000 dm . For .

— - o - o - FP.om. etmpme o ey

the reactor, After exiting st the top of the reactor, the solution
pessed via a gas separator and the solid-liquid separators back to the

holding tank. The vast hajority of topper powaer adhered to the cathode.

was
The copper conrpntratiogdmatntalnad by controlled dosing of the holding
tank with 2 100 gdm -3 H?SO4 solution. Following tha deposition trials,

copper powder was removed from the cylinder by activating the reciprocating
scraper and reversing the catholy£e flow to backwgsh the. reactor. The
resulting depleted coppor/copper powder dilute élurry was pumped vie the
ges separator into a‘hydrdcyclone. The clarified overflow from the
cyclone returned to the holding tank, whilse the pnncentratéd_qnderflom:
passed into'a thickening cone, where copper powder sedimented. Product:
could then be withdrawn from the valved bottom of t%e thickenar,

The lsbyrinth areas of the‘rotat;ng shaft were fed with clarifisd catholyta
to prevent powder setiling near‘the seals, The seals thamselves wers
flushad with clean mains watser %or lubrication, at a flow rate of 2 dmj(min)-1.
To check the operation of the seals, the flow rate into and out of each |
seal was monitored, és was the labyrinth flush,

Eloctrical Supplies

Flg. 9.7 shous a schematlc dlaqram oF the electrlcal connections to the
reactor, which may be divided inte Faradaic sqpply, rotptional supply and
electrode ﬁotential measurement.,

D.C. power was supplied ﬁa the reactor by menuel adjustment of 2 2000 A/16Y
transformer/rectifier set. The reactorwas coupled by means of flexible
copper cored leads and aluminium busbars. Actual currents of T ~ 300 A
were passed to the reactor, monitored by 2 digital voltmeter across =
standard 7% mU/2000A shunt. Electrical_power'was supplied to the bottom

shaft of the rotating cylinder by two czrbon-filled graphite brushes
a
waorking againstﬂccppar slip ring. The 2node connections were arranped
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s0 2s to sngage any number of the three pairs of anodes, each pair lying
in the same horizontal plans,

The ploctrods potential was monitored in each of- the six compartments,

relative to 3 seturated ealomel electrode. Separate potential pick-up
brushes were located on the top and botiom shafts of the rotating cylinder,
an¢ either of these served 25 a reference point, o5 desired, Each
cétholyte compartment wae equipped with 2 polypropylens tube/ceramic frit
nrobe, the tip of this being lbcated approximately 4 mm. from the surface
of the cylinder, Each probs was connected by 2 clear PYL liquid junction
tubn, filled with saturated KC1, to a KC1 ressrvoir containiné the
saturated calomel electrode, The ligquid junction tubes were of approxi-
mataly the same langth, end the reference electrodes had potentiazls whicﬁ
agrned to within 2 mV, Hence all the eléctrode potentials measured
included a substantially constant liquid junctian potential. A six
nosition switch was usad to conneget the high impedance potential measuring
DVM to the required reference slectrodae, |
Rotetional power to the a.c. drive motor was supplied by 2 threes nhasg

440 V supply, anéi;nalogue kilowatt hour meter gave an indication of

the total power supplied to this motor.’

Experiments]l Procedure

Two types of expefiﬁent were carried out: polarisation trials and steady
state deposition trisls. Cathodiec polarisation data was generated by
increasing the total cell current in increments, and monitering eazch of
the steadv compartmental electrode pogznfials each time. This procedure
was ardopted hoth in the absence and presence of cmpper’in the catholyte.
Steady state trials were carried out at various temperatures, flowu rates,
and teta) rell currents.,

In all ceses, the parameters measured or controlled included cell current,
ceell veoltzage, clectrode potentials, compartment copper concentration,
catholyte and anolyte flow rates and tamperatures. Frequent checks on

the acidity =nd alkslinity of the cotholyte and snolyte were madn,
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An attempt-was made to ensure that sach compartment operated at or near

mass transport controlled conditions, both to produce pnmdaruand to

.;héuréwH&éﬁsébngé;éidns. .
At the end of apprdximatgg 6 hours of steady state deposition, the
metal powder product wes removed from the reactor es described in the
preuiaun section, and the spéed ané efficiency of this process was

visually monitored.



10. LABORATORY RESULTS:

The results of “the author's laboratory studies are. reported, whiph
concern mass transport to smooth and rough cylinders; controlled
potential, selsective deposition of metals, and the growth of rough
metal depasité. The data is presented lergely without further

elaboration pending a full discussion in Chapter 12,
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10.1 Polarisation Curves

It is impqrtant;to;egkap;ish sﬁgady_s£ate, reprodupible polarisation
curves in eny electrochemical mass transport study. Two cbvious
variables which merit attention are the surface preparation of the
rotating cylinder, and fhe potential scan rate of the linear sweep
unit. Fig. 10;1 shows the limits of reproducibility of the current
voltage curve for a standard condition, 0.014M cusoa, 1.5M stod at
22° € and a cylinder of active dimensions: d = 6.3 cm, 1 = 4.3 cm,
(A = 85.1 cm2) rotating at 500 r.p.m. (equivalent to 165 cm 511).
The results shown in Fig. 10.1 were obtained by 10 separate trials
using copper foil electrodes freshly prepared by polishing with
600 grade emery paper, and degreased with 1, 1, 1- trichloroethane;
a fresh eleFtrolyte was uysed for each trial, This method of
preparation qu to satisfactory, reproducible (Table 10.1) limiting
current; in thé approximate potential ranée - 900 to - 1150 mV
.L(U.M.M.S.) The scan rate employed in the above constant metal

‘concentration trials was 150 mV (min)-1.

The effect of electrode surface preparation was also investigated

by comparing the effects of chemically and electrochemicelly polished

. dobpér rotating cylinder electrodes against surfaces polished as

‘described above, As shown in Table 18.1 and Fig. 10.1 there were no

“significant differences in the limiting current and further work

was undertaken using wst, 600 grade emery polished surfaces.

‘}Q;tf'“f? fE;_BFFect of the potential scan rats was investigated (Fig. 10.2),

- v e = ...‘ - -

N “,m“,“employingﬂuarious values, 15, 30, 60, 150, 300, 600 and 1500 mV (min)'1

i;fﬂw;;:Hf*under othermise Fixed’ ‘conditions, i.e. 0.014M CuSO,, 1.5M H SD 22° G,

2

d!
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Following these triesls, a scan rate of 150 mV (m:i.n)"1 wvas selected
as being a reasonable 6ompromise between the requirements of steady

state and a reasonable experimental rate of progress.

The above refers to a constant electrolyte concentration, which was
maintained by & combination of soluble anodes and electrolyte adjust-
ment. In the case of ;ertain solutions, e.g. 'as-received' industriel
solutions, the provision of soluble anodes is not always possible.
In such cases, insoluble anodes may be used, possibly in a divided
cell. The effect of scan rate was also studied under such conditions,
using the above conditions, and 2 divided cell with a Pb02/1.5 M
sulphuric acid, anode/anolyte system. The choice of scan rate becomss
more critical here, as a further restraint is imposed on the use of
low scan rates, where & significant lowering of concentration may
.take place hefore the limiting current is reached, leading to a
falselylow determination of the latter. As shown in Table 10.2, @
_scan rate of 150 mV (min)"'1 proves to be a suitable compromise once
again under such conditions. Wherever possible, the concentration
of metal ions was held constant during polarisation measurements,
and the actual concentration was frequently analysed in the vicinity

of the limiting current, 2s & safeqguard.

It may be noted that flow rates through the catholyte compartment
had no significant effect on the limiting current in the range
0 - 10 l(min)-1 (corresponding to a minimum nominal residence time

in the 1 litre reactor..of & s).



I10.2 Mass Transport to a Smooth Rotating Cylinder Electrode

As the non-concentric geometry of the experimental reactor was somewhat

different from that of previcus workers, it was most desirable to obtain
data on mass transfer to a smooth R.C.E.. over a reasonably wide range of
conditions, Comparison was then sought with previous work. The approach
adopted was to determine the limiting current from polarisation curves (as
explained in the-previous section), under‘a range of conditiodns including.
variable temperature, cylinder rotational speeds and metal concentration.
The resulta of this study are shown in Table I10.3 and plotted in Figs. I10.3

0. 644

and I0.4 as (St)(Sc) vs. {(Re). The transport properties of the acid

cupric sulphate electrolytes used were obtained as described in Section
I0.12 .
The experimental data is seen to correspond to mass transport values

greater than those predicted by the Eisenberg, Tobias and Wilke correlation

(Fig.10.3)

iy =:(St)(Sc)O'6aq = 0.079 (Re)-o'30 ' Eguation IO.I

but smaller than that predicted by the correlation due to Robinson and Gabe
(Fig,10.4)

ip' = (st)(5¢)°"% ~0.0791 (Re) ~O+31 Equation 10.2
It was considered that insufficient data was available to perform a three

dimensional, least squares regression analysis. The computer programme

described in Appendix I was, howeven;, used to treat Hobinson's data68. The

correlation obtained was

-0.31 C)-0.60

(5t) = 0.0896 (Re)

(s Fquation 10.3
While the (Re) and (Sc) exponents are apparently similar to those reported

by Robinson, the constant 0.0896 is appreciably (I3°) higher. Statistical

information is given in Table I0.4 ,
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It is interesting to compare the shape of polarisation curves for
copper deposition more closely, and in particular to examine the
affects of concentration end rotational velocity under otherwise

constant conditions,

Fig. 10.5 indicates the effect of varying concentration of copper

(in the range 1 to 890 ppm) in a 1.5M H,S0, electrolyte at 22° €,

4
using 8 rotating cylinder electrode of effective diameter 6.3 cm

and length 4.3 cm (erea = B85.1 cmz) rotating at 500 r.p.m. (165 cm s,
Solutions for this study were prepared by serial dilution of a 0.014M

CUSDd + 1.5M H_S0_ solution by 1.5M HZSD It may be seen that with

23 4°
decressing meteal concentration, the limiting current plateau becomes
less well defined. Considering Fig. 10.5, the effect of concentration
may be more clearly seen in Fig, 10.6, where the current is plotted

on 2 logarithmic axis. Fig. 10.6 further indicates that varying
;oncentrations of copper have little effect in the low potential :
regions where the reaction is not under mass trensport control, In
addition, it is interesting to note that the rest potential of the
copper R,C.E. becomes more negative with increasing dilutjion, in @

) near-Nar%tian fashion (Fig. 10.7) i.e. the elsctrode behaves as a

X
reversible Cu/Cu2+ couple,

Fea,

Fig., 10.8 indicates the effect of varying rotetional velocity in an

electrolyts cuntaining‘0.01dm CuSD, and 4.5M H_ 50, at 22° C, using

4 2774
a rotating cylinder as described above but rotating in the range
400 - 1000 r.p.m. (33 to 330 em s~'), It may be seen that the

iimiting currant platsau becomes less well defined as the rotational

.velocity is increased.
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Fig. 10.9 is a plot of current against rotational speed for e cylinder

4 * 151 H,S0,,

and having dimensions identical to those described above, This figure

held at various potentials, rotating in 0,014M CuSO

indicates that the effect of roteticnal speed on the observed current
becomes more marked (i.e. mass transport control hecomes mare important)
as the overpotential is raised. At potentiels in the region of
~1000 mV (UMMS/1MN32504), a straight line is obtained on the log I vs
log (RPM) plot, with a slope 0.7, in accordance with:
I, = constant U+’ EGN 10.4

The date presented in Fig., 10.9 were obtained by impressing & fixed
potential on the R.C.E., and reading a steady state current, at a
given RPM. Ideally, the current - potential date points should.
correspond with the steady state polerisation curve wvalues.
Consideripg Fig. 10.5 in more deteil, as the mass transport coefficient -
remains constant, the limiting current observed should be prnportibnal '
to the metel ion concentration:

IL = conétant c EQN 10,5
This is true to e good abproximatinn, as shown as Fig. 10,10. The
mass trensport coefficient for tﬁe 500 r.p.m. trials is reasonably

> em s™1 (Table 10.5).

constant, as is expected, at 3.3 x 10"
Equafions 10.5 end 10.4 are, of course, specific cases of the more
generalised correlation shown in equation 10.2, For a fixed
electrolyte at a constant temperature, and a given R.C,E., eguations
10.% and 10.4 may be combined to give:

TL= constant C U0'7 EQN 10.6
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The effect of changing the electroactive surfaée area, under othervise
cgnstant conditions, is shown in Fig. 10.11; As expected, the area

is approximately proportional to the limiting current (Fig. 10.12) i.e.
the current dsngity is constant, The area change in these experiments
was eFFectédiby-masking diff;riné éreas of-é giv;ﬁ diameter (6.3 bm)
cylinder to giqeadifferent effective lengths of 5.05 cm, 4.3 cm, 2,15 cm

and 1.1 cm (equivalent to areas of 100 cmz, 85 cmz, 42.5 em? and 21.5 cmz).

Fig. 10.13 shows the effect on the polarisation curve of varying the
electrol?te temperature in the range 22 - 60° C for conditions other-
wise comparable with the above, and a fixed rotational velocity of

500 r.p.m. The progressive increase in the limiting current may be
clearly seen, Fig. 10.14 offers a graph of limiting current against

temperature.

10.3 Cnncen@ration Decay Under Potentiostetic Control )

In these trials, the catholyte chamber was charged with a fresh,
1 litre batch of 0.014 M CUSD4 + 1.5 1 HZSad’ and thé cylindrical
cathode wes prepleted for 30 s at a potential of ~600 mV (V.M.M, 5./ l
1M NaZSUa). The copper concentrétion of the solution was fhen
corrected to 0,014M, the pctentiai was raised to its working value,
: 658 ;hé expaeriment began. The current was monitored continuously
" by a chart recorder, and the solution wes frequently analysed by
-withdrawing negligibly small, discrete samples by hypodermic syringe or

micropipette, followed by dilution and direct atomic absorption

spectrophotometry.

. _ .Preplating the 600 grade emery paper, wet polished surface was found
- to beé necessary to ‘ensure reproducible behaviour in these trials.

Onée agein, however, chemical polishing or electropolishing offered

':;_Lfno‘éignificant advantage and it will be seen that electrode surfaces

- -
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prepared by these specialised techniques did not behave in significantly

different manner tec electrodes prepared by preplating.

Fig. 10.15 indicates the concentration decay obtained at 340 r.p.m.
and 8 control potential of - 1000 mV (U.M.M.S./1ﬁ Nazéﬂa). Ideally,

an exponéntial decey would be expected, but a8 ‘'knee' is evident in
The effect may be more

the curve after a period == 60 minutes,
clearly seen by presenting concentretion on a logarithmic axis, when
Fig., 10.1é illustrates this together

a straight line should result.
with the limits of reproducibility for 5 successive trials with the

The results of separate trials with chemically

preplated electrode.
and electrochemically polished surfaces are shown in Fig., 10,17,
and lie within the limits of reproducibility,

Fig. 10.18 shows the current-time behaviour corresponding to Fig. 10.16.

It can be seen that the current decays, goes throuch & minimum and
increases agéin, passing through a maximum before its eventuzl decay,
This rether complicated behaviour mey be attributed to the competitive

effects of decreasing current due to @ diminishing concentretion, and

increasinﬁ current due to development of a rough deposit,

Fig. 10.19 offers a plot of current against concentration (according

C7 L% "o Figé. 10.17 and 10.18) while Fig. 10.20 follous the development of
~mass transport with time for this case.

Fig. 21 follows the change in concentration with current density,

P =

.

showing the apparent deterioration in the current efficiency for copper

" i ‘-, Tl at low .concentrations.
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The effect of varying the potential at which deposition takes place

is illustrated in Fig. 10.22, ~ The current histories corresponding

- to these trials are shown in Fig. 10.23.

The resultant deposit from the triel described in Fin. 10.16 was used =
in a further experiment, The copper concentration was corrected to

its original value of 0.014 M (890 ppm), and the experiment repeated

(Fig. 10,24), It can be seen that the rough deposit results in an
immediately high rate of decay, comparable with the Fast decay of

Fig. 10.16.

The effect of rotational eylinder velocity, under otheruise comparable
conditions, is shown in Fig. 10.25. In all the cases studied, the
first order rate of decay increased after a certain time, This
critical time decreased with increased velocity. Fig. 10.ZSaofFers
an allometric plot of rotational velocity against rate constant for
the initial and final slopes seen in Fig., 10.25, indicating that the
initial rate constant is dependent upon the rotational velocity raised

to the power 0.73, whereas the final rate constent is directly

dependent upon the rotational velocity.

- 10.4 Potentiostatic, Controlled Separation of Metsls

- . e -

Fig, 10.26 shows the concentration decay of copper during its deposi-

"* _'fon. from a 0.014M CuSO, and 0.014M. ZnSO, + 4.5 M H_SO solution at a

4 4 2774
cantrolled potential of - 1000 mV ( M.M.5.) and 22° C.- 'The behaviour

is similar to that already seen for copper deposition from acid

sulphate so1utiuns. The initial and final rates of decay are com-

qbﬁ;@pla_with Fig. 10.16, and the steady state polarisation curve,
© .Fig, 10.27 shows @ clearly defined limiting current duve to copper

: &ehqsifinﬁ in the potential range - 900 to - 1150 mV,
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Figs. 10.28 and 10.29 show analagous curves for the deposition of

copper from a 0.014M CuSDa, 0 D14M NiSO, + 1.5M H_S0, solution.

4 2774

Again, the behaviour was comparable to Fig. 10.16.

At the end of each decay trial, the deposits were dissolved in A,R.
grade sulphuric acid, and following dilution, the solution was analysed
for Zn or Ni, by atomic absorption epectrophotometry, The results
indicated that the copper purity was high, being contaminated by only'
0.4% W/W Zn 6r'0.25% W/W Ni. In the cese of both Fig. 10,26 and 10.28
there was no detecteble change in the zinc or nickel concentration in

solution, in accordance with the above results,

The deposition of silver and copper from 0.094M AgND, and 0.014M

3
Cu(NG,), in 0.15M HNOS at 22° C is described by the polarisation
curve of Fig. 10.30. A limitino current attributable to silver

deposition is evident at potentials + 160 - + 300 (V.S5,C.E.), while a

limiting cur}ent copper plateau appsars at - 350 to ~ 600 mV,

Selective deposition of silver was attempted at 2 cohtrolled potential
of + 222 mV S.C.E, on to & stainless steel eylinder, Fig. 10.31.

The final deposit wes analysed as 0,257 Cu W/W.

Following the above studies with synthetic solutions, further trials
were underfaken to treat cyanidic,mixed metal solutions. Two solu-
tions received attention, (Table 10.6), both being supplied by a

large internetional organisation involved in precious metal electro-

plating.

The first solution, an elsctroplating dragcut, contained gold es the
ma jor component and was acidic, pH 4,8, Potentieodynamic polarisation

studies using 2 stainless steel rotating cylinder in an undivided cell

with a stainless steel anode, produced the curve shawn in Fig. 10.32,
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In the absence of any clearly defined limiting current behaviour,
controlled potential, concentratiaon decay experiments were under-
bken at 3 saparate, increasing contrel potentiels, - 1000, - 1370
and - 1750 mV (V.M.M.S./1M Ha,$0,).  The resulting cecay of the

gold concentration is shoun in Fig. 10.33, At all potentials, the

decay followed apparent, overall first order kinetics but, surprisingly

the rate increased in the order - 1370, ~ 1000 and « 1750 mV/,
In all cases, the deposit was golden in colour, and compact, i.e.
there had been no roughness development, The current-time behaviour

corresponding to the above decays is shown in Fin, 10.34,

The second cyanidic solution studied was a dilutzs multimetal liquor
obtained by backwashed ‘caustic regeneration cof 2 nitric acid cation
exchange metal regeneration unit {Table 10.8), end had 2 pH of 11.7.
It was revealed in preliminary studies that selective depoéition was

unlikely at such 2 high pH in 2 compnlexed, cyanide golution, &nd

hence the liguor was gredually acidified, to progressively lower
the pH. At a pH of approximately 4,0, 2 white precipitate began -
to form, and the silver content of the soclution fell dramatibally
(Table 10,7), indiecating AgCl precipitetion. At lower pH valuss,

~3,5, hydrogen cyanide was evolved, Potendiodynamic learisatiﬁn.

curves (Fig. 10.35) were obtained at various pH values at scan rate

of 300 mV (min)~", 20°

C and a cylinder of diameter 6 cm, lenmgth 4-5
cm-and active electrode area 85.1 cmz, rotating a8t 500 r.p.m. It
can bs seen that the lowering of pH generally causes the curves to
shift in the more{noble direction, At pH 4,0, two apparent current
plateau regions were Uisible, and potentials corresponding to these
ragions were seleqted for cuntro}led potential ccncentration cecay

experiments, pH 4 was selected as a2 standard condition for these

trials, as'it appeared to represent the lowest pH obtainable without

éignifigant loss of copper and silver from solution, by precipitation.
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From the polarisation curve {Fig. 10.35), it was considered that the
apparent plateau in the ranrge po@ential ~ 400 to - 650 mV might be
due. to mass transport controlled discharge of a silver cyanide
complex, and & potential of - 550 mV wés first chosen for 2 qont?plled
concentration decay of duration 140 mins (Fig. 10.36), in a divided
cell of catholyte volume 1 litre. The gold concentration remained
constant during the electrolysis, whereas the silver concentration
decreased to a sub ppm value. Some copper deposition alsc occurred,
however’, during the first 7ﬁ minutes, the Cu level decreased from

2.3 ppm to 10 ppm, remeining et the last value for the duration of

the experiment,

The experiment was repeated (Fig. 10.37) using 2n undivided cell with
a stainless steel ancde. Once again, gold was not removed from
solution, and copper only slightly, but the silver level fell to 2.6

ppm where it remained for the duration of the experiment.

In a final experiment (Fig. 10.38) a control potential of - 900 mV.was
employed wvith 2n undivided cell and the electrolyte from the previous
trial. The gold level remained reasonably constant while both the .

copper and silver levels fell, the former at a greater rate.

10.5 Potentiostatic Growth of Cooper Deposits: Current-time History

-Théuéfansition from & smooth deposit to 2 rough one wes followed by
studying the increase in current with time for a2 fixed electrolyte,
(0.014M CuSO, + 1.5M H,S0,, 22° €), and a given cylinder (d = 6.3 cm,
1l =4,3cm A = 85,1 cmz) rotatinéiat various rotatinnai velocities
in the range 100 - 1000 r.p.m. The electrode was potentioséatically
controlled at - 1000 mV (M,M,5./1M NaZSUé) for the duration of egch

triml, giving the results shown in Fig. 10.39. It can be seen that



"L ny'
the curves may be divided into three distiﬁE£ zones, an initial, final
and transition region. Inigially,the current corresponds closely
with the limiting current cbtained on & smcoth R,C.E., hut efter a
critical time (which decreases with increasing rotational velocity),
the current progressively rises, asymptotically approaching a
reasonably steady ualua-aftqr a second critical time (which alseo

decreases with increasing rotational velocity).

Fig. 10.40 indicatas the limits of reproducibility for these trials.
Despite careful surface preparation and experimental work, some scatter

was always apparent, particularly at the higher rotational velocities,

Fig. 10.41 presents @ log - log plot of the mass transfer coefficient
against velocity (as obtained from the results of Fig. 10.39) for both
initial, smogth cylinder and for rough, final mass transfer. The

smooth eylinder results conform to the general equation:

"“-IL d‘ UG.74 .

~whereas the roughened cylinder data are not well correlated. An

.approximate reletionship would be:

CX. Ucl +90

Fig. 10.42 shows the effect of varying the control potential in the

range - 600 to -1150 mV. (U.M.M.S./1M‘Na2804) for deposits grown at a

-fixed rotational velocity of 340 r.p.m.

10.6 Potentiostatic Growth of Copper Deposits: Surface Profilometry

The dégglupﬁent of surface roughness was monitored directly using a
Rank Taylor Hobson, Talysurf 10 profilometer with a 2 mN force stylus

(ﬂ112/1266, or A112/1269 for low magnification) used in the skidless

5\

: moda{ Trlals were undertaken at a fixed concentratlon 0.014M Cu +

1. SM HZSU at 22° C, fixed potential (- 1000 mV VUMS/1M Na 504) and

2

“two_rotational velocities, 180 and 340 r.p.m.  Higher rotational

.veloqltigs resulted in deposits whose roughness exceeded the capability

P
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of the measurement instrument, even using the minimum possible magni-
fication, Deposits were withdrawn from the cell after a2 given time,
and subject to measurement of the Ra (average roughness) value defined
as the arithmetical average of the profile departures above and below

the reference centre line, Further inférmaetion on the instrument and

the technique are given in Appendix 2.

Fig. 10.43 shous the increase in Ra with time at both 340 and 180 r:p.m.
Reproducibility was poorer at higher times, as with the current - time
experiments, It should be noted that = stylus change was necessary

for measurements above 5 Jm.

In the cese of deposits from the 340 r.p.m, trials, detailed measure-~

ments were made, and typicel surface profiles were recorded at various

times, as shown in Fig. 10.44.

10,7 Potentiostatic Growth of Cooper Deposits: Scanninag Electron

Microscopy

The effects of control potential and rotational velocity were studied
on the development of roughness as revealed by 2 scanning electron
microscopy of the deposits at various times, Lach deposit was ex-
tensively examined at increasing megnifications, and Figs., 10.45 to

10.47 are typical photomicrographs selected from these studies,

The series of photographs in Fig. 10.45 shows the progressive devel-
" opment of roughness at a potential of - 1000 mV ({1.M.5./1M Nazsoa) in
0.014M CuSDd + 1.5 M stgd at 22° C, using 2 cylinder of d = 6.3 cm,

1=4,3cm A = 85.1 cm?, rotating at 340 r.p.m.
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Fig. 10.46 illustrates the effect of electrode potentizl in tha range

- BOO to - 1150 mV for deposits plated for a nominal 60 mins time at
- 340 '

A4Or.p.m. in 0.014M CusO, + 1.5M H,S0, at 22° C.

2.4

Fig. 10.47 shows the effect of r.p.m. on deposits plated under conditions

comparable otherwiss with the above experiments.

Several spscial features are shown in Figs. 10.48 - 10.50.

10.8 Mass Transfer to Rough - deposit Rotating Cylinders

Several triasls were underteken to examine the mass transport for
copper deposition on to (already) rough deposits. These deposits had
been previously grown under controlled conditions of concentration,
potential, rotating eylinder geometry and rotational speed, and time,

as described in previous sections,

Fig. 10.52 shows the polarisation behaviour for both smooth electrodes
end for cylinders which had been electrodeposited with copper at - 1000

,.mU far set times. In all cases, the curves refer to 0.014M + 1.5M H SDA

2
at 22° C and e cylinder of diameter 6.3 cm and active 1en§th 4.3 cm,
rotating at 340 r.p.m. - It can be seen that the limiting current
- progressively rises with increasing time, due to the development of

roughened deposits. The limiting currents observed compare closely

with the values recorded in Fig. 10.39,

‘Fig. 10.53 indicates tha relationship betwsen the limiting current
(measured as the steady state current at - 1000 mV)} and the rotational
velocity of the above cylinder for deposits previously grown for set

- tztuhlaté.j "It can be seen that for lo&‘times, ~s5 mins, the curve
exhibits @ slope of 0,74 indicative of a substantially (hydrodynamically)

.-/r i 'smoofh”alactroda. At greater times, however, the slope approximates
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to 1, indicative of a hydrodynahically rough R.C.E, t times in sxcess
of, say, 100 min, there was relatively little difference in limiting

arrent values at a given r,p.m,

The effact of abruptly removing 2 rough deposit is illustrated in Fig,
10.54. In this-experiment,. a smooth-preplated stainless steel rotor of
diemeter 6.0 cm and length 6.3 cm rotating at 3460 r.p.m. was plated at

~ 1000 mV in 0,014M CuSUd

current progressively increases, reaching a more stable wvalue after, say,

+ 1.5M H,80,, As in Fig. 10.39, the (limiting)

120 mins. After 180 mins, the cylinder was scraped by bringing in 2
full-length 2 mm thick tufnol blade perpendicular to the rotating
cylinder axis. The cylinder was rapidly wiped substantially clean
of the rough deposit, and the current dropped dramatically to 2 value

somewhat in excess of the original,

10.9 Mass Trensport to Knurled, Roupgh Rotating Cylinders

Mass transport ;u rough slectrodeposits represents a diFFiéult system
“for study, as the roughness is difficult to characterise, and is rather
'randum, having a varying degree and spacing of protuberances. The

production of surfaces having a deliberate, machined roughness, such

as knurling should Faciiitate characterisation of the roughness, and o

has been utilised by ofher morkers.-‘m

Fig, 10.55 shows limiting current as a function of rotational speed
for 1.5 cm diamster dylinders of knurled peak to valley roughness

0.0018, 0.003 and 0,025 cm, compared to a smooth electrode.

.Fig. 10.56 shows a comparable plot for 6.0 cm diemeter cylinders of

roughness 0.016, 0,040 and 0,060 cm, compared to a smooth electrode.
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Figs. 10.55 and 10.56 indicete that the relationship for smooth R.C.E.'s
is of the form:
o (w)"

I

~where n is A= 0.70.

In the case of the rough, knurled electrodes, n A 1.0, and the mass
transport increases, for @ given rotational speed, with increasing
roughness.,

0.644

Fig. 10.57 offers e composite plot of j_' = (St)(Sc) against Re)

for the results of figs. 10.55 and 10.56.

10.10 Effect of Thioursea on Mass Transport of Copper to @ Retating

Cylinder Cathode

The effect of thiourea was studied with respect to rest potentieal,
polarisation behaviour, current and concentration decay under controlled

concentration,

Tabls 10.8 shous the effect of thicures (187 - 1071 M) on the apen circuit
potential of 8 smooth copper R.C.E. (340 r.p.m.) in 0,014M CuSDd + 1.5M .
HZSU; solution at 22° C. The rest ﬁﬁ%ential becomes more negative (less
noble) with increasing thiourea concentration. For smell thiourea

alditions ( 10-4 M) there is little variation, but a much greater influence

was seen at higher levels ( 107> M), At high concentrations ( Tk M)
the rest potential became unstable, and the electrode became coated with

e dark film.

Fig, 10.58 indicates the marked effect of thiourea on the cathodic polarisa-

tion curves. The behaviour is somewhat irregular and comples, but a

genéral increase polarisation was seen, The effect ie perhaps better

shoun by Fig. 10.59 which offers a plot of overpotential against current.



'*ﬁlﬁifhe presence of ultrasound, howsver, 8 marked incresse in K 1is observed.
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Rt low concentrations (10-3, ‘IE!"'4 M) the curve shifts tec decreased currents

at a given potential, while at high concentrations, the reverse trend is
seen, The behaviour is irregular with respect to thioureas concéntration,

however.,

Figs. 10.60 and 10.61 show copper concentration and current decays in a

bateh R.C,E.R,, in the absence and presence of thiourea. At 2 thiourea

3 M, the concentration decay appeared similar to that -

4

concentration of 10°

of a predicted smooth R.C.E., while at lower additive concentrations (10~ My,
an increased rate was apparent after some 100 min, At low (10_5 M) 1levels,
the behaviour was entirely similar to pure solutions, At high levels of

2, 10~" M) 2 much reduced rate of decay was observed: indeed

thiourea, (107
at the 1D~1 M level, the copper deposition reaction was almost ‘'poisoned!

and the R,C.E. was coated by a dark film,

The growth of current with time at constant copper concentration is shown

in Fig. 10.62. " At low thiourea concentratiaons, (10-5 M) growth is lergely

.uninhibited, At intermediate concentrations, behaviour is roughly

‘eguivalent to a smooth electrode, while the situation is complicated et

high levels (107, 1072 w),

10.11 Mass Transport to a Rotating Cylinder Cathode in an U;trésnnic Field

. Figs. 10,63 and 10.64 represent the effect of ultrasonic stimulation of a

R.C.E. on copper deposition. Fig. 10.63 shows a two-fold effect, Firstly,

the polarisation curves appeared to be bodily shifted to lower overpotentiels

e

by the ultrasound. Secondly, a noticeable increase in the limiting current

is ssen for each of the rotational speads,

Fig. 10.64 offers a plot of mass transport coefficient against Reynolds
Number For the data of Fig. 10.63. In the sbsence of ultresound, the
;?aqlts are in ¥easonable agreement with the relationship:

" kK, oL (re)?*"”

e L
inﬁbommqp with other studies involving a smooth R.C.E.
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12,12 Cell‘Uoltagg and Brush Losses

. Rlthough cere was taken to avoid eccentricity, and provide a correctly

fitted, smooth running, conductive power brush and slip ring assembly,

some valtage loss is inevitable, In addition, the rotating shaft

will also have 2 finite potential droo. Fig. 10,65 indicates the
voltage drop at various cell currents by measdring cell vocltage at
the power bhrush elecfrical connection in comparison to the voltage
meesured at the lower potential pick up brush, Several conclusions
may be drauwn Ffoﬁ this figures:

1. there was a significantly high voltage drop over the power
brush/slip ring/shaft assembly, reaching some 0.671 V at 108,

This justifies the use of the separate pick up brush for
monitoring and controlling potential,

2. The slope of the cell voltage versus current curve is approxi-
mately constant at currents greater than 1A, the value of this
slope 18 equivalent to the overall effective cell resistance,

0.2 ohm,
3. The brush/shaft assemblv resistance is also reasonzbly constant

at =A< 0.06 ohm.

10,13 Effect of Gas Sparpgina on.Mass Transport to a Rotating

Cylinder Cathode

Gas sparging is knoun to be important in enhancing mass transport to
near stationary cathodes, as in certain electroplating baths for
ex;ﬁplg. It was therefore interesting to study the effect of
nitrogen bubbling'on mass transport to a rotating cylinder. In
order to achieve a good distribution of gas into the cell, the
bottom of the cell contained & circular grooﬁe which carried =

circuler tube manifold, ca. 5 mm i.d. perforated at 6 mm intervals

with 1.5 mm holes. Nitrogen wes sparged through the cell st

-volumetric flow rates up to 1 litre per minute, but the measured
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effect on the cethodic polarisation curve for copper deposition (Fig., 1D.66)
was very small, and insignificant, the maximum spparent increase in the

limiting current being A 6%.

10.14 Transport Properties

Dﬁring the course of the studies reported in this thesis, it became C
necessary to collate and extend data on the density, dynamic viscosity,

and diffusion ceefficients of cupric ions, in sulphuric acid media in

order to calculate mass transport relationships. This largely amounted

to extending Robinson's data to 6g° C, followed by 2 comparison with

literature values., The resulis are collected in Fig., 10.867 - 10.69

for reference and completeness.
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11. PILOT PLANT RESULTS

The pilot plant results presented in this chapter largely concern
mass transport controlled depecsition of copper powder (or cadmium -

section 11.1.2) in Eco-Cell reactors.

The data reported in sections 11.1 end 11.2 mere largely obtained by

the author, in co-operation with the staff of Ecological Engineering

Ltd., Macclesfield.

The campendie of data in sections 11.3 and 11.4 were compiled and
derived from original laboratory books and reports, 2nd are presented

.
by cuﬂfssy of Ecological Engineering Ltd.




1. PILOT PLANT RESULTS

11.1 500A Pilot Plant 'Eco-Cell!

1M.1.1 Conpef Powder Electrodeposition

The general experimental conditions are summarised in Teble 11.1

Polarisation

_Fig. 11.1 éhows typicel cathodic polarisation curves obtained for potentials
in tbe range - 340 to - 1150 mV (MiS), The eurves refer to a baekground
electrolyte of 0.5M HZSD4 at 200 C, 2nd a powdery copper deposit on the

R.C.E. The two curves wers obtained at analysed reactor copper concen-
trations of 138 and 7.1 mg dm °. The curve at the latter concentration
may.largely be attributed to hydrogen evolution, which is evidenced by

the relatiuely large increase in current at potentials > - 950 mY (V,M.M.S5.)
The rest potential for the freshly copper plated electrode was typically

- 345 mV (V.M.M.5.)

The copper deposition curve exhibits 2 tendency to 2 plateau at potentiels

in the range - %gb to - 950 mV, corresponding to mass transﬁ;rt controlled

deposition, The absence of a clearly defined plateau is partially.ﬁue to

a!varying_cnpper concentratiun.in the reactor, the concentration decreasing
as the current is raised (as the conversion over the resctor increased with
a substantially constant inlet concentratioﬁL The rapid increase in

current at potentials abéua - 950 mV reflects the incidence .of hydrogen

evolution as 8 secondary reaction,

In order to obtain better defined limiting currents, polarisation curves °
of

were obtained in the regionfmass transport control only i.e, at potentials

in the range - 950 to - 700 mV, The copper concentration was checked

during the scanning of each curve.

Itwcén be .seen in Fig. 11.2 that the plateau:region is much more clearly

defined, enabling limiting currents to be discerned. This is possibly

dué to the largely undisturbed conversion over the resctor leading_to a

B suﬁéféﬁiially constant reactor copper concentration. ' -

[
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Fig., 11.2 indicates an increase in the 1iéiti59 current with a higher
copper concentration. Taking limiting currgnt values corresponding to

a potential;qf - 850 mV, Teble 11.2 compares maess transport cue?ficiénts,
KL'nbtainad F;om the data in Figs. 11.1 and 11.2. Values lie within
thsAréhge U.Eig ;10.272'cm 561, showing that the calculated masé'transﬁort'
is reasonably coﬁstant over the expegimental range of concentrations,

40 - 48B4 mg dn™",

The results of Table 11.2 are plotted in Fig. 11.3 as IL against C. A
straight 1line through the origin is obtsinaed, the parameters being related

by KL. An average KL may be derived from the slope of Fig, 11.3 as

0,262 em 5-1.

Steady State Elgctrolysis
Following the polarisation studies, a2 ssries of trials were per?ormed
"under steady state conditions; the results are collected in Table 11.3.

For each set of'Hata, the mass transport coefficient, KL has been calculated

-(gssuming that only hydrogen evolution had occurred 2s a secondary reaction)

by means of eguation 6.15 for a single pass R.C.E.R:

Jsvhqurgom: 1

iN

o *TTHé eFFectivejlimiting current has then been obtained from KL’ knowing the

IV '_ “ - - y '. R
R e ":‘"

- reactor_cuncentratlon = C

~LSéu‘ebal%ébs:é}vétiori's‘}na} be made regarding the results of Table 11.3 3

i . orn = it T

.-.vl...'..'..... 1.

o ) L valuss Uarled in the range 0.368 -~ 0.425 cm s -1

- e s

' 2,_An'incpeésp in the reciprocating scraper speed from 0.91 to 9.1 cm s~

- Ty had no apparent eFFact on- K

oy Varied within the range 1.90 - 2,04 .
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Decay Trials

Fig. 11.5 illustrates the decay of C‘N , C ouT and I with time, corresponding
‘ decay
to the data in Table 11.4, The - ‘concentrationa;ines appear linear on

the semilog qoordina£es, indicating an apparent first order dscay, Results
F, G-and H are abruptly separat;d FromgC, D and £, due:to a chénée in flow
rate dfter result E, The slope of line F G H is, however, similaf to that
of liﬁe €0 E, indicating a consistent mass transport,

(FES't‘ G)
The gradlent of the limiting current decay curueA}s comparable with that of

the concentration decay curve .

Miscellaneous

Fig. 11.7 shows a plot of total cell voltage against tetal cell current
for the above results. A straight line relationship is evident, the slope
giving ths averagéd effective cell resistance, a2s 0.0138 ohm, The curve

6figinates from a voltage of 1,8 V et open circuit.

- also :
The faradaic power supplied to the cell isLﬁisplayed in Fig. 11.7, 2s a.

function of current, As expected by the relationship :

p ; 12R the Faradalc power increased steeply as cell

-: Rt =, L -

was
current . ralsed
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11.1.2 Cadmium Powder Electrodeposition from Zinc Calcine Liouors

The general experimental conditions were as chown in Table 11,5,

Polarisation

Fig. 11.Briliu§t;ates a tyﬁical cathodic polarisatidh curﬁe, for potentials
in the range - 630 to - 1370 mV (V.M.M,S.) The inflection in the poten=-
tia)l range -~ 1150 to - 13b0 m\ may be attributed to cadmium deposition
under mass transport control. Rf potentials more cathodic than -~ 1300 mﬁ,
the current rises steeply due to the incidence of zinc deposition and

hydrogen evolution as additional side reactions,

Steady State Electrolysis

At the rather low limiting currents involved in the deposition of Cd from
low concentration-solutiuns, the potentiostat controller did not function
very well, and a2 decision was made to ope%ate at constant cell current.
Table 11.6 prgggnts the results of a series of trials perFErmed under

controlled cnndifions.

w.:-
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11.2 200 Amp Eco-Cascade Cell ‘

11.2.1 General Canditions/Polarisation

The general operating conditions are shown in Table 11.7.

Preliminary work on this cascade reactor included polarisation curves
for each compartment with respect to hydregen esvolution. Typical -
curves are shown in Fig. 11.9 (which fafers to 1.0M H2504 at 60° C) as
plots of compertment electrode potentiel (S.C.E.) ageinst cell current.
For & given cell 0urrent; the measured potential generally ingreases
with higher compartment numbers. A particulerly rapid increase in
current, for a given-apparent potential, is evidenced for potentials

more negative than, say, -450 mV (S.C.E.)

The total cell voltage as a function of current was measursd during the above
polarisetion work. Fig. 11.10 displays cell voltage versus current,
approximating 2 linear behaviour; the gradient gives the averaged overall

reacteor resistance as 0,015 ochm,

. Copper sulphate additions were made to the electrolyte, and a number of
‘trials were conducted to examine the polarisaticn characteristics for

copper depositicn,/hydrogen avolution. Typical results are shown in

fig. 11.11. Behaviour is rather complex, but a tendency to an~inFlectinn-,
suggesting mess transport control is seen 2t potentials in the approximate

range ~350 to -450 mV

11.2.2 Steady State Electrolysis

A largénnumber of steady state trials were undertaken, monitoring in each
case the cetholyte Ploﬁ rate, temperature, current, potential profile and
copper concentration proFile-nver the‘cascade. Typical results are

compiled in Tebles 41.8 to 11.19.



-305-7 .

11.2.3 Concentration Decay

In one trial, the reservoir Eopper dosing system was switched off, and
the concentration was allowsd to be depleted in the systém. Fig. 11.12
shows the inlet and individual compartment concentrations recorded

initielly then after 30, 37 and 47 mins.

The results of section 11.2.2 generally shouwed a reasonable conversion

in the early compartments of the reactor (1, 2, 3 and possibly 4). In
higher compartments, however, the conversion was extremely low or even
negative. This effect was traced to an internal channelling of electrolyts
from compértment 1 to the higher compartments. The bypassing of a small

flow rate of relatively high concentration from compartment 1 to 4, 5 or

6 effectively destroyed cascade action in the higher compartments,

11.2.4 General Comments

A number of observations could be made regarding general operation of the
reactor. 1.The.cylinder wes readily scraped during the backwash/product
removal cycle, the freshly screped cylinder revolving more freely with
;iess vibration and requiring less rotational powsr.
2, The glut of copper powder product obtained after 8-10 hours electrolysis
rapidly blocked the hydrocyclone separation system; a simple sludge coﬁe_
or large Filter tray would prabably hgve provied a more efficient deuicé.
3., The averall power consumption of ths reactor was approiimately 1.5
KWhr/KgCu, which comprised contributiocns from Faradaic power (ca. 4.9
KWhr/Ké) and rotational power (6.6 KWhr/Kg).
4, Tﬁé“Flushing water circuit was shown to be very important in protecting

the shaft seals. In-the absence of a flush on the lower seal, destruction

of the component occurred rapidly, due to the sharp, abrasive copper powder.

\
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1.3 Comgenﬁium of Eco~Cell Mass Transport Data

The results pressnted in this section have been compiled with the

éo-operation of the staff of Ecologicel Engineering Ltd. The data

generally refer to copper deposition from acid sulphate soluticns 1.0M
. _ .

stua) at 60° C.

. Four separate membrane reactors have been utilised in obtaining the
Aata:
1. Lab, Rig 1 (50R) -
2. Mini Cell (100R)
3. 500 Amp Pilot Plant

4, 2KA Pilot Plant
The essentiel characteristics of each reactor are outlined in Table 11.20.

The data for each reaector is listed in Tables 11.21 - 11.24, and presented
in Figs. 11.13'~ 11.16 es plots of j ' = St (50)%°%* against (Re).

Comparison is made with the squation due to Holland: j.' )-0'UB

b = 0.0791 {(Re

Fig. 11.17 is a composite plot of data from Figs. 11.13 - 11.16,

It should be noted that 'limiting currents' have not been obtained by
mnuantionalVpélariéatiﬁn'curues for the above dats. Rather, the 'effective’
of 'useful! current for Copper removal has been celculated knowing the
conversion in the reactor concernsd, utilising the equation:

I-= N (CIN - €
329.2

.where N is the flow rate in em 5™, .

UUT)
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11.4 Compendium of Eco=-Cascede-Cell Mass Transport Data

Data obtained from an improved 200A Cescade reactor has already been
reported in section 11.2. This ssction concerns data from previous
designs:

1. 100R Laboratory Cascade Reactor

2. 1KA Commercial Cascade Reactor

Details of these reactors are listed in Table 11.25 and 11.26.

The 100A laboratory bascade wvas used both to study multicompartment

R.C.E.R's and to obtain scele-up date toc design the 1KA commercial reactor.

Tables 11.27 - 11.30 show results for the 100R reactor, including potential
and copper concentration profiles for a given current, flow rate and
temperature. These results ere pressnted in graphicel form in Fig. 11.18

as 2 plot of LN C egeinst compartment number,

Typical data for the commercial, 1KA reactor is shouwn in Table 11.31 and 11.32

and. .plottad in Fig, 11.19.
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12 DISCUSSION

I2.1 ?OﬁARBSATION BEHAVIOUR AT SMOCTH ELECTRODES:

Erior to.the use off the copper dﬁppqitiop reaction for the study of .

roughness development, iit’ was considered negessary to exémihc briefly-
the reproducibility of limiting current;determinations. Tha conditions
chigsen iinvelived a scluble copper foill anode, & smooth copper foill
cathode of axocurately deﬂihedlgurface dimensions Qd = 6.3, 1 = 4.3cm. )
and éastandard electrolyte : 0.0I4M Cu SO& + 1.5M stoﬁ at a
tempsrature of 22°C., a: rotational speed of 500 r.p.m. and a potential
scan rat'e of 150 mV(min.I-I;‘Preliminary work {Table 10.1 ; Fig. 10.1)
showed that for electrodes wet. polished by 600 grade- emery paper,
safiafactory feproducible polarisation curves could be obtained,
diaplaying reasonably well defined limiting currents in the potentiall
range ~900 to -1150mV (“4MfMuS-).

The surface microroughness of tlhe rotating cylinder cathode might be

_expected to be important, but early trials with chcmically polished and

eIectropélished foils (Tﬁbl& I0.1 ; Fig..lO,I)'gave results comparable
to electrodes prepared bty the above method. Evidently, the hydrodynamic
roughness present at fine emery polishgd surfaces was insufficient

to affect mass transport (although early stages of nueleation must have
been quite diffcrent).For'experimental convenience, further triails

were conducted with emery polished surfaces.

Steady-state polarisation data is also desirable, indicating tHe need
for azrelativelx slow potential scan rate, As the premsent study did. not
involve kinetic interpretation, howc&cr, and the copper deposition
reaction is known to display very fast kinetics, a moderately high scan.
rate could be utilised. Moreover, a' slow scan rate was delilerately

avoided in order to discourage the formation of roughness (and
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subsequently increased limiting‘currents) under mass transport

controlled candifion;.rﬂ,scan rafeléfrigo mﬁ—(min.yrl was chosen as a:
reasonabile compromise bLetween the requirement of steady. state omone - .
hand, and smooth deposit, short experimental trial's: om the other.
Pragtical curves (e.g. Fig.Lk0:.2’ ) showed this choice to Be reasonabile
over ai wide range of conditions.

The above considerations apply to ai camstant copper concentration,
maintained by a) combination of/ soluble anodes and ellectrolyte flow or
replacement. In certain cases, such a: technique could not be employed.
For example, with'as received"ihdustriai solutiona, the exiiatence of
several metals mitigates against a goiuble anode. Here, an insoluble
anode or-aidivided celll may be used. The former, while having the - oot
advantage of simplicity, may result in a deleterious decrease in pRB
or-an increase in maas transport due to oxygen evolution. Tle use of a
cell divided by a:cation exchange membrane, while requiring a highser
cell voltage, may overcome these objections, and was routinely used in
the present studies(as deacribed in Chapter 8 ). The:choice of scan rate
in this case becomes more critical, as too: low. a value may result in '
copper depletion before the limiting current is achieved. Under these
circumstances, a: scan rate of 150 mV Chin.)—l was again found tos be an
acceptable compromise (Tavle 10.2).

The use of a simple cell and soluble anodes proved satisfactory for
rapid determinations, with replacement of electrolyte Yetween successive
trials. For lengthy trials, however, or during op;n circuit conditions,
marked corrosion of copper occurred in thé ﬁij H2804} resulting in a

gradual increase in copper concentration. Im: such cases, the electrolyte

was adjusted either by volumetriec dilution {using Ll..5M H2§Ohx or ai large

"
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buffer volume of CuSOQ‘was_gmplgyed and slowly recirculated through the

= cell. -As:a precaution against changes in concentration, electrolyte

|

samples were withdrawn at intervals in the vicinity of the limiting
current and analysed for copper. A& volumetric flow rate of
é:IO-dmj(min.)-I through the cell was found to have no significant effect
on the determined limiting current. Tﬁis was 1o be expected, as the mass
transport to a turbulent rotating cylinder is known to He rather
insensitive to axiai flow CChapte% 2).
In order to record true values of the electrode potential during
polarisation trials and obtain accurate potentiostatic contrel, a
sep;fate potential pick up brush was utilised. THe importance of this
(as discussed in Chapter 6.5'and indicated in Fig.6.5) has perhaps been
oveflookéd in previous studies, although certain workerslgo‘haue
certainly utilised the technigue. -
As noted in Chapter 3, copper deposition from acid sulphate solutions is
a well known and well characterised mass transport controlled reaction
(‘see Table 3.5). At Teast two groups of research worker;Thsahave atudiied

this reaction at rotating cylinders with scluble copper ancdes,

providing a good basisz for comparison.

12,2 MASS. TRANSRORT TO. A SMCOTH' RODATING: CYLINDER ELECTRODE.

I2.2.1 General
As: tHes nom-concentric: experimental reactor' geometry (Chapter 8) was
scmewHat different toaéhat'of'previous workers, &a: smail amount of mass
tranaport dataiwas obtained to check the system. Selected resultss for
smootH: electrodes Cpresented in Table 10.3) were ottained over the:

range 1.0x10% (Re)<1.8x10° ; 1‘..8><10,'5<i(f‘fs+o)<1.2;'(1.0”LP ;152 (Se (2212,
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This relatively small range of dimensionless parameters was;festricted

- ¥y various factors. Oniy one copper concentration was utilised, as the
lat'er studies on roughnessa deveiopment largely referred to this
condition, providing a direct basis for comparison. The rotationall speed
of the c¢cylinder was: restricted to) the: range:100- 1250 r,p.wm. Low speeds .
resulted in non-uniform motion due: to 'commutation' of the: direct drive
electric motor, while higher speeds demanded excessive Lower'anditendbdi
tovinduce vortexing. THe use of viécosiiy increasing additives such as
glycerol was deliberately avoided,for reasons of convenience and in
order toy retein simple, well characterised solutions.
Ks; noted in S;ction I0.Z, tHe experimental data lile between the
correlations due to Robinson and Ghﬁess ,aﬁd Eiasenberg, Tobias and
Wilkesj . It may be conclude& that, despite the unique nature of the
experimental gecmelry, the data ia not significantly di%ferent to. that -
of previou; workers. A review of the literature reveals a rather wide
range of'correlations, as noted in Chapter &, for the case of a

turbulent inner rotating cylinder in a concentric geometry. As pointed

out by Hobinson and Gabea3 , the- (Re) exponent has been reported as

51,58, 92 &3 o :

-0.30 , <0312, _0.333% and 040, while the (Sc)
83 51,58,82, -

exponent values reported include -0.59 ~, -0.644 33 ang -0.666 .

!

There are several possible reasons for these discrepancies, due to

variations in

(i) tiie reaction(s) studied

(ii) the range of operating variables and hence the range of (St), (Re)
and (5o} |

(1ii) the method of data correlation, and

(iv} the geometry, including the radius ratio of inner to outer cylinders
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fg, the aﬁnular gap T =Ty, » the aspect ratio of length to inner cylinder
T :
:~:radiu3—g—, the overall shape of the cell and of the electroce.
I
These factors‘may be examined in more detail,
The reaction utilised to gengrate mass transport data has already been
discussed in Chapter 3. It. Has been seen iHat the favoured reactions,
ﬁérrocyanide/'ferriCyanide redox and copper deposition each Have merits and
drawbacks. There were several reasons for preferring the latter reaction
in the present study:
(i) direct comparison was possible wiith: the work of Hobinson&,s'?3
(ii) the copper deposition reaction is of practical and commercial
importance,
(iii) comparison was possible with data from large, pilot plant 'Eco-
= cell'reactors,
(iv) the mﬁﬁority of studies to Ee described involved roughness
geneiation or characterisation. The copper deposition reaction is
ideal herg , 83 it may act both as a meanz of generating =urface
roughnesss, and as an indicator method of measuring masa transport
{Chapter 3), and
(v) the reaction is not light sensitive.
The range of experimental variableslhas often been restricted by conditions
including electrolyte temperature, additives and rotating cylinder
geovetry and apeed, as previously noted. The study due to Eiseﬁberg,
57,58

Tobias and'Wilke = has become almost classical for several possible

reazons:

~

(i) it was the first to systematically obtaima mass transport

correlation from the measured parameters i d,v, C, D and U,

Ll
(ii) consideration was rightly given to the reversibility of the redox

reaction used,



(iii) étw;de range of experimental conditions were employed,
@iv}f-a:corrclation-was-obtained-for-no lesa than five reaction systems . e
involving both chemical dissolution and electrochemical redox
processes, and
(. v) justification of the proposed éorrelation was possible by known
theory.
While the wide range of reaction types and conditions undoubtedlyr resulted
in a: most. useful and powerful correlation, care should Be taken when

making comparisons with more specific or restrictive studies. For example,

191
Makrides and Hackerman have pointed out that critical study of the
$7,58 .
Eisenberg. et al. data reveals a noticeable dependence of bthe (Re)

exponent on' the actual (Re)value. For tﬁe ferro/ferricyanide redox
reaction, the: (Re) exponent (given by-the: slope of the jD'vs(Ra curve)

/
vas —0-32:€§r'the interval 10?<(Réy110%, but only -0:23 for
3)41'01-&( (Re)4.130,5 (Table I of ref.58). The generalised correlation results
in a;bes£ value of -0.30 over the_full range I03<(Ré)4105. To Ye exact,
compérisons sHould therefore be made over the same range of (Re). In
addition, the (Re) exponent variediwith the reaction process, being
-0.28 for reduction and -0.23 for oxidation. ‘

The importance of the method of data: correlation las: been discussed in

68,83
Chapter 3. While both Eisenberg et al. and Robinson and‘Gaba utilised

i
ai three dimensional least sguares analysis, other authors have assumed

a1 correlation of fixed formatl The resulting correlations may appear
markedly different. -

The importance of reactor geometry has received -only scant attention in
in the literature, andi there iz a decided need for a definitive study.

i
The 'R.C.E. may be contrasted with the R.D.E.. in this respect. For' the

latter, the importance of electrode size and shape, and the coentaining



vessel/éoﬁnter electrode geometry are well characterised (see for example

51 . §
re&.faéz). It has been previously noted (in Chapter ), that attention

should be given to both the hydrodynamics and the current/potential

A\

distribution at.a.R.C.E. to ensure uniform; reproducible flow regimes amnd!
am equipotential or constant current density electrode surface. The
geometry.of a: R.C.E.R. NHas important implications in scale-up and will be
considered in more dgtail.

It is evident from Table 6.7 that & wide range of R.C.E. conditions have

been utilised in laboratory studies. Thus, for example, Eisenberg et 31.5/

77

utilised a very regular, concentric:gecometry, with

68,83
complete end baffling, while Robinson and Ghbe used a concentric geometiry

and ArviaiLet al,

with incomplete end baffling. Tle present laboratory studies involve
neither a concentric geometry nor complete end baffling, and this trend is

largely thef§esu1t of an attempt to construct a versatile, robust and

I3
0

convenient reactor (as explained in Chapter 8) rather than a cell for
academic studies. The R.C.E. itself must also be considered, and {as:
discussed in Chapter 6j design regarding hydrodynamic flow may be
compromised by the need for electrode accesaibility or ease of surface
examination. It may be noted that, in the present studies, electrodss:
using overlapping end caps to Mold a foil {Fig. B8.8b) gave comparable
results to those involving flush mounted end caps (Fig. 8.8a).

The length to inner diameter ratio, L/d,was:considered ?y Eisenberg et
al.s? , who found no significaﬁt effect on maﬂs.transpoft for an‘almo§t
fourfold cﬁange viz. 3.0<1/a <il.6 . The friction factor results of
Theodorsen gnd Regier9 also: support this fih@ing, for B%CL/d §20 . Ks_
seen in Chapter 2, the functional dependence of f/2 upon (Re) was similar

for bhoth rotating cylinders and disca, indicating that. even radical

differences in the ratio 1/d do not affect: the dependence of mass transport.
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on the (Re)‘exponentg.-
The importance of annular gap has been the subject of some debate. e

57,58

Eisenberg et al. apparently demonstrated the importance of inner

U(ry- vp)
2

The resultant lines were parallel and of slope -0.30, indicating that the

16,51

radius To rather than gap r by plotting jD'against (Re)=

I *o

results could be entirely correlated by using (Re) = Ur Newman

Tt

however, considered that the ratio rr/ro,should be ~ incorporated
fnto the-mass transport correlation, by means of a modified (Re) :

. .6 g ~0.: .
jﬁ ==CSt)(sc)0 Gl = 02079 BR&)(LrI/TO)] 0.30 fquation 12.1

2 . ) - +=0.30
Ks noted by Gabe 5, rI/rOiEl in practice, and (rI/rO) 3 — 0. By

essuming a correlation wheres Qhey'ﬁs defined in terms: of r,., any

I!
significance of roérﬁ.is shiown: by an apparent increase in the constant

.30

_ _0.30. , ]
0-.079. The importance oﬂ“(rf/rb) should not be overlooked. Table I2.1

/
shows: that, while a small effect: is expected for large cylinders with a
small annular gap (which is an important practical case), large
discrepancies are apparent for a: amall diameter cylinder within-a large
concentric electrode- the case of a 'pole in a2 bucket', Im practice, the
chHanging hydrodynamica for large gaps would probably modify these
considerations appreciably.
r

In a discussion of mass E?nSport in agitated vessels, Marangozis and

1o ' : 57,58
Johnson have concluded that the success of Eisenberg et al. in
correlating. their data wiith a Chilton-Colburnh form: of equation was
forvaitous. This situvation was suggested to have arisen as: the Eisenberg
-0.30

To T constant ZrI

21y, ' To Ty Equation 12.lq

et ali. data: obeyed -

This equation isa necessary condition for the data: to be expressed, with

equal success, by the Eisenberg et al. correlation
' -0.30
3 's:constant[bd] Equation Y2.2.
P 3. -



or a more general Gilland-Sherwood type correlation.

-0.30

#H

-JD-grconstant ro-rI :U@r0~rh

2r0 D ' Equation 12.3

Marangozis and Johnsom went on to show that such an expression could also

he used to/reconcile data from: both rotating inner and rotating outler

cylin@ers, by appropriate definiition of (Re ). {

Having noted above that the Eisenberg, Tobias and WilkeS?

correlation
- -0. !
IL = 0.079 | Ua 0'300 0. 6t
AzFCU :;' D Equation 12.4

is a generalised cne, obtaimed over a wide range of conditions, it is now
of interest to examine mass transport over deliberately restricted
conditions.

Effect of Copper Concentration

For a given Fylinder (fixed d and &), rotating at. a fixed speed (constant
U), ina spécific electrolyte at an invariant temperatu;e (constant < and
D)), Equation i2.h simplifies to

IEOC.C : Equation 12.5
Fig.10.I0 shows a plot of It va. C for such conditions. The linearity
shown at high concentrations becomes leas well defined as: concentration
decreases, and this apparent increase in FH/C may be atfributed to the

t

|
increasing coniribution of background current, or non-mass transport
. 1

' '
controlled deposition. Such residual "‘currents may be attributed to non-

faradaic charging phenomena at the electrode anﬁ the ox&gen reduction
reaction. The latter is expectied to be predominant,.espécially as the
electrolyte was noﬁ deoxygenated. The influence of such residual currents
is only experienced at very low metal concéntrations, and is well known

to polarographers. The oxygen reductionreaction in acid solution may Ye

written: 0, + 28N 1267 - .0, | Egquation 12.6
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followed at more. cathodic potentials by

TH O w2l w2eT w280 - .. ___ . Fquation 12.7

The dissclved oxygen concentration in saturated aqueous solutions at

room temperature is approximately 2.5x IO’uM or 8p.p.m., and is therefore
comparable in magnitude with £he lower regions of copper concentration ..
in the present studiesi

Polariéation curves for copper deposition at various concentrations
(Figs.10.5 and 10.6) show the limiting current plateau becomes ill

defined at lower concentrations,_reflecting the predominance of hydrogen
evolution at high cathodic potentials and background currents at lower
potentials. It may be noted that experimental difficulties were
encountered in preparing and maintaining low concentration copper solutions.
Regarding preperation, serial dilutioﬁ of a concentrated solution by i.5M

stoq necessitated the use of very pure (at least AR) H S0, . The

2
maintenance of a low Cir level (~p.p.m.) before the polariisation curve
was made’difficuit by the use of a copper cylinder , which could readily
corrode (with oxygen reduction as a complementary electrode reaction).
This situation was alleviated by polarising the electrode cathodically,
directly upon immersion. To safegﬁard against unknown increases in
corrosion due to copper dissolution, the‘electrolyte was normally analysed
before, during or after the experimental triazl, The corrosion problem was
aggravated by the use of & relatively large electrode a%ea/electrolyte
volume ratio. Also, use of a rotating electrode led to;a well mixed
solution~ ironically the very conditions desirablé for a high metal
deposition performance (as discussed in Chapter 6).

The range of copper concentrations studied in this thesis (1 - 890 p.p.m.)
was chosen to correspond to those encountered in effluent control and

hydrometallurgy.
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It is interesting to note, in passing, that the open circuit potential of

i

indicator of copper concentration via the Nernst equation. Fig.IO..7
indicates an approximately linear relationship between the open circuit
potential and the logarithm of ﬁopper concentration. In the presence of a
constant concbntrathon'of-high.ionic strength electrolyte {(1.5M stok)' tre
activity of copper is reasonably constant over tle experimental range (1-
890»p.p.m.). The technique should be used as a crude guide only, as redox
reactions or extensive corrosion may result in spurious oﬁen circuit
potentials. In addition, the recorded values were influenced by the
nature of the electrode, being more'negative (by up to 10mV) for freshly
plated cylindera or rotating cylinders compared to static copper foil
eleltrodes. The presence of complexants such as C1™ may alsc radically
affect response, especially at low concentrations of copper.

Effect of Rotational Velocity

For the case of a given cylinder (constant d and A}t rotating in an
electrolyte of constant concentration at fixed temperature (constant c,

and D), the general expression

(st) —a (Re)"(sc)®

simplifies to
I-b .

IL ol U Equation 12.8
The exact value of (I-b) is expected to depend upon the reaction type, the
(Re ) range and electrode shape, as discussed in section I2.2.1 . For the
present results, Fig.10.9 indicates a alope of 0.73, in general agreement
with previous workers (see section 12.2.1).
The family of polarisation curves in Fig.10.8, show that the limiting

plateauxbecame poorly defined as rotational speed (and hence mass transport)

increased; the plateau is seen to tilt and shorten. This effect may be
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attributed to a tendency towards non-mass transport controlled reaction

Iimitations,- - - : - CoEmo- : ’

Fig.10.8 results were obtained by a rapid technique- the R.C.E. being held
at a fixed potential in the wicinity of the limiting current plateau, for
mass transport controlled resulta. The resulting steady current values were
then recorded for various rotational speeds and potentials. The date show an
incresing contribution to mass=transport controlled deposition as the
potential is made more negative. At potentials cofresponding to the limiting
current {-950 to -1150 mV: M.M.S.), the data points converge to a line of
slope 0.73. This'indicator' technique has been utilised for microelectrode
work as detailed in Chapter 3. While providing a rapid, convenient

technique which obviates the need for a full polarisation curve to.be
attained each t;me, the method lacks the ﬁrecision of a limiting current
plateau determination.

Current values in Fig.l0.8 o not exactly correspond to sfeady state values:
(Fig.IO;k), but are nevertheless in reasonable agreement. The indicator
technique becomes more difficult fof conditions where the plateau ah ill
defined, such as low copper concentration and high rotational speeds. In
suc.. cases, the choice of potential is critical, and care must be taken not
to apply the method indiscriminately.

For the case of a given area (KQ and diameter (d) cylinder,rotating in a
constant temperature dilute copper electrolyte (where as an approximation

J and D are constant), the expressions 12.5 and 12.8 may be coupled to
yield: I, o cut-P Equation 12.9

Bffect of Klectrode Size

For a given diameter cylinder (d), rotating et constant speed (U) in a

fixed electrolyte (constant C,~) and D) the limiting current density

should be constant i.e.
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Ii.éi Aol - . . Fquation 12.I0
where 1 = length - of c¢ylinder.

Fig, 10,12 indicatés that this is true, at leasi. for the present results,
where a:straight line plot through the origin is obtained for IL as a.
function of & (the area being gltered by shortening the active height of
the R.C.E.). The choice of area is governed largely by experimental
conveniernce, and the need to obtain lLimiting current values which are
sufficiently large to avoid complications due to interfering noise etc.,
and sufficiently small to lie within po;er supply capabilities. Many
authors have utilised a d/i ratio® 1, In order to minimise edge effects
due to either flow development/éep&ration or non-uniform current density:
distribution,long cylinders should be used i.e. d < 1. Such electrodes:

may result, however, in é lengthy apparatus which is difficult to assemble.
Examination of the literature shows wide variation in d/l (see for example
Table 6.8), and some authors have not appreciated the disadvantages of
radicallf squat cylinders of d )1 .

Effect of Temperature

in contrast to the above consider&tioné for concentration, rotational
speed and area, the effect of temperature is more complex, as YothVand
D are affected’ to different d;grees; Fig.X¥0.1l4 and Table 12.2 show the
improvement in mass transport over the range 22-60°C for otherwise
constant conditions of 4, &, U and C., Relative to the mass transport at
220C, raising the temperature to 60°C more than doubles the limiting
current.

57

The Eisenberg, Tobias and Wilke correlation” may be written for this
case:

1, = AzFCU, 0.079 g=C0-304-0-301 | y -C-644
D 030 | jp -0-644 Equation 12,11
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. Equation 12.12

Ks indicated by -Figs.10.68 and I0.69, both D.and v vary as the reciprocal

of absolute temperature:

I
TOED Equation 12.13

{The empirical Einstein-Stokes type relationship,

DV . 2.23 Equation 1214

.

has been attained by Arvia et al.
Combining Equations 12.1I2 and I2.1I3 :
o 0-656 DI.61+1+ p

T

1 Equation I2.15

Table 12.2 shows that the relative improvement in mass tranaport
{referanced to 2200) for the experimental results is comparable with that

expacted from Equation 1I2,I5.

CONCENTRATICN DECAY AND ROQUGHNESS DEVELOPMENT

¢

It has already been identified in Chapter 6 that, for the case of a
simple ba%ch R.C.IE.R.,

C =C e Equationlz2.I$
Such a regular exponential decay is often experienced for copper
deposition to a smooth electrode. In the case of deposition at potentials
corresponding to limiting current conditions, however, the development of .
surface roughness may increase the f&te of decay i.e. the value of k. Fig.
10.15 shows a typical copper concentration decay for a R-C.E. held at é

potential of -I000mV M.M.S.. For the first 60 mins., the decay follows the

_ predicted line, given by:

C =C 'e“KLA'/V .-t

" o Equation I12.I7

where KL may bhe determined from an auxiliary polarisation curve for a

amocth elecirode as
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AzFC Equatiom I2.18

After some 60 mins., tlie copper concentration departs from the predicted
line (Fig.fO;Bs), indicating an increased reagtor performance due to.
roughness development. ThHe effect is more clearly seen By considering

Equation IZ22I7 in LOG. form::
. Kﬁk; N

LOG_ C, = EOC oL
Y. 2,303 Equation I2.19

I0t IDQO

Thus a plot of LOGIOCt against t might be exﬁected to result in ai straight
X ~K A

on the t=0 axis, and slope L .

, V. 2.303

Fig.10.16 shows such a plot for the results of Fig.IO.Ii5. Agaim, for the

line, of intercept BOGiOCo
first 60 mins., the datsz approximate to the predicted straight line. After
this time, the behgviour‘approximates to another line of significantly
increased slope. Fig,D0.T6 further demonstrates that the transitiom time

'
and the value.of the second slope Yoth showed a certain degree of
irreproduc?bility, despite care in the experimental technique. This
suggests ; certain degree of randomness in the nature of roughness
development. To minimise this, and preserve reasonable reproducibility, it
was found necessary to preplate the surface of the copper R.L.E. with
freshly depoaited copper. This preplating operation also served to stabilise
the open circuit potential and &allow equipment to be checked.
It was considered that ;pecial preparation of the R.C.E. might result in
. better reproducibility or a longer transition time for a change in slope.
This prompted chemical polishing or electropolishing of the copper foil
. H.C.E.. Fig.IC.I7 shows, however, that such surface preparation techniques
gave tesults which were entirely céﬁparable with an electrode prepared by-
wet polishing with fine {600 grade) emery paper. The last technique was

therefore employed as standard in the present studies. In a study of



roughneﬁs'ﬁevelopment during copper deposition from IN CuSOh + IN HZSOW’
Ivl, Javet snd Stahel’* also found that electropolishing could not
prevent roughnesas development during (galvanostatic) deposition,at or near
limiting current conditions. The explanation must be that electropclishing
or chemical polishing does not remove small scale heterogeneities on the
surface. Such residval micro features may include crystallographic defects
such as grain boundaries, dislocations etc. Mass transport contrelled
deposition serv;s to amplify the development of small scale protuberances
in such regions. Electropolishing or chemical polishing may bte a pre-
requisite technique for electrocrystallisation studies, however,as
nuclieation and early growth may be greatly influenced by scratch marks
(see later).

Information on roughness development during a batch decay is also provided
by the curr;ﬁt history. Fig.I0.I8 shows that the current initially decays,

following predicted behaviour and mimicking the concentration behaviour:

It. = I% e Bquation T2,20
K A/V
I, =1 e AR Equation I2.2I
or LOGIOIt _. EOG%OI _ KLA'. - . t
° Y. 2.30 Equation 12.22

The current-time behaviour for potentiostatie, limiting current operation
is somewhat complex. The initial’value,lo is close to that recorded on a
polarisation curve,'as expected, After 30 mins., the current increases,
passing through a broad maximum at ca. 60 mins., then decaying. This
Yehaviour is the result of competing effects: a declining concentration

- encourages & smaller kurrent in accordanqe with Fquationm I12.18, but an
increasing roughness promotes a larger effective mass tranaport coefficiént.

It might be anticipated that the current at longer times would decline in a

similar fashion to the corresponding concentration, indicating a constant
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mass transﬁort coefficient. Fig.I10.19 shows that the behaviour is

cqps}dgrably_more involved. Thip 1og—log p%pﬁ qf I:YST C-;ndicates that at

high I and. C (corresponding to short times), the I-C behaviour may be

predicted by polarisation curve values of ILat various values of C. The

current rises above the predicted value for a smooth electrode at C2=650

p.p.m., then after a-further time decays with declining €. A derived plot

of apparent mass transport coefficient vs. time (Fig.I0.20), shows that

the calculated KL (given by Fig.I10.I9, assuming the current to correspond
to IL), continues to increase from its original, predicted, smooth
electrode value with time. There are several possible explanations for
this:

(i) the current efficiency for copper deposition declined with decreasing
concentratign,

(1i) & small part éf the roughened deposit left the rotating cylinder due
to gravitx/centrifugal forces and redissolved,

(iii) background reactions such as oxygen reduction became increasingly
important at lower copper concentr&tion,(as previously discussed in
Section 12.2).

The actual’maés transport coefficient for longer times (and hence rough

deposits) may be calculated fr&m;the concentration decay curve (by means

of Equation I2.19) as 6.7x IO—jcm.s—I. This value is considerably greater

(by a factor of 3.2) than the initial value for short times of 2.241077

cm.s-l. This last value compares favourably (within experimental error)

with the corresponding value for a smooth cylinder {obtained from a

subsidiary polarisation curve) of 2.322 IO-jcm.gﬁl.

The increased reactor performance due to roughness development is further

seen in Fig.IO.Zi, where the concentréfion change &.C =:C;J—Ct i's plotted
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as a!function of current. The increaséd performance at low concenirations
“(1onger t¥mes and hence-roughened deposits): is manifested as a: considerable o=
deviation from the calculated straight line for a smcoth electrode.

The effect of‘poténtial during a potentiostatically controlled batch
depletion of copper is shown in éig.IO-ZE. At relatively low values

s -850 mV M.M.3., the decay approximates to & single straight line over

the experimental time interval (226 mins.), in accordance with simple
theory. Thus roughness formation does nof appear to be signiflicant under
such conditions. At higher potentials, however, & significant increase in
performance is experienced, as shown by an increase in the apparent rate
constant for the decay. The transition time for deviation from the

predicted smooth electrode slope decreases with increasing cathodic:
potential, indicating the earlier develoément of significant roughness.

The rate constant also increases at higher cathodic potentials.At

potentials more negative than say -1050 mV, significant hydrogen evolution
oceurs, aﬁd a further marked increase in performance results. This may be
attributed to. both encouraged development of surface roughness and to
mass transport enhancement by gas stirring (Chapter 3). Evolution of gas
directly from an electrode might be expected to produce such enhancement,

ag the small 4ize hydrogen bubbles'a;e evolved through the convective
diffusion layer, causing considerable disturbance to it.

It i3 often assumed that mass.transport controlled reactions are

indefendent of the electrode potential, in contrast to activation
] controlled processes. While this may generally be true for smooth electrodes,
the development of s;rface roughness is remarkably potential sensitive. Ass
indicated by Fig.10.22, the conirol potential may affect both tle transition
time for growth of roughpess, and the extent of roughness/surface area:

amplification. It is significant, in reactor performance terms, that, ats



poteptiél;.correspondihg to mass transport control, a relatively small
increase in potentiall may; result in a greatly increased performance due to
&1 combination of roughness ané surface area increases, Indeed, a certaim
amount of current inefficiency may Be tolerated iff the hydrogen gas
evolved aam a: secondary reactiom provides effective stirring.
It sHould Be noted that partiicularly low residual concentrations were
possiole im the batch decays; below I p.p.m. in certain cases (with
obviousiattractions for effluent control purposes). Some difficulty was
experienced with reproducibility, however, as occasionally the concentration.
would' increase rapidly Yy several p.p.m., then continue to decay. This wass
particularly experience@ under gas evolution conditions, and could be
traced’ to' tlie dissolution of free copper powder. Powder leaving the
cylinder via gravity or centrifugal force was free to dissolve either by
open circuit corrosion, or the induction of bipolar dissolution in the
interelectrode gap:of the divided cell. {In the case c¢f an undivided cell,
direct contact with the anode provides a: third possibility- simplle anodiic
dissolution).
At very low concentrations, the concentraition decay tended to decrease in
rate, the Tesidual concentration being relativelly stable (in' the aYsence
of rapid redissolution as described abowe). The existence of such a minimum
practical conc;ntration for a: given metal/electrolyte combination has been
408
experienced by several workers, including Xuhn and Houghton QSb{:Sp.p.m.)
and Newman (Pb4:0.5 p.p.m.)uos. An equilibrium concentration is apparently
reached whéﬁ'the rates of deposition and redissolution are identical. A
thermodynamic apéroach by Trainham and Newmanuo? {who considered packed
bed electrodes) has enabled an estimation to. be made of such a concentration.

In some cases, the use of a more negative potential may resuil in a

further decrease in concentration. Alternatively, further metal removal
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may: be encouraged By a decrease in the corrosive properties of the solvent.

However,; tHe use of @ more negative potentiall may Tesult in higher power

costs and the incidence of side reéctions. Choice of electolyte is seldom
posaible in industrial practice, and the use of a:less acidic solvent may:
Iead.to codeposition of hydroxide. It should alsc be remembered that the
application of constant potential may effectively result in a declining
applied overpotential due to tlhe Nernstian shift. In the case of severe
decadiic changeé in concentration,. tlie potential may fall Below that
negessary for limiting current operation.

The effect of potentiall om the current time behaviour for a: batch decay iis:
illustrated in Fig.. I0.23. The initial currents {t = 0. min.) are gemerally
comparable with values from corresponding steady state polarisation curves.
At low potentials, e.g. w85b‘mW'M;M;St, tHe decay  approximates toc a
straight line, mimicking the concentration behaviour. As: the potential
Yecomes morélnegative, however, dewiation occurs, the current decaying to a
minimum, then increasing through & maximum before a final decay. This
apparently complex bhehaviour i's the result of competition between current
increase due to enhanced mass transport (via a combination of iﬁcreased
hydrodynamic shear and electroactive surface area) and current decline due
to decreasing concentration. Initially, the latter effect dominates for
the smooth electrode, giving way to the influence of roughness at
intermediate times (resulting in the maxima), and regaining control
towards the later stages (for a roughened electrode}. At high potentials
corresponding to hydrogen evolution, a final decay was not experienced,

) and the current levelled at a relétively.high value, governed by gas
evolution at the roughened surface.

In one trial, an alreesdy roughened deposit from a previous batch decay

was used as the starter electrode for a repeat experiment (Fig.I0.24}. The
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decay immediately followed a rate comparable to the final stages of the
previous run, ?he increased metal dgposﬁ@ipn_diq_qqz marge@ly eghange
performance as the trial continued.

The effect of rotational speed is shown in Fig. 10.25. Am increase in

speed is seen to increase both the early and later decay slopes, and to
decrease the tranéition time. The latter effect is presumably mainly due

to the earlier development of significant roughness as a result of
increased rate of deposition. As previosly seen, the early concentration
history may be approximated by a line predicted from smooth electrode
limiting current consideratiéns. At very low concentrations, < I p.p.m.,
there is evidence again of tailing, and in the case of T0GO r.p.m., a
constant concentration of 0.5 p.p.m. was attained after some I60 mins.
Reproducibility worsened as the rotational speed increased, necessitating
many determinations to obtain significant results.

In Table I2.3, anwéttempt i3 made to compare initial and final slopes for
Fig.10.25; approximating decay behaviour to twe distinct lines of different
gradient. The relative improvement factor due to roughness development
compared to the early smoother electro e surface varies between 3.3 for
I80 r.p.m. and 4.9 for I0C0 r.p.m. These results plctted in log-log form

in Fig.I10.26 as apparent rate ponstant.against rotational speed, %o
determine the velocity exponent. The early results display a slope of 0.73
in accordance with polarisation da£a.for smooth electrodes under similar
hydrodynamic conditions. The later results, however, show a significantly
higher slope 2 0.88, in addition to giving appreciably higher mass transport
values. Insufficient points are available to'precisely define this last
value, unfortunately.

It is intefesting to note that the development of roughness during

cementation reaction has also been seen to result in an increase in the
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apparent rate constant for decay. Strickland and Lawsonqo2 have reported a
rotating disc stgdx-of the ce@gntation aof Cg on Zn; Cd on Zn, Pb on Zﬁ_andr
Ag on Cu, Cd or Zn from aqueous acid solution. When the deposited material
exceeded-O.Z-O;h mg cm-z, the rate was enhanced, the effect being more
marked with increased rotational speed.

The batch decay type of experiment is a most convenient technique, as a
relatively 1arge.amount of information may be provided using a relatively
small volume of electrolyte. The monitering of both current and concentration
history allows performance totbe steadily evaluated over a wide range of
conditions., The multiple sampling of a batch solution is tedious, however,
and may decrease the effective volumé. The use of continuous monitoring

396

devices such as ion selective electrodes iz to be encouraged in this
rescht.

In the present studies, the use of a relatively high mass transport
electrode_(the RpC-E.) and a moderately high area te veolume ratio has
enabled concentration decay cver some three decades in a reasonable time
scale (up to 3 hours). Faster experimental trials would be possible using
either a smaller, concenéric interelectrode gap to decrease the effective
cell volume or a more rapid rotational speed. For example, the use of end
baffling and a full& concentric'cell with a Icm gap would reduce the
present 1000 cm3 volume to approximately I1CO cmj.

The development of roughness at the electrode ;s a direct consequence of
metal removal creates a somewhat complicated coﬁdition, as the growth of
roughness occcurs over a range of concentration. The extent and type of
roughness is expected to bg a function of concentrationt constant

conditions may lead to quite different growth to the averaged batch decay

coditions.
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In the case of the R.C.E.R., the stirring provided by a turbulent rotating
cylinder serves to provide an easily modelléd,simple vessel, batch C.5.T.R.

system. In the case of other reactors, however, an external flow circuit

© and reservoir are often necessary to enable the electrode to function, as

in the casgLPorous, packed and fluidised bed electrodes. The resultant

batch recirculation mode {Section 5.2.3) has been examined in the case of metal

recovery 1in several work3120’164,D99,20?,208,403.

CONTROLLED-—. POTENTIAL SEPARATION: OF METALS

Many of the existing techniques for métai removal from solution are non--
sellective. For example, ion exchange may be applied to remove cationic
apecies, while chemical precipitation as hydroxide may remove all metals
Having sufficiently insoluble hydroxides under chosen conditions..Eléctro-
deposition, however, is a: potentially elegaﬁt technique, as metal may be
removed directly onto the catﬁode as massive material. In addition, one
reactor may be utilised to produce-a variety of individual metals Yy
variatiog in the operating conditions, notably the potential,

There> are several instances where a noble metal is required from a multi--
metal mixture, for commercial and/br ecological considerations. For
example, in the stripping of reject silver plating om a bYase metal, acid
dissolution will result in a mixed metal solution;fsilver may be selectively
recovered for reuse or resale. In hHydrometallurgy, the leaching of oré
frequently results in mixed metal solutions; cadmium, for example, is
normally found with zénc. By judicious ;hoice of electrolyte and
conditions, the selective extract of cadmium may: be practised by electro-
deposition.. Bbth cementation and solvent extraétion are routinely

employed in hydrometallurgical processing, but it may be noted that the

first introduces a base metal into solution, while solvent extraction

fluids are expensive and sometimes difficult to handle. Following solvent
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extractibn,‘conventional_electrodeposition is often utilised to recover

metal in any case.

The absence of controlled potential depositién on an industrial scale may:

Be attributed to two factors. Firstly, therehave been few electrochemical
reactors cépable of controlled potential deposition. The R.C.E.R. is
particularly suitable here due to its substantially uniform electrode
potential under potentioétgéc conditions.. Secondlly, large scale potentiostats
are not readily available. On. an industrial scale, sophisticated circuitry

is not necessary, however, as response time is not a critical factor.

The theory behind controlled potential separations Has been discussed in
Chapter: 5, where it was noted that the technique is ideally akin to
polarography with a large, solid electrode. It hHas already bYeen ncted that
the principles involved are similar to thé converse case. of alloy deposiition
322;3&6’35?, and that the eleotroanalytical literﬂturezIO’an’zzé’zzyr
containg many routine examples of selective recovery..
The ease and success of separation depends upons

(1) the separation of standard potentials,

(ii) the relative activity of metal ions, and

Qiiir the degree of polarisation of each cathodic reaction,

The situation may be complicated in practice, as pH} temperature, relatiwe
metal concentration and complexant pompogition may each change the metal
complex present, and its decompositioﬁ potential. In the case of electro-
active complexants, the cell design may radically affect the result. For
example, in the caser of an undivided cell, cyanide may be oxidised at an
inscluble ancde.

It was noted in Chapter- 5 tha? the literature is sparse concerning large

scale controlled potential separation of metals.. THe contributions of thHe
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Suﬁss-ﬁolche11D26

and the Akzo Fluidised Bed Electrode Reactor167'for copper
deposition ghould be mentioned, however.(See Chapter 5 for further details).
One application of the technique i's tHe éﬁrification of eléciroplatiﬁg béths
contaminated by secondary (nohibi‘metalb. Such comtamination occurs ro;tihely%
as a consequence of corrosion of the substrate or transférence of liquor

from a: previous stage. The secondary.metal may' be present at very low levels
~ Ii - 500 p.p.m., and a: high mass transport reactor iis: necessary to remove

+09

l
the etal at a:reasonable rate. Vaaler has reviewed some early work and

reported further studies involving silver, copper and zinc removal from

. . i s s . ‘ , 180-L82
nickel plating baths. I't is interesting to note that 'INCO' workers
have deliberately added controlled guantities of a noble metal (Kg ar Cu)
to nickel baths and utilised the deposition rate of the secondary metal as:
a mass transport indicator (see Chapter 3)..

323

In the present laboratory studies , the possibility of selective removal

was-investié;ted under well stirred batch conditions, as discussed in
Section I2.3 . Before a Batch decay was attempted), a: polarisation curve was
traced, establlishing the limiting current in order to provide & norm for
smooth electrode performance (Equation I2.I9). This curve also:aided
judicious selection of control potential, corresponding to mass transport
controlled operation.

In the case of copper deposition from either- zinc sulphate/sulphuric acid
solutions (Pig.10.27), or nickel sulphate/sulphuric acid solutions QFig}IO.29)}
the polarisation curves. for copper deposition are similar to the case of
copper from acid copper sulphate, indicating that copper is the nobler
metal under mass gransport control. The limiting current values are also

comparable to those in I.sM HzSOL-+ alone.. This is to be expested, as the

addition of small concentrations oft ZnSOLF (0.014M): or NiSOQ {0.0I4M)" would
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not radicaily affect the viscosity of the electrolyte, the diffusion
coefficient of cupric ions or the active species qu?+1} Thg importance of
control potential i's shown by the cérresponding Figs.l0.26 and 10.28 , At
potentials below the 1imiting curfent (-850, mV, M.Mus;r, the semi-logarithmic
decay of concentration approximates tora straight line which may be
estimatéd from limiting current considerations. A%.higher potentials,
however, (-1000 mV M‘MLS;)L the decay increases in rate afiter some 45 mins.,
due to- the development of rough deposits, as discussed in Section I2.3 .
Deposition was reasonably selective, there being no detectable change in
solution concentration (of Zn or Ni) by atomic absorption analysis (2 39%)..
A more discerning test of selective deposition was provided by the deposit
analysis for the -I000 mV M.M.S. results, values of 0.4 *low/w %n or 0.25%
w/w Ni being recorded. This corresponded to deposited metal ratios of

Cu/Zn =250 and Cu/Ni =:400,

In the case of a mixed RgNOB/Cu(NOBIé/HNO3 solution, selective deposition of
silver was possible under limiting current conditions, an increase in decay
rate via roughness formation being once again apparent. The selective
deposition yielded a substantially pure (99.?5ﬁ3u/w) Ag powder. The
individual polarisation behaviour for Ag and Cu (Fig.IO.jO),,indicated a
wide separation in deposition and mass transport control potentials,
facilitating a straightforward separaticn.

The abvove exampleé utilising synthetic, well characterised solutions have
some relevance to industrial practice. The CuSOM/ZnSOu solution is typical
of a sulphuric acid pickle for brass. Selective copper removal would provide
substantial mefal éavings for a 1afge processor and extend the lifetime of
the pickling liquor. Similar consideratioﬁs apply to CuSOu/NiSOu} although

it is realised that cupro-nickel allcys are somewhat rare. Silver recovery
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from a Ag/bh/HNOB solution may be practised following nitric acid stripping
of silver plated copper substrates:_such materi;l is pggularly fqund in
decorative plating, the pfoduction of heavy electrical conductors or
processing of low silver, copper alloys. Selective recovery of silver provides
a cost effective process, while the copper recovery may Be uneconomic.

THe above studies regarding synthetic, uncomplexed acid solutions represent
conditions which are favourable to selective deposition. In practige,
however, many liquors are heavily complexed. Considering electreplating, the
addition of re}atively large concentrations of cyanide to baths is often
necessary to enable codeposition of metals, or to achieve smooth, adherent
deposits. Also, cyanide based solutions.are frequently encountered in hydro-
metallurgy and the metal processing industries for ore,. leaching or metal
dissolution purpbses.

Two industrigi cyanidic solutions were studied. The first was a dragout in
which carry'over of a gold plating solution had allowed a concentration of
830 p.p..; Au to develop, with few other contaminants. The second was a
multi-metal rinse water arising from the alkaline regeneration of a cation
exchange column. A polarisation scan for the dragout solution at a stainless
steei R.C.E. in an undivided cell (Fig.IO-SE) showed no obvious limiting
current inflections in the potential range studied (-0.5 to -I.75 V.M.M.S.).
Three arbi&rary potentials were therefore chosen at 1.0, -I.3, and -1.75 V.
M.M.S.. for batch decay trials (Fig.I0.33). Smooth, golden deposits were
obtained in all cases, suggesting sub-limiting current operation. The
deposition was partly.under mass transport coﬁtrol, however, as indicated
by a faster decay for higher rotatiénal speeds, The decay results are
somevhat anomalous in that the rate at -1.000 V is greater than at -I.370 V,
Use of an appreciably higher potential (-I.750 V) resulted in a much faster

decay. The corresponding current histories are complex. At -1.000 V and
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-1.370°V, an approximatiﬁn to & semilogarithmic decay is experienced, with
a greater slope for the latter. At -1.750 V, however, thg_pprrent hehavicur
is somewhat unpredictable, falling slightly and passing through a poorly
defined minimum before increasing beyond its original value. In all cases,
the initial currents (t = O) were in reasonable agreement with the polarisatior
curve values., This complex behaviour may be due to the continuous variation
in cathode current efficiency as the gold depletes from solution. In
contrast to the case of silver and copper removal above, overall current
efficiencies were appreciably lower than IOO?@ , due to hydrogen evolution
in the acid (pH 4.8) solutions. For example, the ~I1.75 V decay removed 0.778 g
in T'.53 A" hr. ; this is equivalent to a faradaic current efficiency of ca.
7.0f4,based on a one electron change. Current efficiencies were somewhat
higher for the lower control potentials, being 38%at -1.3 V¥ M.M.S. and
28° at -1.0 V. M.M.S.

The second cyanidic solution provided a considerable challenge to electro-
depositioﬁ as a metal removal techniqﬁe. Not only was the solution
contaminated by cyanide, but several metals were present in very low
concentrations: Au, Ag, Cu, Ni, Sn and Fe-in a sclution of relatively high
pH. Selective depésition was considered highly unlikely under such
conditions, and attempts were.made to acidify the solution (Table IO.?)..At
pH 4.0, the silver concentration started to fall dramatically, due to AgCl
precipitation, while at lower pH vélues, toxic HCN was evolved. While the
chemical removal of Ag as AgCl was certaigly 8 possible preliminary
technique for treatment, it was considered desirable to mainiain the Ag
concentration in solution prior to electrodeposition. A pH value of 4.0 was
therefore chosen as a reasonable compromise. Potentiodynamic polarisation
curves at various pH values generally indicate a depolarisation at lower pH,

which may be interpreted as a reduction in the degree of complexing, with a
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correspohd{ng increase in the free metal ion concentration. The irregulap
trend in the curves may be attributed to the change in stability and
electroactive nature of the metal complexes with change in pH. At pH 4.0,
two apparent limiting current plateaux were discernable and potentials
corresponding to) these regions were selected for bYatch decay trials. At
- 0.550. V. M.M.5. in a divided cell, silver decayed in a semilogarithmic
fashion from 20 to 0.6 p.p.m. in I20 mins., levelling at this value for the
duration of the trial. While some copper was codeposited, in early stages
(O- 60 mins.) the concentration stabili;ed at ca. 9 p.p.m. There was no
detectable change in Au concentration throughout the experiment. Thus gold
appeared apprecigbly less noble than.eixher silver or even copper, in
contrast to uncomplexed'acid solutions, {c.c.l. standard reductionpotentials:
Bu(1)m+I.70 5 Ag(T) = & 0,80 ; Cu(IT) =+ 0.34 V. N.H.E. or
Au(r)=;+m,05; Ag(I) =+ 0I5 ; Cu(II) = - 0.3 V. M.M.S, }.
Comparable {rials in an udivided cell with an insoluble stainless sieel
anode once more resulted in an unaltered Au concentration, and é substantially
constant Cu concentration. Silver was again ¥emoved in a semilogarithmic
fashion' down to 2.6 p.p.m., where it remained for the rest of the experiment.
Thus this trial was more selective with resppét to copper removal, but
resulted in higher residual silver concentrations. This level of silver may
be reduced by more séveré conditions auch as a higher potential, although
an electrical power penalty is incurred. Fig.I0.38 indicates that a potential
of ~900 mV M.M.5. in a still undivided cell resulted in a marked fall in.Cu,
while Kg.decayed-véry slo#iy indicating formation of a stable complex. Even
at this higher negative potential, there was no marked gold removal.
In gyanidic solutions, the relative nobility {and hence stability) of metals

and the rate of mass transport (and hence rate of deposition) are largely

governed by the type of complex: present. Decomposition of Au (CN)Q' is
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oL ) Loy .
considered to be the mass transport limited step, however . In cyanidic

solutions, it is accepted that Au is appreciably less noble than Ag, the

0
standard potentials Yeing as follows:# 5
E°/ V. H.H.E.
Ay Qpnﬂb“ # e =Au + 20N -0.6T
Ag (CN)E_ +# e = Ag % 20N -0.39

The considerable difference between the standard potential of Au' and

Ay (CHJQT of some 2.3 V is a measure of the thermodynamic stability of the
cyano-complex. In the case of cyano-silver complexes, the deposition
potential depends greatly on tHe relative metal/cyanide ratios At low
values, Ag QCNIQ* predominates, whereas Ag QCNﬂéh diascharge is determining
at higher potentials. At high values, Ag ($NI2- exists and discharge of

Ag CN s decisive. In contrast to other metals, the influence of (CN7) is

relatively weak for Au, due to the stability of Au (CN)Z_.

CURRENT HISTORY DURING: POTENTIOSTATIC, GROWIH:

In the previous sections, IZ3 and I2.4, the cancentration in the reactor

was allowed to deplete, using a divided celi. Important information may aliso
be gained! by studying roughneés development at.a constant copper connentratibnn
maintained by ar soluble anode. This represents the start up condition of a

flow through reactor fnlwhich the (outlétﬁ coﬂcentramion is maintained

whille mass transport performance increases due to metall powder  development.

In addition, the mass transport to developed rough deposits is comparable

tor that in an 'Eco-Cell' R.CLE.H., although the metall powder surface is
normally controlled in thickness by a: mechanical scraper in this case.

Under potentiostatic control at -I000 mV M.M.S. (corresponding to limiting

current operation) in a fixed concentration solution(0.0I4 M.CuSOQ), the

current transient for variocus rotational speeds is shown in Fig.I0.39 . THe-
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curve may be divided into three‘regions. Initially, and at short times, thHe
(limiting) cufrent is reasonably constant and comparable with the value
obtained from the corresponding polarisation curves for a smooth cylinder.
A. gradual transition then occurs to higher currents. Eventually, the

current tends towards a reasonably constani 'saturated' value. These regions
may be approximately identified with deposition to a smeoth cylinder,
roughness development and 'saturated' roughness formation. In practice, the
situation is more complex, as roughness development is knowﬁ to take place
almeat as soon as the R.C.E. {s made éathodic at potentials near the
limiting current {(as shown in the fo’llo»«ing sections; 12.6 and I2.7). Metal
deposition is still actively occu?ring at long times, but presumably, the
continued growth is such as to maintain a reasonably constant mass transport
by contributions from surface area &and roughness factors.

The ‘initiation' time for growth of current is seen to decrease markedly as
the rotational velocity (and hence the mass transport) is increased. At

high rotational speeds, this region almost disappeafs. The transition to
saturated roughness becomes shorter and the I/t curve more steep as:
rotational speed is increased, resulting in higher final values of current.
A3 with the decay curves, a degree of scatter was always obtained for the
I/t curves at constant C, despite careful surface preparation. Fig.IC.LO
indicates that the limits of reproducibility for fresh, smooth electrodes
increased at higher rotational speed, suggesting an increase im the random
nature of growth at higher mass transport. Reproducibility was reasonable at
short times i.e. for smooth electrodes and low growth conditions, suggesting
again an inevitable degree of randomness in roughness formation.

A log-log plot (Fig.I0.41) of I. vs. U for initial and final currents on

L

Fig.I0.39 reveals a different relationship for smooth and roughened deposits.

For initial results,



II; oL U,O"'?‘!+ A Bquation 12.23

(in accordance with earlier smooth cylinder data),_wqgle at long times,

I. ox Uf\.-O'.9O

L Equation 12,24

The exponent for rough deposits is not well established, however, due to
acatter, and the relatively restricted range of velocity.

The increase in (limiting) current due to roughness deveiOpmént under the
experimental conditions varied from x7'6 at I8C ;.p.m. to =856 at I230
T.paM.

The above results concerned a constant potential. The effect of varying this
parameter is shown in Fig.IO0.42 | The‘transition time for a discernable
increase in current appears to progress:-as the potential is lowered towards:
values which represent a lower maestransport contribution. A 'saturation'
current is not seen at long times. It is interesting to note that at potentials
markedly below those corresponding to limiting current operation, some
increase in current (i.e. a: certain degree of roughness development) stilll
occurs given a sufficient time.,At'particularly low cathcdic potentials,

~J =0.750 V., M.M.S5. and less, no signifiéant increase in current accurs,
indicating the continuance of substantially smooth deposition and' an.
insignificant contribution from mass transport control.

The above trials serve to iliustrate the importance of potential rathexn tham
currentl density per se. For example,, potentials ofg-ﬁmIOO,,-I.OOO-and ~0.950
V. M.M.S8. alll correspond to: limiting current plateau operation,. but the
current-time HYehaviour i%-markedly.different,,especiﬁﬂly at longer times.
This may Ye attributed to siignificantly.different growth of rough depostits
over such an apparently small potential range. Thus a potentiostatic ..
approach may yield improved information. compared to a galvancstatic atudy.
Much of the work to date on mass transport and the development of powdered

deposits has been galvanostatié, particularlly tHe works by Ibl eﬁ.a”.r93’]94’
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380

| 68
, and by Robinson” . There is evidence of an increasing awareness of the

importance of the potentiostatic:approaéh, however, as is clearly shown in

2_ [
the recent works by the research groups of Calusaru357 272-373,

382

and Popov et al.
. The remaining importance of constant current trials should not be
overiooked, as. this represents:a-frequént industriali mode of operation.
Previous: studies of roughness formation have already been reviewed in
Chapter 5, and & general comparisoé of techniques employed is made in Table
I2.4 . The potenticstatic work by Caiusarujﬁ? et al. deserves more attention
as, in common with the present studies, a wide vqriety of techniques are
empléyed to study roughness formation._ﬁdditionally, the quantum mechanicad

357,363-366

treatment of the subject by Calusaru et al.” is in many ways
complemenfary to the mass transport approach by Ibl et al.Igj’BBO»

The overall polarisation behaviour for copper deposition to roughened
electrodes wgé similar to that for their hydrodymamically smooth counter-
parts. Fig.I0.52 shows a progressive increase in the limiting current
plateau fér deposita grown at various times. The plateau value corresponds
approximately to that seen on the relevant I-t curves.

It is interesting to examine the effect of rotational velocity on developing
rouéh deposits. Assuming a control potentiail of ~IO00 mV MM.5. to:.
correspend to mass tfansport éontrollbd deposition at IOOﬁﬂ, cathode current
efficiency, Fig.I10.53 ahows steady (limiting) currents observed for deposits
ofi 0 « I00 mins, growth. At t=0, the velocity exponent in the expression
ILC¥'Un israpproximatbl& 0.73, as:expected for a hydrodynamically smooth
electrode. For deposits grown over the first I0 mins., this slope increases,
being approximately F.0- for higher timea, This is in accordance~with Known
works invelving hydrodynamically rough (knurled) cylinders, where the

190

observed limiting current is directly proportional %o peripheral velocity 7.
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T4 may also be noted thét at short times; and deposits of developing
roughnesﬁ;(EE.IO‘mins. in this case) the average slope obtained is apparently
intermediate between that for a hydrodynamically smooth electrode aﬁd a
saturated rough one. This 'indicator' technique of mass transport measurement
atia single potential corresponding to limiting current operatiom iis rapid
and convenient ,, ag previousaly noted, but lacks the preciaion of a
polarisation curve determination.

In industrial 'Eco-Cell' R.C.E.R.'s for metal powder production, the

cathode is continucusly scraped to remove a stream of powder: It is important
to substantially preserve the surface roughness and enlianced area of the
powdered deposit, however, to maintain reac£or performance. For this

reason, a sméll portion only is scraped at a given time, By means of &
‘reciprocating point ascraper’ technique. The disastrous effect of a: full
length, flatfblade scraper is clearly shown in Fig.IO.54 . Here a static
'tufnol’ blgée was allowed to contact the rotating,rough-deposit cathode
surface after 180 mins. In the absence of scraping, the current progressively
developed from a smooth cylinder value as described in early parts of this
section. After some 120 mins., the current tended to stabilise due to the
formation of a saturated condition of roughness. At t = I80 mins., the
scraper blade was engaged, the current rapidly falling to a value only just
in excess of the original, smocth cylin@er value. The powdered deposit was
almost completely removed, leawing a substantially smooth electrode. The
enhanced mass transport due to rough deposit formation is also shown in
F{g.IO.Sk by a compariscn of mass transport to a knurled R.C.E. of peak to

190y

valley roughness 0.3 mm. (accoiding to Kappesser et al., eduation G.o .
A limiting current of I.2 A, equivalent to that of a knurled cylinder of
such roughness was reached after 35 mins., the current then steadily

increasing to a value of 5.8 A, some 4.8 times greater. The maximum current

showr for the powdered rough deposit is equivalent, in terms of the
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Kappesser et al. equation, to a peak to valley roughness > 7 mm[ This

clearly demonstrates the special enhancement of mass transport characteristic

of rough electrodeposits,
The reasons for such enhancement are severalfold. Firastly, scanning electron

: ; . +,380
microscopy and electrode capacity and impedance measurementséa’al’3 ha

ve
shown an appreciable surface area increase compared to smooth electrodes.
While the electroactive.area for powder formation is appreciably less than
the actual one68, it is considerably larger than the projected geometrical
area. Jecondly, the hydrodynamic roughness of the deposits will result in a
considerable thinning of the convective diffusion layer, due to hydrodynamic
shear near the electrode. This bulk effect may be reinforced by the local

production of severely turbulent micro-eddies around marked protuberances

on the surface of the irregular deposits.

PROFILOMETRIC MEASUREMENTS: DURING THE DEVELOPMENT OF ROUGHNESS

Styius~traverse measurements revealed that surface roughness increased
rapidly during potenticstatic depositikon at. -I1000 mv M.M.S. (Fig.I0.43). The
use of higher rotational speeds resulted in a more rapid increase and also

a higher roughness at a given time. A% longer times, the roughress tended to
reach a reasonably constant, 'satu?ated'Avalue. This may be attributed to
the overgrowth of copper powder, such as to preserve the average roughness
value.

Actual profilometric traces for rouvgh deposits produced after various times
(Fig.10.44) clearly show that the development of roughness is progressive
and takes place almost immediately. The development is particularly
noticeable between 25 and 30 mins. at 340 r.p.m. (Fig.IO-hb d/e). After 350
mins., the roughness increased to such a degree that change to a less
sensitive stylus was necessary: this iafger stylus did not accurately

follow the surface profile.
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The actual range of roughness at any time is shown to be large, particularly
for the rougher (longer time) deposits. The growth of roughness at, or near,

0,411
1.38 yt y using

limiting current conditions has been discussed by Ibl et a
the following interpretation. The initial 'smooth' surface has small scale

geometric irregularities. The current dénsity tends to be greater at the

peaks due to a smaller solution resistance there, giving rise to the

'primary current distribution'., Activation overvoltage tends to counteract
the electrolyte resistance resulting in the 'secondary current distribution:
The relevant parameter for current distribution consideration is K drz/d i,
where K is the specific conductivity.of solution and drz/d i the slope of
the potehtial/éurrent curve. If this 'polarisation parameter' is Iarge
compared to the profile Yength h, the current distribution will be uniform,
despite the irregular geometry. Onlly activation polarisation smoothes: the
current distribution, whil'e concentration polarisaticn has- the opposite
effect. The diffusion layer thickness,cyN is then appreciablly larger than h.

Under mass transport control, deposition is markedly favoured at peaks

leading to amplification of surface roughness.

SCANNING ELECTRON MICROSCOPY AND MORPHOLOGY

Scanning electron micrographs provided a convenient and revealing picture of
the extent and type of growth during prolonged potentiostatic deposition.
Previous studies by Robinson68 extensively examined the morphology of rough
copper deposits from acid sulphate. In contrast to the present work,

however,. Robinson employed high copper concentrations (0.07 or 0.7 M CuSO, )

"and a largely galvanostatic/coulostatic approach. The brief studies reported

in this Thesis were intended to complement electrochemical and profilometriic

measurements, and were conducted potentiostatically in C.0T4 M CuSOu #
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I.5 M H,50,- .

At a constant control potential of - IJ00C mV M.M.S5., the development of

rough deposits istshOWn in Fig.16.45 . At short times,~2 mins., eafly
growth takes place preferentially along scratch marks {(Fig.10.45.1),
resulting in miniature parallél rows of nodules. After 5 mins., certain of
the nodules have grown preferentially (Fig.I10.45,b). This situation
continues-for some time (Fig.IQ.&S.c and j). Multinodular growth at many
gites over the entire surface is evident by 20 mins.(Fig.IO.hS.d and k).
After 45 mins., (Fig.I10.45.e and 1), certain nodules are seen to have grown
preferentially, so as to stand proud of the surface. The wide variety of
nodule sizes is also evident from Fig.IC.45.1 and m . After 60 mins.,, the
predominant nodular growths have formed clusters (Fig.I0.45.f) and overgrowth
occurs at longer times (Fig.IO.45.g)}. The multinodular fine structure of a
singlé nodule,is shown clearly in Fig.I0.k5.n . At long times (;} 90 mins.),
the deposits were truly powdery in the éense that the deposit was disperse
and easily separated from the rotating cylinder cathode.

The markedly different morphology of deposits after 60 mins. for various
potentials is shown in Fig.I10.46 . At low potentials, -~ 750 mV M.M.S., the
surface is rcugh but not powdery, yhile atrmore negative potentials near or
on the Yimiting current plateau, extensive powder formation is seen. The
use of potentials Yeyond the limiting current plateau (i.e. corresponding
to some hydrogen evolution).e.g. - 1200 mV M.M.3., resulted in veey fine
powd;r'panticle size {Fig.I0.464).

The effect of rotational speed after a fixed time (60 mins.) is illustrated
'_in Fig.IO;u?, where the use of high speeds (i.e. high mass transport) iis
seen to result in more extensive powder formation.

Some specaial features of deposits,revealed at high magnification, may’ be

briefly mentioned. Fig.l10.48 shows:a multiple layered growth, wliere the tips
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of nodules are evidently being extended in one predominant direction.

Occasionally, star-shaped multino&ular gréythé were‘observed (Fig.10-49),as
opposed to the more normal sphericgl forms. Such growths were rare at the

low temperature<(2200) uged, aS'were.dendritiq, feathery growths. Fig.10.45.k,
however, indicates a tendency towards the formation of a branched,

dendritic growth. Finally, the 'rosette' type structure of an individual

branched nodule from Fig.I0.49 is shown in Fig.I0.50 .

INFLUENCE OF THIOUREA ON!ROUGHNESSRDEVELOPMENTA

The effect of thiourea: on the development, of rough copper deposita hass been

380 and GobBe: and and Rbbihsonsu (TabIb 1215).

previously studied: by Ibll et ai.
Both of these investigations: involved ratler coneentrated' capper solutiions,
however, and Fha studies.by Ibl et aﬂ.BBO involved naturail convection to a
static elecf;ode. THe present: studies are concerned! with more dilute, O.0CILHM
Cu solutions, polarisation Yehaviour and reactor performance.

Thiourea: hadi ai marked' effect. on the rest potential of a: copper R.C.E. {Table

10.8), ai more negative value bYeing genefaily recorded with increased thiourea

-1
additions. There was relatively little change at low ( £ 107" M) additions,

but the influence was marked at higher ( 3 I0™ M) levels. At particularly
. -I .
high levels. (~ 107 M), the open circuit potential became unstable, the

copper being coated with a:dark grey/brown film.

The' polarisation behaviour' for copper deposition in the presence of thiourea:

was somewhat complex (Fig.I0.58), and perhaps better viewed in terms of

.ovenpotential vs. current curves (Fig.IO-SQ). The well-defined limiting

current plateauw: evident at potentials in the range of cathodic overpotentials,

0.45 to 0.60 V, was no longer seen for the thiourea containing solutions.

mn

Sinall concentrations of thiourea: (I0™, IO'B M) appeared to slightly
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polarise the deposition reaction, while Higher levels (IO_2 and IO_I M)
appeared to effect marked depolarisaticn.. Concentrations of IO_5 M resulted
in polarisation behaviour which was broadly comparable with pure sclutions.
IO"3 M solutions gave a shorteﬁed inflection at q ; 550 mV rather than a:well
-defined plateau; Polarisation behaviour at. high thiourea levels was highly
irreproducible, presumably due to the irreversible formation of surface films
and the poisoning of the copper' deposition reaction.

The efféct of thicurea was examined in two modes: batch decay and constant
copper concentration. Batch decay trials (Fig.I10.60)} showed that low
concentrations of thiourea (1075 M) gave a performance roughly comparable 1o
0 M solutiions, the development:of roughness occurring in mﬁch the same way.
Higher concentations (10—4 M) resulted in a longer effective initiation time
for an increased rate of decay; the décay gt higher times was no longer semi-
logarithmic. The suppression of roughness at IO-3 M levels was such that the
deca& behaviour was broadly similar to solutions without thiourea, no
increased rate being apparent. The suppression of roughness at<IO"2 and 107"
ﬂ levels was severe and the copper deposition reaction was effectively
poisoned, little change in copper concentration occurring.

Similar considerations applied ito the case: of coﬁstant copper concentration.
The current growth at BO;S M thiourea concentrations was just bellow that for
pure copper solutiocns, IO“IP M levels tended to suppress growth somewhat,
while IO“3 M solutions resulted in a relatively constant current and ..
substantially smooth deposition. Some increase in current was apparent at
longer times, possibly as: the thiourea level in solution was effectively
.decreased due to mass transport adsorption at the R.C.E. High thiourea

levels (10—2, IOPI M) once again poisoned the copper deposition reaction,

resulting in partially conductive film formatiocn and low currents.

These results are relevant to» the treatment of certain industrial effluenF
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solutions in powder producing reactors such as the 'BEco-cell'. In the case

of electroplating bath dragqutsy for example, the copper- concentration may .
build up to 1000 p.p.m., while ihiourea based additives may gradually

increase to the range studied. In addition, the results show convincingly that
roughness formation during mass transport controlled depeosition may be
suppressed by the correct concentration of electroactive additive. This is in’
striking contrast'to the results of Robinson and Gahegu where, at the 0.7 M
Cu level (which is typical of plating baths), thiourea additions were not
effective in roughness suppression.

The mechanism of levelling by thiourea is reasonably well understooduj.
Thicurea is codeposited, under mass transport contrel, with the metal,
preferential deposition taking place near asperities. The resultant local
increase in overpotential at peaks favours deposition in the recess. Thus
both discharge of cupric ions and thiourea adsorption are mass iransport
controlled. Depending on the relative concentrations and reactor conditions
(potential and degree of mass transéort); either process may dominate, giving
rise to:rough deposits or smooth ones for extreme cases. |
308

showed that in O.I N CuSC . sclutions and high

The studies by Ibl et al. n

thiourea: concentrations (~ 2.6 IO'~2 M), prevention of roughness was: possible,
as with the present studies. At higher Cu concentrations (I N CuSOu),
substantial roughness development occurred despite thiourea additions, in

accordance with the results of Hobinson and Gabeaq.

['2.9  MASS TRANSPORT TG KNURLED ROTATING CYLINDERS
The previous sections have considered mass transport to rough deposits. Such
surfaces are difficult to characterise, regarding both surface arem and the

range and type of roughness. The study of such surfaces is important,

however, for a: variety of reasonst



- 348-

(1) the formation of rough surfaces represents an extreme limit for tHe

production of electroplated deposits, )
(ii) random! roughness formation is common to corrosion and other éissolution
pro;esses,
(iii) the production of powdery deposits (Chapter 7) is one of the essential
preparative techniques for the powdér'metallurgy industry,
(iv) the high mass transport to rough deposits resulits in enhanced reactor
performance and facilitates
(v) fast, efficient and sometimes selective removal of mefals from dilute
solutions in the industrial 'Ecofcell’.
The study of electrochemicall mass trgnsport to surfaces of well-defined,
reproducible, uniform roughness provides a basis for comparison. Knurling is
an obvious machining technique for the production of a standard roughness} It
has the advantage that the peak to peak spacing may be altered (by choice of
tools) somewhat independently of the depth of knurling (which may be
controlled by pressure on the tool). Regarding practical reactors, the
knurling of a rotating cylinder cathode may introduce the advantages of a
faster development of deposit roughness during initial start up, together
with a more adherent powder deposit due to mechanical 'keying'.
In contrast to rough deposits, knurling normally results in only modest
increases in surface area: compared to a geometrically projected smooth surface.
Indeed, this increase has normally been disregarded in mass transport studies
390’191. Before a consideration of results on copper deposition to knurled
R.C;E:S, it is useful to consider alternative methods for the production of
"standard roughnesses:
(i) groovingjl? - the machining of grooves or slots is tedious and care

a
must e taken not to gre}ly increase the surface area or depart from a
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basic rotating cyl%nder geometry. Grooves may be machined along the
~dimension of theiaxis{ orhcircumferent;ally. Alternatively a helical
{'screw thread') groove may be eut. Clearly, the direction of the groove
relative to both the cylinder dimensions and the rotation sense may be
all important.

4313

(ii); wire overlay - é technique which has proved useful in levelling
studies has utilised the wrapping of wire around a cylindrical former.
This has the advantage of producing a very regular, predetermined,
pseudo-sinusoidal profile. The technique could prove useful in cases
where the active material must be minimised e.g. platinum. The depth
of profile is readily altered by employing wires of different diameter.
(iii) sand casting9 - this produces a Ver& irregular, 'saturated' roughness,
which resembles that from sand blasting.
(iv) abrasives - emery cloth or wire brushing also produces a non-uniform .
roughness, which is difficult to characterise.
(v) finning - the use of massive projections from & R.C.E. may result in
stagnant zones around the eiectrode, and a radically different geometrj.
Results for copper deposition are shown in Figs.I0.55 and 10.56 for 1.5 em.
and 6.0 cm. diameter cylinders which have been knurled to yield a range of
roughneas values. For the corresponding smocth cylinders, the IL vs. W plots
indicate the normal relationship
L Equation 12.25
where n Az 0.7 .
For the knurled cylinders, behaviour approximates to n &1 1in all cases, an
'increase in roughness yielding a higher mass transport. A composite plot of
the data as jﬁ vs. Re indicates that, for a given value-of relative roughness,
d/€ , the mass transport is appreciably higher (Table I2.6) than that predicted

by the generalised equation”due to Kappesser et al.IQP
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R . -2
JDI = [1.25 + 5,76 lgglodﬁa] _ Bquation I12.26

which was reported for oxygen reduction to monel R.C.E.'s. In addition, it

was' surprising to find that all knurled cylinders acted as hydrodynamically
rough surfaces. In view of the equation describing the criteria for an
electrode to obey the above relationship,

)I.IB

Re = (11.84/

crit Equation 12.27

and in the range of (Re) employed, the I.5 cm. diameter, d/e =833 and d/e

= 500 cylinders should have behaved as 'smooth' systems. It should be
remembered that the present results concern a very specific set of conditions
however, i.e. one concentration and only a decadic range of rotational speed.
It is interesting to compare the mass transpert performance of knurled and
rough deposit cylinders under set conditionsy 0.0I4 M Cu, 22°C, and a cylinder

of diameter 6 cm. rotating at 360 r.p.m. (Fiﬁ' 10. 54-\_

MASS' TRANSPCRT TO AN ULTRASONICALLY STIMULATED R.C.E.

Ultrasound (Section 4.9) is known to have a significant effect on the
deposition of metals from electroplating sclutions. In particular, the
application of ultrasonics may result in harder deposits of lower porosity
with less hydrogen embritilement, and the deposition rate may be increased.
w , . 242 ,
For example, Kochergin and Vyaseleva have reported increased rates of up
to 8 times for copper deposition.
Ultrasound has also been advocated for the electrowinning of copper in

v

tankhouse operationszuj. In this case, advantages claimed included a slightly

decreased cell voltage and a lower capital cost by virtue of the fewer

electrodes necessary at higher current density. Overall operating costs were

higher, however.
24T . , . . L1 .
Walker has briefly described an ultrasonically stimulated fluidised bed

electrode, where particle agglomeration was discouraged by the vibration.

The extent and mechanism of mass transport enhancement by ultrasonics is not
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well understood, and sevgral effects may be operative.. These include bulk
;giﬁation, jet flow, micro streaming due fo high_velocity eddies, standing
waves and cavitation. Thig last effect is believed to be the most import;nt in a
disrupting the convective diffusion layer..It is unfortunate that. the effects
of ultrasonic fields on mass transport have not been studied in well-defined
hydrodynamic regimes, and this has undoubiedly lead to: conflicting results.
In the brief studies reported here, ultrasonic stimulation markedly changed
the polarisation and mass transport behaviour during copper deposition to a
turbulent R.C.E. As shown in Fig.I10.63, the pblarisation curves appeared.to
be markedly shifted to less cathodic potentials such that the limiting current
plateaux lay in tHe overpotential range 0.35 - 0.50 V, rather than the normal
O.b5 = 0.60 V, The potential at which hydrogen evolution coccurred was also
lowered to an overpotentialﬁwo;so V.’ |
Mass transport results for these pfeliminary studies are presented in Fig.10.64
as KL va. (Re). For the case of smooth cylinders without ultrascnics, the
results are reasonably well correlated by _

. KL - UO'?O Equation I12.28
in accordance with other works. The application of ultrasound resulted in a
set of daéa which could not he easily treated in the above fashion. This may
be the result of the . ultrasonig transducer position and its relation to
cell geomeiry, or the change in relétive intensity of mass transport due to
the combined effects of bulk solution turbulence and ultrasonic stimulation.
In any case, ultrasound enhanced mass transport appreciably, by factors of
approximately 1.4 to %.0 tiﬁes, showing that the already high mass transport

to a smooth R.C.E. may be increased still further by this technique.
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I2,I1 MASS TRANSPORT TQ PILOT PLANT 'ECO-CELL' REACTORS

106-308 ¢

The 'Ego-cell' process or metals extraction has largely evolved via

an empirical approach due to the difficuity'in correlating mass transport to

07,308
irregular rough deposits. Holland3 713

has attempted to correlate data by
an equation of the form:

(St) =a (Re)b (Sc)c Fquation 12.29
Arguing that (Sc) describes only the transport properties of the electrolyte
(which are unaffected by'cylinde¥ rotational speed or roughness), 'c' was

57,58

agsigned a value of -0.644, as reported by Eisenberg et al. . From
literature studies, the constant 'a' appeared to have an agreed value of
0.0791I, leading to

Equation 12.30
Here the {Re) exporent was changed to 'p' to indicate 'powder' growth
conditions. |

From experimental results on copper deposition, 'p' was calculated from mass
transport experiments by means of the equation

i

- 1l '
[ = 0.0791 z F C.U (gg_)p (0) 0.6kl Equation 2.3l

~/ \D

It was realised that the powdered metal surfaces had time dependent
characteristics, including eléctroactive surface area and roughness; the
surface changed continuousl& due to growth and powder loss (by gravity,
centrifugal forces or mechanical disruptidn). Therefore, although the
effective current depositing metal (assumed to be equivalent to iL) could be
measured, the true current density was indeterminate. The practical way
around this problem waa to assume no change in surface area during growth,
current densities referring to geometrically projected area.

An averaged value of the 'p' exponent was -0.08, transforming equation 12, 3!

into
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=0.0791 z FCU (Re)“_o'o8 (sc)'o‘@““

iL Equation I2.32

The enhanced mass transport in 'Eco-cells' was illustrated by comparing this

equation with an existing correlation for copper deposition at smooth
cylinders, due.tc Robinson and G&be68,84
i, = 0.0791 z F C U (Re)‘o"31 (—Sc)"o'59 Bquation 12.33
The difference (which may be I0O- I00 times for practical cells) was ascribed
to the decreased value ¢f the (Re) exponent (Table 12.7). It was considered
‘that this equation was a reasonable description of mass transport over aiwide
range of conditions, as scaleup had!involved a diameter increase of 6 times
and a projected surflace areatiﬁﬁrease‘of 29 tirmes.
It should be realised that variation occurred in the value of 'p' calculated
in this manner (Tablé 12.8), and due fo‘the form.of the power law relationship,
apparently small variations may result in relatively large changes in ithe mass
transiart.
Plobs of jD;:vs. (Re) for 'Eco-cell’ plants show that considerable scatter
occurs in the data. In practice, Bquation I2.32 has proved to be a useful
empirical pred;ction of scaleup, and this is perhaps reflected in Figs. Il.I5
and II1.I6 where the data fall near the correlating line.. It should be noted
that each of the pilot plants was somewhat different regarding design and
geometry;
in comparisqn to academic mass: transport studies (Chapter 4), there may be
several objections to the 'Bco-cell' data:
(i) tHe limiting cufrent, as such, was not measured via a conventional
polarisation curve; rather a 'useful current' was found (Section I11.3)

from reactor performance. As the majority of trials involved hydrogen

evolution (current efficiency values were as low as SOfA ), this may
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have enhanced mass transfer appreciably. Moreover, the enhancement is

is expected to be more severe at low {(Re) than at higher (Re), and to

depend on surface roughness and the potential of the eléﬁtréae (Secfiﬁnsr
12.3 and I2.5).

(ii) the powdered metal surfaces were not characterised; neither was the
initial surface roughness, that is, whether it was a blasted,, smooth,
abiraded or knurled surface- this may appreciably affect the mass
transport. In additién, the growth characteristics of the powder
result in a time-dependent mass transfer, influenced by powder fall-off
and regfowth.

(i1i) the viscosity and diffusion coefficient were not measured, and may have
changed significantly in some of the impure solutions. A small change in
the (Sc):may appreciably change the mass transport predicted by a
correlation.

(iv) pure cé;per sulphate / sulphuric acid solutions were not used in all the
experiments. In some cases,,organibs and chloride were present which may
Have consumed current or stabil%sed the Cu (I) Species.

(v) the geometry of the rigs used was varied, and no account was taken of
flow separation or the importancé of the gap width (Section I2.2).

(vi) comparatively few data points a;e available when it is remembered that
the majority inveolve one soclution at one r.p.m. and one concentration.
In mass transfer correlation, every effort should be made to obtain

. data over a wide range of (St}, (Re) and (Sc), in view of the power law
relationship between the variables.

'(vii) reproducibility of a single datum point was very poor in certain cases,
theré being as much as + 200/0 variation about a mean.In some cases,
reproducibility was not well established.

\)The particuvlarly high mass transport t¢ an 'Eco-cell' R.C.E. is shown clearly

/
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in Fig,I1I.I7 y where a comparison is made with equations due to FEisenberg et
al. and Theode¢rsen and Régier. Not only is the mass transport (as indexed by
jD')_higher, but @he réiative difference increases at higher (Ré).iIt may be
noted that the 'Eco-cell' has normally been operated at IO5<Iha<IO? i a

higher range than that of previous workers.

EXPERTMENTAT, PERFORMANCE OF PILOT PLANT REACTORS

The general approach adopted in the pilot plant studies was as follows.
Cathodic polarisation data for metal deposition was first obtained, either
potentiostatically or galvanostatically. Examination of this allowed judicious
selection of a control potential (potentiostatic) or a: current (galvanostatic)
for steady state operation. Metal péwder was then produced continuously and a
masé balance performed over the system.

A general feature of the cathodic polarisation data for the pilot plant is

the existéncé of pgorly defined limiting currents (Fig.1I1.1) . There is an
inherent problem in obtaining true polarisation curves in a reactor having a
high conversion. Ideally, such potential-current curves should be generated
under conditions of constant metal poncentration. As the potential {and
hence the current) is raised, however, for a given inlet concentration, C

IN '’

C ) declines as the f{ractional conversion increases. The

:.'::C

ouT ( reactor
best approach is to examine only the plateau region (Fig.II.2), where the
existence of a reasonably constant mass transport encourages a uniform,

invariant metal concentration.

The polarisation curves for copper deposition have a similar overall shape to

"those in the laboratory studies, hydrogen evolution occurring as a secondary

reaction at post-limiting current potentials. Limiting current wvalues {taken

from Fig.I11.2) indicate a direct proportionality to copper concentration

s (Fig.I1.3) . The slope of this curve allowed an averaged mass transport
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coefficient tq be calculated as 0.262 cm S—I. This is particularly high in
comparison to other reac%ors, showing the mass transport—advantage of a
powdery, rough rotaéiﬁg cylindéf uﬁder highly turﬁﬁiént coﬁdi{ions.'-

Steady state electrolysis (Table ID.S) indicated that KL values were somewhat
variable in the range 0.368 - 0.425 em S-I, this being partly attributable to
the variation in the surface roughness and electroactive area of the powder

deposit due to continuous growth and removal. The result of this variation

was reflected in the conversion factor,CIN COU

T,which lay in the range I1.9C
to 204, The conversion factors here were appreciably higher than those
calculated from the Holland equation (Equaticp 12.32). This was: perhaps
attributable in part to a:low cylinder-to-vessel gap encouraging hydro-
dynamic shear. It is interesting to note that the linear speed of the
recipvocating scaper wasinot important in the range 0.91 to 9.f cm s-I,
indicating th%t the powder  surface was maintained in a suitable manner i.e.
having a-sgtisfactory roughness and active area.

Concentration decay experiments allowed comparable mass transport data to he

obtained. Fig.II.4 shows that I vs. C data for steady state and concentration

B
decay conditions could be collapsed to & single plot. Fig.Il.5 indicates that
the reactor conversion was very seﬁsitive to flow rate, as expacted. An
abrupt decrease in flow caused a rapid lowering in concentration, but the
rate of decay {and hence KL) remained similar at the constant rotational
speedr The decay was essentially exponential, as expected from such a batch
recirculation system (Chapter 6).

In summary, the copper deposition trials showed the 500 A pilot plant to
‘operate satisfactorilj in a single pass or batch recirculation mode, and the
power reguirements (Fig.II-?) proved ﬁoderafe.

Cadmium deposition trials (Fig.I1.8 and Table I1.6) also proved successful in

that cadmium powder of high purity could be electrodeposited continuously

from a solution which was heavily laden with zinc. Such a separation is



N

important in the hydrometallurgical treatment of zinc calcine liquors, and

of fers-advantages over the_conventional cementation process which requires

supply of quality zinec or iron powder, and subsequent separation.

The cadmium deposition may be contrasted with copper in several respects.

The limiting current plateau was: less well defined for cadmium and appeared

at higher overpotentials (c.f. Figs.IL.8 and I1.1/2). Also, the mass transport
for cadmium deposition was much lower, this being a consequence of the

0-0G6 — O-14 I

comparatively viscous zinc sulphate solution used. KL values of L ¢cms

. : o -1
were obtained for cadmium, in comparison to ~s0.40 cm s for copper at a

similar rotational velocity.



I2.13° CASCADE 'ECO-CELL' REACTORS

The concept of a cascade R.C.E.R. was introduced in Section 6.6 , and typical

results from the 50 A 1aborétory_and I KA Commercial models have beem
presented in Section IT.A4 |

Table I2.9 summarises the characteristics of cascade ‘'Eco~cell' reactors to
date. Further details of each mcdel are given in a recent paperqu which:
considers the development and performance of these reactors for metal removal.
The 50 A Inboratory model was: essentially ai perspex model cell used to
demonstrate the feasibility of cascade action, and to:investigate annde
positioning. The results were used to:scale up to fhe Commercial I KA design.
WhiTe the above reactors operated in a satisfactory manner, the 200 A 'second
generation' design was: evolved with a view to :

(1) lowering capital costs,

(ii) improving engineering and minimis.ing maintenance,

(iii) facilifating routine mazintenance,

(iv) attaining enhanced electrochemical performance, and

{v) improving the ease and efficiency of metal powder-reméval.

A major change has been the use of ‘a cylindrical cathode rotated verticaily
about its axis, as opposed to the pre;ious horizontal designs. This has
several advantages‘including :

(i) - minimisation of floor space,

(i1) improved mechanical operation, and

(iii) greater ease of product recovery.

In the horizontal designs, metal was removed from the reactor afler a-
'prolongéd period of oéeration, the electrolytic current and normal electrolyte
flow wére turned off, and the reactor was backwashed with a minimum volume of
nitric acid, to chemically dissalve the copper. This proved a rapid and

. successful method of product removal, and in the case of the commercial

reactor, the resultant copper nitrate concentrate could be recycled to the



first stage 'Eco-cell', producing copper-powder. One of the inherent
advantages of the ‘Ebo—céll', that is product recovery as metal powder, was
lost ,'howevefi An additional consideration is that éertain of the ¥

metals, e.g. the platinum group, are difficult to dissolve chemically, and so
the method has a more limited range of application.

In the improved vertical design, a scaper mechanism has been included to
remove powder from the cathode at suitable intervals, say once per 8 hours. Al
such times, a backwash cycle could be initiated, such that the normal flow
(bottom-to—top) could be reversed to facilitate powder removal, aided by
gravity. Product removal is also encouraged by having apertures in the baffle
‘plates. In normal operation, the apertures are covered by a close-fitting
scraper blade arrangement, but during the metal recovery operation the blade
is moved out of the baffle space. The provision of multiple blades (one per
compartment) results in a much smaller displacement and decreased blade wear
compared to a single blade.

ldeally, ipdividual cathode compartments should each operate at a potential
equivalent to deposition at or near the limiting current to ensure maximum
duty and high current efficiency. Such operation may be monitored by potential
profile measurements {Tables II.27 and I1.28). Correct working potentials may
be chosen with the aid of auiilia#y polarisation curves over the concentration
range of interest, with due regard for iR drops inherent in the cylinder
fabrication or reference electrodé asgsemblies.

Theoretically, the conversion cver a cascade assembly may be described by

= 1 - I
(1r + KLA/N)n Equation 6.38

This may be rearranged :

LK C = -n LN (I + KLA‘”/N)‘ + LN C

ouT Equation I2.34

IN

For a given € LN C., is a constant, and a plot of LN

IN IN against n has

COUT



300 -

a negative slope of LN (r =+ KIA/N) . Plots of this nature allow performance

to be evaluated, and an averaged K, to be calculated. In the case of the 50 A

L

laboratory and I KA {ommercial models, réasonable straiéht lin;smafé obtained
(Figs.II.IB and 11.I9), giving average fractional conversions of 0.45 and

0.33 . This is equivalent to a mass transport coefficient of 0.38 and 0.53 cm.
s, the latter value being gréatest due to the correspondingly higher
peripheral velocity {(Table IT.20).

The preliminary reults for the 200 A‘De#elopment model (Tables II.8- II.I9)
show that performance tended to deteriorate in higher compartments. This
feature was persistent at various . temperatures, flow rates and currents.
Typically (Table II.I5 ; Fig.I1.20) the cascade action was destroyed by
compartment 4, and higher compariments realised little concentration decrease.
Indeed, in some cases, compartments 5 or &6 were at a somewhat higher copper
level than compartﬁeht 4. From potential monitoring, it was clear that each
compartment was functioning near limiting current éonditions,and the reactor
was disassembled. This revealed a fault condition in the design of the anode
box to baffle sealing., The situvation was §uch as to allow a small percentage
of the catholyte from compartment I {(high concentration) to bypass
intermediate compartments and emerge in cbmpartment bk, s or 6 ., This clearly
demonstrated the need for careful design and assembly of cascade reactors
operating under high conversion conditions,;and future designs were modified
accordingly. Fig,II1.20 allowed an averaged éractional conversion of O.44 to be
calculated for early compartments of the 200 A reactor, equivalent to a KL
value of 0.40 cm s'I.

'A cascade of CSTR's ig a powerfullreactdr assembly, capable of high overall
conversions, and low exit concentrations of metal.suixablg for effluent

discharge. A turbulent rotating c¢ylinder electrode geometryis a particularly

advantageous combination of flow pattern and geometry. A uniform electode



surface is provided, enabling a near equi-potential electrode to be used

thereby allowing potentiostatic control to be exercised, while high mass

transfer rates may be realised giving rise to high rétes of con;érsioﬁ. In
additioﬁ, the mass transfer to the electrode is largely independent of the
actual flow rate, being governed primarily by the rotational wvelocity of the
cylinder, and its surface roughness and areé. This is in marked contrast to
priug flow reactors such as packed beds and unstirred filter press cells where
the mass transfer is strongly dependent on the flow rate. Mass transport
controlled operaiion ensures maximum reactor duty;
In comparison to other high conversion reactors, the 'Eco-Cascade-Cell' does
not suffer the limitations of high pressure drops which may occur as product
builds up in packed bYeds or filter press cells, or problems with severely
uneven potential distribution. Uhlige the majority of other electrochemical
reactors for metal removal, metal product may be recovered directly for reuse
or sale ; this is particularly important in the case of precious metals.
Despite the importance of cascade electrochemical reactors, there has heen a
' 200,20/ 120
surprising paucity of published work in this field. Sudall and Pickett
have considered theoretical aspects of a cascade arrangement with respect to
electrolyte flow‘and electrical connections. The first author has attempted to
utilise experimental data from a single impeller-stirred CSTR in order to
forecast, by computer, the behaviour of a cascade of similar elements.
Conventional filter press plate cells are often designed on the basis of a
number of CSTR compartments in hydraulic series, the CSTR model being a more
reasonable approximation in the case of low throughput of electrolyte and
'thorough gas stirring.
A reactor QFten employed in larger scale photographic silver recovery, the
'Hickman Cell', employs a number of carbon plate anodes and interleaved
stainless steel cathodes, with a paddle agitator moving between the plates.

While this system has been considered as a cascade cell, in practice
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considerable bypassing and non-uniform electrode potential result in non-
idealised performance. In addition, mechanical'disassémbly, fol;owed_by
scraping is necessary to remove silver.

Returning to the 'Eco-Cascade;Cell' reactor, it is interesting to note that
if an infinite number of elements were provided, the system might he expected
to approximate to a plug flow reactor (FFR), with an enhanced overall
conversion. If each compartﬁent behaves according to the plug flow model, the
conversion over each element would be given by :

fo =1 - exp ( —KLA/N ) Equation 12,35

R

Assuming identical values of X., A and N, to the CSTR example, a value of

L*
fR =0.632 1is obﬁained, which is some&hat greater than the 0.5 in the . -
comparable CSTH case. In the case of 8 cascade of n identical plug flow
elements, the overall conversion is given by :

(fR)n 1 eip ( —nKLAfN ) . Equation 12.3G
Table X2.10 compares CSTR and PFR conversions for a hypothetical cascade. It
may be seen that as n increases; the difference between the two models
diminishes.
dnother interesting comparison may be made by removing the baffles from a
cascade reactor. In this case, the reactor behaves as one compartment, with

an increased surface area of n A. Table 12.10 examines this case for a ten

compartment cascade, the fractional conversion heing g{ven by :
I |
R “KLA; N Equation I2.3%
and this result is equivalent to operating the n elements in series
.electrical connection anad parallel flow. A consideration of Table 12.I0
reveals that an overall conversioﬁ.O.B?s may be attained by a three

compartment reactor, in contrast to the seven undivided compartments of an

unbaffled reactor,

Clearly the practical cascade reactors only approach the hypothetic or
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theoretical models and despite careful control of flow, rotation rates,
temperature and concentrétion etc.,la varigble conversion factor was found
from compaftme;; to;eémpaftﬁénf (see Tables 11.2%- 11.32). Although this

mugt partly be attributed to imperfect.construction of the cascade cell
compartment dividers thereby allowing bypassing to occur, it is also
attributable to a degree of randommess in the powder electrodeposit, and to
some redissolution of copper at low concentrations. Thus the great virtue of
potentiostatic control on the single compartment 'Eco-cell', which may ensure
nea; IOOO/O efficiency, becomes much more difficult for the multi-
compartment cascade cell and efficiency is consequently lower. Notwithstanding
this deficiency it is quite clear that the cascade cell acts as a very

effective 'stripping' or 'polishing' stage in the removal of metal from
PD P g 3

process effluent.

CLOSURE AND RECENT PUBLICATIQONS

In the author's opinion, the rotating cylinder electrode offers a versatile
geometry offering scope for both fundamental and applied studies. While
knowledge and use of the device has been somewhat resiricted in comparison to
the rotating disc, there is evidence of continued and growing interest in the
literaturs.
Regarding fundamental studies, it is interesting to note the recent contribution
C s . . HOL ) . .
of Billings and Ritchie who have provided a brief note on the laminar flow
: . 400 | o
regime. A group of Indian workers have utilised the H.C.E. as a tool for

the applied study of non-lNewionian {low.

"Undoubtedly, much work remains to be done on characterisation of the flow

domains and the importance of electrode shape factors. The pursuance of
research here would greatly facilitate the routine use of the R.C.E.

Considering the possibilities of the rotating cylinder electrode reactor, the
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398,399

recent publications of Coeuret et al. are to he welcomed. In

particular, the latter paper399 concerns mass transport to an inner rotating

cylihder with axial flow - a most important practical case for single pass

or batch recycle reactors. These publications, however, largely deal with the

laminar or laminar + vortex flow regimes. In practical reactors, the turbulent

regime is probably much mere important; there are several complications
associated with other {low regimes:

(i) the coupling of axial flow with mass transport renders design and
scaleup difficult, as th; production rate becomes a function of two
interrelated (Re) values,

(ii) in vortex flow, the local mass transport distribution varies with
electrode length and/or diametér, and

(1ii) laminar and laminar + vortex flow regimes give rise to relatively low
mass transport rates, and hence low production rates {or a given .
reactor size.

It appears to the author that the most practically rewarding future studies

of the R.C.E.R. should concern the case of a fully turbulent reactor with

axial flow: As this Thesis hopefully shows, the mass transport in this case

is uniform and high, facilitating selective, high rate production in a

continuous manner - the object of many industrial electrochemical processes.



 MEASUREMENT DOINT =~ ™% =27 s o e =1~RUN:DUI/)1mZ_
Cylindrical surface main slip ring 11
u " potential slip ring ' 8
Tap section of drive shéFt 2. ’
Lower section of drive shaét 4
Cylindrical mid sugface of ecylinder 1
" " " of foil ' | . .3 mm,

TABLE 8.1 RUN OUT MEASUREMENTS FOR THE AUTHDRfS__
LABORATORY ROTATING CYLINDER AND DRIVE

ASSEMBLY .




LIMITING CURRENT
TRIAL R e L , ~ ELECTRODE_PREPARATION
1 0.680 Wet '600 Grade' Emery Faper
A . _ 0.710 . "
3 0.720 "
4 0.695 "
5 0.700 _ "
6 0.685 "
7 - D0.685 "
8 0.725 "
5 0.710 "
10 0.715 : _ _f“
11 : 0.690 Chemically Polished
12 0.705 ' Electropolishec
mean I, = 0,70 A 1 oo

for trials 1 - 10

TABLE 10.1 REPRODUCIBILEITY OF LIMITIMNG CURRENT DETERMIMATION

FROM POLARISATION CURVES,

[s]

0.014M CuSO,, 1.5M H,50,, 22° C, 500 rom,

2
d =6.3cm 1 = 4.3 cm, 150 mVY (mir‘l)_1




DOTENTTIAL LIMITING
SCAN RATE : CURRENT
/mU(min)_1 /A
15 . 0.5E0
30 0.650
50 0.695
150 2,700
300 n.725
600 n.740
1500 0.7685
3000 0.790

TABLE 10.2 EFFECT OF POTENTIAL SCAN RATE DM THE DESéRUED
LTMITING CURRENT IN THE CASE OF A DIVIDED CELL.

Conditions otherwise as for Table 1.



PERIPHERAL LIMITING LIMITING MASS STANTON REYNOLDS MODIFIED
VELOCITY CURRENT CURRENT TRANSPORT NUMBER NUMBER CHILTON-COLBURN
U Iy DENSITY COEFFICIENT (St) (Re) FACTPR
x 103 .
/em 571 /mA /mA cm-2 Jem s x 103 x]03
7.9 74 2.45 0.908 0.1157 1024 16.50
15.7 115 3.81 1.411 0.0888 2049 12.80
23.6 144 4.77 1.767 0.0750 3073 . 10.69
31.4 183 6.07 2.246 0.0715 4098 10.19
39.3 207 6.89 2.540 0.0647 5122 9,22
47.1 240 7.96 2.945 0.0625 6147 1 8.91
55.0 269 8.92 3.300 0.0600 YAWA 8.56
62.8 291 9.65 3.571 0.0568 8195 8.10
70.7 325 10.78 3.998 0.0564 9220 8.04
78.5 349 11.57 4,283 0.0545 10244 7.77
TABLE 10.3 EXPERIMENTAL MASS TRANSPQRT DATA FOR COPPER DEPOSITION ONTO A SMOOTH R.C.E.

1.5 cm;

6.4 cm;

A = 30.2 cmz;

0-014MCuS0y + 1.5 M H,SO04

T =

(S¢c)

1825

(Selected Data Only)




PERIPHERAL LIMITING LIMITING . MASS STANTON REYNOLDS MODIFIED
VELOCITY CURRENT CURRENT TRANSPORT NUMBER NUMBER CHILTON-COLBURN
u IL DENSITY COEFFICIENT {St) {Re) FACTpR
L Ki Jo
x 103 '
jcm 51 JmA /mA cm™2 /em 57! x 103 x 103
31.4 350 2.97 1.100 0.0350 16391 4.99
62.8 525 4,35 1.610 0. 0256 32782 3.65
94,3 _ 720 5.97 2.209 0.0234 45173 3.34
125.7 905 7.50 2.776 0.0221 65562 3.15
157.1 1050 8.70 3.221 0.0205 81955 2.92
188.5 1200 9,85 3.681 -0.0195 98348 2.78
219.9 1330 11.02 _ 4,080 D.0186 114736 2.65
251.3 1415 11.73 4,341 0.0173 - 131129 2.47
282.7 1540 12.77 4.724 0.0167 147517 2.38
314.2 1680 13.93 5.154 0.0164 163909 2.34

TABLE 10.3 (cont'd)
d = 6.0 cm; 1 = 6.4 cm A = 120.6 cml; 229¢

©:014MCuS0p + 1.5 M H,504 (Sc) = 2212




TABLE 10.3 (cont'd)

MASS TRANSPORT TO .-SMOOTH R.C.E.

d = 6.3 cm; 1 = 4.3 cm; rpm = 500; U = 165;
ems™1; A =85.1 cm?;  0.014 M; CuS0gq - Effect of Temperature
T TEMP | LIMITING T UUMASS  ITREYNOLDS [T USTANTONT T TTMODIFIED
T CURRENT TRANSPORT NUMBER NUMBER CHILTON-
I COEFFICIENT COLBURN
KL ‘FACEOR
/°C /A fem's™ Jo
x 103 x 10° x 103
22 0.700 3.044 90,391 1.845 2.630
24 0. 845 3.675 103,950 2.227 2.591
35 1.010 4,392 122,294 2.662 2.478
45 1.135 4,936 143,577 2.992 2.205
60 1.390 6.045 182,689 3.664 1.879
TEMP KINEMATIC DIFFUSION SCHMIDT
T VISCOSITY COEFFICIENT NUMBER
~ D
/oC Jen s-1 Jem s
x 106
22 0.0115 5.2 2212
29 0.0100 6.2 1613
35 0.0085 ‘7.45 1141
45 0.00724 9.12 794
60 0.00569 12.58 457



REGRESSION TABLE

VARIABLE COEFFT.
b -0.3143
c -0.5982
LOC e ~1.0506

ANALYSIS OF REGRESSION TABLE

SOURCE ‘5UM SQUARES
DUR TO REGRESSION 0.6307
ABOUT REGRESSION 0.0388
TOTAL 0.6695

STD. ERR. ESTIMATE
MULTIPLE CORR. COEFF.(R)
DETERMINATION (RZ)

CORRECTED .R?

STD. ERROR
0.0156
0.0269

0.1305

D.F.
2
44

46

0.0297
0.9706
0.8420

0.9394

T-VALUE
-22,2579

~-8.0487

MEAN SQUARE  F=VALUE
0.3154 357.5

00,0009

THE VARIABLES GIVEN IN THE REGRESSION TABLE YIELD:

(5t) a (Re)b (5¢)°

H

(st)

H

0.089 (Re)~0+>1 (5¢)~0-60

TABLE 10.4 STATISTICAL INFORMATION FROM THE COMPUTER PROGRAMME

FOR MASS  TRANSPORT CORRELATION

Input Data due  to Robinson68

A



COPPER £ONCENTRATION LIMITING | MASS TRANSPORT
C CURRENY EOEFFICTENT
/mg 2n”° /M “I7A K
/em s~
1000 0.0157 0.775 0.00300
899 0.014 0.700 0.00304
500 0.0787 0.395 D.00310
250 0.00393 0.195 0.00302
200 0.00315 0,160 0.00309
125 0.00197 2,185 B.00225
100 0.00157 0,081 9.00314
62.5 0.00098 0.051 0.06317
50 0.000786 0.046 0.00356
40 0.000629 5.038 0.00368
20 0.000315 0.018 0.00248
10 9.000157 0.012 0.00464
TABLE 10.5  MASS TRANSPORT COSFFICIENTS AT VARIOUS COPPER

CONCENTRATIONS

(corresponding to Fig. 10.10, where ‘the averaged mess transport

coefficient is given by the slops as 0.0033 em s™1)




Concentration/mg dm—3
Metal
Solution I Solution IY

Au 14.3 830

fg 20.4 0.08
Cu 22.0 2.2

Fe 2.6 25

Ni _ 25.8 0.04
Sn 18.0 -

pH 11.7 4,8 .

TABLE 10.6 COMPOSITION OF INDUSTRIAL CYANIDIC, MIXED METAL

SOLUTIONS, '



.3
METAL CONCENTRATIDN/mg dm
pH )

COPPER STLVER - - coLp

11.7 23.0 20.4 14,3

5.0 22.5 20.4 14,3

4.0 22.4 19.0 14.2

3,5 21.2 12.3 14.2

3.0 5.7 4.4 164.2

2.0 3.8 2.1 14,2
TABLE 10.7 COMPOSITION OF THE INDUSTRIAL CYANIDIC EFFLUENT

SOLUTION AT VARIOUS pH VALUES.



THIOUREA REST POTENTIAL

CONCENTRATION OF R.C.E.

/M /v (M.M.S,)
0 : -0.447
107" -0.449
10™% -0.445
10™> -0.503
1072 : -0.570
107" -0.860
(unstable)

TABLE 10.B OPEN CTIRCUIT POTENTIALS FOR A COPPER R.C.E. IN
THE PRESENCE OF THIOUREA

0,014 M CuSO

4
1.5 M HZSD4
22° C
d = 6.5"cm
rpm = 340

u 112 cm 9-1

n



CATHOLYTE FLOW RATE 40 1 (min) 7
(nom,)
ANOLYTE FLOW RATE 51 (min) =]
CATHOLYTE TEMP, 60° ¢
ANOLYTE TEMP, 40° ¢
CYLINDER REM. 500
PERIPHERAL VELY. 559.5 cm s |
DIAM, 22.9 em
HEIGHT 22.7 cm
AREA 1633 cm?
MATERIAL COPPER PLATED STEEL
ANODE MATERIAL DSA DIAMOND SHAMROCK
ANOLYTE 1N HS0,
CATHOLYTE 1N 1,50, ]
+ CuSDa.,‘ID-—) 600 ppm,
- TABLE 11.1  EXPERIMENTAL CONDITIONS FOR COPPER DEPOSITION FROM

ACID SULPHATE SOLUTIONS




in the 500A Pilot Plant

"Eco-Cell?

DATA I /rﬁgc g At _

squ RCE /a /cm s
FIG. 11.1 A 175 138 0,256
B8 484 360 0.271

FIG. 11.2 A 112 95 0.238
B 218 175 0.251

C 72 59 0,246

D 54 40 0.272

- TABLE 41,2 Mass Transport Coefficients for Copoer Deposition



AT [l

{ IN/ Udi}

N -

I}

AN LUl

from

C T |scraper F CELL - © Ac.C.E
kK. - |resuLT|TEMP. | SPEED, |ELECTRODE| CELL [CELL | INLET{OUTLET|CONC. | EXPTL [USEFUL|™" """ FLOW THE ORY EON.
[em T /°c /em <= ' |POTENTIAL |VOLTAGE |CUR= | €ORC, fCONC, |DIFF, ‘lcur~ } /% RATE _, 6.24
’ /v /v [RENT | /ppm . /ppm | /ppm RENT /1(min)
MMS /A /a
0,357 A 60 0.91 -300 7.7 415 380 { 200 180 1.90 354.5 | B5.4 38.9 1.73 -0.056
0.410 B8 60 0.91 -900 -7.1 | 32 360 | 180 180 2,00 354,5 | 95.2 38.9 1.73 ~-0.049
0.383 c ¥ ss 0,91 -900 6.7 359 267 | 134 129 1.93 261.2 | 72.8 36.2 1.85 ~0,054
0.337 o *| s8 0,91 900 | 4,3 182 195 | 107 88 | 1.82 178.2 | 97.9 35.8 1,57‘ -0.062
0.374 £ *| s8 0,91 -900 4,0 160 130 68 62 1,91 125.6 | 78.5 34,3 1.96 -0.055
0.283 F *| ss 0.91 -900 3.8 142 71 42 29 1.69 58,7 | 41.3 38,9 1.73 -0.074
0.246 c *| 58 0,91 -900 3.5 112 48 30 18 1.60 36.5 | 30.2 38.9 1,73 ~-0.084
0,223 ho* 58 0.91 ~950 3.1 91 34 22 '12 1,55 24,3 | 26,7 38,9 1.73 -0, 091
0,378 1 60 0,91 ~800 B.EJ 448 500 | 260 240 1.92 486.0 |108.5 38.9 1.73 -0.054
0.381 J 60 0.91 ~B50 8.1 500 560 | 290 270 1.93 546,8 [109.4 38.9 1.73 -0.054
0,378 K 60 0.91 =B850 8.1 450 490 | 255 235 1,92 475.9 |105.8 38.9 1.73 -0.055
0,425 L 60 0.91 -850 8.0 500 550 | 270 290 2.04 567.0 [113.4 38.9 . 1.73 -0.046
0.410 M 60 0.91 -850 8.2 500 | 550 | 275 275 2.00 556.9 [111.4 38.9 1.73 ~0,049
0.403 N 60 9.1 -850 B.2 s10 | 585 | 295 | 290 1.98 587.3 [115.2 38.9 1.73 -0,050
0.402 | © 57 9.1 -850 8.3 510 525 | 265 260 | 1.98 526.5 |103.2 38,9 1.73 -0.050
% concentration decay




TABLE

11.4 DECAY RESULTS
TIME | CELL ‘CURRENT usn-_;FuL CII‘:_ -COUT AC
/s VOLTS /A CURRENT /ppm /ppm
Farégaic /ppm
0 67 359 261.2 267 138 129
600 4,3 182 178,72 195 107 B8
1200 | 4.0 163 125.6 130 68 62
1800 3.8 142 58.7 71 42 29
2400 3.5 112 36.5 48 30 18
3000 3.1 91 24,3 34 22 12

Control poféﬁtial -

900 wmy :--.rqs/*{r&"sto

4




Catholyte Flow Rate
Anolyte Flow Rate
Catholyte Temperature

Anolyte Temperature

€ylinder rotational speed
Peripheral velocity
Diameter

Height

Area

Material

Anode/Anolyte condilions

9 - 18,75 dm"(min)"!
5 dm3(min)‘1'

52 - 1.5 °C

0

32 - 42 C
500 T.P.M,
-1
559.,5 cm s
22.9 cm
22.7 TooCem
1633 cm2

Cadmium Plated Steel

as,. Teble 11.4

ZINC CALCIME LIQUORS.

'-Catholyte
pH 1.93 - 3,2
' "3
Zn (as sulphate) 127 gdm
Cd (es sulphate) 128 mg cirn'3
TABLE 11;5 EXPERTHMENTAL COMDITIONS FOR CADMIUM DEBGCSITION FROM




}mg um = pny G-y ene= L
g 60 -1.160 6.6 - 175 18 570 300 270 139 | 79.4 | 1.90
2 61 -1.2 6.6 172 16.8‘ 520 290 230 123 | 71.5 1.79
3. 1 o -1.13 5,5 138 18.8 560 340 220 118 | 85.5 | 2.20
' 4 60 .12 5,5 139 19.8 621 4ns 215 115 | 82.7 | 1.53
5 60 -1.35" 6.8 160 18.8 450 260 190 102 | 56.7 | 1.73
6 60 -1.3 6.6 175 16.8 480 280 200 17 | 61.1 | 1.7
7 59 ~1.30 6.4 142 18.8 460 290 170 91 | 64.1 | 1.59
8 52 -1.3 5.9 130 18.8 500 275 225 129 | 93.4 | 1.82
9 53,5 | -1.28 6.8 165 18.8 510 285 225 121 | 73.3 | 1.79
10 55 -1.12 6.0 140 18 510 385 125 106 | 75¢7 | 2.08
11 58 -1.3 4.2 79 9 500 245 255 66 83.2 1,35
12 60 1.3 4.4 71 9 175 92 83 | 21.4 | 30.1 1,90
13 60 -0.36 3,7 68 16 330 245 85 57 | 83.8 ! 1.35
14 61.5 -0.59 4,4 91 16 250 170 N 36.7 | 40.3 1.47
15 60 -0.59 3.4 47 16 185 135 50 23 | 48,9 | 1.37
16 60 -0.58 3.0 30 17 150 102 48 23.4 | 78.0 | 1.47
17 60 ~0.50 3.0 30 16 130 95 35 16 | 53.3 | 1.37
18 60 ~0.57 2.8 25 16 145 115 30 14 | 56 1.26
TABLE 11.6 PILOT PLANT ELECTRODEPOSITION OF CADMIUM




YT

/v /A /dm”(min) ™"

“19 60 0,57 2.8 25 16 135 90 45 | 20.8 82 1.50

20 60 -0,54 2.9 27 95 12% 81 42 | 18 67 1.52
21 60 -0.54' 3.0 30 16,5 105 73 32 | 15 50 | 1.44
22 .60 0,49 2.8 26 16,5 110 69 41 | 19.4 75 1.59
23 60 -0.456 3.0 32 16.5 128 83 as | 21.3 67 1.54
o4 60 0,43 2.9 33 16.5 138 87 51 | 24 73 1.59
25 60 -0.42 2.9 32 16 135 85 sg | 23 72 1.59
26 60 -0.43 3.0 34 16 133 80 53 | 24.3 71 1.66
27 60 - | -0.44 3.0 34 16 130 81 49 | 22.5 66 1.60
28 61 -0.40 3.2 42 15,5 165 104 61 | 27 64 1.59
29 61 -0.50 3,2 40 15.5 125 82 43 | 19 48 1.52
30 60 -0.46 3.0 31 15,5 120 98 22 | 10 32 1.22
3 60 _0.48 3.0 32 15.5 125 96 o0 |13 41 1.30
32 60 0,44 2,9 26 16 130 105 25 | 11.5 44 1.24
33 60 -0.47 2.9 26 17 125 100 25 | 12.2 47 1.20
24 60 -0.42 2.8 25 17 | 143 110 33 | 16 64 1.43
35 - 60 -0.42 2.8 25 17 137 106 31 |15 60 1.29
TABLE 11.6 ( CONT. )




diameter of cyl%ndéf = 30.6 cm
aﬁe.rleAch ;;':;;parfmené = 14.4 cm
compartmental éraa = 1387 sz
rotaticnal speed .= 730 r.p.m.
peripheral velocity = 1170 cm s~
catholyte temperature = 20-60° C
catholyte flow rate = 0.583 to 1 dm> s
catholyte concentration = 1.0M H250

4

GENERAL OPERATIRG CONDITIONS FOR THE 20DA

TABLE -11.7

" 2+ ECO-CASCADE-CELL REACTOR.




. COMPARTMENT NO.
PARAMETER
IN 1 2 3 4 5 &
BOTENTIAL, ' ' ., . |
£/mV (S.C.E.) - ~550 =582 =540 -538 =363 =309
COPPER
CONCENTRATION . 134 80 36 23 15.1 21.2 13.5
C/mg dm~
FRACTIONAL
CONVERSICN, - 0.403 0.550| 0.361} 0.343(=~0.404] 0.363
f‘
R
Anode pair used No. 1
Temperature of Catholyte/D C. ca, 60
Catholyte Flouw Rate/drn3 s~ : 1
Current /A e 500
Overall Cathode Current Eff./% 73

TABLE 11.8 RESULTS OF STEADY STATE ELECTROLYSIS IN THE

200 AMP ECO-CASCADE-CELL REACTOR,




COMPARTMENT NO.

PARAMETER

IN 1 2 3 4 5 6
POTENTIAL,

- - - - - - -3
E/my (S.C.E.) 583 591 557 554 377 als]
COPPER ) "
CONCENTRATION 105 60 32 16.8 [ 12.2 18.4 14,5
C/mg dm™
FRACTIONAL -
CONVERSION, - 0.429 | 0.467 | 0.475 [0.274 | 0.508 | 0.242
f‘
R
Anode pair used No, 1
Temperature of Catholyte /D [ 60
Catholyte Flow Rate /drn3 s-1 1
Current /A 500
Overall Cathode  Current Eff./% 55

TABLE 11.9

RESULTS OF STEADY STATE ELECTROLYSIS IN THE -

200 AMP ECO-CASCADE-CELL REACTOR,




COMPARTMENT NO.
PARAMETER
IN 1 2 3 4 5 = 6

POTENTIAL; S I ST S SRRt ST |

E/mV (5.C.E.) - =555 | «577 | =526 | ~544 | =321 -336
COPPER
(ONCENTRATION 112 65 29.9 16.0 12.1 17.0 13.3
C/mg dm- 3.5+ 2.8 |+ 2.8 [+ 3.0 [+ 1.5 |+ 2.5 |+ 3,3
FRACTIONAL -
CONVERSION, _ - 0.420( 0.540] 0.465| D.244] D0,405| 0.218
F

R

—

Anode pair used No. 1
Temperature of Catholyta/D C. 60
Catholyte Flow Rate/dm> s~ | 1

Current /A S 500

Overall Cathode Current Eff,/% 60

TABLE 11.10 RESULTS OF STEADY STATE ELECTROLYSIS INM THE

200 AMP ECO-CASCADE-CELL REACTOR,




PARAMETER

COMPARTMENT NO.

IN

POTENTIAL,
E/mV (S.C.E.)

-438

=559

COPPER
CONCENTRATION
C/mg dm_

112
+2.5

64
2,2

29,1
:2.8

FRACTIONAL
CONVERSION,

fr

0.429

0.545

Anode peir used

‘Temperature of Catholyte /° C.

Catholyte Flow Rate /dm3 s

"Currsnt /A

-1

_Overall Cethods Current Eff,/%

Nos., 1

60

500

58

+

2

TABLE 11.11

RESULTS OF STEADY STATE ELECTROLYSIS IN THE

Zbﬂ AMP ECDO-CASCADE-CELL REACTOR,




COMPARTMENT NO.

)

TABLE 11.12

RESULTS OF STEADY STATE ELECTROLYSIS IN THE

200 AMP ECO~-CASCADE-CELL REACTOR.

PARRAMETER

- N 1 2 7 3 T4 5 ==
POTENTIAL,
E/mv (5.C.E.) - -372 -499 -529 -546 =429 -382
COPPER ,
CONCENTRATION 118 66.1 36.1 19.4 13.2 18.4 21.9
C/mg dm
FRACTIONAL .
CONVERSION, - 0.440 | 0.454 | 0.463 | 0.320 |~0.394 | 0.190
Fa
Ancde pair used Nos. 1 + 2
Temperature of Ca'l_:holyta/D C 58 - 59
Catholyte Flow Rate /dm> s~ 1
CURRENT /A 500
Overall Cathode Current Eff./% 58




COMPARTMENT NO.

- TABLE 11.13

200 AMP ECO-CASCADE-CELL REACTOR.

RESULTS OF STEADY STATE ELECTROLYSIS IN THE

PARAMETER. ' ‘

IN 1 2 3 4 5 é
pﬁTENTIAL'- = — _:__. Rl PRIl = ]
E/mv (S.C.E.) - =346 -448 -352 -366 ~445 =571
COPPER
CDNCENTH%TIDN, 118 68 36,2 23.1 19 .1 25.3 19.5
C/mg dm™ 43.7 +4.8 | +1,9 | +2.1 | #2.1 | 2.4 [ +1.6
FRACTIONAL
CONVERSION, - 0.423 | 0,468 | 0.362 | D,173 | =0.325 | 0.229
f

R
Anode pair used Nos, 1 + 3
Temperature of Catholyte /0 C. 57
Catholyte Flow Rate /dm® s~ 1

Current /A 400
Dverall Cathode Current Eff./% 75



COMPARTMENT NO.

il

PARAMETER . ;

: IN 1 2 3 4 5 6
POTENTIAL,
E/mV—(5.C.E.)-- - - -305 -389 -330+ |- =346 & -449— | -554%&
CORPER
CONCENTRATION, 126 79 43 28,3 22 28.7 22,3
C/mg dm” +8.6 +8.1 +6 | #3.2 | +1.8 | +3.0 |+3.9
FRACTIONAL
CONVERSION, - 0.373 | 0,456 | 0.342 | 0,227 [-0.305 | 0.223
f‘
R

Anpde pair used Nos., 1 + 3

Temperature of Catholyte /° C. 56

Catholyte Flow Rate /dm3 5—1 1

'Current /A 350 -
Overall Cathqde Current Eff./% 90

TABLE 11.14 RESULTS OF STEADY STATE ELECTROLYSIS IN THE

200 AMP ECO-CASCADE-~CELL REACTOR,



COMPARTMENT NO,

PARAMETER
IN 1 2 3 4 5 6

POTENTIAL, -

E/m¥ (S.C.E.) - -306 -367 ~424 ~381 ~407 -509
COPPER
CONCENTRATION 139 89 59.8 | 35.2 | 23.51 27.3 | 24.3
C/mg dm~ +1.2 +1.2 +1.9 +2,1 +1.5 +1.5 +3.0
FRACTIONAL

CONVERSION, - 0.360 | D.418 |D0D.320 |5.332 {-8.162 | 0.110
.F

R

Anode pair used

Temperature of Catholyte /o C.

Catholyte Flouw Rate /dm3 s

Current /A

Dverall Cathode

-1

Current

EFF./%

Nos, 1, 2 + 3

55

1

400

B7

TABLE 11.15

RESULTS OF STEADY STATE ELECTROLYSIS IN THE

200 AMP ECD-CASCADE.CELL REACTOR,.



COMPARTMENT NO.
PARAMETER

IN 9 2 3 4 5 6
POTENTIAL, (!
E/mV (S.C.E.) : - ~472 | =573 | -436 | <343 | -240 =207
COPPER
CONCENTRATI ON 143 56.3 | 22.9 | 14.2 | 12.2 | 18.1 14.8
C/mg dm" #7.8 | 43,3 |+ 3.2 | £2.4 1+ 31| +5.5 |[+5.2
FRACTIONAL
CONVERSION, - 0.606 | 0.593 | 0.380 | 0.141 |-0.484 | 0.182
Fr
Ancde pair used No. 1
Temperature of Catholyte /° C. 58 ~ 62
Catholyte Flow Rate /dm3 e~ 0.58
Current /A 300
Overall Cathode Current Eff./% 76

TABLE 11.16

200 AMP ECO~CASCADE-CELL REACTOR.

RESULTS OF STEADY STATE ELECTROLYSIS IN THE




COMPARTMENT NO.
PARAMETER ;

IN 1 2 3 4 5 6
POTENTIAL, - - - SRR = e SR
E/aV (S.C.E.) - ~319 -496 -524 -403 | -484 =332
CGPPER
CONCENTR4TION, 161 74 32.7 15.2 1.5 12.7 1.7
C/mg dm +8.7 +22 [+ 11 + 4.8 |+ 4.7 ] +5.7 + 5.1
FRACTIONAL
CONVERSIGH, . - 0,540 | 0.558 | 0.535 |[0.243 |-0,104 | 0.078
£

R

Anode pair used No. 1 + 2
Temperature of Cetholyte /° C. 53

3 <1
Catholyte Flow Rate /dm” s 0.583
Current /A 300
Overall Cathods Current Eff,/% 88

TABLE 11.17

200 AMP ECD-GASCADE-CELL REACTOR,

RESULTS OF STEADY STATE ELECTROLYSIS IN THE




PARAMETER

COMPARTMENT NO.

IN

2

POTENTIAL, -
E/ITIU (S.CQEO)’ 3 -

=562

COPPER
CDNCENngTIUN
C/mg dm~ )

1+

1+
. =
5 JE2Y

FRACTIONAL
CONVERSION, -
fr

0.505

0.294

-0.083

0.260

Anode pair used
Temperature of Catholyte /° c.
Cathalyte Flow Rete /dm3 s

Current /A

‘Dverall Cathode Current Eff./%

No. 1 +

41

400

62

2

YABLE 11.48  RESULTS OF STEADY STATE ELECTROLYSIS IN THE

200 AMP ECO-CASCADE-CELL REACTOR.




TABLE 11.19

TEY

RESULTS OF STEADY STATE ELéCTRULYSIS IN THE

200 AMP ECO-CASCADE-CELL REACTOR,

: COMPARTMENT NO.
PARAMETER '

IN 1 2 3 4 5 6
POTENTIAL, ' - - - N .
E/mv (.S.C.E.) - -386 -547 -543 -551 -439 ~324
COPPER
CONCENTRATION 165.7 74.3 36.2 21.5 23.2 27.9 21.4
C/mg dm” +39 0 +5.2 [+3.7 | £3.14] +4.1] 3.5 |+.4.3
FRACTIONAL
CONVERSION, - 0.552 | 0.513 | 0.406 | -0.079 |~0.203 | 0.233
Fr
Anode pair used Nos. 1 + 2
Temperature of Catholyts /D C. 42
Cetholyte Flow Rate /dm” s | 0.583
Current /A 300 )
Overall Cathode Current Eff./% 85




—

DIAMETER AREA RPM PERTPHERAL
PLANT 2 VELQCT
L d/cm A A/cm b - i--U/em.sT
LAB. RIC 1 7.62 200 600 - 239 - 1200
: 3000
MINI-CELL 10.2 200 500 - 266 - 797
| 1500
S00A PILOT PLANT 23,5 1690 100 - 123 ~ 1698
1380
2KA PILOT PLANT 45.1 5757 460 1086 - 1112

TABLE 11.20 CHARACTERISTICS OF FCO-CELL ASSEMBLIES EMPLOYED

IN MASS TRANSFER EXPERIMENTS.




PERTPHERAL

COPPER

(LIMITING)

TABLE 11.21

IN THE 50R LAB, RIG 1 REACTOR.

MASS REYNOLDS MODIFIEL
VELOCI " CONC. CURRENT TRANSPORT NUMBER CHILTON.
U/em s~ C/mg dm- - DENSTT COEFFICIENT (Re) COBURN
1L/A cm KL/cm s FACTOR |,
Jp X 10
239 391 0.142 To.120 302086 26,6
239 376 0.204 0.179 302086 39.6
239 420 0,220 0.172 302086 38.3
600 231 0.241 0.343 758376 30.4
600 223 0.238 0. 351 758376 31.1
800 177 0.235 8.437 1011168 29.0
998 150 0.230 0.505 1261432 26,9
998 183 0.227 0.408 1261432 21.7
998 147 0.227 0.508 1261432 27.0
998 158 0.189 0.394 1261432 21.0
1200 98 0.177 0.595 1516751 26.3
1200 93 0.171  0.605 1516751 26.7
1200 .“‘146 0.235 0.530 1516751 23,5
" 1200 96 0.171 0.586 1516751 25.9
MASS TRANSPORT DATR (FOR COPPER DEPOSITION)



PERIPHERAL

(LIMITING)

COPPER MASS REYNOLDS { MODIFIED
VELOCI CONC: . CURRENT TRANS PORT NUMBER CHILTON-
U/cm s~ C/mg dm- DENST COEFFICIE (Re) COBURN
i /A e Kiems™ | FACTOR _
_ : T T 'jD' x 1
266 200 0.206 0.339 454585 67.6
531 100 0.142 0,467 907462 46.7
531 100 0.130 0.435 658049 52.4
539 200 0.166 0.273 658049 42.9
797 100 0.172 0.566 1362047 37.7

TABLE 11,22

MASS TRAMNSPORT DATR : 400A MINI-CELL



PERIPHERAL | CoOPPER (LIMITING) MASS REYNOLDS | MODIFIED
VELOCIT CONC. CURRENT TRANSPORT NUMBER CHILTON-
u/cm s~ C/mg dm~> DENSITY COEFF. (Re) COLBURN

i /h en? K /em ™ FACTOR
: ' ip! 10°

123 1552 0,229 0.045 | 489086 1.0
271 1071 0,394 0.121 1077580 23,7
393 680 D.386 0.187 1562690 25,2
393 525 0.310 0.194 1562690 26.2
492 494 0.258 0.172 1956345 18.5
541 385 0.333 0.285 2151184 27.9
984 277 0.373 0.443 3912690 23.9
1000 288 0.346 D.396 3976311 21,0
1000 295 0.357 0.398 3976311 21.1
1000 277 0. 361 0.429 " 22,8
1000 193 0.309 0.527 " 28.0
1000 201 0.296 0.485 "o 25.7
1000 204 0.299 0.483 " 25.6
“1000 194 0.304 0.516 z 27,4
1000 213 0.244 0.377 " 20.0
1000 216 0.242 0.369 " 19.6
1000 197 0.272 0.455 " 24,1
1000 184 0.246 0.440 " 23.4
1000 160 0.212 0.436 " 23,1
1000 50 0.063 0.445 " 22.0
1s9é?ﬂn 98 0.228 0.766 6751777 23.9
1698 114 0.176 0.522 6754777 16.3

- -~TABLE . 11,23 . MASS TRANSPORT DATA: éUUR PILOT PLANT,

— . . -—




. _PERIPHERAL | COPPER (LIMITING) MASS REYNOLDS MODIFTED
VELOCITY | CONC.. _ CURRENT TRANSPORT NUMBER CHILTON-
U/cm s~ C/mg -dm DENSITY COEFF._, (Re) COLBURN
i i/ en™? ) KL/cm s _ FACTOR
L . 3

jp X 10
1086 147 0.201 0.449 8285443 21.9
1086 162 0.187 0.379 " 18.5
1086 155 : 0.199 0.424 " 20.7
1086 167 0.199 0.393 " 19.2
1086 120 - D.163 0,446 " 21.8
1112 234 0.133 ° 0.186 8692792 8.9
1112 293 0.148 0.166 n 7.9
1112 ‘| 100 0.116 0. 381 " 18,2

1112 110 0.127 0.381 n 18.2
1112 121 0.140 0.382 " 18,2

" " TABLE '11.24°.° MASS TRANSPORT DATA: 2KA PILOT PLANT.




cylinder diamster .=. T.6cm

" no. of compartments = 10
compértmant length = 9.0 cm
compartmental area o 215 émz
rotationel speed = 2000 r.p.m.
peripherel velocity = 796 cm s~
catholyte : CuSD4 in an affluent solution containing 1.0M stod’

urea and NaCl,

anolyte

ca 2MNaOH

anodes H 'nickel mesh -




tam

cylinder diameter = 32,4 cm

no, of compertments = 12
compartment length = 206.0 em
compertment area = 2036 cm2
rotational speed . = B60 r.p.m.
peripheral velocity = 1459 cm s~

catholyte : as for Table 11.25
anolyte : M NaOH

anodes H Nickel Mesh

- . TRBLE 11.26 _ DETAILS OF THE 1KA COMMERCIAL CASCADE REACTOR,




COMPARTMENT NO,
INLET 1+ 2 3 4 5 & 7 8 9 10

Ceu 107.6 |73.2 |42.4 - 21.2 |14.2 11.2 6,5 | 3.9 2.8 2.0 1.5

*ppm| 7.3 | 9.2 8.6 5.8 | 6.4 7 4,4 2.3 1.5 0.9 0.6

e — 10,320 U.dé1 0.500{0,330 0.211 | 0,420 | 0.400(0.282 | 0,286 | 0.250

LnC " 4.68] 429.| 375 305 | 265 242 1.87 ] 136 1.03 .69 .41

E . - 293 311 546 | 380 396 446 | 511 604 624 575

-mV(SCE)

+ — 5 53 79 | 104 130 145 | 110 42 15 32

Catholyts Flow Rete = 0.1dm° s”

Total Current = 40 A

Temperature - s0°¢C

Anode dividing Baffles used in compartments 3 and 7

Useful Current

Current Efficienty

1]

]

32,2 A
80, 5%

Overall Fractionel Conversion (FR)1U = 0,986

TABLE 11.27  DATA FROM THE 100A LABORATORY CASCADE CELL.

e,




INLET 1 2 | .3 4 5 6 7 8 9 10
Cey | 16a.9 | 66.27) 39.3| 21.8 | 13.7 [ 10.5 | 5.1} s:3| 2.0 1.5( 1.2-
+ ppm| 9.5| 14.2 | 11.6| 85| 7.8 | 9.3| s.6| 2.8| 1.5 1.1 0.9
- PP
o 0.369 |0.406 | 0.445 |0.372 |0.234 |0.514 |0.039 | 0.623 |0.250 | 0.200
tLnC .| 4,65 | 4.19 | 3,677 3.08 | 2.62 | 2.35 | 1.63 | 1.19| .69 .41| .18
E/ 312 | 419| 551 | s8] 425 | so9 | s533| s79 | s92| 563
-mV (SCE) A -
. 43 90 o1 | 109 | 4100 | 106 92 46 29 43
Catholyte Flow Rate - 0.1dn &
Total Current = 40 A
Temperature - 60°¢C

Shaped enodes used in compartments 1, 2 and 3 only

Baffle used in compattment 7.

Useful Current

Current Efficiency.

Oversll frectional conversion (FR)n

TABLE 11.28

31,5 A
78.8 %

0.%89

DATA FROM THE 100A LABORATCORY CASCADE CELL,



T INLET 1 2 3 4 5 6 7. 8 9 10

ECu 102.3 79.1 55.7 35,9 21.1 11.0 5.3 317 1.99 1.44 1.’
+ 2,7 2.1 2,9 3.5 4.7 2.1 1.4 1.2 1.0 9 .
- Ppm

FR 0;226 0;296 0.355 {0,412 10,479 (0.518 |0.402 0.372 0.276 0.2t
tn C 4,63 | 4,37 | 4,02 3,58 | 3.05) 2.40 | 1.67 | 1.15 .69 .36 .
Catholyte Flouw Rate = 0.1 dn° &

Total Current = 4,0A

Temperature = = e0° C

Anodes used in compartments 1 to 5 only

Useful Current = 30,7 A

Current Efficiency = 76.8%

Dverall Fractional Cnnuersion,(FR)n = 0,989

TABLE 11.292 DATA FROM THE 400A LABORATORY CASCADE CELL.




. -

TABLE 11.30

DATA FROM THE 100A LABORATORY CASCADE CELL,

INET] 1 | 2 3| 4 5 6 7| 8 s | 10

Cey 92,4 68 | 54,4 | 38.3| 33.3| 23.51 17.3 ] 11,1 | 8.1 4.9 3.1

: Ppm 6.6 5.4 708 6-2

fo 0.264 |0.200 {0.296 {0.131 | 0.386 |0.264 | 0.358 |0.370 | 0.395 | 0. 367

Ln Co | 4.53| 4.,227] 4.0 3.65| 3.51| 3.16 | 2.85| 2.41 | 2.1 [1.59 [1.13

s J

Catholyte Flow Rate = 0.1 da” s

Total Current = 40 A

Temperature = 30°¢c

Useful Current = 27.1 A

Current Efficiency. . = £67.8%

Overall Fractional Conversion,(FR)n = 0,966




COMDARTMENT NO., COPPER CONC. FRACTIONAL CONVERSION
no . C/mg r:lm-3 fR .
INLET 88.8 —_—
1 73.8 0.169
2 52.5 0.289
3 | 40,0 0.238
4 29,5 0.263
5 21.0 : 0.288
6 | 14,2 0.324
7 9,75 0.313
8 ' 6,75 | 0.308
9 4.75 0.296
10 ‘ 3.6 0.242
11 k 2.8 ' 0.222
12 , 2.25 0.196

Catholyte Flow Rate 8,05 m° (hr)”"

i

(2236 cm3 5-1)
Cell Voltage -= B.4 V¥
Lell Current = 900 A
Useful Current = 58BA
Current Efficiency = 653
Overall Fractional Conversion, (FR)n = 0,975
Temperature = 5_5.5D c

TABLE 11.21 DATA FOR THE 1KA COMMERCTIAL CASCADE REACTOR,




COMPARTMENT NO., - |- COPPER CUNC.; FRACTIONAL CONVERSION
n . ) C/mg dm=> fa
INLET C 76,3 -
1 |l en.o 0.214
2 , - 39,5 D.342
-3 | | 29.5 0.253
4 21.5 0.271
5. 15,0 0.302
6 9.6 0.360
7 6.6 0.313
8 4,9 0.258
9 3.5 0.286
10 2.6 0.257
11 . 1.95 0.250
12 A 1.6 B8.179
"Catholyte Flow Rate = 8.15 m° (hr)™"
(2264 en” s~ 1)
Cell Voltage | = 6.4V
Caii Curran;f o = B93A
‘Useful Corzent - = 514 A
7 Current Efficiency = 58%
Dverall ‘Fractional
Convarsion, (f‘ ) = 0.979
Temperaturs . = 56,0°C

=i
: K -
L wenmrm 2T et b v BRT

T TnBLE 1. 32 _ _DATA FOR THE 1KA COMMERCIAL CASCADE REACTOR.
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TABLE 12.1  IMPORTANCE' OF  RADIUS RATIO FOR MASS. TRANSPORT

TO A SMOOTH{R.C.E..

| !
)
liLOC(r_I)OT?O
r, '



! ¥

TEMP. | TEMP | I T l II:J . EXPERTMENTAL. THEORETTCAL
% |- T .|-PREDICTED . ,;;m;ém@_@@n: . IMPROVEMENT 1N_ | TMPROVEMENT.
/°c /K | | :/A | /A I, ,relative

| ? : to 22°C

] ; ' tﬁli ' Co] o
22 295 0.685  0..700 I I
29 302 o.a§5 0.845 I.21 .18
35 308 0.958 | 1.010 T4k I.40
b5 918 TIsh 1.135 I1.62 1.68
60 333 3:543 1.390 1.99 2.25

by equation I. = zFCUA, 0.079 (;Re)._o.jo(sc)-o.suu

L

1
TABLE I2.,2 RELATTVE IMPROVEMENT TN MASS TRANSPORT. DUL TO

TEMPERATURE : COPPER DEPOSITION TO A SMOOTH R.C.E.



APPARENT RATE CONSTANT,
k /&7 x 10°
REM Smoaoth Rough
“ k2
180 0.106 0.352
360 0.180 0.568
500 0.229 0.811
680 0.295 1.12
1000 0,393 1.45

TABLE I2.3 APPARENT RATE CONSTANTS FOR BATCH DECAY’ OF COPPER, showing

the effect of rotational speed



i A

. N e ;|
| o . o, .
' Chr oy 0! ! ! .
i Do | iIf { i l "H '
‘liﬂ A H fi;“*‘ B ; ! : i :
B EIT atno Ry v | |
AuTHoR(S) ' | REF! | B METAL L |t TECHNIQUE
- 0ot § . ;o
' i l|‘ ' i | { . " . ' s .
Ibl, Javat 380 . Cépqar Galvanostatic Deposition
CTEE Stahe w—-'ﬂ%41w‘ S PO ey Hh'l :::::z:zginqﬁ;lomatrlc Measuremant R
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Limiting Current 0! x 703
Roughness Diameter Relative I1 /A ¢ J ¥ :
~ : Predicted

& d Roughness Re’

fem /em d/e ~ Erit
Predicted* Observed Predicted Observed '

<5 x 1075 1.5 >3 x 108 0.222 4.95 Large
0.0618 1.5 833 0.137 1.11 3.06 55.2 51448
0.003 1.5 500 0.159 1.57 3.55 78.1 28158
0.025 1.5 60 0.340 1.78 7.57 88.5 2307
£5 x 105 6.0 >12 x 104 1.52 2.15 Large
0.016 6.0 375 2.74 4.90 3.87 6.8 20053
0.040 6.0 150 . S 3.72 7.45 5.26 10.4 6802
0.060 6.0 100 4,34 19.0 6.13 26.5 4215

*by the equation jD'

t+at 1000 rpm
TABLE 12.6

(1.25 + 5.76 logqg d 2
€

MASS TRANSPORT TO KNURLED ROTATING CYLINDER ELECTRODES




MASS TRANSPORT COEFFICIENT
KL/ cm s-1
PERIPHERAL
R.P.M. VELOCITY 1 ROBINSON-GABE HOLLAND RATLO
| Jen's-] (SMOOTH) _ (ECO-CELL) /
A B
b = -0.31 b =-0.08
19 10 0.00673 0.0560 8.32
191 100 0.0330 0.466 14.1
1910 1000 0.161 3.873 - 264.1
TABLE 12.7  COMPARISON OF MASS TRANSFER AT 'ECO-CELL' AND

SMOOTH ROTATING CYLINDERS

Assuming: (Sc) = 1000, d = 10g¢m,d = 0.01 cm? s'1

-~
—
1

1}

/

/
ul+e 10)13 (1000)~0-644

0.0

yl (Re)b (SC)—0.644



PERIPHERAL POWDER
ECO-CELL TEMPERATURE VELOCITY EXPONENT
PLANT /¢ U p
jecm s‘]
LAB. RIG 1 60°C 239 - 1200 -0.076
B -0.068
-0.085
-0.045
-0.081
60°C 400° -0.087
MINI-CELL 40 531 -0.046
50 531 -0.032
60 266 -0.012
60 531 -0.038
60 797 -0.052
PILOT PLANT 60 123 - 1698 -0.085
500 A
PILOT PLANT 60 1086 & 1112 0.088
2 KA 0.08
0.082
TABLE 12.8. VALUES OF p OBTAINED ON VARIOUS ECO-CELL RIGS .

FOR COPPER DEPOSITION *'2




CYLINDER DETAILS

Current
MODEL rating | : .
/A n Diameter | Length RPM cmpt. area
(cm) {cm) { cm2)
1) Laboratory 100 10 7.6 100 2000 215
2) - Commercial 1000 12 32.4 288 860 2036
3] Deyelopment/ 200 . 6 30.6 100 730 1387

Commercial

' ‘ t
TABLE 12.9 COMPARISON OF DEVELOPED ECQ-CASCADE~CELL REACTORS

(Current Ratings are nominal)




n (fR)n {(fR)n single Eﬁﬁ:grtment
ideal CSTR ideal PFR . unbaffled CSTR

1 0.5000 0.6320 1 0.500

2 0.7500 0.8650 . 0.667

3 0.8750 0.9500 1 0.750

4 0.9380 0.9820 f . 0.800

5 0.9690 0.9930 0,833

6 0.9840 0.9880 0.857

7 0.9922 09990 10.875

8 0.9961 0.9997 ' 0.889

9 ' 0.9980 0.9999 ,0.900

10  0.9990 1.0000 '0.909

|
TABLE 12.10 COMPARISON OF CONVERSIONS FOR A HYPOTHETICAL
CASCADE REACTOR (K. A/N = 1) ?

H
with each compartment functioning as either a

CSTR or a PFR, or a large single cbmpartment
of area nA :

- - -




FIG. 8.1 (a)

PHOTOGRAPH OF' THE: COMPLETED LABORATORY ROTATING

CYLINDER ELECTRODE REACTOR ASSEMBLY

" " (see Fig.8.1 (b) Tor a description)
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B.

REACTOR ABSEMBLY

A, Electric Drive Motor

'TufnoszgaﬁﬁofE:bigg?dfmé:(Z)’“r“::ﬁf
Salt Bridge Reservoir

Flexible Nylon Drive Coupling
Power Brushes (2) and Slip Ring
Bearings Housing

Cetholyte Thermometer
Reference Electrode Salt Bridge
Potential Pick-Up Brush
'Perspex' Catholyte Chamber
'"Parspex! Catholyte Chamber Top Plate
Catholyte/Ratating Shaft Seal
Reference Eléctrode

Anolyte Chamber Eleveting Jack
Cation Exchangs Membranes (4)
Catholyte Inlet

Catholyte Outlet

'Perspex! Anclyts Chamber
Anolyte Thermostat

Anolyte Heater (2)

Anolyte Stirrer

Plate.Lead Anode (4)

Anolyte Drain Tap

Sulphuric Acid Anolyte’
Auxiliary Tachomater

Steel Support Rods (4)

" FIG, 8.1 b) THE LABORATORY ROTATING CYLIMDER

ELECTRODE
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FIC. 8.1 PHOTOGRAPHS OF THE LABORATORY R.C.E.R. ASSCHMBLY

c) Anolyte bath raised, with the Catholyte compartment immersed

d) Anolyte bath lowered, together with the cathélyte compartment,

exposing the rotating cylinder cathode.






FIG. 8.2 LABORATORY REACTOR: PHOTOGRAPHS SHOWING THE

CONSTRUCTION OF THE CATHOLYTE COMPARTMENT

a) 'Perspex' skeleton, showing the sides (with membrane apertures)

and top flange

B) showing membranes inserted into two of the sides
A  ion exchange membrane
B rubber gasket (3 mm thick)

C fixing bolts (Mé polypropylene used)

e) with top plate included
A shaft seal adaptor {PTFE)
B outlst (polypropylene)

C thermometer gland (PTFE)

2

refersnce electrode gland (PTFE)






FIG. B.3 SCHEMATIC PLAN OF THE ANOLYTE COMPARTMENT

A 'Parspex' sides (10 mm)

B '"Perspex' ledge to suppori lid

€ Aperture for catholyts compertment
D anolyte stirrer

E  silica sheathed heaters

F thermostat

G thermometer

H catholyte inlet aperture

1 position of R,C.E.

1  anodes (4) - lead/6% antimony plates




FRONT




FIG.

a)

8.4 CATHOLYTE FLOW ASSEMBLY

PHOTOGRAPH

b) SCHEMATIC

A

B

security/drip trey (polypropylens)

peristaltic pump

reservoir tank (glass, 20 litre)

contact thermometer

stirrer

silica sheathed Heaters‘(2)
PVC tube from pump {inlet)

PUC tube to filter (outlet)

in-line cartridge filter

. rotemmeters (2)

velves (polypropylene)

reservoir lid (polypropylene)



~




FIG. B.5 LABORATORY INSTRUMENTATION

a) PHOTOGRAPH

b) SCHEMATIC
A Potentiostat
B Linear Sweep Unit
€ Digital Coulombmeter
D Rotating Cylinder Speed Control
E  Auxiliary Tachometer
F Catholyte tempsrature control
G Anolyte temperature control
H Cell Voltmeter
I Catholyte stirrer control
J Anolyte stirrer control
K  pH/millivoltmeter
L input selector for K

M .ehart recorder
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FIG. B.6 SCHEMATIC OF THE ELECTRICAL CIRCUITRY FOR THE

LABORATORY REACTOR

A Potentiostat

B Linear Sweep Unit

C Digital Coulombmeter {optional)
D Rotating Cylinder Speed Control
E  Auxiliary Tachometer

K High Impedence Millivoltmeter
M Chart Recorder

N Reference Electrode Assembly

0 Slip Rings (2)

P Rotating Shaft

Q Auxiliary Tachomeier Sender

R Rotating Shaft Drive Motor

2} Insulating Coupling

T' Cathode Powsr Brush

1] Precision Shunt

R.C.E. Rotating Cylinder Electrode

W,E, Working Electrode
C.E, Counter Elesctrode
R.E. Reference Electrode

P.P.U. Potentiel Pick Up



C.E. R.E. W.E.




FIG., 8.7 LABORATORY REACTOR: CATHODE CHAMBER/ROTATING SHAFT,

SEAL ARRANGEMENT

A 'Perspex' Compartment Lid

3 | PTFE gland (set)

C Rotating Shaft

0 . Reinforced, Sprung Lip seal
E  PTFE collar (adjustable)

F Water pool

G PTFE tape






FIG. 8.8 TYPICAL LABORATORY ROTATING CYLINDER ELECTRODES

a) discrete electrode
b) incorporating foil electrodss on a former

A rotating shaft (stainless steel)

B PTFE taps ‘

€ insulating end caps (PTFE)

D solid cylindrical cathode (stainiess steel)
E hollow cylindrical former (stainless steel)
F copper foil electrode

G securing screw (PTFE)






FIG. 9.1 SCHEMATIC PLAN OF THE 500 AMP PILOT PLANT REACTOR

A. Polypropylane.Body

B, .po'Flange-#ziﬂ ' T - - h T

C. ..Rotating Cylinder Cathode

D. Cation Exchange Membranes (2).
E. Anodes (2)~:f- -

F. Inlet Sparge Tube

G. Outlet Tube

H. Secraper

I. Polypropylene Block Insert

J. Reference Electrode, Polypropylene Probe






RC
RA
HA
HC

Fm

CH

-CM

PA
PS
PH
1sE

ADDS

CW

VALVES

o]

»d

" FIG. 9;2 SCHEMATIC OF THE 500 AMP PILOT PLANT FLOW SYSTEM

R.C.E.R, Catholyte Compartment
R.C.E.R. Anolyte Compartment

Anolyte Heat Exchanger

" Catholyte Heat Exchanger

Flow Meter

“_Gas/Liquid Separatar

Hydrocyclone Solid/Liquid Separator
Catholyte Heat Exchanger

Filter Tank and Tray

Catholyte Mixing Tank

Catholyte Pump

Anolyte Pumps

Separatorzpump

pH/reFerence Electrodss

Solution Bleed to Ion Selective Electrode Analyser -

Chemical Additions

Anolyte

Cooling Water

Gas Vent (normally hydrogen)

To Drain

normally open

normally closed

Il
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FIG. 9.3 SCHEMATIC OF THE ELECTRICAL CIRCUIT FOR THE 500 AMP

PILOT PLANT REACTOR

o Potentiostat Controller

R Regulator

T T;;nsfcrmer/ﬁectifier

MC Motor ééeed Control

M Drive Motor

TC Tachometer

PB Cathode Power Brush

pPU Potential Pick Up Brush

RE Reference Electrode Assembly
S Precision Shunt, 5008/50 mV
DVYM(I) Digital Voltmeter (cell current)

DYM(E} Digital Voltmeter (electrode potential)
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St BT

TC

| pvM

(1)

PB

DVM
(E]
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FIG. 9.

4 PHOTCOGRAPH OF THE 200 AMP 'ECO-CASCADE.CELL' REACTOR

Rubber lined, mild steel body

Anolyte compartment (2)

-Anode Feeders

Reference electrode probss/sampling points (6)

Rotating Shaft

Scraper actuating pneumatics







_ FIG. 9.5 SCHEMATIC PLAN OF THE 200 AMP 'ECO-CASCADE-CELL' REACTOR

(Upper anode box assembly omitted for clarity)

A Ancde {nickel plpte)

B Anode box securing side plate {rubber lined steel)

C 'Insulétgng Bush (polypropylene)

D Titanium Plate Anolyte compartment

E Perfarated Titanium Outer and Inner Plates supporting membrane
F Membrane; cation exchange cloth

G Cathplyte/reactu; body {rubber lined steel)

H Catholyte dividing Baffle Plate (polypropylene}

1 Baffle - cylinder space (annuler)

J Rotating Cylinder Cathode (stainless steel)

K Scraper . __







FIG. 9.6 (=) SCHEMATIC OF THE FLOW SYSTEM FOR THE 200 AMP

'ECO-CASCADE-CELL' - showing the anolyte

and water flush circuits

Anolyte Circuit

AT anolyte tank
PA anolyte’pumﬁ
AC anclyte compartment (2)

water Flushés

RT rutammeters_(é)

cc clear catholyte

R to recycle

My filtered mains water
W - waste water

F _ filter

seal assemblies

uLs upper lip seal {(water flushed)
L[S lower lip seal {(water flushed)
uL _ upper labyriﬁth (catholyte flushed)
LL lower labyrinth (cathniyte flushed)

rotammeter functions

1 " - . clear catholyte inlet-to UL
2 clear catholyte inlet to LL
.3 water outlet from ULS

4 . weter outlet from LLS

5; water inlet to ﬁtS

6 water inlet to LLS

(bold 1ine)
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FIG. 9.6 (b) . SCHEMATIC OF THE FLOW SYSTEM FOR THE 200 AMP
. YECO-CASCADE-CELL' REACTOR - showing the cetholyte
" and product separation ecircuits

cC ) Catholyte compartment

pC Catholyte Pump

GS Gas/Liquid Séparator

G Gas Vent

C Hydrocyclone Solid/Liquid Separator
TH Thickening Eone

mMp Metal Powder Slurry

CT Catholyte Tank

23] Separator Pump

Lc Level Control on GS

The figure shows the valves arranged for normel flow (metal removal)

i.e. V1 open
V2 closed
V3 .clused

V4 open

o For proaqct récouéry,'ths reactor was backwashed by reversing flow throug]

it i:a.flirvf'-closad

:‘gUZ open
N Jr~- V3 open
{
. k-]
V4 closed
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FIG. 9.7 SCHEMATIC OF THE ELECTRICAL CIRCUIT FOR THE 200 AMP

'ECO.CASCADE-CELL® REACTOR

-

T - Trang?ormer/RectiFier

R Regulator |

5 Precision Shun.t, 5008/50 mV
Y * Cell Voltmeter

P8 Cathode Power Brush

LPPY Lower Potentiel Pick Up Brush

upPPY Upper Potential Pick Up Brush

DYM(T) Current, Digital Voltmeter

DUM(E) Potential, Digital Voltmeter.

SWA Switch to Select PPU Brush

SWB" Switch to Select Reference Electrode Assembly

(RHS anodes omitted for clarity: each LHS anode has 8 RHS equivalent

cﬁanected to it.)
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FIG. 10.1  CATHODIC POLARISATION CURVE FOR COPPER DEPOSITION
ON TO A SMOOTH COPPER R.C.E., showing tha limits

of reproducibility for ten successive trials

0.014 M CuSO, + 1.5 M H_SO

4 24
22° ¢ '

500 rpm

d = 6.3 cm

l1=4&.3 cm

A = 85.1 cm?

U= 165 cm 8™

150 mV (rrtj.n)"1 linear sweep rate

(See also Table 10.1)
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FIG. 10.2 CATHODIC POLARISATION CURVE FOR COPPCR DEPOSITION
ON TO A SMOOTH COPPER R.C.E,, showing the effect

of potential scan rate on the limiting current

Undivided cell; socluble copper anode., Other conditions as

Fig. 10..1
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EXPERIMENTAL MASS TRANSPORT DATA FOR COPPER.
DEPOSITION TO A' SMOOTH ROTATING CYLINDER

ELECTRGDE : Comparison with known correlations

FIG.10.3 "'., Eisenberg, Tobias and Wilke Correlation :

-0.30 0.6404
5y =0.079 (Re) ~03C o (s1)(5c)%
FIG.IO.4i Robinson and Gabe Correlation:

5y = 0.079T (Re) 0T . (st)(5¢) 7
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FIG.

1.5
22

500

150

10.5 . CATHODIC “POLARISATION CURVES FOR CORPER DEPOSITION
ON TO SMOOTH_ROTATING CYLINDER ELECTRODES, showing

the effect of copper concentration

M H,SO
C

rpm

6.3 cm
4.3 cm

85.1 cm2

165 em s~ 1 -

mV (min)-1 linear sweep rate



Cu CONC./mg dm™3

A 890
3 500
C 200
D 125
5

l l

08 10

1 /A

-0-7  -08  -09 10 -1 =12
| £/V (MMS)

-0-6

. ..0.5
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FIG. 10.6 ~ CATHOOIC POLARISATION CURVES FOR COPPER DEPGSITION
ON.TO A SMOOTH R.C.E., showing the .effect -of

copper concentration

As Fig. 10.5, but with a logarithmic current abcissa
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FIG. 10.7 "REST POTENTIAL OF A COPPER R.C,E., AS A FUNCTION

OF CONCENTRATIGN

s s . . .
indicating & near -~ Ne. stian response

conditions otherwise as for Fig. 10,9

22

500 rpm
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FIG.

1.5

22

O
n :
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L]

150

RPM

U=

10.8  CATHODIC POLARISATION CURVES FOR COPPER DEPOSITION
ON TO A SMOOTH R.C.E., showing the effect of

rotational spsed

M .HZSUd

= 6,3 cm

4.3 cm

85.1 cm

mV (min)-1 linear sweep rate

= 100 - 1000, corresponding to

33 - 330 cm s
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FIG.-- 40.9 . CURRENT AS A FUNCTION OF ROTATIGNAL SPEED FOR

various potentials

LOG - LOG axes, obtained by recording steady currents at a set

potential For sach rotational speed
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FIG. 10.10 "  LIMITING-EURRENT AS A -FUNCTION OF COPPER

CONCENTRATICN

Conditions as for Fig. 10.5
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FIG. 10.11 CATHQQ;Q;FQLiﬁ;SATIQU_QURUE~FQB COPPER DEDDSITIDN_
ON TO A SMOOTH R.C.E., showing the effect of
surface area

0,014 M CuSO

4
+ 1.5 M HZSDA
22° ¢
500 rpm
d = 6.3 cm

l1=1.1~5,05¢cm

U= 165 cm 5'1 -

150 mV (rniﬂ)-1 linear sweep rate

A = 21.5 - 100 . cm?
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- FIG. 18.12 LIMITING CURRENT AS A FURCTION OF ARER,

corresponding to Fig. 10.41

showing a linear relationship:

ILOCA

The slope gives the averaged current density as 0.0081 A t:m—2
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FIG, 10.13 CATHODIC POLARISATION CURVE FOR COPPER DEPGSITION
ON TO A SMOOTH R.C.E., showing the effect of

" temperature

0.014 M CuSO

a4
1.5 M H2804
22 -60°¢C
500 rpm
d = 6.3 cm
l1=4,3cm
AR = 85.1 cm2

U= 165 em s~

150 mV (rnin)-1 linear sweep rate

)
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FIG. 10.14 LIMITING CURRENT AS A FUNCTION OF TEMPERATURE,

_cbrreépdndihé_tc Fig.-1D.13
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FIG. 10.15 COPPER CONCENTRATION DECAY FOR A R,C.E. DEVELOPING

RDUGHNESS‘i

Initial concentration 0.014 M CuSO4

1.5 M H2504

229 ¢
d = 6.3 cm

1 4.3 cm

1]

A

1]

85.1 cm
rpm = 340

U= 112.2 cm s~
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FIG. 10.16 CONCENTRATION DECAY IN A BATCH R.C.E.R.

(Fig. 10.15 plotted with LOGC ordinate)

showing the limits of reprodueibility for 5 tria ls, and typical

gexperimental data

conditions as for Fig. 10.15
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FIG. 10.17 CONCENTRATION DECAY IN A BATCH R.C.E.R,
As Fig, 10.16 but showing results for chemically .

polished and electrOpniished copper electrodes,
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FIG.

10.18

CURRENT DEEAY IN A BATCH R.C.t.R., corresponding _

to the concentration decay of Fig. 10.16
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FIG. 10.19 CURRENT AS A FUNCTION OF CONCENTRATION DURING A
BATCH R.C.E.R. DECRY, corresponding to Figs.

10.16 and 10,18

showing the theoretical line expected from 2 smooth slesctrode
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FIG. 10.20 'APPARENT MASS TRANSPORT COEFFICIENT AS A FUNCTION

OF “TIME-corresponding to Figs. 10.16 and 10,18

showing the calculated value for a smoocth R.C.E.



240

_ _ [ - _
£
o =
o -+
O A N
- o 212w
o) o =
o o —
o -
o]
O <
- o —
o)
o)
O
o)
o .
| o - °
o)
o
Q
P
| _ _ N { -
LN o LN o Tal S LN o
m m (o] o~ -— ~

s w/cot x Ty INTYVddY

L




FIG. 10.21 CONCENTRATION CHANGE AS A FUNCTION OF CURRENT,

corresponding to Figs. 10.16 and 10.18

showing the theoretical line expectad-?or-a.émooth R.C.E.






FIG. 10.22  CONCENTRATION DECAY IN A BATCH R.C.E.R., showing

the effect of cathode potential T
conditions otherwise as for Fig. 10,16
some data points omitted for clarity.

cathode potentials are guoted w,r.t. M.M.S,/tN Na2SU&
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FIG, 10.23 CURRENT - TIME BEHAVIOUR IMN A BATCH R.C,E.R,,

showing the effect of -potential

corresponding to Fig, 10,22
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FIG. 10,24 - CONCENTRATION DECAY IN A BATCH R.CLE/R., for an

initially rough (poudery) electrode

The electrode following a Fig., 10.16 trial was resubjected to

electrolysis under identical conditions
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FIG. 10.25 a APPARENT RATE CONSTANT RS A FUNCTION OF ROTATIONAL - -

SPEED, corresponding to fig. 10.24

log - log plot, showing the apparent dependence of the rate constant
on the rotational speed for the initial (smooth)} and final {rough)

slopes of Fig, 10.24
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FIG. 10.26 CONCENTRATION DECAY FOR THE (SELECTIVE) DEPOSITION

OF COPPER FROM A Cu/Zn SOLUTION
‘Potentiostatic confrol at 2 different potentials -

0.014 M CuSO

4
0.014 M ZnSClA
1.5 M H2504
22° €
d = 6,3 ¢m
1 =24,3cm
A = 85,1 sz
rpm = 340

U=112 cm s'1

=
]

1000 cm

{
il
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FIG., 10.27 CATHODIC POLARISATION CURVE IN A SOLUTION CONTAINING

COPPER AND ZINC SULPHATE

Conditions as for Fig. 10.26

Linear Sweep Rate = 150 mV (min)-1

indicating the control potentials used in Fig. 10.26
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FIG. 10.28 CONCENTRATION DECAY FOR THE (SELECTIVE) DEPOSITION

OF COPPER FROM A Cu/Ni SOLUTICN '

Potentiostatic control at 2 different potentials
0.014 M CuSD4
0.014 M NiSDd

1.5 M H2504

other conditions as Fig. 10,27

V = 1000 Cm3
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FIG. 10.29 CATHODIC POLARISATION CURVE IN A SQLUTION

e CONTAINING COPPER AND NICKEL SULPHATES

Conditions es for Fig. 10,28

Linear Sweep Rate = 150 mV (rnin)-1

indicating the control potentials used in Fig, 10.28
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FIG. 10.30 INDIVIDUAL POLARISATION CURVES FOR COPPER AND SILVER

DEPOSITION IN NITRIC ACID SOLUTION

0,014 M Cu(N03)2

e Nt S

0.15 M HND3
and
0.014 M AgNDB. )

0,015 M HN03 )

d = 6.3 cm
1 =4,3¢cm
rpm = 340

U 112 cm s

linear sweep rate = 150 mV (min)-1
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FIG. .10.31 CONCENTRATION DECAY FOR THE (SELECTIVE) DEPQOSITION

OF SILVER FROM Ag/Cu SOLUTION
Potentiostatic control at 2 silver overpotential of - 180 mV
Conditions 8s for Fig. 10.30

¥ = 1000 cm3



- I 4 B
M. - "4"
i"\\ o
'y Cy N
o i
o THEQRY -
Ag i
° .
e -
(-
®
— —
C ° ]
i . i
I . ]
I . |
. .
o
Ag o -
I | I

60 120 180
t /min



FIG. 10.32 CATHODIC POLARISATION CURVE IN AN INDUSTRIAL

CYANIDIC DRAGOUT SOLUTTON Tt -

Solution composition as Table 10.5 stainless stesl R.C.E.
20° €

d

&.0 cm

1

4.5 cm

A 2

1]

B5.1 cm
rpm = 500

U =157 em s

linear sweep rate 150 mV (min)'1
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FIG. 10.33 CONCENTRATION DECAY FOR A CYANIDIC DRAGOUT

SOLUTION, showing the effect of cathode potential

Conditions as for Fig. 10,32undivided reactor, stainless steel
anode
V = 1000 cm3

smooth deposits in all cases
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FIG. 10.34 CURRENT - TIME BEHAVIQUR FOR CONCENTRATION. DECAY

©t - - ——.OF A GOLD CYANIDE SOLUTION

Corresponding to Fig. 10.33
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FIG.

10,35

CATHODIC POLARISATION CURVES FOR METAL DEPOSITION

IN A CYANIDIC EFFLUENT SOLUTION .

Showing the aeffect of pH.Compositions are shown in Table 10.6

d

1 =

A

H

Tpm

U =

6.0 cm
4.3 cm
85 cm2

= 500

157 cm 5'1

linear sweep rate = 150 mV (min)-1

The control potentials used in the potentiostatic electrclyses of

Figs. 10.36 - 10,38 are shown
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FIG. 10.36 CONCENTRATION DECAY IN A MIXED METAL,
EYANIDIC EFFLUENT SOLUTION

———— e A — e ——m

Potentiostatic control at -0.550 V (M.M.S.) in a divided cell

Conditions as for Fig. 10.35

v = 1000 crn3
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FIG. 10.37 CONCENTRATION DECAY IN A MIXED METAL,

~e=-=l..__._________ _ CYANIDIC EFFLUENT SOLUTION

As for Fig. 10.36, but using an undivided cell
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FIG. 10.38 CONCENTRATION DECAY IN A MIXED METAL,

CYANIDIC EFFLUENT SOLUTION T e s

Conditions as for Fig., 10.37, but using a control potential of

-0.900 V (M.M.5.) and the solution following Fig. 10.37
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FIG. 10.39 CURRENT-TIME HISTORY FOR GROWTH OF ROUGH COPPER

DEPOSITS showing the effect of rotatiecnal velocity

Potentiostatic control at - 1.000 V (M.M.S.) corresponding to

limiting current conditions

0.014 M CuSU4

1.5 M H,_ SO

2774
22° ¢
d = 6.7 cm
1 =4.3c¢cm
A = 85.1 cm2

rom = 180 to 1230

U= 59.4 - 405.7 cm s~ 1

typical, average curves shoun
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FIG. 10.40  GROWTH DF CURRENT WITH TIME FOR THE DEVELOPMENT OF =

ROUGH_COPPER_DEROSITS:_ Limits of Reproducibility

As for Fig. 10,39, showing as hatched areas the limits for
reproducibility for several rotational veloeities. 5 trials

were performed for each curve,
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FIG. 10.41 LIMITING CURRENT AS A FUNZTION OF ROTATIONAL

VELOCITY FOR SMOOTH AND ROUGHENED COPPER

DEPOSITS

Corresponding to the initial and final values of limiting current

at a given rotetional velocity from Fig. 10.39
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FIG. 10.42 CURRENT=-TIME HISTORY FOR THE DEVELOPMENT OF

showing the effect of electrode potentiml, under potentiostatic

conditions

B.014 ™ cUsodﬁ

1.5 M H,SO

2°%
22 %¢c
d = 6.3 cm
1 = 4.3 cm
A = 85.1 cm’ '
rpm = 340

U = 112 em s~
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FIG. 10.43 AVERAGE ROUGHNESS AS A FUNCTION OF TIME FOR

GROWTH OF ROUGH DEPOSITS

Showing-the-effect-ef—rotational—speed

Potentiostatic Growth of copper at - 1,000 V (M.M.S5.)

0.014 M CuSO

4
1.5 M HZSG4
22 °%¢c
d = 6,3 cm
1 = 4,3 cm
A = B85.1 cm2
rpm = 180 or 340

1

U = 59.4 or 112.1 cm s

. The limits of varietion in ﬁro?ilometric Ra value are shown

for each time,
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FIG. 10.44 TYPICAL SURFACE PROFILOMETRIC TRACES FOR DEPOSITS

DEVELOPING ROUGHNESS

Showing the progressive development of roughness undsr potentiostatic

contral at the limiting current,

Conditions &s for Fig, 10.43, all traces refer to 340 rpm.

Key

8) O min (preplated surface)
b) 10

c) 20

d) 25

a) 30

f) 40

g) 50

h) 70

i) 120
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G. 10 .45 GCANNING ELECTRON MICROGRADPHS

showing the development of roughness
during copper deposition
MAGNIFICATION x 20

FAH |

-1000 mV  MMS/1N Ne_S

N YA A AR ron
.01 usl,
nn0 ~
4 e 4
i 6.3 em

-

potentiostatic growth on to a copper electrode surface

3

C

prepared by wet polishing with 600 grade emery paper, followed
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FIG. 10.4% SCANNING ELECTROH MICROGRADHS
showing the effect of czthede potzntial

during copper depcesitisn,

MAGNIFICATION-x-20

0.014 M CUSO4

1.5 1 stﬂa

d = 6.7 cm

pm = 345

U= 112 cm's_1

deposition time = 60 min,

' 1 L
my (HMMS/IN La2504)

a) - 750
5) - 850
c} = 1000
d) - 1200
PLAM a C






FIG. 13.47 SCANNING ELECTRON MICROGRAPHS OF ROUGH
COPPER DEPOSITS shouing the effect of

rotational speed

MAGHIFICATION X 20
- 1000 @y {M.M.5./1IN NaZSDé)

2,014 H CUSO4

1
1.5 M HZSD4

22° ¢

d = 4.3 cm
depesition time = 60 min,

r.p.m. U/cm 8-1

z2) 200 66
b) 500 165
¢) 750 247
DLAN 2)

b)

c)






FIES. 10.48 - 10.50

SCANNING ELECTROMN MICROGRAPHS OF ROUGH

COPPER DEPDSITS: SPRECIAL FEATURES

conditions gererally as for FIG. 10.46

FIG. 10.48

MULTIPLE, LAYERED GROWTHS

FIGC. 10.49

FIC. 10,50

MAGNIFICATION x 5¥

after 5 min,

'STAR' SHAPED DEMDRITIC BRAMNCHES
MAGNIFICATION x 2§

after 30 min.,

'ROSETTE', LAYERED STRUCTURE

as FIG. 10.49, but st an incressed time and MAGNIFICATION x 10K

after 60 min,







FIG. 10,52 POLARISATION CURVES FDR COPPER DEPOSITION ON TO

SMOOTH AND POWDER DEPOSITS

showing the effect of deposition time under the conditions shown in

Fig. 10.39

340 rpm
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FIG. 10.53 LIMITING CURRENT AS A FUNCTION OF ROTATIONAL

————

VELOCITY FOR ROUGHENED DEPOSITS

deposits grown at the limiting currant, under potentiostatic control

- 1.000 V (M.M.5,) for various times.

measurements obtained by recarding steady currents at set

potentials.

Other conditions as for Fig. 10.52,
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FIG. 10.54 EFFECT OF ABRUPT DEPOSIT REMOVAL ON MASS

TRANSPORT

showing the growth of (limiting) current and the effect of scraping

(by means of a full length tufnol blade)

0.014 M CuSDa

1.5 M H.SO

2 4
22° ¢
d = 6.0¢m
l = 6.3 cm
A = 119 cm?
pm = 360
U = M3emes

gTw value predicted by the Eisenberg, Tobies and Wilke Correlation.

KCG value predicted by the Kappesser, Comet and Greif Correletion,




development of roughness

ETW

smooth

— — — — — ¢ /em =002 KCG (ROUGH)
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1
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|
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120

180

240
TIME .t/nﬁn




FIG. I0.55 LIMITING CUHRENT 4S5 A FUNCTTOM. OF ROTATION VELOCITY
FOR KNURLED CYLINDERS, diameter I.5 cm.

Copper deposition from: 0.0I4 Cu SOq_ +

.5 M
I.5 M H,S0,




d/e =60
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d/c =833

N

SMCOTH

003 L I 1 I '1 11
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FIG.LI0.56 LIMITING CURRENT AS A FUNCTION QF ROTATIONAL
VELOCITY: FOR KNURLED CYLINDERS, diameter 6.0 cm.

conditions as for Fig. I10.55
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FIG. IO. 57

MA'SS TRANSPCRT TQ KNURLED ROTATING CYLINDERS,
during copper deposition.

Plots of modified Chilton Colburn factor, iy’
against Reynolds number.

Splid line due to the amooth cylinder correlation,

’ [
of Eisenberg, Tobias and Wilke =

«30

=0
jn',‘omo?g (Re)

!
where jD’z {st) ﬁSb@O'éuq
and (Re) =Ua

Ry
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FIG. 10.58 CATHODIC POLARISATION CURVES IN THE PRESENCE

OF THIOURER

0.014 M CuSO0

4
1.5 M H2804
22 ° ¢
d = 6.3 cm.
l1 = 4.3 cm,
A = 85.1 cm2
rpm = 340

-1

U = 112 em s
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FIG., 10.5% CATHODIC POLARISATION CURVES (OVERPOTENTIAL AGAINST

CURRENT) SHOWING THE INFLUENCE OF THIOUREA

As Fig., 10.58
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FIG. 10.60 COPPER CONCENTRATION DECAY IN THE PRESENCE OF

THI OUREA

0.014M CuSUa

1.5 M H_,S0

2 74
22° ¢
d = 6.3cm
1 = 4,3cm
A = 85.1 cm?
rpm = 340

-1

U=112 cm s
E=-14,000V (MMS)

-5 =4 - - -
Thiourea, 10~°, 18°%, 107>, 1072, 107", o
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FIG. 10.61 CURRENT-TIME BEHAVIOUR FOR THIOUREA ADDITION TO

COPPER SOLUTIONS

Corresponding to Fig. 10.60

10‘3 ¥ Thiourea
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FIG. 10.62 EFFECT OF THIOUREA dN ROUGHNESS DEVELOPMENT AT

CONSTANT COPPER CONCENTRATION

Conditians as Fig. 10.39, 340 r.p.m.



FIG., 10.63 EFFECT OF AN ULTRASONIC FIELD ON THE POLARISATION

CURVES FOR COPPER DEPDSITION

Preliminary studiss performed in co-operation with Mr, C. Gould.
Polished stainless R.C.E.

0.014 M CuSDa

1.5 M H2804

22% ¢

150 m¥ (min)~"

d = 1.03
1 = 1.76
A = 5.7 em?

rpm = 500 - 3000
U = 27 - 162 em s

Ultrasonics: 25 Hz
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FIG. 10.64 MASS TRANSFER COEFFICIENT AS A FUNETION OF

REYNOLDS NUMBER SHOWING THE EFFECT OF ULTRASONICS

Corresponding to Fig. 10.63.
Log - Log plat, to qgterhine the relationship:

n
KL__ ol (Re)
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FiG., 10.65 TYPICAL CELL VOLTAGES.AS A FUNCTION OF CELL

CURRENT

Showing the potential difference between the upper (power) brush,

and the lower (potential pick up) brush.

360 rpm
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FIG. 10,66 POLARISATION CURVE FOR SMOOTH COPPER DEPODSITION

SHOWING THE (NEGLIGIBLE) EFFECT OF GAS BUBBLING

0.014 M Cu50

4
1.5 M H2504
d = 6.3 cm
l = 4,3 cm -
A = B5.1 cm2
Tpm = 360
U =. 119 cm 5-1
2°%c

150 mV (min)-1 linear swesp rate

Nitrogen gas bubbled through the reactor (volume 1 dm3) at 1 litre (miq)-
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FIG. 10.67 ) VARIATION OF FLUID DENSITY WITH TEMPERATURE

FOR ACID COPPER SULPHATE ELECTROLYTES

1.5 M HZSD4

D to 0.7 M CuSD4
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FIG. 10.68 ARRHENIUS PLOT FOR KINEMATIC VISCOSITY OF

ACID CDPPER SULPHATE ELECTROLYTES

1.5 M H,S0,

0, end 0.014 M CuSO,
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FIG. 10.69 ARRHﬁNIUS PLOT FOR DIFFUSION COEFFICIENT OF

ACID COPPER SULPHATE ELECTROLYTES

1.5 M HZSGA

0.014 -« 0.7 M CUSU4
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FIG. 11.1 '"POLARISATION CURVES' FOR COPPER DEPOSITION IN THE
500R PILOT PLANT

0

200 C

Conditions as in Tables 11.1

Note: These e not steady state curves, as the effective concentration
in the reactor detreased as the current was increased, The
concentration figures refer to samples teken when the current

was ca. 200 A.
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FIG. 11.2 POLARTSATION CURVES IN THE VICINITY OF THE LIMITING

CURRENT = 500A PILOT PLANT, COPPER DEPOSITION

Conditions as for Fig. 11.1.

Only currents in the region of mass transport control were used,

in order not to change the reactor conversion and hence concentration.

The concentration figures refer to samples taken from the reactor in

the vicinity of the limiting current,
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FIG. 11.3 LIMITING CURRENT AS A FUNCTION OF {OUTLET) COPPER

CONCENTRATICN

Indiceting I, OC'CGUT’ approximately with the slope giving the
1

-

averaged mass transport coefficient as 0.262 cm s

Data from Polarisation Curves and Table 11.2.
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FIG. 11.4 LIMITING CURRENT -~ COPRER CONCENTRATION RELATIONSHID

FOR STERDY STATE ELECTROLYSIS,
Conditions as in Table 1.1

Ideally, I ©C C, and the line drawn gives the mass transport

coeff, as 0,393 cm 5-1.
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FiE. 1.5 CONCENTRATION DECAY FOR COPPER DEPOSITION

Note: The break in the curve after 20 mins, is due to an sbrupt,

deliberate change in the flow rete through the reactor,



LN(C/mgdm-3)

e

L
CHANGE IN
FLOW RATE

l i Ll

20 30 40 50

TIME .t/;mm

Ny

e ]



11.6 CURRENT DECAY FOR COPPER DEPOSITION
Corresponding to Fig., 11.5.

Showing both total current, I and calculated limiting current, IL'
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FIG., 11.7 CELL VOLTAGE AND FARADAIC POWER AS A FUNCTION

OF CURRENT for the 500A Pilot Plant

The slope of the cell voltage/current curve gives the averaged,

effective reactor resistance as 00,0138 ohm,
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FIG. 11.8 POLARISATION CURVES FOR CADMIUM DEPOSITION FROM

ZINC CALCINE LIQUOR

112 g dn~> Zn
60° C.
pH typically 2.07 initial

2,03 final
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FIG. 11.9 TYPICAL HYDROGEN EVOLUTION POLARISATION SEHAVIOUR

FOR THE 200 A ECO-CASCADE CELL

Galvanostatic, -

Potentials measured between & reference electrode probe near the
cylinder, in the relevant compartment and a lower brush engaging

on the rotating cylindsr shaft below compartment 1.

o
v
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FIG. 11.10 CELL VOLTAGE AS A FUNCTION OF CURRENT:

200A ECO-CASCADE-CELL

Hydrogen Evolution

Anodes pair no. 1 only in use.
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FIG. 11.11 POLARISATION BEHAVIQUR FOR COPPER DEPOSITION

IN THE 200A ECO-CASCADE-CELL

Showing potentials measured in each compartment for wvarious
currents,
Potentials measured as for Fig., 11.10

-3
CIN = 152 mg dm ~ Cu
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FIG. 11.12 CONCENTRATION DECAY IN THE 200R ECO-CASCADE CELL

REACTOR

Showing Concentration Profiles for the Inlet and fach Compartment

Conditions as for Table 11.7
Current = 300 A

Cell Voltage = 2,7 V
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FICS. 11.15 - 11.16 MASS TRANSPORT DATA FOR ECO-CELL PILOT
PLANTS

(Plots of Modified Chilton-Colburafactor as a function 6? Reynolds

Number)

11.13 SCR. Lab. Rig. 1

11.14 4008 Mini-Cell **

11.15 500'A Pilot Plent

11.16 2KA Pilot Plant

Copper Deposition from acid sulphate solutions (generally 1M H2504)

at 60° C.

Selected Data (Points) are compared to the Holland Correlation

(solid line).
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~-.FIG. 11.17 COMPENDIUM OF MASS TRANSPORT DATA FOR ECOD-CELL

REACTORS
Composite plat of Figs. 11.13 - 11.16

H : Equation Due to Holland:

ip' = 0.0791 Re™0-08

ETW : Equatiop Due to Eisenberg, Tobias & Wilke:

(for 8 hydrodynamically smooth R.C.E.)

| -0.30

Jp = 0.079 Re

TR : Equations due to Theodorsen and Regier
(For saturated roughness)

[ . -2
Jp = E 1.25 + 5.76 log,, d )

m

TR1 d/e

1000

TR2 d/e =100

TR dk = 40
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FIG. 11.18 CONCENTRATION PROFILES IN THE 100A

LABORATORY CASCADE REACTOR
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FIG. 11.19 CONCENTRATION PROFILES IN THE 1KA COMMERCIAL

CASCADE REACTOR
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APPENDIX 1

Computefgbqugémﬁe.'Supe}sbiéeﬁ' fﬁr‘télbulétion.and Analysis of

Mass Tfanspoft Data

The programme devised by the author and mritﬁan largely by Mz, T.C, Hopkins
receives as input data EITHER:
1) sets of (St), (Re) and (Sc)
OR:
2)-iL, z, C, U, d, 9 and D from which tSt}, {Re) and (5c) are calculated.
To correlate the results, a pewer function is essumed:
{St) = a (Ra)b (se)” ' ,

Taking Logarithms

log (St) = b LOGC (Re) + ¢ log (Sc) + log a
A three dimensional least squares analysis is performed on log (st),
log {Re) and log (Sc) using standard TNAG! library routines GO2BGF and
GO2CGF. These routines also cutput 8 statistical packege of information

/
(see Table 10.2)-on the constants a, b and c.

Tabular and graphicel Compatison is made with literature correlations

due to Eisenberg, Tobias and Wilke:

(5t) = 0.079 (Re)™0+70 (5¢)~0-644
and Robinscn and Caba:
©(5t) = 0.079 (Re)"0*?1 (5¢)70-%7

A plot is also offered of (5t)(Se)™© against (Re) on log - log co~ordinates,

Further information is available from the programme listing, or its

accompanying notes for guidance,



APPENDIX 22

GENERAL PROPERTIES QF PERFILUOROCARBON, CATION EXCHANGE MEMBRANES

A. NAFION type XR-400/425 (as used in the Pilot Plant £xperiments)
Supplier: E. T. Du Pon de Nemours 60.,
- Plastics Degt.,
'NaFion'-Membrane Venture,
Wilmington,

Delaware 19898,

U.5.4,

Properties

PROPERTY | VALUE
Flectrical resistance . 3.8 chm cm2
Permselectivity
{1.0NKC1 /3.0N XKC1) 7.0 %
Thickness at SO0% R.H. 10 mils
Ion Exché%ge Capacity 0.83 meq g“1
Tensile Strength, wet 30 16 in”?
Elongation, wet 150 %
Electroosmotic tramsport
(0.5% H.50,, 30° €) 50 S a
Dimension Stability 11 7

(50% R.H. to Qet)

Description: the perFluorosulphopic acid membrane is a homogeneous

film of a completely fluorinateg polymer éontaining pendant sulphonic
acid groups. The membrane is reinforced by a 'Teflon' TFE Fluorocarbon

resin.



B. IONAC type MC3470 (as used in the laboretory reactor)

Supplier: Iﬁnac Chamical Compény;
Sybron Corporatioen,
Box 66,
8irmingham,
New Jarsey 08011,
U.S5.A,

Propertiegs:

PROPERTY | VALUE

Electrical Resistance

{(0.1N NaCl/4.0N NaCl) 5.6/4.8 ohm cm?
Dermsélectiuity .
(0.5N NeC1/1.0N NaCl) 96.2 : "o

Water Permeability in ml/hr/Ft2 ;

/
) 10 psi ’ )
! .
Mullen Burst Strength 190 1b in™>
Thickness : 13 - 14 mils
. ' ' -2
Density 405 gm
Capacity 1.05 meq 9—1
-2
0.038 meq cm
Dimensional Stability Good

'

Dascription:
The Ionac membrane is somewhat cheaper and less chemicelly stable
than the Du Pont one, but provec quite suitable For short-term

i

laboratory studies.



APPEMDIX R ‘

Surface Profilometric Measvremant

The principle of a 'Talysurf' measurement technique is shown in the
first figure. The stylus slowly traverses the workpiece and
accurately feollows the surface irregularities. The stylus is
equipped with an optical transducer; the vertical movements are
converted into an electrical signal, This signal may be processed
For display in sither of tﬁe following ways:
a) a graph representing the profile, with considerable magnification
of the vertical height (1K to 50K x), and & smaller magnification
{20 to 100 x) of the horizontal spacing.

b} a (simultaneous) meter indication of the Roughness Average, Ra

Ra is defined as the arithmetical average of the departures of the
profile above and below the reference line {centre of mean line)

throughout the set sampling length, . (See the second and third

r
’

fFigures).



PRINCIPLE OF THE TALYSURF

a) Schematic of the Measurement Principle

A  Amplifier Circuitry
T Traverse Unit

P Pick-up

S Stylus

W  Workpiece

M Meter

R Recorder (electrographic)

b) Definition of Centre Line

Over a length L, the centre line is drawn such that the sum of

.

the areas bounded by the surface profile above the line is sqgual

to the sum;of those below the line

]
/

Area N +/C + E + G s Area B + D + F + H

N

c) Definition of Roughness Averaga, Ra

Ra = h, +h, + h, ... /1

Y
Fed
o
[o N
[

where L is the sampling length
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