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8.. LA BORATORV EXPERI r~ENTAL WORK 

The exoerimental studies described in this chapter were 

generally performed at Loughborough University of Technology, 

in the DeDertment of Materials Engineering and Design. 

The apparatus used was designed and built by the author to 

act as a versatile rotating ·cylinder electrode reactor for 

the ntudy of controlled potential deposition of metals and 

powder formation under mass transport control. 

, 
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0.1 DESIGN CO~ISIDERATIONS AND APPARATUS 

There were tUlO conflicting requirements for the design of the 

laboratory reactor, in that it had to be capable of' 

i) performing academic mass transport studies under 

controiled, reproducible conditions, which Ulere com­

parable. wi th previous work, and 

ii) acting as a scaled-down version or an Eeo-Cell, with 

the capacity to treat industrial process solutions. 

The general requir·"ments may be stated as follows, 

1. The non-electrode reactor components had to be fabricated 

from chemically resistent materials. 

2. The reactor had to be capable of being readily dismantled 

and assembled, to facilitate cleaning and to facilitate 

changing electrolyte or electrodes. 

3. The reactor had to be capable of being divided by an ion 

exchange mem,bran9, as in Eco-Cells. 

4. Insoluble anodes had to be incorporated when using the 

reactor in a divided mode, whereas soluble (copper) anodes 

had to be used for undivided operation. 

5. Tho reactor waG required to operate in batch, single pa"s 

and batch recycle modes; a flow-through design was necessary. 

6. The reactor had to b9 operated under controlled temperature 

conditions. 

7. Tho· reactor had to be c3pablEi of being sealed and vented, to 

prevent undue vortexing, aeration or hazardous gas ,evolution. 

8. It was desirable to minimise the use of immersed metallic 

components to the electrodes, to negBte the possibility of 

stray current elnctrolysis. 
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9. The reactor geometry had to give rise to a uniform: cathode 

- p"oterltiar-a:r1Cl cUrr,r"l: (jirns~itl;-'an-d~the-rotanngOcyrn;der~---~~--- ~~~ 

cathode had to be capable of potentiostatic control. 

More ~pecific requirements will be seen in further sections. 

The resultant versatile working reactor and associated instru­

mentation and fluid flow assemblies is shomn in Figs. 8.1 - 8.9 

and mill nom be described in some detail. 

8.1.2 Apparatus 

Fig. 8.1 (a) and 8.1 Cb) show an actual photograph and a schematic 

sketch of the completed rotating cylinder electrode reactor assembly. 

This apparatus was constructed around four "Tufnol" platforms, 

which may be described as base, lower,intermediate and upper 

platforms. Tufnol was employed due to its chemical resistance, 

insulating properties and mechanicel stability. Four 2.5 cm. 

diameter nickel-plated steel rods mere bolted to the bese, and 

these rods were screwed above a certain height and provided with 

hexagonal nuts to acceot three further Tufnol platforms. 

The upper Tufnol platform 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 generator feedback 

winding to facilitate measurement and control of its rotational 

velocity, by an electronic power supply. This system enabled 

rotational speeds of 180 - 1500 r.p.m. to be employed, set speeds 

being controlled to within 1%. The lower limit here was governed 

by- the tendency of th-e ungeared motor to "commutate" and produce 

unsteady rotation, while the upper limit was governed by the 

mechanical inertia of the drive assembly and friction due to 

bruGh loading. 
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The drive motor w~s coupled by an insulating nylon sleeve to the 

stainless steel drive shaft. This shaft was vertically mounted 

_~et'uoen two roller bearings held in an aluminium 8110y housing. 
_._ , ~-=-- ~_,,-,--=--. __ =- ~ =---0_ ---="=- _-,-,.,..,--. ~ _==: _ ~_=-"".OO-=,,"- -'-=~ -_::.o=_--c=_ "'---',,--=--~~_-.;;;;=--. __ 

This housing was mounted between the lower and intermediate platforms 

and provided with strategic greaso nipples for the periodic lubrica-

tion of the bearings. The drive shaft accommodated the power slip 

ring as it emerged from the upper surface of the intermediate 

olatform. The slip ring, which waa silver plated for good electrical 

contact, was fitted on a locking taper to the shaft and secured' by 

an ~dditiDnal hoxagonal nut. This arrangemont enabled the slip ring 

to be roodily removed, but facilitated good nlectrical conductivity 

to the she Ft. The power brush assembly wes mounted on the upper 

side of the intermediate platform, ,and consisted of a twin, tinplated 

steel, sprung-caliper unit incorporating t.UJo silver filled graphite 

brushes, each of approximata Gurface a raB 8 2 cm. The contacting 

faces of the brushes were machined before use to mate with tha slip 

ring, and the assembly ,"as run in for several days. 

,Q small tachometer generator UJas also mount8d on the upper surfaco 

of thn intermediate platform, and was driven from the shaft by 

pulleys and a rubber belt. This provided an output of 1 V at 1000 

r.p.m."which was proportional .t different speeds. Coupled to a 

voltmeter, the olectro-mechanical tachometer provided a chock on 

the rotational speed. 

The lOUJar platform carried 0 small 12 V. DC motor on its upper 

surfaco, and this was used to drivo the anolyto bath stirror via a 

thyristor speed contrtil unit. 

Tho rotating cylinder electrode (catholytB) compartment, which will 

bn described b"low, ums flangod on tll a 2.5 cm. thick perspox plate. 

Thi.'3 ~.late~1I):33 3uspended f:-om the unrlsr side of the lowor n18tform 

by four 3crewRd 8tain18~8 ste~l rQd~. 
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.~ small silver pJ.'atsd copper slip ring was fi tted on to the rotating 

shaft m!1are the latter emorged from the IoU/er platform • This U/as . 
contacted by~a small s~lysr_filled graphite brush of approximate - - --~. --- - '----- .. '., -.-- '- ~- ~~- =- 7'cc-,· ,--, c~- __ C-," 

contact area 0.3 cm2, m!1ich served to measure the potential of th~ 

R.C.E. mithout including the potential drops across the slip ring/. 

brush assembly and the drive shaft. 

The top plate of the reactor (Fig. 8.2 e),u8s provided with several 

oealablo aperturoD to mount the central drive shaft, the fluid 

outlet/gas vent, a mercury thermometer, and the reference electrode 

probe. The las.t tmo were sealod via PTFE scrsmed collars com-
, , 

pressing silicone 0 rings. The thermometer aperturo also served 

as a sampling point in certain oxperiments, small discrete samples 

of electrolyte being IIJithdramn mith a hypodermic syringe or a 

micro-pipette. The reference electrode probe consisted of a 

vertical glass tube terminated in a lom leakage ceramic frit located 

approximatel. y 1.5 mm. from the active cathode surface, and at half 

the height of the cylindor. While a smaller distance and a luggin 

capillary along the lines of curro~t flow are clearly desi~able from 

the point of view of measuring an accurate electrode potential, 

these considerations mere relaxed to allow metal powder buildup to 

occur in some cases. The liquid junction glass tube probe lUas 

conveyed via a flexible transparent PVC tube to a polypropylene 

reservoir mounted on the side of the upper platform. This reservoir 

U/as filled mi th salt bridge solution, typically 1.0 M sodium sulphato 

and fitted with a mercury/mercurous sulphate reference electrode and 

a tap to facilitate filling, sealing and bleeding air from the systom. 
, 

This design of probe and reservoir resulted in a rigid, robust, 

versatile assembly, which could be readily changed for an alternative 

reforence electrode system, removed to aid electrode or reactor 

cleaning or preparation, or used ext~rnally. \-Jhilst the small 
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hydrostatic head of the salt bridge, sealed reservoir and ceramic 

fri t combined to 9i ve a good reproducible liquid junction mith lom 

leakage, " sulphate· reference electrode was preferred to a chloride 

.. -~~rTery·;:ucha8 ··caramel, 68cBuse surphate'-ions·-were~directly"com-= •. ~~.= 

oatible with the sulphuric acid indifferent electrolyte used in many 

.experimonts. Moreover, chloride ions, eVen in small concentrations, 

arc knolUn to exert a marked effect on the electrochemical behaviour 

and deposit·characteristicB of copper deposition. 

The catholyte compartment was an approxi~ately cubic perspex vessel 

ooen at the top and flanged via a 3 mm. rubber gasket to the perspex 

top plato. It WBS secured to the latter by 8 quick-release stainless 

steel thumbscrews. For flow through operation, or emptying the 

reactor, the bottom was provided with a screwed-in polypropylene 

inlet tuba. This, and the similar.outlet tube on the top plate of 

the catholyte compartme~t, (:F,ig. 8.2 C;» could be sealed off for batch 

operation. 

Fig. 8.2 provides a sories of photographs to illustrate the construc-

tion of the catholyte compartment. The four sides of the compartment 

\Uern machined from 6 mm. thick transparent "Perspex" sheet, and were 

each provided with a central square 8 cm. x 8 cm, aperture. The 
, , 

sides luere joined by a solv"nt cement (I.e.! 's Tensol 6) and clamped 

. , ) 
together with 6 BA stainless steel allen cap screws.(FiS' 8 .. 2 "') . 

The latter were counterbored and covered with an insulating layer of 

solvent cement. The top flange of the compartment consisted of a 

square frame of 6 mm. perspex sheet, with a central 12 x 12 cm. 

808rture. It was bonded to the compartmnnt sides as above (Fig 8.2 Q». 
The framework of the catholyt8 compartment lUaS completed by the 

addition of a square 6 mm. thick perspex plate containing a central 

screwed aperture to accommodate the inlet. 
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Each side of the compartment was, fitted with a sheet of cation 

exchange membrana (lonac MC 3470, lonac Chemical Sybron Corporation, 

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

gaskets, and the assembly was securedOby -~ -6~m:' fhi-;i<-per-spex- .- '. 

backing plate and M6 polypropylene fastenings. This resulted in 

an 8 x 8 cm. window of membrane in each 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 than finger pressure on the polypropylene fastenings. 

Fig. 8.2 C)shows the cell complete with its top plate. For simple, 

rapid trials it was sufficient to merely clamp the cell loosely to, 

the top plate, whereas for continuous flow through e~periments the 

fixings were used, finger pressuro being sufficient to seal the 

chamber. 

The catholyte chamber was immersed in a square sectioned tank (Fig. 8.1 c)) 

This tank, fabricated from glue~ and screwed 10 mm. transparent perspeK 

sheet, held the anolyte (1.5 M sulphuric acid) and also served to 

provide a constant temperature bath. The enolyte chamber (Fig. 8.3) 

had a recessed internal ledge which accepted a 10 mm. perspex cover, 

and facilitated mounting of two diagonally opposed 240 V" 50D W. 

silica sheathed immersion heaters. The latter were control+ed by a 

capi1lary, mercury in copper thermostat probe which was glass sheathed. 

The perspex cov.er also accommodated a thermometer and a flexible tube 

conveying inlet liquor to the catholyte chamber. The Cover of the 

anolyte chamber incorporated a stirrer glend through which a polypro-

pylene impeller shaft passed. The end of this shaft was provided 

with a polypropylene stirrer to encourage uniformity of temperature 

and composition in the anolyte, and to'promote escape of gas from the 

anodes. The anodss comprised four 6 mm. plates of lead/6% antimony 

disposed to each side of the anolyte chamber, and connected externally. 
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2 The effective immersed anode area was approximately 100 cm for each 

2 anode, i.e. 400 cm total and ,uas considerably in excess of the 

cathoue area to prevent anode polarisation affecting studies at the 

R.t.E. The anodes' were anodised to a·":stable lead, oxideosurface ,.~ .. 

before use, and occasionally anodically protected using a "dummy" 

cathode during neriods of disuse, to preserve the surface oxide 

coating. No effort was made to minimise the effective interelectrode 

gap, as the voltage capability of the potentiostat power supply was 

relatively large (20 V), and the relatively large inter~lectrade 

distance (approximately 10 cm) assisted in providing a more u(1iform 

pDt~ntial and current derisity distribution. The anolyte chamber lid 

mas e relatively close fit to discourage electrolyte loss via oxygen 

gaB~ing, end to provide better thermal insulation. The anol.yte' 

chamber was provided mith a drain plug, and mounted on a manually 

el.evated jack to raise (Fig. 8.1 ,,)) and lower (Figs. 8.1 e) <\I'd'H) it., 

\·Ihen the anolyte bath was lowered, the catholyte chamber could be 

left in place (Fig. 8.1 a» or allowed to fall (Fig. 8.1 'd» as appropriate. 

The design of the reactor assembly around platforms produced a rigid 

apparatus, and the platforms were individually adjustable, t~ allow 

the drive components to line up correctly. 

In soluble anode experiments, a copper foil anode was employed mounted 

inside the catholyte chamber, which then acted as an undivided reactor 

rather than an individual compartment. 

CathoJ.yte solutions 'Dare conveniently prepered and stored in a thermo-

statically heated and stirred 20 litre cylindrical glass reservoir 

(Fig. 8.4). Thi S 1!Ias provided UJi th an inlet a nd outlet, and could 

be used as part of a pumperl flow batch recirculatian system, together 

with the rotammeters in the inlet line to the cnll, and a large bore 

peristaltic pump. The flow rato could be controlled by both the 

variable speor! per.lstal tic pump or by throttling valves in a bypass 

line. The outlet liauor from the reactor was then filtered by a 

smell "'Jper c~rtridC)c (1'!h'Jtma" 10,.... grade) before returning to the 
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reservoir. The ,flow apparatus (Hg. 8.4) was largely mounted in a 

. polypropylene tray for security and cleanliness. In the majority of 

experiments, the reservoir merely served as a supply of fr~sh electrolyte, 

the preparation of a 'large volume of solution helping to prevent minor 
- 0-:'- - --=0-- - _ - -c---

variations in composition. 

The instrumentation employed for the laboratory studies is collectively 

shown in Fig.'8.5, although it should be noted that not all of the 

instruments were empl.oyed in each experiment. Fig. 8.6 shows a typical 

electrical circuit. The instruments will be referred·to in· the 

following sections •. 

Tho design of the R.D.E. and the r.otating shaft/catholyte chamber seal 

both receivod considerable thought. The seal design, which was re-

qlJired to yield a low friction surface, is indicat..,d in Hg. 8.7. The 

stainl,ess shaft was machined, lapped and polished to a mirror finish 

in the vicinity of a stainless steel cose, stainless-stee~spring-reinforced, 

nitrile lip seal, which was centrally installed in the perspex top plate 

of the catholyte chamber. The seal wes removable from ebove or below 

the perspex plate; the rotor could be removed to facilitate seal 

replacement without disturbing the top plate. The lip seal was moonted 

between a fixed, lower, and an upper, adjustable PTFE collar (wrich also 

acted as steady sleeve bearings). The upper PTFE collar extended for, 

a short distance to allow a small (5 - 10 ml) pool of water. to lie 

above the seal and around the exposed shaft. This served two purposes: 
I I 

firstly, the water acted as a tell-tale for electrolyte leakage, as its 

colour or pH tuould change, or it would overflow; secondly, the water 

sorved to lubricate and prolong the life of the seal from abovo, while 

electrolyte lubricated the Boal from below. The shaft was only 

exposed to electrolyte for several millimetres in the immediate vicinity 

of the s6al to minimise electrodeposition. In practice this did not 

prove to be a problem, although the small amount of plate was poriodically 

removed. The sectiQn of the shaft 'extending to the R.e.E. was protected 

from plating by a Sliding fit PTFE sleeve. 
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Fig 8.8 shows two designs of rotor used in this work; both types 

l~8re removable from the shaft via e male, thread on'tha upper side of 

the cYli.nder,for cOh\ienie'nco irnHMhing-,' electrode- preparation; ~and'"='-,, 

deposit examination and measurement. The first design (Fig. 8.8 a) ) 

comprised a stainless steel cylinder of diamoter 6 cm. and length 6 cm., 

provided with insulating PTFE ~nd caps 6 mm. thick, on its lower and 

upper faces. The diameter of the end caps was identical to that of 

the cylinder, to ,promote u'niform hydrodynamics around the top and 

bottom extremities of the cylinder, and minimise edge effects. This 

dosign also facilitated cleaning or remachining of tha cylinder, and 

the end caps could be readily sealed to the rotor, by light compression; 

the top cep was compressl3d, betwean the shaft and cyl~nder while the 

bottom one was screwed on to the underside of the cylinder. Duplicate 

cylinders were knurled. 

t~hile the above design was preferred from a hydrodynamic and mass 

transfer point of view, it was desirable in certain experiments to 

be able to remove the deposit, e.g. for microscopic examination, tb 

examine the effect of surface pretreatments, or to,facilitate cleaning. 

This was accomplished by wrapping a thin metal foil around a stainless 

steel for~r and employing shaped end caps to secure tha cylindrical 

foil. If a seamless foil was employed, however, the wrapped over 

" section of the foil would have tended to promote non-uniform deposit 

growth due to hydrodynamic or electrocrystallisation effects, and 

care wouln havo been necessary to ensure that electrolyte dj~ not se8p 

into the space between the foil and the rotor, resulting in unwanted 
1AIa.5 

deposition on the latt~r; eccentricity also a problem. The foil 

electrode also facilitated the use of varying electrode materials, 

.• ' '" end this is especially important in the case of preeious metals such 

as platinum, where the inventory of electroactive substance may be 

minimised. An alternative i~ always provided by electrodeposition, 

but this is rather inconvenient. It w~s desirable to use foils for 
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During lengt~ trials, the composition of the copper solutions was 

frequently checked and corrected. Dilution was performed by 

addition of 1.5·M sulphuric acid and connntration by addition of a 

solution. 

The majority 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 documnnted, such as dynamic viscosity, density and diFFusion 

coefficient. 

Industrial prooess solutions were used in the "as received" condition, 

unleoG otherwise statod. 

In the case of stainless steel electrodes, the surfece was polished by 

I'Jet 600 grade emery oaper, then degreased by swabbing with 1,1,1-
50% 

• 

trichloroethane Deposi ts were sttipped by HN03~ For coppar 

Foil electrodes, a similar procedure was adopted' • Generally, prior 

to an experimental trial, the.surface of the clean electrode: was 

preplated potentiostatically at a low overpotentiaJ. (wall belotu that 

conducive to mass transport control) for 60 seconds, to yield an active, 

compact and adherent surface which was found to foster reproducibility. 

r'lore complicated methods of electrode preparation were not undertaken, 

as early studies showed that no significant diFferences were observed, 

ulithin experimental error, between chemically polished or electropolished 

copper foils, and those. prepared according to the above method. WhiiLB 

chemical and olectrochemical methods of polishing undoubtedly have a 

pronounced effect on the initial stages of electrocrystallisation, 

this effect is rapidly swamped in the case of powder formation. In. 

the case of foil olectrodes, the surface area ~as roproducibly deFined 

by ';Jraoping stretched 0.05 mm. thick PT FE tape around the rotating 

cylindrical surface. A freshly prepared R.C.E. was employed For 

each trial and, following charging of the cell, the rotor was allowed 
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to turn at the appropriate stabilised and monitored speed to remove air_ 

and aid thermostatic operation of the catholyte. The catholyte 

tJ tempera ture WaG controlled ~n the range 20 - 60 C by the surrounrJing 

anolyte bath, and wes f,;icf to within: -O.-50 -C- -at--a-':'y-temp"rature.~--~ 

The R.e.E. was normally controlled potentioetatically using a Chemical 

Electronics 20 V/SQA model potontiostat according to the circuit shown 

in Fig. 8.6. Current was normally continuously monitored on a 8ryans 

model 28000, y-t chart recorder, as the potential difference across a 

stenrl~rd 1~ t61erancB shunt. According ·to the current being measured, 

the 8hunt and recorder sensitivity were selected to give a reasonable 

10111 nO.1.80 signal. Generally, a 50 n/50 mV (i.o. 1 mV/A) or a SA/SO mV 

(1.1'1. 10 mll/A) shunt 'Das employed, with the recorder input smitchod 

mithin t.he range 0.1 mV to 100 mll. The time axis of tha recorder 

chart was.calibratod either in minutes or in terms of mll potential 

for polar.isation work. 

The c81l voltago of the reactor mac continuously monitored by an 

anal.ogue moving co.il 0 - 3 V meter, to provide a check on oVArall cell 

operation and powor use. 

mot8r/millivoltmo~er mas. switched in order to measure electrode 

~otcntial, cell voltage, auxiliary potentiels or pH, as approariate, 

to 'JJi thin:': 0.1 ml!. In certain later experiments, the electrical 

charge passed to the reactor ulas monitored by a digital Coulombmetor 

(Kemitron Electronics, Chester). 

8.2.2 PotontiQstatic Dolarisntion C'Jrve~ 

Potentiostatic polarisation curves merc obtained automatically on the 

't' aiis of the recordar by linearly increasing the potential applied 

to the marking electrode (as measured by the potential pick-up brush)~ 

t'Jith t.ime ,using a Ch~Hilical Electronics Ltd. linear sweep unit. 

Smi)'-'o rabs of 15 - 1CJOO ",I} (min)-1 were employed, but the ",ajority 

of trl?ls utilised 60 mll (min)-1. Current W8S displayod on the 'y' 

3xi2 o~ tho recordnr. The e18ctrodn was prepared as described in 

3.2.1, allowed to reach a st80dy rocordad rost potential (essentially 
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the reversible potential of copper) and the cathodic polarisation scan 

was initiated, from the open circuit potential. At a sweep rate of 

60 mU (min)-1 and an overpotential range of 0 - 700 mU, ~ complete 

polarisation ~urve was displayed in les~ than 12 -mi~utes.<-- As ei£pfllinaCl 

later, the scan rate uJaS necessarily chosen 8S a compromise to achiove 

significant, steady state, reproducible results. 

Polarisation curves were obtained under a variety of conditions for both 

smooth, -d<nurled and powder-deposited rough cylinder'" using the above 

procedure •. 

For a limited number of trials, a comparison was made between limiting 

currents observed from polarisation curves, and the steady current 

obtained by immediately raising the potentiel of the cYfindar to a 

value corrQoponding to a oentral portion of the Hmi ting current 

plateau. 

For precise work, a sampl,o of thG catholyte takon under Hmi ting 

current pondi Hons was analysed for copper concentration. 

B.2.3 Potentiostatic Growth of Deposits 

The smooth - rough transition for deposition of copper was followed' 

as a function of time mhlle subjocting the R.C.E. to potent!ostatic 

control Elnd mon! taring thecal! cu~rent. This was accomplished at 

various cylinder speeds, and the concentration of copper in the catholyte 

was held constant by a combination of a flow-through electrolyt~ and 

noluble anodes. Soluble anodes in a sealed undivided cell did not 

prove to be a suitable system, especially for lengthy studies, as 
by 

copper riissolution occurred by corrosion as well as,tfaradaic dissolution. 

8.2.4 Concentration Decay Trials 

Several trials on copper solutions were performed using a potentiostati-

cally controlled R.C.E. in a divided cell, with an insoluble anode. 

The subsequent decay of concentr"tion \!I8S follouled by sampling the 

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

T~e offnct of potential, electrode area, rotational speed and deposit 

roughnes8 m8re studied. 
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8.2.5 Controlled Potential Seoaration of Metaln 

Similar trials to the above Ulere performed on mixed metal ,solutions 

including: 
- - "...-"""'~. " -

O.01M1 Ag: O.014f+ Cu in 0.15M HN03 

0.014M Cu; O.014M Zn in 1.5M H
2
S0

4 

0.014r·' Cu; 0.014r~ Ni in 1.5M H
2
S0

4 

and mixed Au/Ag/Cu/other metals cyanidic solutions from a precious 

metal plating drago:ut , The technique used Ulas to obtain the polarisa-

tion curvo, select a potential correspond'ing to mass transport control, 

i.n, limiting current conditions, and hold the R.C.E. at that potential 

for the duration of the experiment. The concentration of each metal 

Ules moni.tored Ulith time. The, deposit Ulas also analysed for the less 

noble metal, in certain cases, by acid dissolution, dilution and 

atomic absorption spectrophotometry., 

8.2.6 Solution Analysis for Metals 

Several analytical techniques Ulere employed during 'the experimental 

work, as appropriate. These includod titrimetry, atomic absorption 

spectrophotometry and ion selective electrode potentiometry. Staridard 

titrimetric techniques were employed such as a direct thiosulphate 

titration for copper. Atomic ebsorption analysis Ulas performed using 

en Instrumentation Laboratory Model IL 151 machine, end an air/ 

acetylene or nitrous oXide/acetYlene flame. Where possible, the 

samples Ulere simply diluted to the linear Ulorking range, normally 

1 - 10 ppm deoending on the metal, and directly aspirated. The 

concentration Ulas obtained by a direct digital readout folloUling a 

previous calibration by volumetrically prepared spectroscopic 

standards. The absence of interfering species, e.g. anions or a 

second metal Ulas checked by the direct standard addition technique. 

Atomic absDrption proved tedious due to the large number of discrete 

samples necessary and the subsequent dilutions, and this encouraged 

the development of a novel ion selective electrode (I.S.E.) detector 
396 

cell I!Jhich Ulill. be described elseUlhore. Discrete samples Ulere also 

analysed by direct I.S.E. potontiometry. 
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B'. 2. 7 Scanning Electron r~icroscopy (SEr~) 

The development of ,rough deposits under potentio~tatic control was 

studied by means of SEM. Separate copper foil R.e.E',s were electro-

deposited-liii th- copper for 'vari\lus' times at- a ·rixadopotantiahand.~rpm.= __ 

~ The deposit was washed with distilled water, then with a hot stearic 

acid solution to prevent oxidation and stored in a desiccator. The 

foils UJore SBctionBd into B mm x 8 mm squares, mounted on to standard 

aluminium alloy stubs UJith a conducting silver-loaded, epoxy resin, 
(Modt.! 54) 

and examinod by a Cambridge "Sterooscan" instrumentAUJi th a perpendicular 

incident beam, and an accelerating voltage of 20 KV. The above 

procedure was rApeated for specimens undergoing deposition for fixed 

'time and rpm, but varying overpotentials, or fixed time and over-

potential but varying rpm. All experiments were performed with 

D.D14M CuS0
4 

in 1.5M H2S04 at 220 C. 

B. 2.8 Surface Prof!l'c:imetry 

The development of de po si t roughness was also studied in 'a direct 

manner by surface profilometry, in which a stylus was allowed to 

traverse the surface of the sample. The procedure was similar to 

that doscribed in' sectionB.2. 3, but following deposition., the 

rotating cylinder electrode was detached, rinsed, dried and carefully 

mounted on a 'V' block table. The surface profile and average 

surface roughness (RA value) for the 'surface' UJas then measured, 

lIsing a Rank Taylor Hobson Talysurf ~1odel 10, equipped with a S/,-m 

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 experimental trial, an attempt was made to monitor the 

reactor, as elect~odo roughn~ss developeu. This was accomplished, in 

an approximate manner, by monitoring the potential difference across 

·the armature windings of the D.e. drive motor. According to the motor 

manufacturer, the reDultant p.d. roading was proportional to the torque. 

\'Ihen necessary, dynamic viscosity was measured by 'Ubbelohde' 

pattern, 'U-tube' glass viscrometers, immersed in a thermostntted water 

bath. For each determination, four separate trials were undertaken, 

and the mean quoted. Fluid densities were measured by means or·o· 

standard density bottle. 
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8.2.10 Ultrasonics 

Preliminary .. studies on the effect of ultrasound on mass transport 

controlled deposition of copper to a 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 dimensions d = 1.03, 1 = '·"Gem 

was rotated at speeds of 500-3000 r.p.m. Its position was 
Lt 

approximately central in a one litre pyrex cul1:e vessel (or rvIL). 

·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 

1200 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. 

\he transducers, with a lead zirconate/titanate active element were 

encased in stainless steel to give a radiating face ca. 2 in. diameter. 

The high frequency generator (OAWE INSTRUMENTS LTD., LONDON, SONICLEAN 

~TO TYPE 300/150W/1190A) operated at a power of approximately 150W average, 

I . 
300W peak at maximum output level, with a frequency of 25 KHz, pulsed at 

1 DD Hz. 

,/ 
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9'. PILOT PLANT EXPERIMENTAL I.ORK 

This chapter describes experimental work performed on 

pilot plant - scale reactors at Ecological Enginoering 

Ltd., Macclasfield. 

Two separat:, reactors were evaluated:. 

a 500 A single cathode compartment "Eco-Cell" * and 

a 2.00 A six cathode compartment "Eco-Cascade-Cell" * 

• 

- - - - - - - - - - - - - - - - - - - ~ - - - - -
* "Eco-Cell" and "Eco-Cascade-Cell" are registered trade marks 

describing single and multiple cathode compartment rotating 

cylinder electrode reactors manufactured by Ecological 

Engineering Ltd., Hacclesfield. 

" 
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9.1 50n A Pilot Plant "Eco-Cell" 

9.1.1 Introduction 

The Qxperimental work undertaken luas,aimed,at eveluating,the· 

performance of an improved design, commercial scale "Eco-Cell" 

reactor. The reactions studied were. 

1. d8position of copper from 0.5M sulphuric acid at a 

'0 
temoerature of ca. 40 C., and 

2. deposition of cadmium from a solution. containing 128 ppm 

-3 0 Cd and 127 g rlm Zn at 60 C. 

The first reaction had previously been extensively studied on 

a range of "Eco-Cell" assemblies, providing a means for comparison, 

while the second reaction wea of importance to an organisation 

involved in exploitation of the "'Eco-Cell" in zinc hydrometallurgy. 

The following aspects receivod attention: 

1. cathodic polarisation characteristics 

2. reactor conversion and performance 

3. product recovery. 

9.1.2 "Eco-Cell" Reactor 

The 50DA "Eco-Cell" reactor is shown schematically in Fig •. 9.1. 

The design essenUally incorporated a concentric rotating cylinder 

- diaphragm - anode assembly. Complete concentricity was disturberl, 

however,. by the need' .to provide fluid manifolds and a scraping 

mechanism along the length of the cylinder. tor convenience, the 

outlet manifold was located in the same cavity as the scraDer shaft. 

The main reactor body was fabricated frDm machined sections cif high 

density DolyprDoylene sectiDns, joined tDgether by welding. Flanges 

were provided at the tDP and. bottom Df the reactDr body to facilitate 

mounting and dismantling. The reactor bDdy was secured via its 

. top flange to a horizontal, polyoropylene-cDvered, steel platform. 

This platform also served tD support a mechanical packed gland, 

shaft seal assembly which ''''''" lubricatod by a wat.er feed. 
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The 3 inch diameter stainless-stoel drivo shaft was supported by two 

vertical roller bearing races ca. 30 cm. apart, 'driven by a 4 KH D.e. 

81ectrical motor end coupled to a 1:1 pullay.and belt ~ys~em. Tho 
~-- .-- .---~----"""-- - - .-. 

motor was speod controlled, allowing rotational speeds in the range 

100 - 1000 rpm. E18ctric81 pO,"Ar l!Jas fed to the shaft by an assembly 

of eight graphite brushes, soring loaded on motel fingers; a small., 

suxiliary graphite,brush located nearer the cylinder served as a 

potontial pick-up. 

The rotating cy~inder consisted of a hOllowed out, mild steel fabrication, 

copper pIa tad on its marking surface and incorporating pijlypropy18np. top 

ond bottom 8nd discs to yinld eloctro-8ctiv8 dim?nsio~s of diameter 22.9 cm. 

l~ngth 22.7 cm Bnd surfaoD area 1633 cm2• The cylinder was fitted to 

the drive shaft by heDt,Dhrinkin~. The section of drive 8haft in the 

reactor "uas shrouded by a pol.ypropylene collar which UJas shaped to 

minimise reactor volume above the cylinder. The bottom cover of the 

Q:,!8ctor had 8 central r::Jis~d portion which Dorformed a similar function, 

as did a polyoropylene insert in the scraper cavity. The bottom cover 

carried inlet ~nd outlet manifold tubas. 

The manifolds wn.re ~ inch Ld. oo.lyprooylene tubas (running parallel to 

the rotating cylinder)which were drilled at intervals to provide good 

fllJid dispersion. The outlet tube had 10 x 10 mm. diameter holes at a 

25 mm. Ditch, while the inlet tube had 16 x 5 mm. holes at A 14.5 mm. 

pitch. The large diameter holes in the outlet helped to prevent blocking 

by metal powder, mhila the plurality of holes prevented prn.ssurising of the 

cBtholyte comportment. 

The GCrBpor device comprised B stoll.ite-tipped bl~de, located on " vDrtical 

shaft. This sh8ft passed through supporting and 3Daling glands in the 

to'p and bnt.tom (Jr the reactor, and was driven pneumatically in thr. vortical. 

plon~" • The Dn8urt.~tic sy~tgm 8utomatically moved the scra[1er bladp. UD 

thr )Ar10th of ths cylin~~r at ~ cantrollnd sr~ed (tyoically 1 cm. 8-
1), 

thpn quickly Inoverl tho 'bl~d8 off tho cylinder and roturnsri it to the 
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The "nolyte and catholyte compartments were separated by a berfluorocarbon, 

cation Bxchange membrane, Nafion type. The two m8mbrane sections u.'ere 

Rupportod by perforatbd oolypropylene backing platss and s8al~d around 

their edges by ~ 2 mm. "rubber window gasket clamped via DolyproDylene 

boltG. The two anolyte compartments WAre each fitted with a precious 

metal oxide/titanium anode. 

'" "9.1.3 F16w System and Product Recovery 

• 

Fig. 9.2 shows a sohem"tic riiagram of the flow system lIJhich provided 

essential service3 to the reactor, including anolyte and catholyte flow 

circuits, and mmtal pOWder separation. 

The cntholyte luaa prepared and storad in a mixed anrl temperature-controlled 

Dolypropyleno tank which was "provided with a 9aB vent Bnd 8 funnel for 

make-up ~dditions. The cjtholyto solution was pumped from this holding 

tank th"" ugh a magnetic flax flolllmoter to the reactor, the flolu rate bein'] 

controlled by a bypass loop back to the tank. Depending on the experim~nt, 

tho catholyte comprised eithor of the following solutions: 

1. cupper Bulohato in 0.5 M sulohuric acid at ca ~oo e, or 

-3 '0 2. zinc sulph8to, 127 grlm with cadmium sulphate additions at 60 C. 

The concentration uf the mGtal deposited (copper in the first case Dnd 

cadmium in the latter case) u/DS m"intainod by controllerl additions of " 

concentratod solution to the catholyte holding tank by moans of a Doristaltic 

DumD. Tho total inventory of catholytc solution in the system was hnO dm 3 . 

Tho catholyte p~ss8d out of the reactor to a v8nt8cl, cnnic~]. gas sanaratQr 

~h2r8 any hydrogen ga~ could be safely removed from it. F'rom the gas 

88p8r8t'Jr, tho' dilute dGp.18-G8d m8tal/fllDtal DOlUder. slurry nassed to El 

hydrocyclonc Aalid - liquid separator. Here, 3 concentrated coppor 

!)C'Uldr:n/cath:JJ.yto slurry passed fro·~ the h:Jdro:;yclonn under-flow to a 

filter tray. Metal powder coll88ted on to a filter cloth in this tray, 

1:lhile c8tho2.yte Fil tratn return9d from th~ filter tc:nk to the main holding 

t8nk by overflou.lin';J a IImir. Powclar-frce li~u?r ov~rflnlu9d the cyclone 

to r~turn ~ith3r to th~ D2S separator, OT to the h~ldin~ tank vi~ ~ 
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The anolyte, ~.5 M Bulphuric acid, was recycled to the anolyte compart-

ments of the reactor via 8 pump and a small PVC holding tank. The 

3 3( )-1 annlyto inventory wa6 30 dm , and a Flow rate of 5 dm min WDe UGod. 

r. w"ter cooled glaAs coil in the anolytn tank nerved to maintain the 

temperature at ca. 60
0 c. 

Both the catholyte Anrl anolyte holrling ta~'n uere provided uith drain 

v~lvDn and sight glasGBs for cohvenienc8, and the catholyte temperature 

,-,"cl floUJ r8to ,""re continuousiy and automatioally monitored. 

The c"th'olyte oipewark near. both the inlet· and outlet points to tho 

reactor was provided with 'T I junctions to facilitate ".ampling, either 

rliscretoly or 8S ~ continuous bleed. Tho sample solutions were analysed 

by either discrete atomic absorption spectroohotometry, or continuous ion 
'396 

seloctive electrode potantiomRt~y. 

9.1~6 (loctrical SU~Dlies 

Fig. 9.3 shows a schematic diagr.am of the electrical connections to the 

r08ctor. F'a radaic d. c. pOUJor urn s supplied to the IIEec-Cell If, Vi8 a.1u.,..,iI'\1 Uffl 
Iou.e\'ors qnd 

Acoppe'r cored flexible 18ads, from a I:lestinghouno transformer/rectifier 

Get (ratorl 500 A At 12 V). 

Tho electrode potential of the cylinder was monitored relative to B 

morcury/mercurous sulphate/O.5 f'1 H2SO{, reference electrode system. 

A polypropylcnB probe with" ceramic frit was positioned 4 mm. aWBY from 

the face of the cylinder, "nd connected to an external reference electrodr. 

The cylinder was 

Dotentiostatically control~ed, tho coli current being adjusted by a 

servo-controlled Hvariac lf r8gulator in the prim8FY circuit of the 

transformer/rectifier. 

The cell current ~9S monitored by sensing the potential drop acrnss D 

51} m\//500 1\ shunt in the anodR Hne, by means of a rJig.i.t81 voltm"ter (DVM). 

A s8cond high impedance DVr~ was lIsod to m8"sure electrDde potential, 

VlhilA an anologtJ8 penRl meter monitored cell volt8~e. 
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Rntational power was supplied to the d.c. cylinder drive motor via a 

thyristor-controlled speed regulator (Thorn "Stardrive"), the actual 

shaft speed being .measured, periodically by a hand held ta.cQo.me.!;e,r. 
•.• o· ._ ,_" __ - ... - -~ _ - " ___ • _. -0.--. -. ._. ~ .. ,"",_-=.:::-.""-_--"'''.' 

The motor armature current ,was also monitored, as a meesure of the 

powar applied to the rotating cylinder. 

9.1.5 Experimental Procedure 

80th catholyte and anolyte circuits were allowed to flow at their required 

ratan, and the system was allowed to reach its working temperature. The 

cylinder was then rotatod at the required Gpeed, and its surface was 

praplated with e compact 'deposit o'f the metal in question (either copper, 

or c~dmium) by deposition at a current density well below that conducive 

to powder formation. 

Electrodeposition of metal powder,luas carried out by raising the cylinder 

ootential to that corresponding to Umi ting current operation. Steady 

state trials were performed by dosing the catholyte tank with the required 

met.,l salt concentrate (copper Gulphate or cadmium sulphate)' and scraping 

the cylinder continuously to maintain an effectively constant electroactive 

surface area and roughness. 

In one trial, the concentration of metal (copper) was allowed to decay, 

(no external metal salt additions being made), and the concentration-time 

and current-time histories were followed. 

Polarisation curves were obtained by manually increasing the cathode 

potential from the rest potential by, typically, 25 mV increments, while 

recording the corresponding steady currents. 

In the case of all triels, the following parameters were normally measured 

or controlled: 

1. catholyte and anolyte temperature 

2. catholyte and anolyte flow rate 

3. catholyto and anolyte compositions 

4 cylinder rotational speed. 
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9.2 20n A "Cascade Eco-Cell" 

9.2.1 Introduction 

Following the successful operation of a 10 compartment laboratory cascade 

reactor, and a 12 compartmen~ commercial one (sea Chapter 6), a "second 

generation" design was evaluated. This new design incorporated several 

important features including: 

1. the facility for scraping of the rotating cylinder 

2. a vertical rotating cylinder 

3. removable anolyte/mambrane compertments 

4. removable baffles to subdivide the catholyte compartment 

5. ~ rigid rubber lined steel reactor body 

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

The performance of the new design reactor was evaluated both electrn-

chemically and from a product 'recovery point of view. The reaction 

chosen was the well-established deposition of copper powder from 0.5 M 

sulphuric acid. 

9.2.2 "Cascade Eco-C~ll" Reactor 

Fig. 9.4 shows a photograph of the six compartment cascade reactor, while 

fig. 9.5 shows a schematic diagram. The reactor body lUas fabricated 

from welded mild steel sections, the internal surfaces being rubber coated. 

The central cathode compartment was subdivided into six compartments by 

regularly spaced polypropylene baffle plates, wh~bh were a close fit on 

the internal reactor walls. 

was apprOXimately 3 mm. 

The baffle to rotating cylinder spacing 

The rotating cylinder cathode was mounted centrally in the reactor. 

The cathode was febricated' from stainless stElel and was provided Illi th 

polypropylene end caps on its top and bottom surFaces. The cylinder 

was supported by top and bottom bearings, with.a seal arrangement at 

eac~ end, end was driven at 730 rpm by an oversized 13 KH a.c. motor, 

via a pulley and belt arrangement. 



- 2 '15 -

The G8al arrangement, both too and bottom, consisted of twin lip seals, 

with a lubricating water flush between. In iddition,'a positive sulphuric 

metal pOUJder settlement, and ·subsequent seal destruction in these areas. 

The two anolyte compartments were insertgd into .the reactor sides, being 

fabricated from rubber coated steel. The curved compartment side facing 
< , 

the cylinder carried a cation exchange membrane (Nafion), supported between' 

t'uo n'",rforated titanium plates. A soft rubber seal UJas used as a gasket 

betUJoon the anolyte compartments and the reactor body. 

The anode compa rtmcnts ,"ere each equi pped w! th 3 separate anodes, 

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

material to conform to the curv~tur8 of the rotating cylinder. 

The top of the· reactor body UJas flanggd on .to the main assembly to al10," 

the cylinder and baffles to be removed. 

Each of the six catholyte oompartments was equ!poed \ui th a sample point 

Bnd a reference electrode probe. 

diameter 30.6 cm 

comp~rtment length 14.4 cm, and 

compartment area 1387 cm2• 

9.2.3 FID," System and Product Recovery 

The effective cylinder dimensions UJere: 

Fig. 9.6 shows a schematic diagram of. the flow system serving the reactor, 

which may be divided into three separate circuits: anolyte, catholyte and 

water. 

The anolyte solution compr.ised 2.5 M NaOH, stored in a 200 dm3 polypropylene 

tank. From this holding tank, the solution was pumped to the bottom of ~~c~of 

the anolyte compartments, overflowing these compartments neBr the top to 

return to the tank. Air space UJas provided in the tank to bleed off 

oxygen, whIch wag then safely vented. The anol.yte temperature lUas 

typically 300 C, while ,the fl.o," rate UJas 25 dm3 (min)-1. 
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The 0.5 M sulphuric acid catholyte, containing copper sulphate in tho 

range 0 -3 1000 mg dm , was maintained at constant temperature in an 

3 agitated rubber lined steel tank of approximate capacity 3000 dm 
. -' ~- -- ----<--.:.-, 

For. 

norm",l flo\ll,the catholyte was pumped via a rotammeter to the bottom of 

the reactor. After exiting at the top of the reactor, the solution 

p~ssed via a gas separator and the solid-liquid separators back to the 

holding tank. Tho vast majo.ri ty of copper powder adhered to the cathode. 
was 

Tho copper concentratio~maintained by controlled dosing of the holding 

-3 . 
tank \lIith a 100.gdm H

2
S04 solution. Following the deposition trials, 

copper pOlUder lUas romovFld from the cylindl3r by activating the reciprocating 

scraper and reversing the catholyte flow to backwash the. reactor. The 

resulting de.DIeted coppor/copper pOlUder dilute slurry was pumped via. the 

gas separat?r into a.hydrocyclone. The clarified overflow from the 

cyclone returned to the holding tank, while the concentrated underfloIU 

peGGed into·a thickening cone, where copper powder sedimented. Product· 

could then be withctralUn from the valved bottom of the thickener. 

The labyrinth areas of the rotating shaft were fed with clarified catholyte 

to prevent pOlUder settling near the s8als. The seals themselves wore 

flushed with clean main3 water for lubrication, at a flow rate of 2 dm 3(min)-1. 

To check the operation of the seals, the flow rate into and out of each 

seal was monitored, as \lIas.the labyrinth flush. 

9.2.4 E18ctrical Supplies 

Fig. 9.7 shows a schematic diagram of the electrical connections to the 

reactor, which may be divided into Faradaic supply, rotational supply and 

electrode potential measuremont. 

D.e. pO\ller lUas supplied to the reactor by manual adjustment of B 2000 n/16V 

transformer/rectifier set. . . The reactor\llas coupled by means of floxible 

copper ~ored leads and aluminium b~Bbars. Actual currents of 0 - 300 A 

mere passed to the reactor, monitored by a digital voltmeter across a 

standard 75 mV/2000A shunt. Electrical power was supplied to the bottom 

shaft of the rotating cylinder by two carbon-filled graphite brushes 
Q. 

\J1Qrkin~ 8C)3instAcc PPGr slip ring. The anode connections wore Arr8nged 
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~o os to engage any number of the three pairs of anodeo, each pair lying 

in t.he sam" horizontal plane. 

Tho oloctrode potential was monitored in each of, the six compartments, 
-.c--:- -

rr.J.oUve to a saturated calomel electrode. Separate potential pick-up 

brushes lUore loca,ted on the top and bottom shafts of the rotating cylinder, 

ond oithnr of these served as a roference point, as .desired. Each 

cathoJ.yte compartment Ul88 equipped with a polypropylene tube/ceramic frit 

probe, the tip of this being located apnroximately 4 mm. from the surface 

of the cylinder. Each probe UlBS connected by a clear PVC liquid junction 

tubn, filleD with saturated KCl, to a KCl roservoir containing tho 

saturated calomel electrode. The liquid junction tubes were of approxi-

mately the same l~ngth, and the reference electrodes had potentials which 

agrned to within 2 mV. Honee all the electrode potentia Is measured 

incIt/ded a substantially constant liquid Junction potential. 1\ six 

position switch was USBrl to connect the high impodance potential measuring 

DVI-1 to the required reforence electrode. 

Rotational power to the B.C. drive motor waR supplied by a thre. ~ha88 
a.n 

440 V su~ply, and~analogue kilowatt hour meter gave an indication of 

the total power supplied to this motor.' 

9.2.5 Exoorimental Procedure 

Tu/a types of experiment werD carried aut: polarisation trials and steady 

Gtate deposition trials. Cathodic polarisation data was generated by 

increasing the total cell current in increments, and monitoring each of 

.." 
the steady compartmental electrode poetntials each time. This pr.ocedure 

wes adopted both in the absence and presDnce of copper in the catholyto. 

Steady state trials wore carried out at various temperatures, floCI rates, 

ond total cell currents. 

In all cases, the parar.18ters measured or controllnd inc),urled cell current, 

cal1.voltagR, electrode potentials,. compartment copper concentration, 

cntholyte cnd anolyte'flo~ rates and temper8tur9s. Frequent checks on 

th8 acidity 'J"r:i alkalinity nf the cotholyte and anolyt.e 'll"re marJr.. 
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An attempt ,was made to ensure that Bach compartment operated at or near 

maso transport controlled conditions, both to produce powder'and to 

enslIro high conversions. 
air 

At the end of approximat~ 6 hours of steady state deposition, the 

metal powder product ~Jas removod from the' reactor as described in the 

previous section, and the speed and efficiency of this procBss was 

visually monitored. 
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10. LA 80RA TORY RESULTS 

The results of ·the author's laboratory studies are .. reported, which 

concern mass transport to smooth and rough cylinders, controlled 

potential, selective deposition of metals, and the growth of rough 

metal deposits. The data is presented largely without further 

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

It is important" to"estab,lish steady, state, reproducible polarisation 

curves in any e1ectrochemica1 mass transport study. Two obvious 

variables which merit attention are the surface preparation of the 

rotating cylinder, and the 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 Cu504 , 1.5M H2504 at 

22 0 C and a cylinder of active dimensions: d = 6.3 cm, 1 = 4.3 cm, 

2 -1) (A = 85.1 cm ) rotating at 500 r.p.m. (equivalent to 165 cm s' • 

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 electrolyte was used for each trial. This method of 

preparation led to satisfactory, reproducible (Table 10.1) limiting 

currents in the apprOXimate potential range - 900 to - 1150 mV 

'(V.M.M.5. ) 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 electrochemically polished 

copper rotating cylinder electrodes against surfaces polished as 

'described above. As shown in Table 10.1 and Fig. 10.1 there were no 
, ~ 

'signIficant differences in the limiting current and further work 

was undertaken using wet, 600 grade emery polished surfaces. 

" ' 

'<c" "'c':' ,', •• Th-;;:'effE;~t of the potential scan rate was investigated '(Fig. 10.2), 
-. -~ ..... ,,"'~. : -..... -..I 

-, .-.... ~. ~ - .. '- -. _. 
~~;.,~._, _,_, .!!mpf~ying_varlous values, 15, 30, 60, 150, 300, 600 and 1500 mV (min)-1 

,T:~:~>;~,~:r~~~~;~\;~;he_r.m~se fixed"conditions, Le. 0.014M Cu504 , 1.5M H2504, 22
0 

G, 

~-;. ,,' ';. ~:' ,,:: -,',and ,a copper foil rotating cylinder electrode of diameter 6.3 cm, length 
. .::. ." -:: -... -...... - - ~ --
:' ::",i";'-~:~~';3,'';cmand 'area 85.1 cm2 , rotating at 500 r.p.m. (165 cm 9-

1 ). 

;::-~;r':.-"~Y~f~~.";t~.( 0::' 

' .. 

.' 
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Following these trials, a scan rate of 150 mV (min)-1 was selected 

as being a reasonable compromise 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 a combination of soluble anodes and electrolyte adjust-

ment. In the case of certain 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 a divided cell with a Pb02/1.5 M 

sulphuric acid, anode/anolyte system. The choice of scan rate becomes 

more critical hare, as a further restraint is imposed on the use of 

low scan rates, where a significant lowering of concentration may 

·take place before the limiting current is reached, leading to a 

falsely"low determination of the latter. As shown in Ta~le 10.2, a 

scan rate of 150 mV (min)-1 proves to be a suitable compromise once 

again under such conditions. Wherever possible, the concentration 

of r.tetal ions was held constant during polarisation measurements, 

and the actual concentration was frequently analysed in the vicinity 

of the limiting current, as a safeguard. 

It may be noted that flow rates through the catholyte compartment 

had no significant effect on the limiting current in the range 

o - 10 1(min)-1 (corresponding to a minimum nominal residence time 

in the 1 litre reactor .. of 6 s). 
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10.2 Mass Transport to a Smooth Rotating Cylinder Electrode 

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

different from that of previous 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 conditions including. 

variable temperature, cylinder rotational speeds and metal con centra tion. 

The results of this study are shown in Table ID.) and plotted in Figs. 10.) 

and 10.4 as (St)(Sc)0.644 vs. (Re). The transport properties of the acid 

cupric sUlphate electrotytes used were obtained as described in Section 

10 • .12 • 

The experimental data is seen to correspond to mass transport values 

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

(Fig.IO.) ) 

.iD' = (St)(Sc)0.644 = 0-079 (Re)-o.)O Equation 10.1 

but smaller than that predicted by the correlation due to Robinson and Gabe 

(Fig.IO.lf) 

.iD I = (St)(Sc)0 •. S9 = 0_0791 (Re) -0 •. )1 
Equation 10.2 

It was considered that insufficient data was available to perform a three 

dimensional, least squares regression analysis. The computer programme 

descri bed in Appendix I was, however., used to treat Robinson IS data 68. The 

correlation obtained was 

(St) = 0.0896 (Re) -0 •. )I(Sc)-0.60 Equation 10.) 

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

by Robinson, the constant 0 •. 0896 is appreciably (1)%) higher. Statistical 

information is given in Table 10.4 • 
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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 and 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 H2S04 electrolyte at 22 0 C, 

using a rotating cylinder electrode of effective diameter 6.3 cm 

and length 4.3 cm (area = 85.1 cm2) rotating at 500 r.p.m. (165 cm s-1). 

Solutions for this study were prepared by serial dilution of a 0.014M 

It may be seen that with 

decreasing metal concentration, the limiting current plateau becomes 

less well defined. Considering Fig. 10.5, the effect of concentration 

may be more clea-rly seen in Fig. 10.6, where the current is plotted 

on a logarithmic axis. Fig. 10.6 further indicates that varying 

concentrations of copper have little effect in the low potential 

regions where the rea~tion is not under mass transport control. In 

addition, it is interesting to note that the rest potential of the 

copper R.C.E. becomes more negative with increasing dilution, in a 

n 
near-Nerstian fashion (Fig. 10.7) i.e. the electrode behaves as a 

~ 

/ 
2+ reversible Cu Cu couple. 

Fig. 10.8 indicates the effect of varying rotational velocity in an 

electrolyte containing 0.014f1 CuS0
4 

and 1.5M H
2
S04 at 22 0 C, using 

a rotating cylinder as described above but rotating in the range 

( -1) 100 - 1000 r.p.m. 33 to 330 cm s • It may be seen that the 

limiting current plateau 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 a cylinder 

held at varfous potentials, rotating in 0.014r·' CuS04 + 1.5~' H2S04, 

and having dimensions identical to those described above. This figure 

indicates that the effect of rotational speed on the observed current 

becomes more marked (i.e. mass transport control becomes more important) 

as the overpotential is raised. At potentials in the region of 

-1000 mV (VMMS/1MNa
2

S04), a straight line is obtained on the log I vs 

log (RPM) plot, with a slope 0.7, in accordance with: 

IL = constant UO•7 EQN 10.4 

The data presented in Fig. 10.9 were obtained by impressing a fixed 

potential on the R.C.E., and reading a steady state current, at a 

given RPM. Ideally, the current - potential data points should 

correspond with the steady state polarisation curve values. 

Considering Fig. 10.5 in more detail, as the mass transport coefficient 

remains constant, the limiting current observed should be proportional 

to the metal ion concer.tration: 

IL = constant C EON 10.5 

This is true to a good approximation, as shown as Fig. 10.10. The 

mass transport coefficient for the 500 r.p.m. trials is reasonably 

-3 -1 ( ) constant, as is expected, at 3.3 x 10 cm sTable 10.5 • 

Equations 10.5 and 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.e.E., equations 

10.5 and 10.4 may be combined to give: 

c 0 7 
I

L
= constant C U • EQN 10.6 
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The effect of changing the electroactive surface area, under otherwise 

constant conditions, is shown in rig. 10.11. As expected, the area 

is approximately proportional to the limiting current (Fig. 10.12) i.e. 

the current density is constant. The area change in these experiments 

was effected by masking differing areas of a given diameter (6.3 cm) 

cylinder to gi~ei,different effective lengths of 5.05 cm, 4.3 cm, 2.15 cm 

and 1.1 cm (equivalent to areas of 100 cm2, 85 cm2, 42.5 cm2 and 21.5 cm2). 

Fig. 10.13 shows·the effect on the polarisation curve of varying the 

o electrolyte 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. rig. 10.14 offers a graph of limiting current against 

temperature. 

10.3 Concentration Decay Under Potentiostatic Control 

In these trials, the catholyte chamber was charged with a fresh, 

1 litre batch of 0.014·M CuS04 + 1.5 M H
2
S0

4
, and the cylindrical 

cathode was preplated for 30 s at a potential of -600 mV (V.M.M.S./ 

The copper concentration of the solution was then 

corrected to 0.D14r~, the potential was raised to its working value, 
.. 

and .the experiment began. The current was monitored continuously 

by a chart recorder, and the solution was frequently analysed by 

. withdrawing negligibly small, discrete samples by hypodermic syringe or 

micropipette, followed by dilution and direct atomic absorption 

spectrophotometry. 

-." 

.Pr,eplating the 600 grade emery paper, wet polished surface was found 

to be· necessary to 'ensure reproducible behaviour in these trials. 

Once again, however, chemical polishing or electropolishing offered 

~no-iignificant 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 to electrodes prepared by preDlating. 

Fig. 10.15 indicates the concentration decay obtained at 340 r.p.m. 

and a control potential of - 1000 mV (V.M.M.S./1M Na 2io4). Ideally, 

ah expoo~ntial decay would be expected, but e 'knee' is evident in 

the curve after a period ~ 60 minutes. The effect may be more 

clearly seen by presenting concentration on a logarithmic axis, when 

a straight line should result. Fig. 10.16 illustrates this together 

with the limits of reproducibility for 5 successive trials with the 

preplated electrode. The results of separate trials with chemically 

and electrochemicelly polished surfaces are s~own in rig. 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 through a minimum and 

increases again, passing through a maximum before its eventual decay. 

This rather complicated behaviour may be attributed to the competitive 

effects of decreasing current due to a diminishing concentration, and 

increasing current due to development of a rough deposit. 

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

to"rig~·~':ib.17 and 10.18) while Fig. 10.20 follows the development of 
- '"' .. 

'~mass transport with time for this case. 

Fig. 21' fOllows the chan"ge in concentration with current density, 

showing the apparent deterioration in the current efficiency for copper 
"" . 

"::" =. at"loii;'..c~n"c"entrations • 
. ::..: 

" . 
. ~"...~~ •••• -.' ."-7~' ,":.: ,.... •. -.:- .... --

-:- , 

.. -"- .-.-



The effect of varying the' potential at which deposi Hon 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 trial described in Fig. 10.16 was used 

in a further experiment. The copper concentration was corrected to 

its original value of 0.014 r~ (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 cylinder velocity, under otherwise 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. 10.2s
a

offers 

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 constant is directly 

dependent upon the rotational velocity. 

10.4 Potentiostatic, Controlled Separation of Metals 

_ . .-

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

_ u.on, from a 0.014M CuS04 and O.014M, ZnS04 + 1.5 M H
2
S04 solution at a 

controlled potential of '- 1000 mV ( r·'.r'1.S.) and 22 0 C.' The behaviour 

is similar to, that already seen for copper deposition from acid 

sulpha te ,so lutions. The ini tial, .. and final rates of decay are com-

_,~, p,!",r,!ble ,with Fig. 10.16, and the steady state polarisation curve, 

,,' ,Fig. '10.27 shows a 'clearly defined limiting current due to copper 
- '."": /~: :..- .. -:. 
- .• "". . . .. -
~ . - deposition in the potential range - 900 to - 1150 mV. 
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Figs. 10.28 and 10.29 shD~ analagDus curves fDr the depDsitiDn Df 

cDpper frDm a 0.0141·' CuS04, 0 014r-l r'liS0
4 

+ 1.Sr'l H
2
50

4 
sDlutiDn. 

Again, the behaviDur \!Jas cDClparable tD Fig. 10.16. 

At the end Df each decay trial, the depDsits were dissolved in A.R. 

grade sulphuric acid, and fDllD\!Jing dilutiDn, the sDlutiDn was analysed 

fDr Zn Dr Ni, by atDClic absDrption epectrDphDtDmetry. The results 

indicated that the CDpper purity was high, being cDntaminated by Dnly 

0.4% \'l/v} Zn Or' 0.25% 'vi/I·! Ni. In the case Df bDth Fig. 10.26 and 10.28 

there was nD detectable change in the zinc Dr nickel cDncentratiDn in 

sDlutiDn, in accDrdance with the abDve results. 

The depDsitiDn Df silver and cDpper frDm 0.014M AgN03 and 0.014M 

CU(N03)2 in 0.1SM HN03 at 22D C is described by the polarisatiDn 

curve Df Fig. 10.30. A limiting current attributable tD silver 

depDsitiDn is evident at pDtentials + 160 - + 300 (V.S.C.E.), \!Jhile a 

limiting current cDpper plateau appears at - 350 tD - 600 mV. 

Selective depDsitiDn Df silver \!Jas atteClpted at a cDhtrDlled pDtential 

Df + 222 mV S.C.E. Dn tD a stainless steel cy~inder, Fig. 10.~1. 

The final depDsit was analysed as 0.2SC-; Cu I-I/\-}. 

FDllDwing the abDve studies with synthetic sDlutiDns, further trials 

were undertaken to treat cyanidic,Clixed Cletal sDlutiDns. TWD sDlu-

tiDns received attentiDn, (Table 10.6), bDth being supplied by a 

large internatiDnal DrganisatiDn invDlved in preciDus metal electrD-

plating. 

The first sDlutiDn, ar. electrDplating dragcut, contained gDld as the 

majDr CDmPDnent and ~as acidic, pH 4.8. PDtentiDdynamic pDlarisatiDn 

studies using a stainless steel rDtating cylinder in an undivided cell 

with a stainless steel anode, produced the curve shDwn in Fig. 10.32. 



In the absence of any clearly defined limiting current behaviour, 

controlled potential, concentration decay e,xperiments were under-

bken at 3 separate, increasing ~ontrol potentials, - 1000, - 1370 

The resulting decay of the 

gold concentration is shown 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 develooment. The current-time behaviour 

corresponding to the above decays is shown in Fig. 10.34. 

The second cyanidic solution studied ,~as a dilute multimetal liquor 

obtained by backwashed 'caustic regeneration of a nitric acid cation 

exchange metal regeneration 'unit (Table 10.6), and had a pH of 11.7. 

It was revealed in preliminary studies that selective deposition was 

unlikely at such a high pH in a cor.plexed, cyanide Eolution, and 

hence the liquor was gradually aCidified, to progressively lo\;}er 

the pH. At a pH of approximately 4.0, a \!Jhite precipitate began 

to form, and the silver content of the solution fell dramatically 

(lable 10.7), indicating AgCl precipitation. At iower pH values, 

~3.5, hydrogen cyanide \!Jas evolved. Potendiodynamic polarisation 

curves (Fig. 10.35) were obt,ained'at various pH values at scan rate 

'( )-1 0 of 300 mV min , 20 C and a cylinder of diameter 6 cm, length 4·5 

cm'and ective electrode area 85.1 cm2, rotating at 50D r.p.m. It 

can be seen that the lO\!Jering of pH generally causes the curves to 

shift in the more noble direction. At pH 4.0, two apparent current 

plateau regions \!Jere visible, and potentia Is corresponding to these 

regions were selected for controlled potential ccncent,ation decay , 
experiments. pH 4 was selected as a standard condition for these ., ' 

!;ria!s, as it appeared to represent the lowest pH obtainable laithout 
;:t- -

'signifi~ant loss of copper and silver from solution, by precipitation. 
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From the polarisation curve (Fig. 10.35), it ~as considered that the 

apparent plateau in the range potential - 400 to - 650 mV might be 

due to mass transport controlled discharge of a silver cyanide 

comp18.x, and a potential of - 550 mV ~as fi rst chCl",~n for a controlled _ 

concentration decay of duration 140 mins (Fig. 10.36), in a divided 

cell of catho1yte volume 1 litre. The gold concentration remained 

constant during the electrolysis, whereas the silver concentration 

decreased to a sub ppm value. Some copper deposition also occurred, 

however~ during the first 70 minutes, the Cu level decreased from 

2.3 ppm to 10 ppm, remaining at the last value for the duration of 

the experiment. 

The experiment was repeated (Fig. 10.37) using an undivided cell ~ith 

a stainless steel anode. 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 wit.h an 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 CODDer Deoosits: Current-time History 

. The transition from a smooth deposit to a rough one was followed by 

studying the increase in current with time for a fixed electrolyte, 

(0.014M CuS04 + 1.5~' H2S04, 22 0 Cl, and a given cylinder (d = 6.3 cm, 

1 = 4.3 cm, A = 85.1 cm2) rotating' at various rotationai velocities 

in the rang~ 100 - 1000 r.p.m. The electrode was potentiostetically 

controlled at - 1000 mV (M.r~.S ./1~' Na 2S04 ) for the duration of each 

trial, giving the results shown in Fig. 10.39. It can be seen that 
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the curves may be divided into three distinct zones, an initial, final 

and transition region. 1nitially,the current corresponds closely 

with the limiting current obtained on a smooth R.C.E., but after a 

critical time (which decreases with increasing rotational velocity}, 

the current progressively. rises, asymptotically approaching, a 

reasonably steady value after a second critical time (which also 

decreases with increasing rotational velocity). 

'ig. 10.40 indicates 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. 

'ig. 10.41 presents e log -,log plot of the mass transfer coefficient 

against velocity (as obtained from the results of 'ig. 10.39) for both 

initial, smooth cylinder and for rough, final mass transfer. The 

smooth cylinder results conform to the general equation: 

--I d- UO. 74 
. L 

whereas the roughened cylinder data are not well correlated. An 

,approximate reletionship would be: 

I oL UO. 90 
L . 

'ig. 10.42 shows the effect of varying the control potential in the 

range - 600 to -1150 mV. (V.M.M.S./1M. Na 2S04) for deposits grown at a 

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

10~6 Potentiostatic Growth of Copper Deposits: Surface Profilometry 

"'---" 
The development of surface roughness was monitored directly using a 

Rank Taylor Hobson, Tatysurf 10 profilometer with a 2 mN force stylus 

(A112/1266, or A112/1269 for low magnification) used in the skidless 
• ~ _0:_ !"". 

mode~ Trials were undertaken at a fixed concentration 0.D14M Cu + 

~w,o:rot~tional velocities, 180 and 340 r.p.m. Higher rotational 

.velocities resulted in deposits whose roughness exceeded the capability .-
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of the measurement instru.ment, even using the minimum possible magni-

fication. Deposits IDare IDithdraIDn from the cell after a given time, 

and subject to measurement of the Ra (average roughness) value defined 

as the arithmefical average of the profile departures above and beloID 

the reference centre line. Further information on the instrument and 

the technique are given in Appendix 2. 

Fig. 1D.43 shows the increase in Ra I!!ith time at both 34D and 18D r;p.m. 

Reproducibility was poorer at higher times, as IDith the current - time 

experiments. It should be noted that a stylus change was necessary 

for measurements above 5 ,.,m. 

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

ments were made, and typical surface' profiles were recorded at various 

times, as shown in Fig. 10.44. 

10.7 Potentiostatic Growth of Cooper Deoosits: Scannino Electron 

Microscopy 

,he effects of co"trol potential and rotational velocity were studied 

on the development of roughness as revealed by a scanning electron 

microscopy of the deposits at varfous times. Each deposit IDas ex-

tensively examined at increasing magnifications, 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 (r-1.I".s.l1l~ Na 2S04) in 

0.014r~ CuS0
4 

+ 1.5 I,' H2S04 at 22 0 C, using a cylinder of d = 6.3 cm, 

I = 4.3 cm, A = 85.1 cm2, rotating at 340 r.p.m. 



Fig. 10.46 illustrates the effect of electrode potential in the range 

- BOO to - 1150 mV for deposits plated for e nominal 60 mins time at 
'3~ 0 
3"10r.p.m. in 0.014M CuS04 + ·L5M H2S04 et 22 C. 

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

comparable otherwise with the above experiments. 

Severel special features are shown in Figs. 10.48 - 10.50. 

1'0.8 Mass Transfer to Rough - deposit Rotating Cylinders 

Several trials were undertaken 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 cylinder geometry and rotational speed, and time, 

as described in previous sections. 

Fig. 10.52· shows the polarisation behaviour for both smooth electrodes 

and for cylinders which had been electrodeposited with copper at - 1000 

mV for set times. In ell cases, the curves refer to 0.014M + L5M H
2
504 

et 220 C and e cylinder of diameter 6.3 cm and active length 4.3 cm, 

rntating 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 the relationship between 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 
. -

times.. It can be seen that for low' times, 'V5' mins, the curve 

exhibits a slope of 0.74 indicative of a substantially (hydrodynamicaUy) 

smooth electrode. At greater times, however, the slope approximates 

: .. :.:." . ~". ::,.";::. 
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to 1, indicative of a hydrodynamically rough R.C.E. At times in excess 

of, say, 100 min, there was relatively little difference in limiting 

errent values at a given r.p.m. 

The effect of abruptly removing a rough deposit is illustr~ted in Fig. 

10.54. In this-experiment., a smooth'preplated stainless steel rotor of 

diameter 6.0 cm and length 6.3 cm rotating at 360 r.p.m. was plated at 

As in Fig. 10.39, the (limiting) 

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

120 mins. After 180 mins, the cylinder was scraped by bringing in a 

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 a value 

somewhat in excess of the original. 

10.9 Mass Transport to Knurled. Rough Rotating Cylinders 

Mass transport to rough electrode posits represents a difficult system 

""for study, as the roughness is difficult to characterise, and "is rather 

random, having a varying degree and spacing of protuberances. The 

production of surfaces having a deliberate, machined roughness, such 

as knurling should facilitate characterisation of the roughness, and 

has been utilised by other workers. 

Fig. 10.55 shows limiting current as a function of rotational speed 

for 1.~_" cm diameter 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 diameter cylinders of , 
roughnass 0.016, 0.040 and 0.060 cm, compared to a smooth electrode. 

,/~' ..... 

,-: . ".L .. '. 
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Figs. 10.55 and 10.56 indicate that the relationship for smooth R.C.E.'s 

is of the form: 

where n is ~ 0.70. 

In the case of the rough, knurled electrodes, n ~ 1.0, and the mass 

transport increases, for a given rotational speed, with increasing 

roughness. 

Fig. 10.57 offers a composite plot of jD' = (St)(Sc)0.644 against Re) 

for the results of figs. 10.55 and 10.56. 

10.10 Effect of Thiourea on Mass Transport of Copper to a Rotating 

Cylinder Cathode 

The effect of thiourea was studied with respect to rest potential, 

polarisation behaviour, current and concentration decay under controlled 

potential conditions, and current time behaviour at constant copper 

concentration. 

Table 10.8 shows the effect of thiourea (10-
5 

- 10-1 M) on the open circuit 

potential of a smooth copper R.C.E. (340 r.p.m.) in 0.014M CuS04 + 1.5M 

The rest potential becomes more negative (less 

noble) with increasing thiourea concentration. For small thiourea 

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

.was see" at higher levels ( At high concentrations ( 

the rest potential became unstable, and the electrode became coated with 

a 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 

general incr~ase polarisation was seen. The effect is perhaps better 

shown by Fig. 10.59 which offers a plot of overpotential against current. 
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( -3 At law concentrations 10 , 
I 

10-4 M) the curve shifts to decreased currents 

at a given potentiel, while at high concentrations, the reverse trend is 

seen. The behaviour is irregular with respect to thiourea concentration, 

however. 

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

batch R.C.E.R., in the absence and presence of thiourea. A t a thiourea 

concentration of 10-3 M, the concentration decay appeared similar to that, 

of a predicted smooth R.C.E., while at lower additive concentrations (10-
4 

M), 

an increased rate was apparent after same 100 min. At law (10-
5 

M) levels, 

the behaviour was entirely similar to pure solutions. At high levels of 

thiourea, (10-2, 10-1 M) a much reduced rate of decay was observed: indeed 

at the 10-1 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 law thiourea concentrations, (10- 5 M) growth is largely 

,uninhibited. At intermediate concentrations, behaviour is roughly 

'equivalent to a smooth electrode, while the situation is complicated et 

( -1 -2) high levels 10 ,10 M. 

10.11 Mass Transport to a Rotating Cylinder Cathode in an Ultresonic Field 

,:Figs. 10.63 and 10.64 represent the effect of ultrasonic stimuletion 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 overpotentials 
.'-... 

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

is seen far each of the rotational speeds. 

Fig. 10.64 offers a plot of mass tran.sport coefficient egainst Reynolds 

Number far the data of Fig. 10.63. In the absence of ultrasound, the 

results are in reasonable agreement with the relationship: 

in' ,commo,n with other studies involving a smooth R.C.E. 

',', '_"~J:~- the pr'esence of ultrasound, however, a marked increase in KL is observed. 



The data are not readily correlated by ·.a simple equation. 

10.12 Cell Voltage and Brush Losses 

Although care was taken to avoid eccentricity, and provide a correctly 

fitted, smooth running, conductive po~er brush and slip ring assembly, 

some voltage loss is inevitable. In addition, the. rotating shaft 

oill also have a finite potential drop. Fig. 10.65 indicates the 

voltage drop et various cell currents by measuring cell voltage at 

the power brush electrical connection in comparison to the voltage 

measured at the lower potential pick up brush. Several conclusions 

may be drawn from this figure: 

1. there was a significantly high voltage drop over the pOlier 

brush/slip ring/shaft assembly, reaching some 0.61 V at 10A. 

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 aporoxi­

mately constant at currents greater than 1A, the value of this 

slope is'equivalent to the overall effective cell resistance, 

0.2 ohm. 

3. The brush/shaft assembl~' resistance is also reasonably constant 

at ~ 0.06 ohm. 

10.13 Effect of Gas Spargino on ,f-lass Transport to a Rotating 

Cylinder Cathode 

Gas sparging is knolin to be important in enhanCing mass transport to 

near stationary cathodes, as in certain electroplating baths for 

example. It liaS 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 a circular groove which carried a 

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

with 1.5 mm holes. Nitrogen lias sparged through the cell at 

,volumetric floli rates up to 1 litre per minute, but the measured 

... : ., 
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effect on the· cathodic polarisation curve ·for copper deposition (Fig. 1 D·. 66) 

was very small, and insignificant, the maximum apparent increase in the 

Hmi ting current being ~ 6%. 

10.14 Transport Properties 

During the course of the studies reporteD in this thesis, it became 

necessary to collate and extend data on the density, dynamic viscosity, 

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

order to calculate mass transport relationships. This largely amounted 

o to extending Robinson's data to 60 C, followed by a comparison with 

literature values. The results are collected in Fig. 10.67 - 10.69 

fur reference and completeness. 
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11. PILOT PLA NT RESULTS 

The pilot plant results presented in this chapter largely concern 

mass transport controlled deposition of copper powder (or cadmium -

section 11.1.2) in Eco-Cell reactors. 

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

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

L td., Macclesfield. 

The compendia of data in sections 11.3 and 11.4 were compiled and 

derived from original laboratory books and reports, and are presented 

r 
by cou1esy of .E~ological Engineering Ltd. 

-----

-,,' - --.. 



11. PILOT PLANT RESULTS 

11.1 500A Pilot Plant 'Eco-Cell' 

11.1.1 Coope'r Powder Electrodeposition 

The general experimental conditions are summarised in Table 11.1 

Polarisation 

Fig. 11.1 shows typical cathodic polarisation curves obtained for potentials 

in the range - 340 to ::; 1150 mV (r~f!;S). The curves refer to a background 
, 0 

electrolyte of 0.5M H
2
So4 at 20 C, end a powdery copper deposit on the 

R.C.E. The two curves were obtained at analysed reactor copper concen-

-3 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 relatively large increase in current at potentia Is > - 950 mV (V.M.M.S.) 

The rest potential for the freshly copper plated electrode was typically 

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

The copper deposition curve exhibits a tendency to a plateau at potentials 

in the range - 750 to - 950 mV, corresponding to mass transport controlled 

dE!position. The absence of a clearly defined plateau is partially due to 

a varying copper concentration in the reactor, the concentration decreasing 

as the current is raised (as the conversion over the reactor increased with 

a substantially constant inlet concentratio~. The rapid increase in 

current at potentials ebove, - 950 mV reflects the incidence ,of hydrogen 

evolution as a secondary reaction. 

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

were obtained in the regiontmass 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. 
" 

It can be ,seen in Fig. 1.1.2 that the plateau::region is much more clearly 

defined, enabling limiting currents to be discerned. 
, " 

This is possibly 

due to the largely undisturbed conversion over the reactor leading to a 

"" . subst-~~'tiallY constant reactor copper concentration. 
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Fig. 11.2 indicates an increase in the limiting current with a higher 

copper concentration. Taking limiting current values corresponding to 

a potential 'of - 850 mV, Table 11.2 compares mass transport coefficients, 

KLobtained from the data in Figs. 11.1 and 11.2. Values lie within 

..;1 
the range 0.238 - 0.272 Cm s showing that the calculated mass transport' 

is reasonably constant over the experimental range of concentrations, 

-3 40 - 484 mg dm • 

The results of Table 11.2 are plotted in Fig. 11.3 as IL against e. A 

straight line through the origin is obtained, the parameters being related 

by K
L

• 

0.262 Cm 

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

-1 
s • 

Steady State Electrolysis 

Following the polarisation studies, a series of trials were performed 

under steady state conditions; the results are collected in Table 11.3. 

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

(~ssuming that only hydrogen evolution had occurred as a secondary reaction) 

'by means of equation 6.15 for a single pass R.e.E.R: 

e 1 -' ' ' ....... :- .. ; OUT. 
EOUA nON 6.15 c = 1 KL A!N IN 

,+ 

":'The ef.fective, limi ting current has then been obtained from K
L

, knowing the 

e 
OUT 

, .. :. :'~'~".:. " -~ .:;:,"":.: ~"'":'~-"'..-~~ '" .' ' .. 
, ' Several "observations may be made regarding the results of Table 11.3 : 

.{ - ~ . ""''-'" ,', ,,-, ,,-', -1 
',:", "~, "1." K '~iialuEjs 'v~ried in the range 0.368 - 0.425 cm s 
" ' L',' ," ,', .. ,- , 

~ .'. ~ '. " 2-;--An'i~cr-~~s;J'in the reciprocating scraper speed from 0.91, to 9.1 Cm s-1 

,'?" , ": had no apparent effect on KL • 
·j~~:·0:-::-.:,;;· .. :·u,"',-··::.:..:t~::~:;.~~i-·~~~~- . -'-' ~. >'. -

,";;' -'£,' "");"'Thi3:',conver'sion factor e '!e '" :~ried wi thin the range 1.90 - 2.04 
;.~:~,~. -~:::~.':;.,~=':)~:~'.~'~;~~~:~ ;:i:.~'~ IN ~ OUT 

,..;;;c""-,,,"::,:i4.::·Th~~e,~:coriitersion factors-are appreciably higher than the theoretical, 
, , ' 

~¥~?~f~f~~~,~~tr&f~i.; ".~-
-'{',ji','" _,>--,fig. -1,1'.4 ;offers a' plot of IL against C for the results of Table 11.3 

~~~t{~(~:f:lf~?~:r;;i~:~): "C OUT 

~\~~~1F1~;;~!;~~3n:~, . 



Decay Trials 

Fig. 11.5 illustrates the decay of C IN' C OUT and I with time, corresponding 
decay 

to the data in Table 11.4. The 'concentration lines appear linear on 
• 

the semi10g coordinates, indicating an apparent first order decay. Results 

F, G'and H are abruptly separated from C, D and E, due to a change in flow 

rate after result E. The slope of line F G H is, however, similar to that 

of line C D E, indicating a consistent mass transport. 

The gradient of the limiting current decay 
(F;8- 11 .<O) 

curve;lis comparable wi th that of 

the concentration decay curve, _ 

Miscellaneous 

Fig. 11.7 shows a plot of total cell voltage against total cell current , 

for the above results. A straight line relationship is evident, the slope 

giving the averaged effective cell reSistance, as 0.0138 ohm. The curve 

originates from a voltage of 1.8 V at open circuit. 

Q.lso 
Tne ~aradaic power supplied to the cell iSLdisplayed in Fig. 11.7, as a. 

function of current. As expected by the relationship : 

2 p = I R, the faradaic power increased steeply as cell 
wa.s ';:-",':;-.,"" .. 

current .; raised;" 

" 
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11.1.2 Cadmium Powder Electrodeposition from Zinc Calcine Liauors 

The general experimental conditions were as shown in Table 11.5. 

Polarisation 

rig. 11.8 illustrates a typical cathodic polarisation curve, for potentials 

in the range - 630 to - 1370 mV (V.M.M.S.) The inflection in the poten-

tial range - 1150 to - 1300 mV may be attributed to cadmium deposition 

under mass .transport control. At potentia Is more cathodic than - 1300 mV, 

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 solutions, the potentiostat controller did not function 

very well, and a decision was made to operate at constant cell current. 

Table 11.6 presents the results of a series of trials performed under 

controlled conditions. 

. =" ".: --.-

.~- .. 
" 

. -- -,' "-. -.--
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11_2 200 Amp Eco-Cascade Cell 

11.2.1 General Conditions/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 hydrogen evolution. Typical -
, 0 

curves are shown in Fig. 11.9 (which refers to 1.0M H2S04 at 60 C) as 

plots of compartment electrode potential (S.C.E.) against cell current. 

For a given cell current, the measured potential generally increases 

with higher compartment numbers. A particularly rapid increase in 

current, for a given apparent potential, is evidenced for potentia Is 

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

The total cell voltage as a function of current was measured during the above 

polarisation work. Fig. 11.10 displays cell voltage versus current, 

approximating a linear behaviour; the gradient gives the averaged overall 

reactor resistance as 0.015 ohm. 

Copper sulphate additions were made to the electrolyte, and a number of 

,trials were conducted to examine the polarisation characteristics for 

copper deposition,/hydrogen evolution. Typical results are sho~n in 

fig. 11.11. Behaviour is rather complex, but a tendency to an inflection 

suggesting mass transport control is seen at potentia Is in,the approximate 

range -350 to -450 mV 

11.2.2 Steady State Electrolysis 

A large number of steady state trials were undertaken, monitoring in each 

case the catholyte flow rate, te~perature, current, potential profile and 

copper concentration profile over the cascade. Typical results are 
" 

compiled in Tables 11.8 to 11.19. 
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11.2.3 Concentration Decay -305-' 

In one trial, the reservoir copper dosing system was switched off, and 

the concentration was allowed to be depleted in the system. Fig. 11.12 

shollls the inlet and individual compartment concentrations recorded 

initially then after 30, 37 and 47 mins. 

The results of section 11.2.2 generally showed 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 electrolyte 

from compartment 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 was readily scraped during the backulash/product 

removal cycle, the freshly scraped cylinder revolving more freely with 

less vibration and requiring less rotational power. 

2. The glut of copper powder product obtained after 8-10 hours electrolysis 

rapidly blocked the hydrocyclone separation system; a simple sludge cone 

or large filter tray would probably have provied a more efficient device. 

3. The overall pOlller consumption of the reactor was approximately 11.5 

KWhr/KgCu, which comprised contributions from Faradaic power (ca. 4.9 

KWhr/Kg) and rotational power (6. 6 K\~hr/Kg)-. 

4. The--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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11.3 Compendium of Eco-Cell Mass Transport Data 

The results presented in this section have been compiled with the 

co-operation of the staff of Ecological Engineering Ltd. The data 

generally refer to copper deposition from acid sulphate solutions 1.oM 

H 50) t 600 C,. 2 4 a 

rour separate membrane reactors have been utilised in obtaining the 

data: 

1. Lab. Rig 1 (50A) 

2. Mini Cell (1ooA) 

3. 500 Am~ Pilot Plant 

4. 2KA Pilot Plant 

The essential characteristics of each reactor are outlined in Table 11.20. 

The data for each reactor is listed in Tables 11.21 _ 11.24, and presented 

in rigs. 11.13- 11.16 as plots of jol = 5t (5c)0.644 against (Re). 

Comparison is made with the equation due to Holland: jo 1. = 0.0791 (Re)-o.oB 

rig. 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 

~nventional polarisation curves for the above data. Rather, the 'effective' 

of 'useful' current for copper removal has been calculated knowing the 

conversion in· the reactor concerned, utilising the equation: 

I· = N (C IN - COUT ) 

329.2 

.1Dhere N is the flow rate in 3 -1 cm s • ", 

, , 



-301-

11.4 Compendium of Eco-Cascade-Cell Mass Transport Data 

Data obtained from an improved 200A Cascade reactor has already been 

reported in section 11.2. 

designs: 

This section concerns data from previous 

1. 100A Laboratory Cascade Reactor 

2. 1KA Commercial Cascade Reactor 

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

The 100A laboratory cascade was used both to study multicompartment 

R.C.E.R's and to obtain scale-up data to design the 1KA commercial reactor. 

Tables 11.27 - 11.30 show results for the 100A reactor, including potential 

and copper concentration profiles for a given current, flow rate and 

temperature. These results are presented in graphical form in Fig. 11.18 

as a plot of LN C against compartment number. 

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

o.ncl .plotted in Fig. 11.19. 
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L2 _I POLARTISATION BEHAVllOUR', A'll' SJ-!OarJ! EE.ECTRODES· 

Rrior- to the uee"or: Jhe copper depoei tion rea.diom fgr the study of 

roughness development, ilt', wae considered necessary to exami'ne briefly: 

the reproducibiliity of llimi ting current', determinations. The condi tionB 

chGBen iinvaillv,ed a soTubl'e copper' foill anorle, a emooth copper feiill 

cathode of !t'Ccurrutelif defiined! Burface dimenei'one ~,d = 6.), 1 = 4 • .J cm. ) 

and a, etandard electrolyte : 0.Or4M Cu S04 + 1.5M H
2

S04 at a 

temperature of 22:
o

C, , a'rotationaiL epeed of 500 r.p.m. and a potential 

scan rat'e of 150 mV(min. )-1'. Preliminary work ~,Tabl'e 10.1 ; Frg. 10.1) 

showed that for electrodee we1:, polished by 600 grade' emery paper, 

eatiefactory reproducible polarisation curves could be' obtained, 

displaying reaeonabl'y well defined li'mi ting currente in the potentiaT 

range ':900 t'o -1l50mV ('.M .M •. S _) . 

THe eurface microroughne"e of tHe rotating cylinder cathode might be 

expected to be important, but early trials with chemi cally poli shed and 

eTectrop~lished foih (Tabl'e rO .. l ; }'ig .. 10 • .1) gave rMul ts comparabl'e 

to electrodes prepared by the above method. Evidently, the hydrodynamic 

roughnees present at fine emery polished surfacM was insufficient 

to affect malls transport (although early stages of nuclleation must have 

been qui te differen't) .For' experimental conveni ence, further triaile 

were conducted with emery polished surfaces. 

Steady-state polarisation data is also desirable, indicating the need 

for a, relatively slow potential scan rate. A" the preeent study did, not 

involve kinetic interpretation, however, and the copper deposition 

reaction is known to display very faet kinetics, a moderately high scan, 

rat~ could be utilised. Moreover, a'slow scan rate was delHierately 

avoid,ed in order to di~courage the formation of roughne~~ (and 
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subsequently increa~ed limiting_ current~) under mas~ transport 

- 0 - 0 - - - I 
controlled conditions. A scan rat'e of 1-50 mY: (min .}- was cho~en a.'l a-

rea~onaliile compromise l:ietween the reqllirement of st'eady, state om one ;-;-

hand, and ~mooth depo~i t, short experimentM tTial's. om tHe- otHer, 

Pra:otical curves- (e.g. Fig.:m'-2:) showed thi':, choice to) be reallOnal:iie 

over a1wide range of conditions. 

The above consideration" apply to a1 canstant copper concentrati-on, 

maintained 1:i1f- a, combination of,- soluble anodes and ellectrolyte fl-ow or 

replacement. Jin certain case" , such a, technique caul\:! not be employed. 

For- example, wi'tH,'as received 1- i'nduBtriail solutions, the exiistence of 

several metal's mitigates against a soluble anode. Here, -an insoluble 

anode or- at divided cel11 may be used. The former, whil:e halling the 

advantage of ~implicity, may reeult in a deleteriou~ decrea~e in pH 

or-an increase in mas" transport due to oxygen evolution. The u~e of a 

cell di vi ded by a1 cation exchange membrane, whi le requiring a hi-gher 

cell- voltage, may overcome these objections, and wa:~ routinely used in 

the pre~ent studies(as descril:ied in Chapter 8 »). The· choice of scan rate 

in this CB"e becomes more critical, a~ too- low: a value may re"ult in 

copper depletion before the limiting current i~ achieved. Under these 

cil'cumstances, a; scan rate of 1'50 mY (min. )-1 was a-gain found to) be an 

acceptable compromise (TabIe 10 • .2):. 

The use of a simple cell and soluble anod~s proved ~ati~factory for 

rapid determina tions, wi'th replacement of el-ectrolyte llet"een successive 

trial"'. For lengthy tTial'.s, however, or during open circuit conditions ,-

marked corrosion of copper occurred in the 1!_ .. 5M H
2

S0
4

.' re suI ting in a 

gradual increa~e in copper con centra tion. Ii'n :5uch ca~e~, the electrolyte-

wa~ adjusted ei ther by volumetirc dilution (using L-5~l H2P04); or ru large 

~--, 
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buffer volume of CuSOi, ,wa~ ~m~19:V"~ and slowly recirculated ·throug!I the 

cell. ,K",.a precaution ,again~t changes in. concentration, electrolyte 
. -::: - .- -- ---

~ample~ were withdrawn at intervals in the vicinity of the limiting 

current and analysed for copper. K.volumetric flow rate of 

!:, 10. dm) (min. )-1 through the cell wa~ found to hav" no significant effect 

on the determined limiting current. This wa~ to' be expected, a~' the ma~s 

tran~port to a turbulent rotating cylinder ii~ known to be rather 

inseMi ti ve to axial flow (:Chapter 2). 

In order to record true values of the electrode potential during 

polarisation trials and obtain accurate potentiostatic cont·rol, a 

separate potential pick up brush wa~ utili~ed. The i'mportance of this 

(a~ discuMed in Chapter 6.5 'and indicated in Fig.6.5) ha~ perhaps been 

190 
overlooked in previous studies, although certain worker~ have 

certainly utilised the technique. 

As noted in Chapter), copper deposition from acid sulphate solutions is 

a well. kilOwn and well characterised mass transport controlled reaction 

",.53 
Csee Til.ble ).5). Kt l'east two groups of research workers have studiied 

this reaction at rotat'ing cylinders with soluble copper anodes, 

providing a good basis for compari~on. 

MASS TR1l.NSRORll' '£0: K SMOCYDH' RCJlMT1!NG: CYLINDER ELECTRODE: 

TI2).2.I! Generail. 

A" tHe" norr_concentric: experimenta~ reactor' geometry (Chapter 8) wa3 

~omewt!at different to) tHat' oC previous worker~, at sraaill amount of mass' 

t'ransport datal wa~ obtained to check the· ~y~tem. Selected re~ult8; far· 

~moo:tH; el'ectrodM Cp_re~ented in Ti>lii[e 10.3.'). were otit·airred over tiIle' 

range 



" 

, j]]' 

1'hi~ relatively small range of dimen~ionle~~ parameters was'restri'cted 

, lly .variol!~ ,factor •• Oniy o,!e copp,er conc~n;tration wa" uylised, '!,". tlle-

lat'er etudie" on roughn .... a development larRely referred to:> tni~' 

condition, providing a direct basis for comparieon. The rotationaill epeed 

of the cylinder' was' r.est'ricted to) the' range, 1'00- 1250, r.p.m. Low speedS', 

re"urted in non-uniform moti'on due: to 'commutation' of t'H"" dLred drive 

I 
el'ectric motor, whire higher'speed" demanded exces"i:ve power' andi tendedi 

to) induce vortexing. T,lle use of visco~i ty increasing addi ti ves such aB 

glycerol was deliberately avoided,for reason" of convenience and in 

order to: retain ~imple, well characterised solutions. 

Ks; noted in Section ]O.Z", the experimental data lti.;e between the 

83 ' 
correlations due to Robineon and Galle ,and Ei'senberg, '!lobia" and 

Sl 
'ili lke .]t may be concluded that, despite the unique nature of tile 

experimental geometry, the data is not significantly different to that 

of previous workers. A: review of the literature reveals a rather wi'de 

range of correlatione, as noted in Chapter It, f:or the ca"e of a' 

turbulent inner rotating cylinder in a concentric' geometry. As pointed 

out by Robin50n and Gabe 83 , the' (Re) exponent ha" been reported ae 

51 ,58,102. 83 89", 
-0 .. 30 ,-0.)1, -0.)33 and _0'.40, ,wh11e the (Se)' 

83 51,58,13'2, '11 
exponent vaQues reported include -0 .. 59 ,-0. 6Lf4 3\3 and -0.666 • 

I 
I 

There are "everal possible reasons for these di"crepancie", due to 

varia tions in : 

(i) the reaction(~) "tudied 

(ii) the range of operating variables and hence the range of (St), (Re) 

and (Se):' 

(iii) the method of data correlation, and 

(:j,v) the geome-try, including the radius ratio of inner to outer cylinders 
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rI, the a~nular gap ro~rI; , the aepect ratio of length to inner cylinder 

rO: h 
. c- radius---, tHe oY,erall shape of-the. cell .and of tll.e e~ectrode. 

rE 
These factors may be examined in more detail. 

The reaction utilised to generate mass transport data has already been 

discussed in Chapter ). I:t'o hae been seen tHat the favoured reactions, 

fierrocyanide/ ferricyanide redox and copper deposition each Have merits and 

drawbacks. There were several reasons for preferring the latter reaction 

in the present study: 

68,83 
direct comparison was possible wiith, the work of Robinson 

the copper deposition reaction is of practical and commercial 

importance, 

(iii) comparison was possible with data from large, pilot plant 'Eco-

~ cel1'reactor~! 

(iv) the maJority of studies to be described involved roughness 
I 

/ 
generation or characterisation. The copper deposition reaction is 

ideal here , as it may act both ae a means of generating ~urrace 

roughness, and a~ an indi ca tor method of meaeurtng ?!Ia~5 transport 

\ L:hapter J), and 

(v) the reaction is not light sensitive. 

The range of experimental variables hae often been restricted by conditions 

including electrolyte temperature, addi ti ves and rotating cylinder 

geoc~try and speed, as previously noted. The study due to Eisenberg, 

5',58 
'l'obias and' Wi lke has become almos t classi cail' for several possible 

reaBon~ : 

(i) it was the first to systematically obtaim a mass traMport 

correlation from the measured parameters i1' d, -0, C, D and U I 

(ii) consideration was rightly given to the reversi bili ty of the redox 

reaction used, 
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(iii) a, wide range of experimental conditions were employed, 

0i v}- a, correlation was obtained- for no lese~than five reaction systems 

invol ving both chemi cal dissolution and electrochemi cal redox 

proce35e~, and 

c .. ) justification of the proposed correlation was possible by known, 

theory. 

While the wide range of reaction types and conditions undoubtedly: resulted 

in a, most', useful and powerful correlation, care should tie taken when 

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

191 
Hitkrides and Ha'ckerman haye poi"nted out that cri ticail study of the 

$' ,58 
Eisenberg, et a~. data reveals a noticeable dependence of the (Re) 

exponent on'the actual (Re)'value. For the ferro!ferricyanide redox, 

react'ion, the, (Re) exponent (given by-,the" slope of the jD' vs,{Re) curve) 

was -0 .. )2: f.ir the interval 101< (Re)<10~, but only -0'.23 for 

J~l'04< (Re)(liO! (Table LE of ref. SS). 'J1he generalised correlation results 

in a/best value' of ~O'.30 over,the_full range I 03< (Re) (r05 . To be exact, 

comparisons sllould therefore be made over the same range of (Re)'. In 

addition, the (Re) exponent varied; with the reaction process, bei'ng 

-0.28 for reduction and -0.23' for oxidation. I 
THe importance of the method of' da;t'al correlation hae: been' discussed in 

Chapter 3.. While both Eisenberg et al. and Robinson I 6S,83 
and Gabe utilised 

I 
a, three dimensional least squares analysis, other authors have a~sumed 

a, correlation of fixed format. The resulting correlatiOA" may appear 

markedly different •. 

The importance of reactor geometry has received ,only scant attention in 

I 
in the li terature, andi there is a decided need for a definitive study. 

I 
The '::l.C.E. may be contrasted wi'th the R.D.E., i'n this 

I 
re~pect. For.' the 

latter, the importance of electrode ~ize and shape, and the containing 



ve8sel/c;~nter electrode geometry are well characterised (see for example 

251 ) , ( )' refS. +1.51' lit ha~ been previously noted in Chapter 6, that attention 
__ ~_-=-=--""O..-_: . 

. ~hould be given to both the hydrodynami cs and the current/potential' 

distribution at'" aL, R.C.E'" to· en~ure uniform, reproducible flow regimes and! 

am equipotential or constant cu'rrent density electrode surface. The 

geometry of a: R.C.E' • .R. has important implications in scale-up and' will be' 

considered in more detail. 

rt is evident from Table 6.7 that a wide range of R.C.E. conditions have 

been utilised in laboratory studies. 'I'hus, for example, Ei8enberg et a1. 57 

and A'~'viaL et a1. 77 utilised' a. very regular', concentric' geometry, with 

('8,B3 
complete end baffling, whire Robinson and Gabe used a concentric geometry 

with incomplete end baffling. The present laboratory studies involve 

neither a concentric geometry nor complete end baffling, and this trend is 

largely the ,'fewl t 
/ 

of an attempt to construct a versatile, robust' and 
, 

convenient rea'ctor (as explained in Chapter 8) rather than a cell for 

academic' studies. The R'"C.E", i t8elf must alsm be considered, and (as' 

discUMed in Chapter 6) design regarding hydrodynamic flow may be 

compromised by the need for electrode accessi bili ty or ease of surface 

examination. I't may be noted that, in t1ie' pre8ent studies, el'ectrodes, 

using overlapping end caps to hold ill f'oil (Fig. 8.8b} gave comparable 

results to those involving flush mounted end caps ,(Fig. 8.&). 

The length to inner diameter ratio, lid was' considered by Eisenberg et 
I 

al.
57 

, who found no significant effect on mans transport for an almost 

fourfold change viz. J.O <lid <11.6 The friction factor result" of 

Theodorsen and Regier9 also: support this fi'nding, for J ~ L/ d < 20 • As 

"een in Chapter 4', ,the functional dependence of f/2 upon (Re) was similar 

for' both rctating cylinders and dis cs, indicating that!, even radical 

difference~ in the ratio lid do not affect': the dependence of mass transport 
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-, 
on the (ReY exponent9• 

l1he imp,ortance of annular gap ha~ been the subliect of IIome debate. 

Eisenberg et a1. 57,58 apparently demon~tra ted the i'mportance of inner 

, , , () U (r 0- rr) 
J D agalnstRe = _-=~-=_ 

-0 
The rMultant linee were parallel and of ~lope -0.;30, indicating that the 

( ) N 
1.0, SI 

results could be entirely correlated by using Re = Ur
I

• ewman 

however, considered that the ratio rI/rO should be incorporated 

into thecmass transport correlation, by means of a modified (Re) : 

" ( )'(' )0.6Lf4 f,( )(" /' )]-°.30 
J D =St , sc =,0_079 L Re "r1 rO Equation 12.1 

25 /' ( /' )-0.)0 iCs noted by Gabe ,r
I 

rO:"'l' in practice, and r L ,rO ~ 0. By 

a~suming a correlation where (her jjs de,fined i"n term~, of r], any 

significance of rO":r], is shown: by an apparent increase in the constant 

0~079. The importance of,' (r:!ro).-o.JO~hOUld not be overlooked. Tabl'e 12.', 

I 

~hows, that ,,.'while a sma~l effect, i's expected for large cylinders with" a, , 

emall annular gap (which is an important practical case), Uu'ge 

discrepancies are apparent for ro sma~l diameter cylinder within'a large 

concentric electrode- the case of a 'pole in a~ bucket'. ]n, practice, the 

changing hydrodynamics for large gaps, woulll probably modify these 

considerations appreciably. 

r 
In a discussion of mass tans port in agitated vessels, Marangozis and , 

4-10 ',57 58 
Johnson have concluded that the success of E,senberg et a1. ' in 

correlating', their data wijth a Chilton-Colburn form: of equation was 

for'l'Ji tous. Thi s si tua tion was suggested to. have arisen as: the Eisenberg 

et a1;., data, obeyed 

Equati'on 12, la, 

This eq;>at'ion isa'necessary condition for the data', to be expressed, with 

equal success, by the Eisenberg et al. correlation 
, -0.)0 

.iD' = constant[~dj Equati'on 1'2,.2, 
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or a more general. Gilland-Sherwood type correlation. 

Equation 12.,J 

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

be used to reconcile data from" both rotating inner and rotating outer 
( 

cylinders, by appropriate definL'tion of (Re)'" 

Having noted above that the Ei5enberg, Tobias'and Wilke 57 correlation 

-, O~079 

Equation 12.4 

is a generalised one, o'tltai·rred over a wide range of conditions, it· is now 

of interest to· examine mass transport over deliberately restricted 

conditions. 

12.2.2 Effect of Copper Concentration 

For a. gi:ven cylinder (fixed d and A'.), rotati"ng at~· a fixed speed (const:ant 

u), in a sp'ecific el'ectrolyte at'" an invariant temperature (consfunt v and 

D)), Equation '-2.1+ siimplifies to 

I"LOC C Equa non 12.5 

Fig.IO.IO. shows a plot of Ii vs. C for such conditions. The linearity 

shown at high concentrations becomes less well defined as' concentration 

decreases, and this apparent increase in IIJC may be attributed to the 
, 
I 

i.ncreasing contribution of background current, or non-mass transport 
, 
! 

controlled deposition. Such residual ·currents may be attributed to non~ 

faradai c charging phenomena at· the electrode arrd the oxygen reduction 

I 
reaction. The latter is expect'ed to be predominant,. especially as the 

electrolyte was not deoxygenated. The influence of such residual current5. 

is only experienced at very low metal concentrations. and is well known 

to polarographers. The oxygen reductiohreaction in acid solution may be 

Equation 12.6 
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followed at more, cathodic potential" by: 

Eqllation 12.7 

The di~~olved oxygen concentration in saturated aqueous solutions at 

room temperature is approximately -4 
2.5" 10 M or Bp.p.m., and is therefore 

comparable in magnitude with the lower regions of copper con centra tion _' 

in the pre~ent studies. 

Polarisation curves for copper deposition at various concentrations 

(Figs.IO·5 and 10.6) show the limiting current plateau becomes ill 

defined at lower concentrations, reflecting the predominance of hydrogen 

evolution at high ca thodi c potentials and background currents a t lower 

potential". It may be noted that experimental difficulties were 

encountered in preparing and maintaining low con centra tion copper solutions. 

, 
Regarding preparation, serial dilution of a concentrated soluti'on by ~· .. 5H 

H
2

S0
4 

neces,sitated'the use of very pure (at least AR) H
2

S04 . The 
! 

maintenance of a low Cu level ("'p.p.m.) before the polari'sation curve. 

was made difficult by the use of a copper cylinder, which could readily 

corrode (with oxygen reduction as a complementary electrode reaction). 

'TIhis situation WM alleviated by polarising the electrode cathodically, 

directly upon immersion. To safeguard against, unknown increases in 

corrosion due to copper dissolution, the electrolyte was normally analysed 

before, during or after the experimental trial. The corrosion problem was 

a.ggravated by the use of a relatively large electrode area/electrol'yte 
I 

volume ratio. Also, use of a rotating electrode led tO,a well mixed 

solution- ironically-the very conditions desirable for a high metal 

deposition performance (as discussed in Chapter 6). 

1'he range of copper concentrations studied in this thesis (1 - 690 p.p.m.) 

was chosen to correspond to those encountered in effluent control and 

hydrometallurgy. 
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I.t is interesting to note, in :Qassing, that the open circuit potential of 

"a" fresh'ly copper plated rotating cylinder may be llJ;UiMd as a crude 

indicator of copper concentration via the Nernst equation. Fig.IO.,? 

indicates an approximately l~near relationship between the open circuit 

potential and' the lbgari thm of copper concentration. In the presence of a 

constant conci.mtratilon 'of ' high ionic strength electrolyte (i·SH H
2

S0l;.}, the 

activity of copper is reasonably constant over the 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 open ci'rcui t 

potentials. In addition, the recorded values were influenced by the 

nature of the electrode, being more negative (by up to lOmV) for freshly 

plated cylinders or rotating cylinders compared to static copper foil 

elee trodes. The Rresence of complexants such as Cl maY' also radically 

affect response, especially at low concentrations of copper. 

12.2~J Effect of Rotational Velocity 

For the, caBe of a given cylinder (constant d and A'):l rotating'in an 

electrolyte of constant concentration at fixed temperature (constant C,v 

and D), the general expression 

simplifies to 

I D'-- U
11

- b 
1 

Equation 12.8 

The exact value of (I-b} is expected to depend upon the reaction type, the 

(Re) range and electrode shape, as discuB~ed in section 12.2.1 • For the 

present results, Fig:lO.-9 indicates a slope of 0.7J, in general agreement 

with previous workers (see section 12.2.1). 

The family of polarisation curves in Fig.10.B, show that the limiting 

plateauxbecame poorly defined as rotational speed. (and hence mass tran8oort) 

increased; the plat'eau is seen to tilt and shorten. This effect may be 

• 
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attributed to a tendency towards non-mass transport controlled reaction 

Fig.l:O.8 results were obtained by'a rapid technique- the R • .c • .E'. being held 

at a fixed potential in the vicinity of the limiting current plateau, for 

mass transport controlled results. The resulting steady current values were 

then recorded for various rotational speeds and potentials. T,he data shml an 

incresing contribution to massctransport controlled deposition as the 

potential is made more negative. At potentials corresponding to the limiting 

current (-950 to -1150 mY'M.M.S.), the data points converge to a line of 

slope 0.73. This 'indicator' technique has bee'n utilised for microel'ectrode 

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 time, the method lacks the precision of a limiting current 

plateau determination. 

Current values in Fig.IO.a do not exactly correspond to steady state values' 

(B'ig.IO.,7), but are nevertheless 'in reasonable agreement. The indicator 
, 

technique becomes more difficult for conditions where the plateau i's ill 

defined, such as low copper concentration and high rotational speeds. In 

sue,: cases, the choi ce of potential is cri ti cal, and care m~st be taken no t 

to apply the method indiscriminately. 

For the case of a given area (A..) and diameter (d) cylinder,rotating in a 

constant temperature dilute copper electrolyte (,where as an approximation 

-\l and Jl are constant), the expressions 12.5 and 12.8 may be coupled to 

yield: I CL CUl • b 
L 

Equation 12.-9 

12.2.4 Effect of Electrode Size 

For a given diameter cylinder (d)" rotating at constant speed (U) in a' 

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

should be constant i.e. 
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where 1 = l'ength- of cyl·inder. 

· 320-

Equa tion :L2 ~10 

Fig.ljD~I2 indicate~ that this ia true, at l'ea~tl. for the present results, 

where al straight line plot through the origin is obtained for IL as a. 

function of };. (the area being altered by shortening the active height of 

the R.C • .E •. ). The choice of area is governed largely by experimental 

convenierrce, and the need to obtain l"imi:ting current values whi ch are 

sufficiently· large to avoid complications due to interfering noise etc., 

and ~ufficiently small to ne within power supply capabilities. Many 

authors have utilised a d/i ratio ~ 1. In order to mihimi'se edge effects 

due to either flow development/separation or non-uniform' current density' 

di'stri bution, long cylinders should be used i. e. d« 1. Such electrodes: 

may result, however, in a 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 

radically squat cylinders of d » 1 

12.2.5 Effect of Temperature 

In contrast to the above considerations for concentration, rotational 

speed and area·, the effect of temperature is more complex, aa both') and 

Dare ruffected' to different degreea~ Fig.l'.o.J.4 and Table 12.2 show the 

o 
improvement in mass transport over the range 22-60 C for otherwise 

constant conditions of d, X, U and C. Relative to the mass transport at 

22
0 C, rai~ing the temperature to 60

0 C more than douoles the limiting 

current .. 

The Eisenberg, Tobias and Wilke correlationS? may be written for this 

case: 

I.;) -0.64~ 
IY -0.64j Equation 12.1: 



i.e. I c<. -,50.)44 D+0. 644 
r~. 

Equation 12.12 

"" in:!rcated: by Figs.10 . .63 and 10 •. 6,,\, both D:and:;) vary a~ the reciprocal 

of absolute temperature: 

I 
T. ex. D .;) 

(The empirical Einstein-Stokes type. relationship, 

Equation 12.1.) 

D-v :0:: 2.2) 
T.' 

Equation L.:~~4 

has been attained by Arvia et al. 77). 

Combining E;quations 12.12 and 12.1) : 

l' 0<. .i) 0.656 DI. 644 T 
L 

Equation 12.15 

Table 12.2 shows that the relative improvement in mass transport 

(referenced to 22 0 C) for the experimental results is comparable with that 

expected from Equation 12.15. 

12.) CONCENTRATION DECAY: AND ROUGWIESS DEVELOPMENT 

It has already been identified in Chapter 6 that, for the case of a 

simple batch R •. C • .E.R., 

-kt 
e EquationI2 • .I6 

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 rate of decay i.e. the value of k. Fig. 

10·.15 shows a typical copper concentration decay for a R_C.E. held at a 

potential of -IOOOmV H.M.S •. For the first 60 mins., the decay follows the 

predicted line, given by: 

-K A/V . t. C
t 

.,C
o 

e L - Equa tion 12.17 

where KL may be determined from an auxiliary polarisation curve for a-

smooth electrode as : 
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Equa n'anl ]2 •. I8 

After ~ome 60 min~., the copper concentration departs from the predi cted 

line (Fig.:E0'.]5), indicating a'n increased'rea'otor performance due to. 

roughnM~ development. The effect i'3 more clearly ~een by considering 

Eq"ation 12'.17 in LOG'. form:: 

KLA' .t 
v.. 2.)0) Equation Ii2~I9 

Thus a plot of LOGroC t against t might be expected to result i'n a, straight 

line, of intercept LOGi:OCo on the t=O axis, and slope 
V. 2.)0) 

Fig.rO.I6 shows' such a plot for the results of Fig.:E0 • .Ii5. A'gairT', for the 

first 60 mins., the data1 approximate to the predicted straight Hne. After' 

this time, the behaviour approximates to' another line of signi.'ficantlY 

increased slope. Fig.]0.]6 further demonstrates that the traMitiom time 

and the value of the second slope ooth showed a certain degree of 

irreproduci bili ty, despite care in the experimental technique. T,hi s 

~ugge8ts a certain degree of randomness in' the nature of roughness 

development. T'o minimise this, and preserve reasonable reproducibility, it 

was found nec~ssary to preplate the surface of the copper R • .c..E. with 

fre~hly deposited copper. This preplating operation also served to stabili'se 

the open circuit potential and allow equipment to be checked. 

It was considered that special 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.IO'],? shows, however, that such surface preparation techniques 

gave results which were entirely comparable with an electrode prepared by' 

wet polishing wi th fine (600 grade) emery paper. The last' technique was 

therefore employed as standard in the 'present studies. In a study of 
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roughne~s development eluring copper depesi tion from IN CuS0
4 

-1" IN H
2

SOLF , 

JBO , 
Ibl, Javet and Stahel also' f~lUnd ~hs terectropolish~n_~ courd not 

prevent roughness development duri'ng (galvanost'atic) deposition,at or' neaT 

limiting current conditions. The explanation'must be that electropolTshing 

or chemi cal polishing does not remove small scale heterogeneiti es on the 

surface. Such residual micro features may include crystallographic defects 

such as grain boundaries, dislocations etc. Mass transport controlled 

deposition serves to amplify the development of small scale protuberances 

in such regions. Electropolishing or chemical polishing may be a pre-

requisite technique for electrocrystallisation studies, however,as 

nucleation, 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 current history. Fig.IO.IB shows that the current initially decays, 

following predicted behaviour' and mimicking the concentration behaviour: 

\ Ii -kt 
=' e 

0 
Equa tion I'2. 20 

It =. ~ I e -KLA/V t 
0 

Equation 12.21 

or 

Equation 12.22 

The current-time behaviour for potentiostatic, limiting current operation 

is somewhat complex. The ini tial' value, I is close to that recorded on a 
o 

polarisation curve, as expected. A'fter JO mins., the current increases, 

passing through a broad maximum at ca. 60 mina., then decaying. This 

oehsviour is the result of competing effects: a declining concentration 

encourages a smaller current i'n accordance with Equation 12.18, but an 

increasing roughness promotes a larger effective mass transport coefficient. 

It might be anticipated that the current at longer times wo~ld 'decline in a 

similar fashion to the correaponding concentration, indicating a constant 
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mass transport coefficient. ],'ig.IO.I9 shows that the behaviour is 

considerably more involved. This log-log plot of I: vs. C indicates that at 

high I and. C (corresponding to short times), the I-C behavj'our 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. C~650 

p.p.m., then after a 'further time decays with declining C. A derived plot 

of apparent mass traMport coefficient vs. time (Fig.IO.,20), shows that 

the calculated KL (given by Fig.IO.I9, assuming the current to correspond 

to I L), 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 

concentration, 

(ii) a, small part of the roughened deposit' left the rotating cylinder (lue 

to gravity/centrifugal forces and redissolved, 

(iii) background reactions such as oxygen reduction became increasingly 

important at lower copper concentration,(as previously discussed in 

Section 12.2). 

The actual mass transport coefficient for longer times (and hence rough 

deposits) may be calculated from, the concentration decay curve (by means 

) -3-1 of Equation 12.1;.9 as 6.7>' 10 cm.s • This value is considerably greater 

(by a factor of 3.2) than the initial value for short times of 2.2,,10-) 

cm.s-
I

• This last value compares favourably (within experimental error) 

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

subsidiary polarisation curve) of 2.32,( IO-3 cm.s-I • 

'fhe increased reactor performance due to roughness development is further 

seen in Fig.IO.2i:, where the concentration change t:,.C = C'-C 
o t is pl'otted 
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a~ a' function of current. The increased performance at low concentrations 

. (longer time·s· and hence··Toughened deposits)'- is manifes ted as a, considerabl'e 

deviation from the calculated straight line for a smooth electrode. 

'rhe effect of potential during a potentiostatically controlled batch 

depletion of copper is shown in Fig.rO.22. A:t rela ti vely' low values 

rv -850 mY N.M • .s'.; the decay approximates to a single straight line over 

the experimental time interval (220 mins.), in accordance with simple 

theory. Thus roughness formation does not appear to be significant under 

such condi tions, A:t higher potentials, however, a signifi callt increase in 

performance is experienced, as shown by an increase in the apparent rate 

conatant for the decay. The transition time for deviation from' the 

predicted smooth electrode slope decreases wi.th increasing cathodic' 

potential, indicating the earlier development of significant roughness. 

The rate constant also increases at higher cathodi.c potentials.At 

potentials more negative than say -1050 mY, significant hydrogen evolution 

occurs, and 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 J). Evolution of gas 

directly from an electrode might be expected to produce such enhancement, 

as the small :iize hydrogen bubbles are evolved throllgn the convective 

diffusion layer, causing considerable disturbance to it. 

It is often assumed that mass transport controlled reactions are 

independent of the electrode potential, ,in contrast to activation 

controlred processes,-While this may generally be true [or smooth electrodes, 

the development of surface roughness is remarkably potential sensi ti ve. As; 

indicated by Fig.IO.22, the control potential may affect both the transiiti'an 

time for growth of roughness, and the extent of roughneM/surface area', 

amplification. It is significant, in reactor performance terms, that, at:; 
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potentials corre~pondi'ng to mass transp,ort control, a relatively; small" 

increase in p-otentiall may/result in a 'greatly increased, performance due tOl 

a, combination of roughness and surface area i'm:reases. 1indeed, a certain' 

amount of current inefficiency may'oe to'~'erated i'f the hydrogen' gas 

evolved ae a1 secondary reaction, provi'des effective stirring. 

]t: snouI'd oe noted that partiicularl'y low residual concentrations were 

possitil'e im the batch decays; belb .. ] p.,p..m. in certain cases (.wi th 

obvious; attractions for effluent control purposes). Some di ffi culty was 

experienced "i th reproducibility, however, as occasionally the concentratiOn, 

wcmI'd'increase rapidly lJy several p .. p.m., then con'li'nue to decay. This wa" 

particularly experienced under gas evolution conditions, and could be 

t'raced' to" the dissolution of' free copper powder. Powder leaving the 

cyUnder via gravity or centrifugal force was free to dissolve either by 

open circuit corrosion, or the induction'of bipplar dissolution in the 

interelectrode gap', of the divided cell. (In the case cf an undLvided cell, 

direct contaot with the anode provides aJ, third possibili ty- simple anodi'c 

dissolution)'. 

A:tvery low concentrations, the concentration decay tended to decrease in 

rat'e, the residual concentration being relatively stanTe (in'the alJsence 

of rapid redissolution as d,escribed abov,e). THe' existence of such a minimum 

practical concentration for a', given metal/electrolyte combination has been 
408 

experienced by several workers, including Kuhn and 1l6ughton (Sb {:: 5p .p.m.) 

and Newll1!l.n (Pb{:0 .. 5 p.p.m.)406. An equilibrium concentration is apparently 

reached when' the rate" of deposi tion and redissolution are i'denti cal. -,,:, 

thermodynamic approach by Trainliam and Newman
407 

(who considered packed 

bed electrodes) has enabled an esti'mat'ion to, be made of such a concentration'. 

]n some cases, the use of a more negative potential may resuilt in a 

further decrease in con centra tion. A:1;t'erna ti vely, further metal removal 
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may: be encouraged by a decrease in the corrosive properties of the sol vent. 

Howev~r" tli~ use of ""_ more negative potentiar may'result in higher power 

costs and the incidence of side reactions. Choice of electolyte is seldom 

possilile in indusVrial practice, and the use of a, less acidic' solvent may" 

lead to codeposition of' hydroxide. It should also be remembered that the 

application of constant potential may effectively result in a declini.ng 

applied overpotentiaT due to the Nernstian shift. In the- case of severe 

decadiic changes in concent'rrution" the potential' may fall below that 

necessary for nmi ting current operation. 

The effect of potentiail.l om the' current time behaviour fOT' a: oateh decRY i.'s· 

illustrated in Fig., ]0 • .23'. The initial currents (t wO min.) are gerrera11j 

comparable with vaTues from corresponding steady state polarisati'on' curve~. 

Att low potentials, e.g. -850 mW M'JI'.S'." tile' decatf' approximates to a 

straight line', mimicking the concentration behaviour. As, the potenti.al 

Decome~ more negative, however, deVliation occurs, the current decaying to a 

minimum, then increasing through a maximum before a final decay. This 

apparently complex behaviour is the result of competition between current 

increase due to enhanced mass transport (via a combination of increased 

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 maxi~~), 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 relatively high value, governed by gas 

evolution at the roughened surface. 

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

was used as the starter electrode for a repeat experiment (Fig.IO • .24). The 
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decay immediately followed a rate comparable to the final stages of the 

previous run, The i'lgrf-ased metal deposition did not marked.ly enhance 

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 transition time. The latter effect is pres~mably 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 froll smooth electrode 

limiting current considerations. At very low concentrations, Z I p.p.m., 

there is evidence again of tailing, and in the case of IiOOO r.p.m., a 

constant concentration of 0.5 p.p.m. was attained after some r60 mins. 

Reproducibility worsened as the rotational speed increased, necessitating 

many de terminations to obtain significant results. 

In Table 12.3, am attempt is made to compare initial and final slopes for 

Fig.10.25; approximating decay behaviour to two distinct lines of different 

gradient. The relative improvement factor due to roughness development 

compared to the early smoother electro. e surface varies between J.J for 

180 r.p.m. and 4.9 for rooo r.p.m. These results plotted in log-log form 

in Fig.IO.26 as apparent rate constant against rotational speed, to 

determine the velocity exponent. The early results display a slope of. 0.73 

in accordance with polarisation data .for smooth electrodes under similar 

hydrodynamic conditions. The later result~, however, show a significantly 

higher slope "'" 0 • .88,. in addition to giving appreciably higher mass transport 

values. In.ufficient points are available to precisely define this last 

value, unfortunately. 

It is interesting 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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402 
apparent rate constant for decay. Strickland and Lawson have reported a 

rotating disc study of the cementation of Cu on Zn, Cd on Zn, Pb on Zn and; 

Ng on Cu, Cd or Zh from aqueous acid solution. When the deposited material 

-2 exceeded 0.2-0'.4 mg cm ,the rate was enhanced, the effect being more 

marked wi th increased rotational speed., 

The batch decay type df experiment is a most convenient technique, as a 

relatively large amount of information may be provided using a relatively 

small volume of electrolyte. The monitoring of both current and concentration 

history allows performance. to be steadily evaluated over a wide range of 

conditions. The multiple sampling 'of a batch solution is tedious, however, 

and may decrease the effective volume. ~'he use of continuous moni torine­

devices such as ion selective electrodesJ96 is to be encouraged in this 

respt..ct. 

En the present studies, the use of a relatively high mass transport 

electrode .(the R .. C.E.) and a moderately high area to volume ratio has 

enabled concentration decay over some three decades' in a reasonable time 

scale (up to J hours). Faster experimental trials would be possible using 

either a smaller, concentric interelectrode gap to decrease the effective 

cell volume or a more rapid, rotational speed. For example, the use of end 

baffling and a fully concentric cell with a lcm gap would reduce the 

present rooo cmJ volume to approximately 100 cmJ . 

The development of roughness at the electrode as a direct consequence of 

metal removal creates a somewhat complicated condition, as the growth of 

roughness occurs over a, range of concentration. The extent and type of 

roughness is expected to he a function of concentrationf 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 

~ylinder serves to provide an easily modelled,simple vessel, batch C.S.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 

of 
in the case~porous, packed and fluidised bed electrodes. The resultant 

batch recirculation mode (Section 5.2.)) has been examined in the case of metal 

recovery , 1 k 120,164,]99,207,208,40) In severa wor S . 

CONTROtLED~ POTENTTIAL SEPARATWN,; OF' METALS 

Many of the ex,isting techniques for metal removal. from1 solution are non-· 

se]ective. For examp]e, ion exchange may be applied to remove cationic 

species, while chemical precipitation as hydroxide may remove all' metals 

having sufficiently, insoluble hyd.roxides under chosen condi tions. El'ectro-

deposition, however, is a' potentially elegant technique, as metal may be 

removed directly onto the cathode as massive material. In addition, one 

reactor may be utilised to produce'a variety of individual metals by 

variation in the operating conditions, notably the potential. 

There' are several instances where a nobre metal is required from a multi-· 

metal mixture, for commercial and/or ecological considerations. Far 

example, in the stripping of reject silver plating onla base metal, acid 

dissolution will result in a mixed metal solution;: silver may be selectively 

recovered for reuse or resale. Iin hydrometallurgy, the l'eaching of ore 

frequently results in mixed metal solutions; cadmium, for exampl'e, is 

norma~ly found with zinc. By judicious choice of electrolyte and 

condi tions, tlie selecti ve extract of cadmi urn may' be practised by electro-

deposition., Bbth cementation and solvent extraction are routinel'y 

employed in hydromet'allurgical processing, but it may be noted that the 

first introduces a base meta] into solution, while solvent extraction 

fluids are expensive and sometimes· difficult to handle. Following solvent 
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extraction, conventional electrodeposition is often utilised to reCOVer 

metal in any case. 

The absence of controlled potential deposition on an industrial scale mayl 

<le a ttri buted to two factors. Firstly, there have been few electrochemi cal 

reactors capable of controlled potential deposition. The R.C.£.R. is 

particularly sui tabl'e here due' to its subst'antiailly uniform! eTIectrode 

t 
potential under potentiostaic condiitions., Secondl1Y, large scaile potentiostats: , 

ar.e 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 

Chap.t'er· 5, where it was noted that the technique is ideally akin to.> 

polarography with a large, solid electrode. It' has already been noted that 

the p.rincipl'es invol'ved are similar to the converse case' of aUoy depo'siition 

)22,)46,)57 d th t l't t 2IO,2]},226,227' , an a, the ereatroanalytical ], era ure 

contai'ns many routine exampl'es of selective recovery., 

The ease and success of separlttion depends upon:: 

(i r the separation of standard potentials, 

(ii): the relative acti vi ty of metal ions, and 

6ii):' the degree of polarisation of each cathodic reaction. 

TIhe situation may be compli.cated in practice, as pH', temgerature, relati;"';e 

metal concentration and complexant eomposi'tion may each change the metal 

compl'ex present, and i'ts decomposition potential. In the case of electro-

active complexants, the cell design may radically affect the result.' For 

example, in the aaeffi?f an undivided cell, cyanide may be oxidised at an 

insoluble anode. 

].t was noted in Chapter' 5 that the literature is sparse concerning large 

scaile controlT"d potential' separation of meta~·s., The contributions of the 
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Swiiss-Rolli cell ]26 and the' Akzo Fluidised Bed El'ectrode Reacto/6T for coppe't" 

deposition should be mentioned', however. (See Chapter 5 for further details). 

One application of the technique i'8 tHe purification of electroplating batli8 

contaminated by secondary (noli'!,,):' metals. Such contamination occurs routi'nely, 

as a consequence of corrosion of the substrate or transference of liquor 

from a; previous stage., T,he secondary metal may' be present at· very low revel's 

rv li - 500 p." . .m." and a' high ma·ss transport reactor i's' necessary to remove 

11 0 9 
the L'etal at m reasonable rate. Vaa!'er has reviewed some early work and 

reported further studies involving silver, copper and zinc removal from 

lSO-LS2' 
nickel plating baths. l,t is interesting to note that 'l'NCO' workers ' 

have deliberately added controlled quantities of a noble metal (A'g or eu) 

to nickel baths and utilised the deposition rate of the secondary metal as· 

a mass transport indicator (see Chapter 3)\, 

]n the present laboratory studies323 , the possibility of seTedive removal 

wa~ investigated under well stirred batch conditions, aS'discussed in 

Section 12'.,3 • Bef:ore a batch decay was attempted', a. polarisation curve was 

traced, estabIlishing the limiting current in order to provide a norm for 

smooth electrode performance (Equa ti'on 1:2.)19)'. This curve also, aided 

judicious selection of control potential, corresponding to mass transport 

controlled operation. 

In the case of copper deposi tion from ei ther' zi'nc sulpha te/ sul'phuri c acid 

solutions Q:Fig.lO.27)\ or nickel sUl'phate/sulphuric acid solutions (:Fig'.IO.29) 1 

the polarisation curves, for copper deposition are similar to the case of 

copper from acid copper sulphate, i;ndicating that copper iR the nobler 

me tal under mass transport control. The limi ti,ng current values are also 

comparable to those in I.5H H
Z

S0
4 

al'one., This is to be expeoted, as' the 

addi tion of small concentrations of, ZnS0
4 

(0.,0I4H),: or NiS0
4 

(0.014H)" wourd 



- 333-

, 

not radically affect the, viscosi ty of the electrolyte, the diffusion 

coefficient of cupric ions or the active species (';,;}",,):. The iinl'ortance of 

control potential i's sho .... n by the corresponding Figs .]0'_26 and ]0'.2"8 • At' 

potentials below the limiting current (-850 .. mV: M..M.S'.,)', the semi-logari thml'c 

decay of concentration approximates to:a straight line which ~~y be 

estimated from limiting current considerations. Kt higher potential's, 

however, C-IOOO mY M.W.S,.)\ the decay increases in rate aUer somp. 45 mins •• 

due to the development of rough deposits, as discussed in Section 12.J • 

Deposition .... as reasonably selective, there being no detectable change in 

solution concentration Cof Zn or Nil" by atomic absorption analysis (: J%)., 

A' more discerning test of selective deposition .... as provided by the deposi't 

analysis for the -1000 mY M.M~S'. results, values of 0.,4 '/0 .... /',1 Zn or 0.,25 0
/ 0 

w/~ Ni being recorded. This corresponded to deposited metal ratios of 

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

I'n the case of a mixed A'gNO/Cu(NOJ)!HNO
J 

solution, selective deposition of 

silver .... as possible under limiting current conditions, an increase in decay 

rate via roughness formation being once again apparent. The selective 

deposition yielded a substantially pure (99.75%w/w) Ag po .... der. The 

individual polarisation behaviour for Kg and Cu (Fig.IO.JO)" indicated a 

wide separation in deposition and mass transport control potentials, 

facilitating a straightforward separation. 

The above examples utilising synthetic, .... ell characterised solutions have 

some relevance to industrial practice. The CuSO~ZnS04 solution is typical 

of a sulphuric acid pickle for brass. Selective copper removal woul'd provide 

substantial metal savings for a large processor and extend the lifetime of 

the pickling liquor. Similar considerations apply, to CuSO~NiS04' although 

it is realised that cupro-nickel alloys are somewhat rare. Silver recovery 
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from a AgjCu/HlIO) solution may be practised following ni tric acid stripping 

of silve" pla,t",~ copper substrate5. Such material is regularly found in 

decorative plating, the Rroduction of heavy electrical conductors or 

processing of l'ow silver, copper alloys. Selective recovery of silver provines 

a' cost effective procells, while the copper recovery may be uneconomic. 

Tlie above studies regarding synthetic, uncomplexed acid solutions represent 

conditions which are favourable to selective deposition. rn practice, 

however, many liquors are heavily complexed. Considering electroplating, the 

addition of relatively large concentrations of cyanide to baths is often 

necessary to enable codeposition of metals, or to achieve smooth, adherent 

deposi ts. N1so, cyanide based solutions are frequently encoun tered in hydro-

metallurgy and the metal processing industries for ore ,. leaching or metal 

dissolution purposes. 

Two industri:,l cyanidic solutions were studied. The first was a dragout in 
, 

which carry over of a gold plating solution had allowed a concentration of 

8)0 p. p. m: Au to develop, wi th few other contaminants. The second was a 

multi-metal rinse water arising from the alkaline regeneration of a cation 

exchange column. N, polarisation sc"n for the dragout solution at a stainless 

steel R •. C.,E. in an undivided cell (Fig.10.JZ) showed no obvious limiting 

current inflections in the potential range studied (-0.5 to -1.75 V .11 •. 1>1.5.). 

Three arbitrary potentials were therefore chosen at _1..0, -1..), and -1.75 V. 

M • .l1 •. S •. for batch decay trials (Fig.]O •. ))). Smooth, golden deposi ts were 

obtained in all cases, suggesting sub-limiting current operation. The 

deposition was partly. under ~~ss transport control, however, as indicated 

by a faster decay for higher rotational speeds. The decay results are 

somewha t anomalous in that the rate at -1..000 V is greater than at -1..) 70 v. 

Use of an appreciably higher potential (-1.750 V) resulted in a much faster 

decay. The corresponding current histories are complex. At -1 •. 000 V and 
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-I.·370 V, an approximation to a semilogari thmic decay is experienced, wi th 

a greater slope for the latter. At -1 •. 750 V, however, the current behaviour 

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 = 0) were' in reasonable agreement wi th the polari sa tio,·. 

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 100 %
, due to hydrogen evolution 

in the acid (pH 4.8) solutions. For example, the -1.75 V decay removed 0·778 g 

in 1'.53 A: hr. ; this is equivalent to a faradaic current efficiency of ca. 

7.00/0 based on a one electron change. Current efficiencies were somewhat 

higher for the lower control potentials, being 38% at -1.3 V,. H.11.'s •. and 

28% at -1.0 V. H.M •. S. 

The second cyanidic solution provided a considerable challenge to electro-

deposition as a metal removal techniaue. 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 solution of relatively high 

pH. Selective deposition was considered highly unlikely under such 

conditions, and attempts were. made to acidify the solution (Table 10.7).· At 

pH 4.0, the silver concentration started to fall dramatically, due to Agel 

precipitation, while at lower pH values, toxic HeN was evolved. While the 

chemical removal of Ag as AgCl was certainly a possible preliminary 

technique for treatmert, it was considered desirable to maintain 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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corresponding increase in the free metal ,ion concentration. The irregular 

trend in the curves-may 'be attributed to the charge in stabil'ity and 

electroacti ve nature of the metal complexes wi th change in pH. A't pH 4 • .0, 

two apparent limiting current plateaux were discernable and potentials 

corresponding tOJ these regions were selected for batch decay trials. At 

- .0.55.0, V. M.,W.S'~ in a divided cell, silver decayed in a semilogarithmic 

fashion from 2.0 to .0 • .6 p.p.m. in 12.0 mins., levelling at this value for the 

duration of the trial. While some copper was codeposited, in early stages 

(.0_ 6.0 mins.) the concent'ration stabilised at ca. 9 p.p.m. There was no 

detectable change in Au concentration throughout the experiment. ~hus gold 

appeared appreciably less noble than, ei'ther silver or even copper, in 

contrast to uncompl'exed! acid solutions, (c.,c.f. standard reductiCX'lpotentials: 

Au(I)~+'I.7.o ; Ag(n)- = -H .o~80 ; cu(n) = ... .0.)4, 'I,. N .H.E. or 

Au(r}=, +,1.05; A'g(I} =_ +' .0.15,; cu(rr) O.)L V. H.I1.S. ) . 
, 

Comparable trials in an udivided cell with an insoluble stai!11ess steel 

anode once more resulted in an unaltered Au concentration, and a substantially 

constant Cu concentration. Silver' was ngain removed in a semilogari thmic 

fashion'down to 2.6 p.p.m., where it remained for the rest of the experiment. 

Thus this trial was more selective with respect to copper removal, but 

resulted, in higher residual silver 'concentrations. This level of silver may! 

be reduced by more severe conditions such as a higher potential, although 

an electrical power penalty is incurred. Fig.I.o.)8 indicat'es that a potential 

of -900 mV; M'.M.,S'., in a still undivided cell resulted in a marked fall in Cu, 

while Ag.decayed ,very slowly indicating formation of a stable complex. Even 

at this higher negative potential, there was no marked gold removal. 

In cyanidic solutions, the relative nobility (and hence stability) of metal's 

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

governed by the type of complex: present. Decomposition of Au (CN}2 - is 
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404 
considered'to be the mass transport limited step, however I"n cy-anidic 

solution's, it i's accepted that Au is appreci!\lllY less noble than Ag, the 

405 standard potentials being as follows:: 

E
O

/ v. N.H.E. 

Au ~CN0' -, '2 +t' e =~ Au +.-. 2CN -0.61' 

!tg (CN)k- *e 'I::: A'g +t' 2CNf -0·39 

+, 
T,he considerable difference between the standard potential of Au and 

!tu (CI/')'2- of some 2.3 V is a measure of the thermodynamic stabi'l:i'ty of the 

cyano-complex. In the case of cyano-silver complexes, the deposition 

potential depends greatly on the rela ti ve metal/ cyani de ra ti'o, At low 

vailues, A'g (,CN}-2- predominates, whereas A'g fCN:}2 - discharge is determining 

at higher potentials. A't high values, Ag (~CN)'2 - exists and discharge of 

A'g eN i's decisive. In contrast to other metals, the influence of (CN-) is 

relatively weak for A'u, due to the stabili ty of A'u (CN)2 -. 

CURRENT: H]ST.ORY DURJjNG: PO,])EN'DIlOSTAT]C; GROW'JJH: 

In' the previous sections, ]2'.3 and 1-2.h, tHe concentration in the reactor 

was allowed to deplete, using a divided cell. I"mportant information may,' a1JSG 

be gained' by studying roughness devel'opment at, a constant copper con'Centration" 

maintained by ru soluble anode. This represents the start up condition of al 

flow through reactor i'm which the (outl'et)\ con'centra1ion is maintained 

while mass transport performance increases due to metal! powde,r.' development. 

In addi tion, the mass transport to developed rough deposi'ts is comparabl'e 

to) that i'n an 'Eca .. Cell' R.C~E.R'., aLthough the metaill powder surface is 

normally con trolled in thi ckness by a, mechani. cal scraper in this case. 

Under potentiostatic control at -1000 mV M.M.S. (corresponding to Hmi ting 

current operation) in a fixed concentration solution(0.Or4 H. CuS0
4

), toe 

current transient for various rotational speeds is shown in Fig.10.J9 • THe' 
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curve may lie divided into three regions. Initially, and at short times, the' 

(limi ting) clIrrent is reasonably constant and cOll1P,arable with the value 

obtained from the corresponding polarisation curves for a smooth cylinder. 

N. gradual transition then occurs to higher currents. Eventually, the 

current tends towards a reasonably constant 'saturated' value. These regions 

may be approximately identified wi th ne'posi tion to a smooth cylinder, 

roughness development and 'saturated' roughness formation. In practice, the 

situation is more complex, as rou~hness development is known to take place 

almost as soon as the R .. C.E. is made cathodic at potentials near the 

limiting current (as shown in the following sections; 12.6 ann 12 •. 7). l1eta1 

deposition is still actively occurring at long times, but presumably, the 

continued growth is such as to maintain a reasonahly constant mass transport 

by c?ntributions from surface area and roughness factors. 

The 'initiation' time for growth of current 1s seen to decrease mark"dly as 

the rotational velocity (and hence the mass transport') is increased. At 

high rotational speeds, this region almost disappears. The transition to 

saturated roughness becomes shorter and the lit curve more steep as. 

rotational speed is incr.eased, resulting in higher final values of current. 

As with the decay curves, a degree of scatter was always obtained for the 

11 t curves at cons tant C, deapi te careful surface preparation. Fig. IO.hO 

indica~es that the limits of reproducibility for fresh, smooth electrodes 

increased at high9T rotational speed, suggesting an increase irr. the random 

nature of growth a 1;- higher mass transport. Reproduci bili ty 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.IO •. 4I.) of IL vs. U for initial and final currents on 

Fig.rO·.J9 reveals a different relationship for smooth and roughened deposits. 

For initial results, 

-= 
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I ci.. UO.74 
L ~ Equation I2.2J 

(in accordance wi th earlier, smooth cylinder data)" while at long times. 

Equation 12.2Lf 

The exponent for rough deposits is not well established, however, due to 

scatter, and the relatively restricted range of velocity. 

The increase in (limiting) current due to roughnes~ development under the 

experimental conditions varied from x{'6 at 1:80 r.p.m. to ,,8,6 at 12JO 

r.p.m. 

The above results concerned a constant potential. The effect of varying this 

parameter is shown in Fig.10.42 • The transition time for a discernable 

increase in current appears to progres,,, as the potential is lowered towards; 

values which represent a lower maBS transp,ort contri bution. A' "sa tura tion ' 

current is not se,m 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, certai'n degree of roughness development) still; 

occurs given a sufficient time. A't particularly low cathodic potential's, 

N -0-750 V. M.M.S. and less, no significant increase in current occurs, 

indicating the continuance of substantially smooth deposition'and' an, 

insignificant contribution from'mass transport control. 

The above trials serve to illustrate the importance of potentiall rather.' tlian 

current!, density per' se. For exampre" pot'entirols of -li .• ]00" -li.000· and -0.950 

Vi. M'.H.S. all! correspond to: limi ting current plateau operation" but tlie 

current-tim .. behaviour i's' markedly different" especiailly at longer times., 

Thts may be atttributed to siignificantly. different growth of rough'deposiits 

over such an apparently small potential range. Thus a potentiostatic 

approach may yield improv-ed information, compared to', a gail:vanostatic' study. 

Nuch of the work to date on' mass transport and the development of' powdered 

deposi ts has been gaivanostatic, particularly the works by Dbl et:, a'1J. 193,]94 \ 
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J80 ' 68 
, and by Robinson' • There is evidence of an increasing awareness of the 

importance of the potentiostatic approach, however" a~ is clearly shown in 

the recent works by the research groups of Calusar)57 and Popov et a1.J72-J75, 

J82. The remaining importance of constant current trials should not be 

overlooked, as. this represents, a, frequent industriali mode of operation. 

Previous, stUdies of roughness formation have already been reviewed in 

Chapter 5, and a1 general comparison of techniques employed is made in 'rable 

]2.4 • The potentiostatic work by CalusaruJ57 et al. deserves more attention 

as, in com;non with the present studies, a wide vnriety of techniques are 

employed to study roughness formation. Addi tfonally, the quantum mechani ca'I 

treatment of the subject by Calusaru et a1. J57 ,J6J-J66 is in many ways 

complementary to the mass transport approach by Ibl et al. I9),)80., 

'rhe overall polarisation behaviour ,for copper deposition to roughened 

electrodes w~s similar to that for their hydrodynamically smooth counter-

parts. Fig.r.0.52! shows a progressive increase in the limiting current' 

plateau for deposits grown at various times. The plateau va~ue corresponds 

approximately to that seen on the relevant I-t curves. 

It is' interesting to examine the effect of rotational velocity on devel'oping 

rough deposits. Assuming a' cont'rol potentiail of -1000 mV M'.H.S. to" 

correspond to mass transport con.troll'ed deposi'tion at 100% cathode current 

efficiency, Fig.rO',5J shows steady (limiting) currents observed' for deposits 

of, 0 - 1.00 mins. growth. At t~O, the velocity exponent in the expression 

IL 01.. Un is' approximat!ely 0.73, as' expected for a hydrodynamicaUy smooth 

el'ectrode. For deposits grown over the first 10 mins., this slope increases, 

being approximately 1'.0 for higher times. This is in accordance-with known 

works involving hydrodynamically rough (knurled) cylinders, ~here the 

observed limiting current is directly proportional to periphera'l veloci ty 19~ 
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:J!t may also be noted that at short times; and deposits of developing 

rou"hness (.=. 10' mins. in this case) the average slope obtained is apparerrtly 

irrt'ermediate between that for a hydrodynamically smooth el'ectrode and a 

saturated rough one. This 'indicator' technique of mass transport measuremeJrt 

at~ a single potential corresponding to) limi ting current operation- jjs rapid 

and convenient "ae previously noted, but Iacks t'he precision of a 

polarisation curve determination. 

In induatriaT 'Eeo-Cell' R.C'.E'.R. 'a for metal powder production, the 

cathode is continuously scraped to remove a stream of powder:; It is important 

to substanti'ally preserve the surface roughness and enhanced area of the 

powdered deposit, however', to maintain reactor performance. For this 

reason, a small portion only is scraped at a given time, by means of a 

'reciprocating point scraper' technique. The disastrous effect of a; full 

length, flat liitade scraper is clearly shown in Fig.10 .. sr •. Here a static 
/ , 

'tufnol' blade was allowed to contact the rotating, rough-depoBi t cathode 

surface after IBO 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 

forma tion of a sa tura ted condition of roughness. At t c I BO mins., the 

scraper blade was engaged, the current rapidly falling to a value only just 

in excess of the original, smooth cylinder value. The powdered deposit was 

almost completely removed, leaving a substantially smooth electrode. The 

enhanced mass transport due to rough deposit formation is also shown in 

F{g.IO .. 54 by a comparison of mass transport to a knurled n • .c.E. of peak to 

, '190 
valley roughness 0.) mm. (according to Kappesser et a1., equation G.IO ). 

A limiting current of 1.2 A, equivalent to that of a knurled cylinder of 

such roughness was reached after )5 mins., the current then steadily 

increasing to a value of 5.8 A.., some 4.B times greater. The maximum current 

showr for the powdered rough deposit is equivalent, in terms of the 



Kappesser et a1. equation, to a peak to valley roughness > 7 mm\ ThiR 

clearly demonstrates the special enhancement of mass transport characteristi c 

of rough electrodeposits. 

The reasons for such enhancement are severalfold. Firstly, scanning electron 

. 68,BLf 380 microscopy and electrode capacity and lmpedance measurements ' have 

shown an appreciable surface area increase compared to smooth electrodes. 

While the electroactive.area for powder formation is appreciably less than 

68 the actual one ,it is considerably larger than the projected geometrical 

area. Secondly, 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. 

12.6 PllOFILOMETll1C 11EA:SUHEMENTS'DUHING THE DEVE10PMENT OF ROUGHNESS 

Stylus-traverse measurements revealed that surface roughness increased 

rapidly during potentiostatic deposition at -1000 mV M.M.S. (Fig.IO.43). The 

use of higher rotational speeds resulted in a more rapid increase and also 

a higher roughness at a gi ven time. At longer times, the rouglmess tended to 

reach a reasonably constant, 'saturated' value. This may be attributed to 

the overgrowth of copper powder, such as to preserve the average roughness 

value. 

Actua'l profilometric traces for rough deposits produced after various times 

(Fig.10.4Lf) clearly s~ow that the development of roughness is progressive 

and takes place almost immediately. The development is particularly 

noticeable between 25 and 30 mins. at 3LfO r.p.m. (}'ig.IO.4Lj ct/e). After 50 

mins., the roughness increased to such a degree that change to a less 

sensitive stylus was necessary: this larger 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, 

J80,4II limiting current conditions has been discussed by Ibl et al. , using 

the following interpretation. The initial 'smooth' surface has. small scale 

geometric irregularities. The current density 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 
I 

the electrolyte resistance resulting in the 'secondary current distribution. 

The relevant parameter for current distribution consideration is K d~/d i, 

where K is the specific conductivity.of solutiion and d ~ /d i the slope of 

the potential/current curve. If this 'polarisation parameter' i·s Iarge 

compared to the profile rength h, the current distribution will be uniform, 

. . 
despite the irregular geometry. On~ activation polarisation smoothes' the 

current distribution, whire concentration polarisation has· the opposite 

effect. The diffusion layer thickness, dN is then appreciablif larger than h. 

Under mass transport control, deposition is markedly favoured at peaks 

l'eading to amplification· of surface roughness. 

SCANNING ELECTRON MECROSCOPY AND MORPHOLOGY 

Scanning electron micrographs provided a convenient and reveali·ng picture of 

the extent and type of growth during prolonged potentiostatic deposition. 

Previous stud.ies by Robinson68 ext'ensively examined the morphology of" rough 

copper deposits from acid sulphate. lIn contrast to the present work, 

however,. Robinsom employed high copper concentrations (0 • .07 or 0.7 M CuS04 ) 

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

in this Thesis were intended to complement electrochemical and profilometri'c 

measurements, and were conducted poten tiostatically in 0_OI4 H CuS04 ... 
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1·5 M H
2

S0
4
· • 

At a constant control potential of - 1000 mY N.H.S., the development of 

rough deposits is .shown in Fig.IO.45 • At short· tjjmes ,"-' 2 mins., early 

growth takes place preferentially along scratch.marks (Fig.IO.45.i), 

resul ting in miniature parallel rows of nodules. After 5 mins., certain of 

the nodules have grown prefere'1tially (Fig.IO.45.b). This situation 

continues for some time (Fig.l~.45.c and j). Mulitinodular growth at many 

si tes ov-er the entire surface is evident by 20 mins. (Fig.IO.45.d and k). 

After 45 mins. (Fig.10.45.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.10.45.1 and m • After 60 mins., the 

predominant nodular growths have formed clusters (Pig.IO.45.f) and ov.ergrowth 

occurs at longer times (Fig.10.45.g). The multinodular fine structure of a 

single nodule,is shown clearly in Fig.10.lf5.n • Kt long times ()- 90 mins.), 

the deposits were truly powdery in the sense 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.IO.46 • At low potentials, - 750 mY N.M.S., the 

surface is rough but not powdery, while at more negative potentials near or 

on the Limiting current plateau, extensive powder formation is Seen. ~he 

use of potenti"al"s lleyond the li'mi ting current pIa teftu (i. e. corresponding 

to some hydrogen evolution) .e.g. ':" 1200 mY· M.H •. S., resultecl. in veEy fine 

powder par.ticle size (Fig.I0..46ci)'. 

The effect of rotational speecl. after a fixed ti'me (60 mins.) i"s iiJ.flustra ted1 

in Fig.IO •. 47, where the use of high speeds (Le. hi'gh mass' trftnsport) iis 

seen to resurt in more extensive powder formation. 

Some sp.eaial features of deposits,revealecl. at' high magnification, may .. cre 

briefly mentioned. Fig.10.48 shows'a multiple layered growth, where the tips 
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of nodules are evidently being extended in one predominant direction. 

Occasionally, star-shaped multinodular growths were observed (Fig.IO.49), as 

opposed to' the mor~ normal spherical forms. Such growths were rare at the 

low temperature (22
0 e) used, as' were dendritic, feathery growths. Fig.IO.45.k, 

however, indicates a tendency towards the formation of a branched, 

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

branched nodule from Fig.IO.49 is shown in Fig.IO.50 • 

]NFLUENCE OF THJiOUREA ON} ROUGHNESS; DEVELOPHENT 

The effeot of thiourem on the devel'opment, of rough copper'deposi:ts has; been 

previousry studied; bY'Ibl) et ail.
380 

and' Girlie' and and Robi'nson
84 

(Table 12'.5). 

BetIT' of these investigation'" involved raIl-her.- concentrated' cappel:" soluti;on8, 

, 380 
however, and the studles, by Ibl et ail. invoHred' naturail convection to a 

/ , 
sta ti'c electrode. The present'; studies are concerned! wi th more di lute, 0.01"-i4 

Cu soluti'ons, polari'sation behaviour and'reactor performance. 

Thiourea; had! ai marked' effect, on the:rest potential of Ba copper R.C.E. (Table' 

10.,8), a, more' negati ve value being gene;ally recorded "i th increased thiourc", 

( .If) 
additions. There' was relatively little change at low '~10 H additions, 

but the' influence' was marked at higher, ( '~ 10·) 11)' levels. At particularly' 

high levels" C;"" 10.
1 

H), the' open circuit potential became unstalll'e, the 

copper' being coated wi th al, dark grey/brown film. 

'fhe' polarisation behaviour for copper deposition in tlie presence of thiourea, 

was somewhat' complex (oFig.l0 .. 58), and; perliaps better viewed in terms of 

ovep.potentia~ vs. current curves (Fig.IO.59). The' well-definea' limiting 

current plateau.! evident at potential's in the range of cathodic overpotentials, 

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

Sinall concentrations of thiourea', (10·4, 10·) M) appeared to slightly 
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polarise the deposition reaction, whire nigher:' levels (10-
2 

and 10-
1 

M} 

appe"red to effect marked depolarisation •. Concentrations of 10- 5 11 resulted 

in polarisation behaviour which was broadly comparable with pure solutions. 

10-) 11 solutions gave a shortened inflection at ~ = 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 effect of thiourea was examined in two modes" bat,ch decay and constant 

copper concentration. Batch decay trials (Fig.IO.60) showed that' low 

concentrations of thiourea (10-5 M) gave a performance roughly comparable to 
I 

o M solut~ons, the development of roughness occurring in much the same way. 

(
_if )' 

Higher concentations 10 M resulted in a longer effective initiation time 

for an increased rate of decay; the decay at higher times was no longer semi­

logarithmic. The suppression of roughness at IO-J M levels was such that the 

decaJ behaviour was broadly similar to solutions without thiourea, no 

-2 I 
increased 'rate being apparent. The suppression of roughness at 10 and 10-

11 levels was severe and the copper deposition reaction was effectively 

poisoned, little change in copper concentration occurring. 

Similar considerations applied ita the case· of constant copper concentration. 

The current growth at ]0-5 M thiourea concentrations was just' bellow that for 

_if 
pure copper solutions. 10 M levels tendecl to suppress gro,.th somewhat, 

wnile 10-3 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 

( -2 -I) levels 10 ,ro M once again poisoned the copper deposition reaction, 

resul ting in partially conductive film formation and low currents. 

These results are relevant to, the treatment of certain industrial effluent 



- 34'1-

solutions in powder producing reactors such as the 'Eco-cell'. In the case 

of electroplating bath dragouts', for example, the copper' concentration may 

build up to rooo p.p.m., while thiourea based additives may gradually 

increase to the range studied. In andi tion, the results show convinci.ngl'y tha t 

roughness formation during mass transport controlled deposition may be 

suppressed by the correct concentration of electroactive additive. This is i.n' 

8/, 
striking contrast to the results of Robinson and Gabe where, at the o. 7 ~! 

Cil level (which is typical of plating baths), thiourea addi. tions were not 

effective in roughness suppression. 

I}) 
1'he mechanism of levelling by thiourea is reasonably well understood • 

Thiourea is codeposited, under'mass transport control, with the metal, 

greferential 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 adsorpti.on are mass transport 

controlled. Depending on the relative ooncentrations and reactor conditions 

(potential and degree of mass transport), either process may dominate, giving 

rise to: rough deposits or smooth ones for extreme cases. 

, J08 
'fhe studies by ]bl et al. showed that in 0 • .1 N GuS04, solutions and high 

thiourem concentrations (-v 2.6 10-2 N)', prevention of roughness was; possible, 

as with the present studies. At higher Cu concentrations (r N CuS04 ), 

substantial roughness development occurred despite thiourea addi tions, in 

accordance with the results of Robinson and Gabe
84

• 

MKSS TRANSPORT,' TO KNURLED HOTATING CYLINDERS 

The previous sections have considered mass transport' to rough deposits. Such 

surfaces are difficult to characterise, regarding both surface are~tand the 

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

however', for a; variety of' reasons:; 
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(i) the formation of rough surfaces represents an extreme limit for tlie 

production of electroplated~eposits, 

(ii) random,roughness formation is common to corrosion and other dissolution 

processes, 

(iii) the production of" powdery deposits (Chapter ?) is one of the essentia-l 

preparative techniques for the powder' metallurgy industry, 

(i v) the high mass transport to rough deposits resuLts in enhanced reactor 

p,erformance and faci li tates 

(v) fast', efficient and sometimes selective removal of metals from dilute 

solutions in the industrial 'Eco-cell'. 

The study of electrochemicaTI mass transport 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 ~~y be 

controlled by pressure on the tool). Regarding practi cal 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 

]90,191 
Before a consideration of results on copper deposition to knurled 

, 
R.C.B.s, it is useful to consider alternative methods for the production of 

standard roughnesses: 

(i) , JI7 groov1ng the machining of grooves or slots is tedious and care 

0. 
must be taken not to gretly increase tlie surface area or depart from a • 
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basic'rotating cylinder geometry. Grooves may be machinea along the 

dimension of the axis, or circumferentially. Alternatively a helical 
~ -

('screw threaa') groove may be cut. Clearly, the direction of the groove 

relative to both the cylinder dimensions and the rotation sensp. may be 

all important. 

(ii): wire overlay 4IJ _ a technique whi ch 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, predetermine':, 

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 very irregular, 'saturaterl ' roughness, 

which resembles that from sand blasting. 

(i v) abrasi yes - emery cloth or .... ·ire brushing al::;o produces a non-uniform .. 

roughness, which is difficult to characterise. 

(v) finning - the use of massive projections from a H.C.E. may result in 

stagnant zones around the electrode, and a radically different geometr:l. 

Results for copper deposition are shown in Figs.IO.55 and 10.,56 for 1.-5 cm. 

and 6.0 cm. diameter cylinders which have 'been knurled to yiel.d a range of 

roughness values. For the corresponding smooth cylinders, the 11 vs. UJ plots 

indicate the normal relation'ship 

Equation 12.25 

where n ~ 0.'1 • 

For the knurled cylinders, behaviour approximates to n ~I in all. cases, an 

increase in roughness yielding a higher mass transport. A' composite plot of 

the data as ji; vs. He indicates that, for a given value 'of relati,ve roughness, 

d/€ , the mass transport is appreciably higher (Tahle 12.6) than that predicted 

by the generalised equation· due to Kappesser et al. I9,0 



- 350-

Equation 12 _ 26 

whi ch was reported for oxygen reduction to monel H. C. E. 's. In addi tion, it 

was' surprising to find that all knurled cylinders acted as hydrodynamically 

rough surfaces. In view of the equation describing the cri.teria for an 

electrode to obey the above relationship, 

( 
/,) I I B 

He cri t =" 11. Bd/6 • Equation 12.27 

and in the range. of (Re) employed, the 1.5 cm. di.ameter, el/.: = BJJ and d/6 

=' 500 cylinelers should have behaveel as 'smooth' systems. It should be 

remembered that the present results concern a very specific set of oonditions 

however, i.e. one concentration and only a decadic range of rotational speed. 

It is interesting to compare the mass transport performance of knurled and 

rough deposit cylinders under set conditionq: 0.014 M Cu, 22
o

C, and a cylindr:-r 

of diameter 6 cm. rotating at JGO r.p.m. (I='~_ 10.54-1. 

2.10 BASS'THANSPORT TO AN ULTHA'SONICALLY STINULATED H.C.E. 

Ultrasound, (Section 4.9) is known to have a significant effect on the 

deposition of metals from electroplating solutions. In particular, the 

application of ultrasonics may result in harder deposits of lower porosity 

with less hydrogen embrittlement, and the deposition rate may be increased. 

242 
For example, Kochergi.n and Vyaseleva have reported increased rates of up 

to B times for copper deposition. 

Ultrasound has arso been advocated for the electrowinning of copper in 
J 

t kh t
' 24J an ouse opera lons 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. 

Walker
21

;I has briefly described an ultrasonically stimulated fluidised bed 

electrode, where particle agglomeration was discouraged by ~he vibration. 

The extent and mechanism of mass transport enhancement by ultrasonics is not 
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well understood, and several effects may be operative •. These include bulk 

agitation, jet flow, micro streaming due to high velocity ed.dies, standing 

waves and cavitation. This last effect is believed. to be the most important in 

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 undoubtedly lead to, conflicting results. 

In the brief stud.ies reported here, ultrasonic stimulation markedly changed 

the polarisation and mass transport behaviour during copper deposi tion to a 

turbulent R •. C •. E. A:s shown in Fig.IO .. 63, .the polarisation curves appeared to 

be markedly shifted to less cathodic potentials such that the limiting current 

plateaux ray in tHe overpotential range 0.35 - 0.50 V, rather than the normal 

0.45 - 0.60 V. The potential at which hydrogen evolution occurred was also 

lowered to an overpotential ",0 .. 50 v •. 

Mass transport results for these preliminary studies are presented in Fig.IO.64 

as KL vs. (Re). For the case of smooth cylinders I<i thout ul trasoni cs, the 

results are reasonably well correlated by 

Equation 12.211 

in accordance with other works. The application of ul trasound resulted in a 

set of data which could not be easily treated in the above fashion. This may 

be the result of the , ultrasonic transducer position and its relation to 

cell geometry, or the change in relative intensity of rnass transp.ort 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 2 .• 0 ti;'es, showing that the already high mass transport 

to a smooth R •. C.E. may be incrp.ased still further by this technique. 
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12.Il MkSS: TRANSPOHT TO P1'LOT PLANT 'ECO_CELL' HEl,CTOHS 

J06-J08 
The 'Eco-cell'. process for metals extraction has largely evolved via 

an empirical approach due to the difficulty in correlating mass transport to 

J07 J08 irregular rough deposi ts. Holland ' has attempted to correlate data by 

an equation of the form: 

Equation 12.2:1 

Arguing that (Sc) describes only the transport properties of the electrolyte 

(which are unaffected by cylinder rotational speed or roughness), 'c' was 

assigned a value of -0.644, as reported by Eisenberg et a1. 57 ,58 • From 

li tera ture studies, the constant 'a' appeared to have an agreed value of 

0.0791, leading to 

(St) = 0.0791 (He)P (Sc)-0.644 Equatiqn 12.30 

Here the (Re) exponent 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 

0.0791 z F c. U (~d)P (~) -0. 61fLf ':qua hon 12.31 

It was realIsed that the powdered metal surfaces had time dependent 

characteristi cs, including electroacti ve surface area and roughness; the 

surface changed continuously due to growth and powder loss (by gravity, 

centrifugal forces or mechanical disruption). 'rherefore, although the 

effective current depositing metal (assumed to be equivalent to ILl could be 

measured, the true current density was indeterminate. The practj.cal 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 



-353-

'L = 0.0791 z Feu (Re)-0.08 (Sc)-0.644 Equation 12.32 

The enhanced mass transport in 'Eco-cells' was illustraten hy comparing this 

equation with an existing correlation for copper deposition at smooth 

. 68 84 
cylinders, due'.to Roblnson and Gabe ' 

iL = 0.0791 z F C U_: (Re)-O • .JI (-Sc)-0.59 Equation 12.33 

The difference (which may be 10- 100 times for practical cells) was ascribed 

to the decreased value of the (Re) exponent (Table 12.7). It was consideren 

,that this equatio:, ;;as a reasonable description of mass transport over a, w;d'e 

range of conditions, as scaleup had'involved a diameter increase of 6 times 

and a projected surface area. increase- of 29 times. 

It should be realised that variation occurren in the value of'p' calculaten 

in this manner (Table 12.8), ann nue to the form-of the power la', relationship, 

apparently small variations may ,result in relatively large changes in the mass 

tranS1-.Jrt. 

Plots of jD' 'vs. (Re) for 'Eco-cell' plants show that consinerable scatter 

occurs in the data. -In practice, ,Equation 12.32 has p!'!>"ed to lie a useful 

empiri cal predi ction of scaleup, and this is perhaps reflectecl in Figs. n.1 5' 

and II .16 where the data fall near the correlating line •. It should be not en 

that each of the pilot plants ;;as somewhat different regarding design ann 

geometry. 

In comparison to academic mass' transport studies (Chapter 4), there may be 

several objections to the 'Eco-cell' data: 

(i) tHe limi ting current, as such, was not measured via a conventional. 

polarisation curve; rather a 'useful current' was found (Section II.)) 

from reactor perforlMnce. As the majority of trials involved hydrogen 

evolution (current efficiency values were as low as 60°/. ), this may 



have enhanced mass transfer ap'preciably. Moreover, the enhancement is 

is expected to be more severe at low (Re) tho1.n at higher (He), and to 

depend on surface roughness and the potential of the electrode (Sections 

12.3 and 12.,5)· 

(ii) the powdered metal surfaces were' not characterised; neither was the 

ini tial surface roughness, that is, whether it was a blasted" smooth, 

abraded or knurled surface- this may appreciably affect the mass 

transport. In addition, the growth characteri sti cs of the powder 

result in a time-dependent mass transfer, influenced by powder faill-off 

and regrowth. 

(iii) the viscosity and diffusion coefficient were not measured, and may have 

changed Significantly in some of the impure solutions. A small chR.nge in 

the (Sc) may appreciably change the mass transport predicted by a 

correlation. 

i 
(i v) pure copper sulphate / sulphuric acid solutions were not used in all the> 

eXperiments. In some cases"organics and chloride were prep-ent which may 

have consumed current or stabilised the Cu (I) sp,ecies. 

(v) the geometry of the rigs used was varied, and no account was taken of 

flow separation or the importance of the g'd.p width (Section 12.2). 

(Vi) comparatively few data points are available when it is remembered that 

the majority involve ~_solution at ~ r.p.m. and ~,concentration. 

In mass transfer correlation, every effort should be made to obtain 

data over a wide range of (St), (Re) and (Se), in view of the power raw 

relationship between the variables. 

(vii) reproducibility of a single datum point was very poor in certain cases, 

there being as much as .± 20
0/0 variation about a mean.In some cases, 

reproducibility was not well established. 

IThe particularly high mass transport to an 'Eco-cell' R.e.E. is shown clearly 

/ 
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in Fig.II.I? '. where a comparison is made with eQuations due to Eisenberg et 

a1. and Theodorsen and RegieI'. Not only is the mass transport (as indexed by 

jn ,) higher, but the rela ti ve difference increases at higher (Re). It may be 

5 7 noted that the 'Eco-cell' has normally been operated at 10 <. Re (10 ; a 

higher range than that of previous workers. 

[2.12 EXPERIMENTAL PERFORMANCE OF PI,LOT,' PLANT REAC'rORS 

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 all.o'"ed judicious 

selection of a control potential (potentiostatic) or a, current (galvanostatic) 

for steady state operation. Metal powder was then produced continuouslY,and a 

~ass balance performed over the system. 

A, general feature of the cathodic polarisation data for the pilot plant is 

the existence of poorly defined limi ting 'currents (Fig.IT;.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 

und.er conditions of cons tan t metal concentration. As the poten tial (and 

hence the current) is raised, however, for a given inlet concentration, GIN' 

C (- C )" declines as the fractional conversion increases. The 
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 deposi bon have a simi1ar overall shape to 

those in the laboratory studies, hydrogen evolution occurring as a secondary 

reaction at post-limiting current potentials. Limiting current values (taken 

from Fig.II.2) indicate a direct proportionality to copper concentratnon 

'! (Fig.Ir.J) • The slope of this curve allowed an averaged mass transport 
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coeffIcient to be calculated as 0.262 -I 'rhis is particularly high in cm s 

comparison to other reactors, showing the mass tral'lSport advantage of a 

powdery, rough rotating cylinder under highly turbulent conditions. 

Steady Bta te electrolysis (Ta.ble I] • .J) indi'ca ted tha t KL values were somewhat 

-I variable in the range 0.368 - 0.425 cm s ,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,Cn/COUT,which lay in Lhe range 1.90 

to 2' •. 04 • The conversion factors here. were appreciably higher than those 

calculated from the Holland equation (Equation 12.32). This was, perhaps 

attributable in part to'alrow cylinder-to-vessel gap encouraging hydro-

dynamic shear. I;t is interesting to note that the linear speed of the 

-I 
recip'-ocating Bcaper was' not important in the rrrnge 0.91 to 9.1 cm s 

indicating t'ha,t the powder surface was maintained i.n a sui table manner i.e. 

having a· satisfactory roughness and active area. 

Concentration decay experiments allowed comparahle mass transport data to he 

obtained. Fig.I1.4 shows that lllvs. C data for steady state and concentration 

decay conditions could be collapsed to a single plot. Fig.II.5 indicates that 

the reactor conversion was very sensitive to flow rate, as expected. 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 

speed. 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 

·oper'!te satisfactorily in a single pass or batch recirculation mode, and the 

power requirements (Fig.II.?) proved moderate. 

Cadmium deposition trj.als (l<'ig.II •. 8 and Table 11.6) also proved successful in 

):::: cadmium powder of high purity could be electrodeposited continuously 

a solution which was heavily laden with zinc. Such a separation is 



, 
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important in the hydrometallurgical treatment of zinc calcine liquors, and 

offers advantages. over the39nyentional cementation process which requires 

supply of quality zinc or iron powder, and subsequent separation. 

The cadmium deposition may be contrasted with copper in several respects. 

The limiting current plateau waS1 less well defined for cadmium and appeared 

at higher overpotentials (c.r. Figs.H.8 and II.1/2). Also, the mass transport 

for cadmium deposition was much lower, this being a consequence of the 
o-oco-o·\4 -I 

comparatively viscous zinc sulphate solution used. KL values of ~ cm s 

. ·-1 
were obtained for cadmium, in comparison to 'V' 0./+0 cm s for copper at a 

similar rotational velocity. 

, , 
! 
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12.1)' CASCADE 'ECO~CELL' REACTORS 

The concept of a cascade R.C·..E.R •. was introduced in Section 6.6 , and typical' 

resul ts from the 50 A [abora tory and l: KA Gommerci'al models havebeeno 

presented in Section 1}.4 

Tabl"e 12.9 summarises the characteristics of cascade 'Eco-cell' reactors to 

da F th d t . I f h d I . . 414 h' h te. ur er e al S 0 eac mo e are gIven In a recent paper W .le ' 

considers the development and performance of these reactors for metal removal. 

The 50 A l:aboratory model wam essentially Ri perspex model cell used to 

demonstra te the feasi bili ty of ca"Scade acti'on, and too investiga te anode 

positioning. The results were used to, scare up to the Commercial I KA design. 

Whi re the a'hove reactors operated in a sa ti sfactory manner, the 200 A 'second 

generation,' design was' evolved with a view to : 

(i) lowering capitaJ costs, 

(ii) improving engineering and minimising maintenance, 

(iii) facilitating routine maintenance, 

(iv) attaining enhanced electrochemical performance, and 

(v) improving the ease and efficiency of metal powder' remo~al. 

A major change has been the use of'a cylindrical cathode rotated vertically 

about its axis, as opposed to the previous horizontal designs. This has 

several advantages including : 

(i) 'minimisation of floor space, 

(ii) improved mechanical operation, and 

(iii) greater ease of product recovery. 

In the horizontal designs, metal was removed from the reactor after a' 

'prolonged period of operation, the electrolytic current and normal electrolyte 

flo'" were turned off, and the reactor was backwashed wi th a minimum volume of 

nitric acid, to chemically dissolve the copper. This proved a rapid and 

" successful method of product removal, 

)""'""" " .... ,H,,' "'" .. 'H~'. 
and in the case of the commercial 

concentrate could be recycled to the 
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first stage 'Eco-cell', producing copper-powder. One of the inherent 

advantages of the 'Eco-cell', that is product recovery as metal powder, .. as 

lost, -however. An additional consideration is -that certain--of tEen-obler 

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. At 

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 multi_pIe blades (one per 

compartment) results in a much smaller displacement and decreased blade wear 

compared to a single blade. 

Ideally, individual cathode compartments should each operate at a potential 

equivalent to deposition at or near the limi ting current to ensure maximum 

duty and high current efficiency. Such operation may be moni tored by potential 

profile measurements (Tables 11'.27 and II .28). Correct working potentials may 

be chosen wi th the aid of auxi liary polarisa tion curves over the concen tra tion 

range of interest, with due regard for iR drops inherent in the cylinder 

fabrication or reference electrode assemblies. 

Theoretically, the conversion over a cascade assembly may be described by 

I 

Equation 6.J8 

This may be rearranged 

r;qua tion 12.34 

For a given CIN ' LN CIN is a constant, and a plot of LN Cou'r against n has 
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a negative slope of LN (r +' KLA/N) • Plots of this nature allow performance 

to be evaluated, and an averaged KL to be. calculated. In the case of the 50 A 

laboratory and I Kk Commercial models, reasonable straight lines are obtained 

(Figs.II.I8 and 11.19), giving average fractional conversions of 0.45 and 

0.)) • This is equivalent to a mass transport coefficient of 0.)8 and 0.5) cm. 

-I ' s ,the latter value being greatest due to the correspond.ingly higher 

peripheral velocity (Table II'.20). 

The preliminary reults for the 200 A'De";elopment model (Tables 11.8- 11.19) 

show that performance tended to deteriorate in higher compartments. This 

feature was persistent at various.t~mperatures, flow rates and currents. 

Typically (Table 11.15 ; Fig.II.20j the cascade action was destroyed. by 

compartment 4, and higher compartments realised little concentration decrease. 

Indeed, in some cases, compartments 5 or 6 were at a somewhat higher copper 

level than compartment 4. From potential monitoring, it was clear that each 

compartment was functioning near limiting current conditions,and the reactor 

was disassembled. 'fhis revealed a fault condition in the design of the anode 

box to baffle sealing. The situation was such as to allow a small percentage 

of the ca tholyte from compartment I (high concentration) to bypass 

intermediate compartments and emerge in compartment 4, 5 or 6 • This clearly 

demonstrated the need for careful design and assembly of cascade reactors 

operating under high conversion conditions, 'and future designs were modifien 

accordingly. Fig.II.20 allowed an averaged fractional conversion of 0.41f to be 

calculated for early compartments of the 200 A'reactor, equivalent to 11 KL 

-I value of 0.40 cm s • 

'A cascac.e of CSTR's is a pO>lerful reacto'r assembly, capable of high overall 

conversions, and low exi t concentrations of metaL ~iri.table for effluent 

discharge. f\ turbulent rotating cylinder electrode geometry is a particularly 

advantageous combination of flow pattern and geometry. A uniform electode 
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surface is provided, enabling a near equi-potential electrode to be used 

therebyalloJ<ing potentiostatic control to be exercised, while high mass 

transfer rates may be realised giving rise to high rates of conversion. In 

addi tion, the mass transfer to the electrode is largely independent of the 

actual flow rate, being governed primarily by the rotational velocity of the 

cylinder, and its surface roughness and area. This is in marked contrast to 

plug flow reactors such as packed beds and unstirred filter press cells where 

the mass transfer is strongly dependent on the flow rate. 11ass transport 

controlled operation 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 beds or filter press cells, or problems with severely 

uneven potential distribution. Unlike 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 been a' 

200~:lO! 12.0 
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 hydrauli c series, the CSTR model being a more 

reaso'1able approximation in the case of low throughput of electrolyte ann. 

thorough gas stirring. 

A reactor often employed in larger scale photographi c si.l ver 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 addi tion, mechanica1·disass·embly, followed by 

scraping is necessary to remove silver. 

Returning to the 'Eco-Cas cade,..Cell' reactor, it is in teres ting to note tha t 

if an infinite number of elements were provided, the system might be expected 

to approximate to a plug flow reactor (PFR) , with an enhanced overall 

conversion. If each compartment behaves according to the plug flow model, the 

conversion over each element would be given by : 

Equation 12.35 

Assuming identical values of KL' A B.nd N,. to the CSTR example, a value of 

fR =-0.6J2 is obtained, which is somewhat greater than the 0.5 in the 

comparable CSTH case. In the case of a cascade of n identical plug flow 

elements, the overall conversion is given by : 

Equation I2.3G 

Table 12.10 compares CSTR and PFR conversions for a hypothetical cascade. It 

may be seen that as n increases, the difference between the two models 

diminishes. 

Another interesting comparison may he 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 being given by : 

If 
fR = I - K A/N 

n L Equation I2.'3'1-

and this result is equivalent to operating the n elements in series 

.electrical connection and parallel flow. A· consideration of Tahle 12.10 

reveals that an overall conversion 0.875 may be attained by a three 

compartment reactor, in contrast to the seven undivided compartments of an 

unharrled 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 concentration etc., a variable conversion factor was found 

from compartment to compartment (see T~ble~ 11 :-.. .. - f1".32.). Although this 

must 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 randomness in the powder electrodeposit, and to 

some redissolution of copper at low concentrations. Thus the great virtue of 

potentiostatic control on the single compartment 'Eeo-cell', which may ensure 

near 1000/0 efficiency, becomes much more difficult for the multi-

compartment cascade cell and efficiency 'is consequently lower. Notwi thstanding 

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 

process effluent. 

12.14 CLOSURE AND RECENT PUBLICATIONS 

In the author's opinion, the rotating cylinder electrode offers a versati.le 

geom~try offering scope for both fundamental and applied studies. While 

knowledge and use of the device has been somewhat restricted in comparison to 

the rotating disc, there is evidence of continued ann growing interest in the 

li tera ture. 

Regarding fundamental studies, it is interesting to note the recent contribution 

f B· 11 . d R' t h' 401, h d db' f l' f 1 o 1 Ings an 1 c le W 0 have provi e a ne note on the amlnar .0'" 

regime. A group of Indian 400 workers have utilised the R.C.E. as a tool for 

the applied study of non-Newtonian flow. 

'Undoubtedly, much work remains to be done on characterisation of the flow 

domains and the i.mportance of electrode shape factors. The pursuance of 

research here would greatly facilitate the routine use of the H.C.E. 

Considering the possibilities of the rotating cylinder electrode reactor, the 



recent publ~cations of C6euret et al. 398 ,399 are to he welcomed. In 

399 particular, the latter paper concerns mass transport to an inner rota ting 

cylinder wi th axial flow - a' most important practical cas'e for"single pass 

or ha tch recycle reactors. These publications, however, largely deal wi th the 

laminar or lamlnar +1 vortex flow regimes. In practical reactors, the turbulent 

regime is probably much more important; there are several complications 

associated with other flow regimes: 

(i) the coupling of axial flow with mass transport renders design and 

scaleup difficult, as the 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 diameter, and 

(iii) laminar and laminar +' vortex 'flow regimes give rise to relatively low 

mass transport rates, and hence low producti on rates for Cl. given 

reactor size. 

It apjJears. to the author that the m08t practically rewardinG future studi."s 

of the R.C_E~H. should concern the case of a fully turbulent reactor 'oil th 

axial flow. As this 'rhesi" 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. 
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r'lEASUREMt-NT !'lOINT"-- - -~ "'--' :...~.- -.-.:;~ .-_:._+0. _"",-:; I -- -

Cylindrical surface main slip ring 11 

" " potential sli.p ring 8 
, 

Top section of rlrive shaft 2-

Lower section of drive shaft 4 

Cylindrical mid surface of cylinder 1 

" " " of foil 0,3 mm, 

TABLE 8,1 RUN OUT MEASUREMENTS FOR THE AUTHOR '5 . 

LAFlORATORY ROTATHJG CYLINDEr! AND DRIVE 

ASSEMBLY, 



LIMITING CURR[NT 

TRIAL ... It.,;/A ElEc:rRCDE. PREPARATION -

1 0.680 VJet '600 Grade' Emery Paper 

2 0.710 " 

3 0.720 " 

4 0.695 " 

5 0.700 " 

6 0.685 " 

7 0.635 " 

8 0.725 " 

9 0.710 " 

10 0.715 ". 

11 0.690 Chemically Polished 

12 0.705 Elec tropoli shed 

= 0.70 A ! 0 ·0 .... 

for trials 1 - 10 

TA BlE 10.1 REPRODUCIBILITY OF LIMITH!G CURRENT DETERMH!A TI ON 

FROM POLARISATION CURVES. 

o 
0.014'1 CuS0

4
, 1.5'1 H

2
S0

4
, 22 C, 500 rpm, 

d = 6.3 cm, 1 = 4.3 cm, 150 mIJ (min)-1 



TA BLE 10.2 

POTENTIAL Lrr~ITH!G 

, 
SCA N RATE CURRENT 

/ mV (min )-1 lA 

15 0.580 

30 0.650 

50 0.695 

150 9.7QO 

300 Q.725 

600 Q.740 

1500 0.765 

3000 O.79[] 

EFFECT OF POTENTIA L SCA N ,qA TE ON THE Ogs,RIJED 

LIMITING CURRENT IN THE CASE or A DIVIDED CELL. 

Conditions otherwise as for Table 1. 



PERI PHERAL LIMITING LIMITING MASS STANTON REYNOLDS MODIFIED 
VELOCITY CURRENT CURRENT TRANSPORT NUMBER NUMBER CHI L TON-COLBURN 

U IL DENSITY COEFFICIENT ( St) (Re) FACTOR 
iL KL j 0 

, 

x 103 

/cm 5- 1 /mA /mA cm- 2 / c", S 
-I x 103 x103 

7.9 74 2.45 0.908 0.1157 1024 16.50 

15.7 115 3.81 1.411 0.0898 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 8.91 

55.0 269 8.92 3.300 0.0600 7171 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 TRANSPORT DATA FOR COPPER DEPOSITION ONTO A SMOOTH R.C.E. (Selected Data Only) 

d = 1.5 cm; 1 = 6.4 cm; A = 30.2 cm2; 

(Sc) = 1825 



PERIPHERAL LIMITING LIMITING MASS STANTON REYNOLDS MODI FI EO 
VELOCITY CURRENT CURRENT TRANSPORT NUMBER NUMBER CHILTON-COLBURN 

U IL DENSITY COEFFI CIENT (S t) ( Re) FACTOR . , 
iL KL Jo 

x 103 , 

/cm 5- 1 /mA /mA cm- 2 /cm 5-' 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 8]955 2.92 

188.5 1200 9.95 3.681 0.0195 98348 2.78 

219.9 1330 11.02 4.080 0.0186 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 
I I 

I , 

TABLE. 10.3 (cont'd) 

d = 6.0 cm; 1 = 6.4 cm; A = 120.6 cm2 ; 

(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; 

cm 5- 1; A = 85.1 cm2; 0.014 M; CuS04 - Effect of Temperature 

~ ~~ 

TEMP LIMlTING~ --'~MASS 
- .~ .. 

-~REYNOCDS-~ ~c-STANTON 
, 

~ =MODIFIED -

T CURRENT TRANSPORT NUMBER NUMBER CHILTON-
IL COEFFI Cl ENT COLBURN 

KL FACTOR 
1°C lA Icm 5- 1 jo 

, 

x 103 x 105 x 103 

22 0.700 3.044 90,391 1.845 2.630 

29 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 KINEMATI C DI FFUS I ON SCHMI DT 
T VISCOSITY COEFFI Cl ENT NUMBER 

-0 0 

1°C Icm2 5- 1 Icm2 5- 1 

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 12.58 452 



/ 

REGRESSION TABLE 

VARIA BLE 

b 

c 

LOG a 

COEFTT. 

-0.3143 

-0.59B2 

-1.0506 

ANALYSIS OF REGRESSION TABLE 

SOURCE 

OUR TO REGRESSION 

A BOUT REGRESS I ON 

TOTAL 

SUM SQUARES 

0.6307 

0.0388 

0.6695 

SID. ERR. ESTIMATE 

MULTIPLE CORR. COEFF.(R) 

DETER MINA TI ON (R2) 

CORRECTED_R2 

= 

= 

= 

= 

SID. ERROR 

0.0156 

0.0269 

0.1305 

D.F. 

2 

44 

46 

0.0297 

0.9706 

0.8420 

0.9394 

T -VALUE 

-20.1967 

-22.2579 

_8.0487 

MEAN SQUARE 

0.3154 

0.0009 

THE VARIABLES GIVEN IN THE REGRESSION TABLE YIELD: 

(St) = a (Re)b (Sc)c 

(St) = 0.089 (Re)-0.31 (Sc)-0.60 

F -VALUE 

357.5 

TABLE 10.4 STATISTICAL INFORMATION FROM THE CO~'PUTER PROGRAMME 

FOR MASS-TRANSPORT CORRELATION 

Input Data due- to Robinson
68 

, 



.' 

COPPER C ONCENTRA TI ON LIMITI NG M!\ S S TRA NS PORT 

C CURREN'I" COEFFICIENT 

I -3 
~- ~IL 

mg dm I~' lA KL -

Icrn s -1 

1000 0.0157 0.775 0.00300 

890 0.01,4 0.700 0.00304 

500 0.0787 0.395 0.00310 

250 0.00393 0.195 0.00302 

200 0.00315 G .160 0.00309 

125 0.00197 Q.105 [l.O0325 

100 0.00157 0.081 8.00314 

62.5 0.00098 0.051 0.00317 

50 0.000786 0.046 0.(;0356 

40 0.000629 0.038 0.00368 

20 0.000315 0.018 0.00348 

10 0.000157 0.012 0.O[]464 

TABLE 10.5 MASS TRANSPORT COEFFICIENTS AT VARIOUS COPPER 

COiJCENTRA TI ONS 

(corres~ond!ng to Fig. 10.10, where 'the averaged mass transport 

coefficient is given by the slops as 0.0033 cm s-1) 



Metal 

Au 

Ag 

Cu 

Fe 

Ni 

Sn 

pH 

TABLE 10.6 

- -.---- .--- -

Concentra tion/mg dm 
-3 

Solution I Solution 

14.3 830 

20.4 0.09 

23. 'J 2.2 

2.6 25 

25.6 0.04 

18.0 -
11.7 4.8 

COMPOSITION OF HJDUSTRIAL CYAmDIC, MIXED METAL 

S OLUTI ONS. 

II 



pH 

11 .7 

5.0 

4.0 

3.5 

3.0 

2.0 

TA BlE 10.7 

METAL C ONCENTRA TI m!/mg dm _3 

COPPER SILVER GOLD 

23.0 20.4 14.3 

22.5 20.4 14.3 

22.4 19.0 14.2 

21.2 12.3 14.2 

5.7 4.4 14.2 

3.8 2.1 14.2 

COMPOSITION OF THE I~I[)USTRIAl CYAmDIC EFFLUENT 

SOLUTION AT VARIOUS pH VALUES. 



/ 

THIOUREA REST POTENTIAL 

CONCENTRA TI ON OF R.C.E. 

IM Iv (M.M.S.) 

, 

0 -0.447 

10- 5 -0.449 

10-4 -0.445 

10- 3 -0.503 

10-2 -0.570 

10-1 -0.860 

(unstable) 

TABLE 10.8 OPEN CIRCUIT POTENTIALS FOR A COPPER R.C.E. IN 

0.014 M CuS04 

1.5 M H
2
S0

4 

22° C" 

rpm = 340 

U = 112 cm s-1 

THE PRESENCE OF THIOUREA 

", 



" 

CATHOLYTE FLOW RATE 
(nom.) 

ANOLYTE FLOW RATE 

CATHOLYTE TEMP. 

ANOLYTE TEr~p. 

CYLI NDER RP.M. 

PERIPHERAL VELY. 

HEIGHT 

AREA 

r-lA TERIAL 

ANODE M!\TERIAL 

ANOLYTE 

CATHOL YTE 

40 1 (min) -1 

-1 -
5 1 (min) 

60° C 

40° C 

500 

559.5 -1 cm s 

22.9 cm 

22.7 cm 

1633 
2 cm 

COPPER PLATED STEEL 

DSA DIAr~OND SHAr-1ROCK 

IN H
2

S0
4 

iN H
2

S0
4 

+ CuS04,10~600 pom. 

- TABLE 11.1 'EXPERIMENTAL CONDITIONS FOR COPPER DEPOSITION FROM 

ACID SULPHATE SOLUTIONS 

..-



DATA IL 
C 3 KL 

SOURCE 
/rng drn-

/crn s -1 
/A 

rIG. 11.1 A 175 138 0.256 

8 484 360 0.271 

rIG. 11.2 A 112 95 0.238 

8 218 175 0.251 

C 72 59 0.246 

D 54 40 0.272 

. TA8LE 11.2 Mass Transport Coefficients for Copoer Deoosition 

in the 500A Pilot Plant 'Eco-Cell' 

--,. 

' . 

. } .. 



E CELL IN -OUT t.C - IN! -OUT 10 N - -INrOUT " T . from SCRAPER C.C.E. 
kL RESULT TEMP. SPEED

1 
ELECTRODE CELL CELL INLET OUTLET CONC. E X PT L. USEFUL FLOl.J THEORY 

EON. 

fern -1, lem s- POTENTIAL VOLTAGE CUR. CONC. CONC. DIFF. CUR- 1% RATE -1 (0.34 s IOc. /mll Iv RENT Ippm. Ippm Ippm RENT Il(min) 
MMS lA lA 

.. 
0.357 A' 60 0.91 -900 7.7 415 380 200 180 1.90 354.5 85.4 38.9 1.73 -0.056 

0.410 B 60 0.91 -900 7.1 372 360 180 180 2.00 354.5 95.2 38.9 1.73 -0.049 

0.383 C 
.. 58 0.91 -900 6.7 359 267 138 129 1.93 261.2 72.8 36.2 1.85 -0.054 

0.337 D '" 58 0.91 -900 4.3 182 195 107 88 1 .82 178.2 97~9 35.8 1.87 -0.062 

0.374 E :11- 58 0.91 -900 4.0 160 130 68 62 1;91 125.6 78.5 34.3 1.96 -0.055 

0.283 F ".. 58 0.91 -900 3.8 142 71 42 29 1.69 58.7 41.3 38.9 1.73 -.0.074 

0.246 G .:Ii 58 0.91 -900 3.5 112 48 30 18 1.60 36.5 30.2 38.9 1.73 -0.084 

0.223 H *" 5,8 0.91 -950 3.1 91 34 22 12 1 • 55 24.3 26.7 38.9 1.73 -0.091 
" 

0.378 I 60 0.91 -800 8.0 448 500 260 240 1.92 486.0 108.5 38.9 1. 73 -0.05/, 

0.381 J 60 0.91 -850 8.1 500 560 290 270 1.93 546.8 109.4 38.9 1.7:3 -[).054 

0.378 K 60 0.91 ";850 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 2.04 567.0 113.1' 38.9 1. 73 -0.046 

0.410 r1 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 GO 9.1 -850 8.2 510 585 295 290 1.98 587.3 115.2 38.9 1.73 -0.050 

0.402 0 57 9.1 -850 8.3 510 525 265 260 1.98 526.5 103.2 38.9 1.73 -0.050 



TABLE 11.11 DECAY RESULTS 

- CIN C
OUT TIME CELL CURRENT USEFUL b. C 

/s VOLTS /A CURRENT /ppm /ppm 
/A 

Faradaic /ppm 

0 6;7 359 261.2 267 DB 129 

600 4~3 1B2 17B.2 195 107 BB 

1200 4.0 16J 125.6 13D 6B 62 
, 

1 BOO 3.B 142 58.7 71 42 29 

2400 3.5 112 36.5 48 3D 1B 

3000 3.1 91 24.3 311 22 12 

" 

. ' 

.... 



3( . )-1 
.~. 

Catholyte no," Rate 9 - 18.75 dm mln 

Anolyte Flo," Rate 5 3 ( )-1 dm rilin 

Catholyte Temperature 52 - 61.5 °c 

Anolyte Temperature 32 - 42 °c 

Cylinder rotational speed 500 r.p.m. 

Peripheral velocity 559.5 cm s -1 

Diameter 22.9 cm 

Height 22.7 cm 

Area 1633 2 cm 

r'laterial Cadmium PIa ted Steel 

Anode/Anolyte cond;t-.ons as. Table 11.4 

Catholyte 

pH 1.93 3.2 

Zn (as sulphate) 127 gdm 
•. 3 

Cd (as sulphate) 128 mg dm -3 

TABLE 11.5 EXPERH10JTAL CONDITIDr;S FOR CADr'lIUt't DEPOSITION FRDr" 

ZINC CALCINE LIQUORS. 

" 



mg am -' mgam-' mg am"' f" 
-. -. -. ---

'. 
1 60 -1.·160 6.6 175 18 570 300 270 139 79.4 1.90 

. " 2 61 -1.2 6.6 172 18.8 520 290 230 123 71.5 1.79 
I! ':' \, , 

3. 60 -1.13 5.5 138 18.8 560 340 27.0 118 05.5 2.20 
( 

4 60 ~1.12 !i.5 139 18.8 620 tl05 215 115 02.7 1.53 

5 60 -1.35 6.0 100 18.8 450 260 190 102 56.7 1.73 

6 60 -1.3 6.6 175 18.8 480 280 200 107 61.1 1.71 

7 52 -1.30 6;4 142 18.8 460 290 170 91 64.1 1.59 

8 52 -1.3 5.9 130 18.8 500 275 225 121 93.1 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.n 140 18 510 385 125 106 75·;7 2.08 

11 58 -1.3 4.2 79 9 50n . :(45 255 6G 83.2 1.35 

12 60 -1.3 4.4 71 9 175 n 03 21.4 30.1 1.90 

13 60 -0.36 3.7 60 16 330 2t15 85 57 03.8 I 1.35 

14 61.5 -0.59 4.4 91 16 7.50 170 80 36.7 {,Q.3 1.47 

15 60 -0.59 3.4 47 16 185 135 50 23 48.9 1.37 

16 60 -O.~8 3.0 30 17 150 102 {,8 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.S7 2.8 25 16 145 115 30 14 56 1.26 

TABLE 11.6 PI LOT PLANT EL~CTRODEPOSITION OF CADMIUM 



·._--_. ., - -, - ---- ---- 3·· -1 ... -- . -- " ., I" .... OUT 

Iv I" Idm (min) 

.. 
19 60 -0.57 2.8 25 16 135 90 45 20.6 82 1.50 

20 60 -0.54 2.9 27 15 123 81 42 18 67 1.52 

21 60 -0.54 3.0 30 16.5 105 73 32 15 50 1.44 
i 

22 60 -0.49 2.8 26 16.5 110 69 41 19.4 75 1.59 

23 60 _0.4'6 3.0 32 16.5 128 83 45 21.3 67 1.54 

24 60 -0.43 2.9 33 16.5 138 87 51 24 73 1.59 

25 60 -[].42 2.9 32 16 135 85 50 23 72 1.59 

26 60 -0.43 3.0 34 16 133 80 53 24.3 71 1.66 

27 60 _O.f'l, 3.0 34 16 138 81 f,9 22.5 66 1.60 

28 61 -[].40 3.2 42 15.5 1(;5 104 61 27 64 1.59 

29 .. 61 -0.50 3.2 I:, 40 15.5 125 82 43 19 48 1.52 

30 60 -0.46 3.0 31 15.5 120 98 n 10 32 1.22 

31 60 -0,1'0 3.[) 32 15.5 125 96 29 13 41 1.30 

32 60 -0,1'4 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 1,7 1.2[) 

34 6[) -0.1'2 2.8 25 17 1/,3 110 33 16 6/, 1.43 
, 

35 ' 60 -0.42 2.0 25 17 1311 106 31 15 60 1.29 

TABLE 11.6 ((ONT. ) 



diameter of cylinder 

ave. length of compartment 

compartmental area 

rotational speed 

peripheral velocity 

catholyte temperature 

catholyte flow rate 

catholyte concentration 

= 

= 

= 

= 

= 

= 

= 

= 

30.6 Cm 

14.4 cm 

1387 cm 2 

730 r.p.m. 

1170 cm s -1 

20_600 C 

3 -1 0.583 to 1 dm s 

-. ~ .. 
TABLE 11.7 GENERAL OPERATI~G CONDITIONS FOR THE 200A 

. EC o..CASCADE-CELL REA CTOR • 

.... ,. 
-~ .~--i.'"'~:: ~ 

- ,., 

. - --'. ~..:- . 



C OMPA RTMENT NO. 
PARAMETER 

IN 1 2 3 4 5 6 

-
POTENTIAL; 

. -
E/mV (S.C.E.) - -550 '-'582 -540 -538 -363 -309 

COPPER 
CONCENTR~ TI ON 134 80 36 23 15.1 21.2 13.5 
C/mg dm-

FRACTI ONAl 
C ONVERS ION, - 0.403 0.550 0.361 0.343 -0.404 0.363 

fR 

Anode pair used No. 1 

Temperature of Catholyte/O C. ca. 60 

Catholyte Flow / 3 -1 Rate dm s 1 

Current /A 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, - -583 -591 -557 -554 -377 -300 0 

E/mV (S.C.E.) 

COPPER 
C ONCENTR~ TI ON 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 0.212 

fR 

Anode pair used No. 1 

Temperature of Catholyte 10 C 60 

Catholyte Flow I 3 -1 Rate dm s 1 

Current lA 500 

Overall Cathode-Current Err .1% 55 

TABLE 11.9 RESUL TS OF STEADY STA TE ELECTROLYSIS I N THE· 

200 AMP ECO-CASCADE-CELL REACTOR. 

-, 



·" 

COMPARTMENT NO. .' 
PARAMETER 

- IN 1 2 3 4 5 6 

POTENTIAL; - - - - . . - -- -. -
E/mV (S.C.E.) - -555 -577 -526 -544 -321 -336 

COPPER 
IJ)NCENTRA V ON 112 65 29.9 16.0 12.1 17.0 13.3 
C/mg dm- + 3.5 + 2.B + 2.B + 3.0 + 1.5 + 2.5 + 3.3 - - - - - - -
FRACTIONAL -CONVERSION, - 0.420 0.540 0.465 0.244 0.405 0.218 
FR 

Anode pair used No. 1 

Temperature of Catholyte/
o 

C. 60 

3 -1 Catholyte Flow Rate/dm s 1 

Current /A 500 

Overall Cathode Current Eff ./% 60 

TABLE 11.10 RESULTS OF STEADY STATE ELECTR OLYSIS IN THE 

200 AMP ECO-CASCADE-CELL REACTOR. 



COMPARTMENT NO. 
PARAMETER 

IN 1 2 3 4 5 6 
. - - - -

POTENTIAL, - -438 -559 -546 -592 -340 -301 E/mV (S.C.E.) 

COPPER 
C oNCENTR~ TI ON 112 64 29.1 16.3 12.2 17.5 16.6 
C/mg dm- +2.5 +2.2 +2.8 +0.8 +1.0 +2.0 +2.7 -
FRACTIONAL -
CONVERSION, - 0.429 0.545 0.440 0.252 0.434 0.051 
fR 

Anode pair used Nos. 1 + 2 

Temperature of Catholyte 10 C. 60 
.... 

Catholyte Flow . I 3 -1 Rate dm s 1 

. Current lA 500 

Overall Cethode Current Err .1% 58 

TABLE 11.11 RESULTS OF STEADY STATE ELECTROLYSIS IN THE 

200 AMP ECO_CASCADE_CELL REACTOR. 



~RA~'ETER 

~ 
~ 

IN 

POTENTIAL, 
E/mV (S.C.E.) -
COPPER 
CONCENTR~TION 118 
C/mg dm-

FRACTI ONAl 
CONVERSION, -
fR 

Anode pair used 

Temperature of Catholyte/
O 

C 

I 3 -1 
C atholyte Flow .. Rate dm s 

CURRENT lA 

Overall Cathode Current Eff./% 

COMPARTMENT NO. 

1 2 ~3 - . ~ 4 -

-372 -499 -529 -546 

66.1 36.1 19.4 13.2 

0.440 0.454 0.463 0.320 

Nos. 1 + 2 

58 - 59 

1 

500 

58 

TABLE 11.12 RESULTS OF STEADY STATE ELECTROLYSIS IN THE 

200 AMP ECO-CASCADE-CEll REACTOR. 

5 . 6 -

-429 -382 

. 

18.4 21.9 

~O. 394 0.190 



" 

COMPARTMENT NO. : 
-

PARAMETER 
IN 1 2 3 4 5 6 

- ' -
POTENTIA L,- - , ,- - - - ----- '- - - " 

E/mV (S;C.E.) - -346 -448 -352 -366 -445 -571 

COPPER 
C oNCENTR~ T! ON, 118 68 36.2 23.1 19.1 25.3 19.5 
C/mg dm-' +3.7 +4.8 +1.9 +2.1 +2.1 +2.4 . +1.6 - -
rRACT! oNAL 
CONVERSION, - 0.423 0.468 0.362 0.173 -0.325 0.229 

fR 

Anode pair used Nos. 1 + 3 
. 

Temperature of C athol yte 1° C. 57 

Catholyte now R' I 3 -1 ate dm s 1 

Current lA 400 

Overall Cathode Current Eff./% 75 

TABLE 11.13 RESULTS or STEADY STATE ELECTROLYSIS IN THE 

200 AMP ECo-CASCADE-CELL REACTOR. 

I ' 



C orWA RTr1ENT NO. 
PARAMETER 

IN 1 2 3 4 5 6 

POTENTIAL, 
E/mV-(S.C.E-.) - - - -305 -389 --330- - 0 --346 -, ,-449- -554"= = 

COPPER 
CoNCnJTR~ TI ON, 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 

fR 

Anode pair used Nos. 1 + 3 

Temperature of Catholyte 10 
C. 56 

Catholyte Flow I 3 -1 Rate dm s 1 

Current lA 350 

Overall Cathode Current Eff ./% 90 

TABLE 11.14 RESUL TS - OF STEADY STArE ELECTRoL YS IS IN THE 

20D AMP ECo-CASCADE-CELL REACTOR. 



'. 
'. 

COMPARTMENT NO. 
PARAMETER .' 

IN 1 2 3 4 5 6 

- -- -POTENTIAL, --
E/mV (S.C.E.) - -306 -367 -424 -381 -407 -509 

COPPER 
CoNCENTR~TIoN 139 89 51.8 35.2 23.5 27.3 24.3 
C/mg dm- +1.2 +1.2 +1.9 +2.1 +1.5 +1.5 +3.0 - - - - -
FRACTIONAL 
C oNV ERS I ON, - 0.360 0.418 0.320 0.332 -6.162 0.110 
fR 

Anode pair used Nos. 1, 2 + 3 

Temperature of Catholyte 10 
C. 55 

Catholyte Flow Rate I 3 -1 dm s 1 

Current lA 400 

Overall Cathode Current 
Eff.l% 87 

TA BLE 11.15 RESULTS OF STEADY STATE ELECTROLYSIS IN THE 

200 AMP ECo-CASCADE-CELL REACTOR. 



C or~PA RTMENT NO. 
PARAMETER 

IN 1 2 3 4 5 6 : 

POTENTIAL, 
E/mV (S.C.E.) - -472 -573 -436 -349 -240 -207 

- . - -- ~ -
COPPER 
C ONCENTR~ TI ON 143 56.3 22.9 14.2 12.2 18.1 14.8 
C/mg dm- +7.8 +3.3 + 3.2 + 2.4 + 3.1 + 5.5 + 5.2 - - - - -
FRACTIONAL 
CONVERSION, - 0.606 0.593 0.380 0.141 -0.484 0.182 

fR 

Anode pair used No. 1 

Temperature of Catholyte /0 C. 58 - 62 

Catholyte Flow 
. 3-1 

Rate /dm s 0.58 

Current /A 300 

Overall Cathode Current Eff./% 76 

TABLE 11.16 RESULTS or STEADY STATE ELECTROLYSIS IN THE 

200 AMP ECO-CASCADE_CELL REACTOR. 



COi,PARn'E~JT NO. 
PARAMETER 

IN 1 2 3 4 5 6 

POTENTIAL, . . .. -- -~ -- '-- . - -
E/mV (S.C.E.) - -319 -496 -524 -403 -484 -332 

COPPER 
CONCENTR~ TI ON, 161 74 32.7 15.2 11.5 12.7 11.7 
C/mg dm- +8.7 + 22 + 11 + 4.8 + 4.7 +5.7 + .5.1 - - - - - - -
FRACTIONAL 
COT;VERSIDrJ, - 0.540 0.558 0.535 0.243 -0.104 0.078 
fR 

Anode pair used No. 1 + 2 

Temperature of Catholyte la C. 53 

Catholyte Flow I 3 -1 Rate dm s 0.583 

Current lA 300 

Ove3."all Cathode Current Eff./% 88 

TABLE 11.17 RESUL TS OF STEADY STATE ELECTROLYSIS IN THE 

200 ANP ECO_cASCADE_CELL REACTOR • 

.. 



COMPARTMENT NO. 
PARAMETER 

IN 1 2 
. 

3 4 . 5' , ' 6 

~~. POTENTIAL, ~ ~~,--, -

E/mV (S.C.E.) - -355 -562 -51B -370 

COPPER 
C ONC ENmR~ TI ON 104.7 61. B 30.6 21.6 23.4 31.1 23 
C/mg dm- ' + 4.5 + 4.1 + 1. B + 1.6 + 1.B + 2.4 + 2.3 - - - - - - -
fRACTIONAL 
CONVERSION, - 0.410 0.505 0.294 -0.OB3 -0.329 0.260 

fR 

Anode pair used No. 1 + 2 

Temperature of Cath olyte /0 C. 41 

Cathilllyte flow 
' 3 

Rete /dm s -1 
1 

Current lA 400 

, ()verall Cathode Current Eff.l% 62 

TABLE 11.1B RESULTS or STEADY STATE ELECTROLYSIS IN THE 

200 AMP ECO-CASCADE-CELL REACTOR. 

--' .:. 

- ". . .. :~.-~ 
.. '-:- -. 
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. 

PARAMETER 
IN 1 

POTENTIAL, 
E/mV (.S.C.L) - -386 

COPPER 
CONCENTR~TION 165.7 74.3 
C/mg dm- '. + 3.9 + 5.2 - - -
FRACTIONAL 
CONVERSION, - 0.552 
fR 

Anode pair used 

Temperature- of Catholyte 10 C. 

Catholyte Flow Rate Idm3 
5-

1 

Current lA 
Overall Cathode Current Eff.l% 

C OMPA RTMENT NO. 

2 3 4 

- -

-547 -543 -551 

36.2 21.5 23.2 
+ 3.7 + 3.1 + 4.1. - - -

0.513 0.406 -0.079 

Nos. 1 + 2 

42 

0.583 

300 

85 

TABLE 11.19 RESULTS OF STEADY STATE ELECTROLYSIS IN THE 

200 AMP ECO-CASCADE-CELL REA CTOR. 

5 6 

- --.-
-439 -324 

27.9 21.4 
+ 3.5 + 4.3 -

-0.203 0.233 



PLANT 
-

LAB. RIG 1 

MINI-CELL 

500A PILOT PLANT 

2KA PILOT PLANT 

TABLE 11.20 

n. 

. - - . -" .- ... ~ 

-.. ,,"-'. -" 

~.-
"_r-_--' ... 

~-... ~." .. ' 

'i 
.:-' 

". ,. 

DIAMETER AREA RPM PERIPHERAL 

diem A/em 
2 VELOCI!i 

. - .. --- - - - .- .c-U/ emos-: . .. 

7.62 200 600 - 239 - 1200 
3000 

10.2 200 500 - 266 - 797 
1500 

23.5 1690 100 - 123 - 1698 
1380 

45.1 5757 460 1086 - 1112 

CHARACTERISTICS OF ECD-CELL ASSEMBLIES EMPLOYED 
-.. ~" 

IN MASS TRA NSFER EXPERIMENTS. 



PERIPHERAL COPPER (LU1ITING) f'ASS REYNoLoS MODIFIEr 
VELOCITY .. CoNC. 3 CURRENT TRANSPORT NUr~BER CHILToN. 

U/cm s- C/mg dm- . • DENSI~ CoEFFICI~NT (Re) CoBURN 
i/A cm- KL/cm s- fA !;TOR , 

jD I x 10" 

. •. .. -- .. -- - -- .. -
239 391 0.142 0.120 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 0.437 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 

TABLE _11.21 f'ASS TRANSPORT DATA (fOR COPPER DEPOSITION) 

IN THE 50A LAB. RIG 1 REACTOR. 



;. -. 

PERIPHERAL 
VElOCI!1 
U/cm s-

266 

531 

531 

531 

797 

TABLE 11.22 

- ~ .' 

~-.- '. --- - ... ' . 

COPPER (LIMITING) MASS 

CONC.;; -3 CURRENT TRANSPORT 
C/mg-dm_ DENSI~ COEFTICIEff 

il!A cm-. KL~cms- . 

200 0.206 0.339 

100 0.142 0.467 

100 0.130 0.435 

200 0.166 0.273 

100 0.172 0.566 

MASS TRA~JSPORT DATA :100A f~INI-CEll 

REYNOLDS MODI-tIED 
NUMBER CHIlTON-
(R~) COBURf, 

FACTOR ---=- c-" _ -_ . -". £'~fo J D 
454585 67.6 

907462 46.7 

658049 52.4 

658049 42.9 

1362047 37.7_ 



-

PERIPHERAL CDPPER (LIMITING) MASS REYNDLDS MODIFIED 
VELDCITi CDNC. 3 CURRENT TRA NSPDRT NUMBER CHILTDN_ 
U/cm s- C/mg dm- DENSI1!2 CDEFT. 1 (Re) CDLBURN 

i/A cm __ K/cm s- ,ACTDR .' 

o I 1D3 J D x 

- - -. -- . - -- - .. - - . --
123 1552 D.229 D.D49 489D86 21.D 

271 1D71 D.394 D.121 1D7758D 23.7 

393 6BD D.386 D.187 156269D 25.2 -
393 525 D.31D D.194 156269D 26.2 

492 494 D.258 D.172 1956345 18.5 

541 385 D.333 D.285 2151184 27.9 

984 277 D.373 D.443 391269D 23.9 

1DDD 2B8 D.346 D.396 3976311 21.D 

1DDD 295 D.357 D.398 3976311 21.1 

1DDD 277 D.361 D.429 " 22.8 

1DDD 193 D.3D9 0.527 " 28.0 

1000 _~.o1 0.296 0.485 " 25.7 -

1000 204 0.299 0.483 " 25.6 
-. -,,- 1000 194 0.304 0.516 " 27.4 

100D 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 

1DOD 16D 0.212 0.436 " 23.1 

10DO 5D 0.063 D.415 " 22.D 
.-

16980

-.-- 98 0.228 D.766 6751777 23.9 

1698 111 D.176 D.522 6751777 16.3 

00 

-TABLE. 11.23- - MASS TRANSPDRT DATA: 5DDA PILDT PLANT • 
. . ---.. .. - -, 

, .. _-" 

- -' ... >~:. ..:.. 

t·· 



(lIMITING) 
: 

PERIPHERAL COPPER MASS REYNOlDS M(DIF"IEO 
VElOCIT.f CONC.. 3 CURRENT TRANSPORT NUr1BER CHIlTON-
Ulcm s- C/mgdm- DENSITY C OE". 1 (Re) COlBURN 

iliA cm 
-2 KJcm s- ,ACTOR - . -

. I 103 
JD x 

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 0.163 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 n 18.2 

1112 110 0.127 0.381 n 18.2 

1112 121 0.140 0.382 " 18.2 
.... , 

.. 

. TABLE 11.24·.· Ml\SS TRANSPORT DATA: 2KA PILOT PLANT. 

. '*' - ~~ ~.~-~ '~=-.:::>: ;-: :;:-j .. - -
" .:. ',-' . 

~ . .:.-;--:;,.,"~"" , •.. ~: : _., 

~",;,::-,--_ 0= " .~:_ ,', _'=~ • - - -;.' 
. - ~o:'- ~:r-.• --;-:"'t.-~~~'.~.-.oo:-?" 'Od'"oi.-';:' "7'-



,-
, ' 

cyliJu;1er d:i,i!lmetEit: _ = 7.6 Cm -- , 

no. of compartments = 10 

compartment length = 9.0 cm 

compartmental area 215 2 = cm 

rotational speed = 2000 r.p.m. 

peripheral velocity = 796 cm s -1 

catholyte CuS04 in an effluent solution containing 1.0M H
2
S0

4
• 

urea and NaC!. 

anolyte ca 2MNaOH 

anodes , . nickel mesh 

• TABLE J1.25 
.. '", ,:-. , DETA ILS OF" THE 100A LA BORATORY CASCADE REACTOR • 

.... :.:-

._ ..... 

,.~~ . ., .... , -
_ .. ···:<)"-4 ....... ;. " . ''; . .... ~ - . 

; ,.-, .:-



! 

cylinder diameter = 32.4 cm 

no. of compartments = 12 

compartment length = 20.0 cm 

compartment 2036 2 area = cm 

rotational speed = 860 r.p.m. 

peripheral velocity 1459 -1 = Cm s 

catholyte as for Table 11.25 

anolyte M NaOH 

anodes Nickel Mesh 

TABLE· 11.26 DETAILS or THE 1KA COMMERCIAL CASCADE REACTOR. 

';"-.... ~ . .. " .-~' .. ~ .. " 



COMPARTMENT NO. 

INLET .1_~_ 2 3 4 5 6 

-
CCu 107.6 73.2 42.4 - 21.2 14.2 11.2 6.5 

! ppm 7.3 9.2 8.6 5.8 6.4 7 4.4 
,-

fR - 0.320 0.421 0.500 0.330 0.211 0.420 

Ln C 4.68 429 " 375 305 265 242 1.87 

E / - 293 311 546 380 396 446 
i -mV{SCE) 

5 53 79 104 130 145 

• 

+ --

Catholyte Flow Rate 

Total Current 

Temperatura 

= 

= 40 A 

600 C = 
Anode dividing" Baffles used in compertments J end 7 

Useful Current = 32.2 A 

Current Efficiency = 80.5% 
,-" 

Overall Fractional Conversion (fR)10 = 0.986 

7 

3.9 
2.3 

0.400 

136 

511 

110 

TABLE 11.27 DATA FROM THE .100A LA BORATORY CASCADE CELL. 
..,.~. 

-" , 
". 

" ~- .,.. _. -'- ..... ,", -.' .... 
_ .~ .. __ . ", -- .. ---"..: --r ',_ 

.. -' 

.':;.'l-. -~-
-.""":." -' .-~.'. 

~~f~~-' ~ .[,.~ ';. -....c:..:~_ 
", ~.:": \ .. ::"~_';:1:" .. - -

, 

8 9 10 
" . 

2.8 2.0 1.5 
1.5 0.9 0.6 

0.282 0.286 0.250 

1.03 .69 .41 

604 624 575 

42 15 32 



.' .. 
INLET 1 2 3 4 5 6 7 8 9 . 10 

CCu 1 ci4~ 9 66.2 
. 
39.3 21.8 13.7 10.5 5.1 5,3 2;0 1.5 1.2 " .. ppm 9.5 14.2 11.6 8.5 7.8 9.3 5.6 2.8 1.5 1.1 0.9 -

fR 0.369 0.406 0.445 0.372 0.234 0.514 0.039 0.623 0.250 0.200 

Ln C , 4.65 4.19 3.67 ' 3.08 2.62 2.35 1.63 1.19 .69 .41 .18 

E / 312 419 551 518 425 509 533 579 592 563 
-mY (SCE) 

+ 43 90 91 109 100 106 92 46 29 43 -

Catholyte now Rate = 0.1 dm3 s -1 

Total Current = 40 A 

Temperature = 60 0 C 

Shaped anodes used in compartments 1 , 2 and 3 only 

8affle used in compi3":t:tment 7. 

Useful Current = 31.5 A 

Current Efficiency. = 78.8 % 

Overall fractional conversi on (f R) . n = 0.989 

TABLE 11.28 DATA F"ROM THE 100A LA BORATORY CASCADE CELL. 

'-

./~ 



: 
' . 

. ' .,' ,-
",2 INLET 1 3 4 5 6 7, 8 9 10 

--. -

CCu 102.3 79 •. 1 55.7 35.9 21.1 11.0 5.3 3.17 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 0.479 0.518 0.402 0.372 0.276 0.21 

Ln C 4.63 4.37 4.02 3.58 3.05 2.40 1.67 1.15 .69 .36 . . 

Catholyte now Rate = 0.1 d 3 -1 m s 

Total Current = 4.0 A 

Temperature = 600 C 

Anodes used in compartments 1 to 5 only 

usefJi' Current = 30.7 A 

Current Efficiency = 76.8 % 

Overall F'ractional Conversion, (fR)n = 0.989 

TABLE 11.29' DATA F'ROM THE 100A LABORATORY CASCADE CELL. 

- '-~-...;- --_.£ -, , ..... " --'-.• ', 

: - .-~ - . 



.. 
INLET 1 2 3 4 5 6 7· , .. ., 

CCu 92.4 68 54.4 38.3 33.3 23.5 17.3 11.1 

!: ppm 6.6 5.4 7.8 6.2 

fR 0.264 0.200 0.296 0.131 0.386 0.264 0.358 

" 
-,". 

Ln c·, 4.53 4.22' 4.0 3~65' 3.51 3.16 2.85 2.41 

Catholyte now Rate 0.1 dm
3 -1 = s 

Total Current = 40 A 

Temperature = 30
0 

C 

Useful Current = 27.1 A 

Current Efficilmcy = 67.8 % 

Overall F"ractional Conversion, (fR)n = 0.966 

"!, .. :~ 

TABLE 11.30 DATA F"ROM THE 100A LABORATORY CASCADE CELL. 

. . --

~., . . ' 

~ ~ -. . .. 

. , . 

.. .. - - '. 

, . 

' . 

.. .' 

8 9 10 
, , ,. , ". . - ---
8.1 4.9 3.1 

0.370 0.395 0.367 

2.1 1.59 1.13 



C or'lPARTMENT NO. , COPPER CONC. FRACTIONAL CONVERSION : 

n I -3 C mg dm 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 2.8 0.222 

12 2.25 0.196 

Catholyte Flow Rate = 8.05 m3 (hr)-1 

(2236 3 s -1) cm 

Cell Voltage = 6.4 V 

Cell Current = 900 A 

Useful Current = 588 A 

Current,Efficiency = 65 % 

Overall Fractional Conversion, (f R)n = 0.975 

Temperature = 55.50 C 

'. 
TA8LE 11.31 DATA FOR THE 1KA Cor~f'ERCIAL CASCADE REACTOR. 



COMPARTMENT NO., - , ., COPPER CONC., tRACTIONAL CONVERSION 

n / -3 C mg dm 

. -. " 

INLET 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 ..... 

12 

'Catholyte tlow Rate 

Cell Voltage 

Cell Current 

Useful'Current 

Current Ef'f'iciency 

Overall Tractional 
'Conversion, (fR)n 

Temperature 

.. ...:. -: - '. . 
. . ~ ..... ~:. - ".:...::~~~:.... . 

.. ;.~ .~::" .. ~.'-. -~---.,~,~~., . 

76.3 

60.0 

39.5 

29.5 

21.5 

15.0 

9.6 

6.6 

4.9 

3.5 

2.6 

1.95 

1.6 

= 

= 

= 

= 

= 

= 

= 

fR 

-
0.214 

0.342 

0.253 

0.271 

0.302 

0.360 

0.313 

0.258 

0.286 

0.257 

0.250 

0.179 

3 ( )-1 8.15 m hr 

(2264 3 s-1) cm 

6.4 V 

893 A 

514 A 

58% 

0.979 

56.00 C 

' . 
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TEMP'. 

. ·T,. 

;Cc 

: 
22 

29 

J5 

45 

60 

! 'I 

11 

I 
! I 
, ! t I TENP, I' , 
1 L , , 

~ 
T; ,~PRfIDICTEQ ~. 

lie I 
I ' 

·1 lA: 
I 

, , 
" 

295 0.685 

I 
J02 0.805 , 

J08 0·958 I 

JI8 1.154 : 

JJJ ]·54J 

I 

• 
~ , I 

'.' \ . ' 

'-T. " 

I 

n 
" , 

I 

, 
, 

. ~ ~E;XPER]JME~tTli~= 
i 

lA. , , 
. 
" I 

I 
I 

)'1 
0.·700 

q.845 

I •. Ol!O 

1.IJ5 

1.J90 

, , 

. 

EXPERIMENTAL. THEOREl'l'CA L 

IMPROVEMENT III IMPROVEMENT. 
::-~"'-=';::;.'''-~ . - - .. :: ~,~. ;:>0=-0:-..:. __ ::--.:.= . 

IL ,relative 

to 22°C 
, 

I I , 
I 1. 

1.21 1.18 

1.1.4 1.40 
I 

1.62 1..68 

1.99 2.25 

, , , " 

TABLE 12.2 HEI:.ATllVE llMRROVEMENT: IN MASS 'J1RANSPORT. DUE TO 

TEMPERATURE': COPPER DEP.OSITION TO Ai SMOOTH R.C.E'. 

i 
. , 

, 



APPARENT RATE CONSTANT, 
k /8-1 " 10° 

RPM Smooth Rough 

k1 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 12.3 APPARENT RATE CONSTANTS FOR BATCH DECAY: OF COPPER, Rhowing 

the effect of rotational speed 
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Limiting Current ." 

Roughness Di ameter Re.1 a ti ve ILIA t 
E. d Roughness 

Icm Icm die 
Predi cted* 

.(5 x 10- 5 1.5 >3 x 104 0.222 

0.0018 l.5 833 0.137 

~ . 

0.003 l.5 500 0.159 

0.025 1.5 60 0.340 

.(5 x 10-5 6.0 >12 x 104 1. 52 

0.016 6.0 375 2.74 

0.040 6.0 150 . 3.72 

0.060 6.0 100 4.34 

*by the equation jD' = (1.25 + 5.76 10g 10 ~12 
£ 

Observed 

1.11 

l.57 

1. 78 

4.90 

7.45 

19.0 

jD! x 103 t 

Predi cted Observed 

4.95 

3.06 55.2 

3.55 78.1 

7.57 88.5 

2.15 

3.87 6.8 
.. 

5.26 10.4 

6.13 26.5 

tat 1000 rpm 

TABLE 12.6 MASS TRANSPORT TO KNURLED ROTATING CYLINDER ELECTRODES 

Predi cted 
Re,.' .t cr", 

, 

Large 

51448 

28158 

2307 

Large 

20053 

6802 

4215 



MASS TRANSPORT COEFFICIENT 
KL / cm 5- 1 

PERIPHERAL 

R.P.M. VELOCITY ROBINSON-GABE HOLLAND RATIO 
U (SMOOTH) • (ECO-CELL) A/B 

/ cm s- 1 
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 . 24.1 

TABLE 12.7 COMPARISON OF MASS TRANSFER AT 'ECO-CELL' AND 

S~100TH ROTATING· CYlINDERS 

As s umi n 9 : (S c) = 1000, d = 10 ~m ,:;:, = O. 01 cm2 s - 1 

= u1 (Re)b (Sc)-0.644 

= U1+6 / 

( 
10\ b 

0.01) 

(1000)-0.644 

. 



___ --- ~..:. __ = . __ ---0-__ ---'-_=::_ ~~ -:- _--. 

PERIPHERAL POWDER 

ECO-CELL TEMPERATURE VELOCITY EXPONENT 

PLANT fOC' U P 

fern 5- 1 

LAB. RIG 1 6DoC 239 - 1200 -0.076 
-0.068 
-0.085 
-0.045 
-0.081 

600C 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 

PI LOT PLANT 60 123 - 1698 -0.085 
500 A 

PI LOT 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 412. 



CYLINDER DETAILS 

- Curren t .," . 
MODEL rating 

lA n Di ameter 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 

31 Deye 1 opmen tJ 200 6 30.6 100 730 1387 
COJ)ll1lerda 1 

. 

I I 

TABLE 12.9 COMPARISON OF DEVELOPED ECO-CASCADE-CELL REACTORS 

(Current Ratings are nominal) 



n (fR) n 
ideal CSTR 

1 0.5000 

2 0.7500 

3 0.8750 

4 0.9380 

5 0.9690 

6 0.9840 

7 0.9922 

8 0.9961 

9 , 0.9980 

10 0.9990 

(fR) n 
ideal PFR 

0.6320 

0.8650 

0.9500 

0.9820 

0.9930 

0.9880 

0.9990 

0.9997 

0.9999 

1.0000 

, 
(fR)n 

single compartment 
unbaffled CSTR 

1 0 .500 
I 
; 0.667 
, 

0.750 

.0.800 
, 
1 0. 833 

0.857 

0.875 
j 
0.889 

I 
,0.900 

I ,0.909 

I 

I 
TABLE 12.10 COMPARISON OF CONVERSIONS FOR A HYPOTHETICAL 

CASCADE REACTOR (KL A/N = 1) 

wi th each compartment functi oni ng as ei ther a 
I CSTR or a PFR, or a large single compartment 

of area nA 

I 



FIG; •. 8.1 .(8) PHOTOGRAPH OF THE: COMPLETED LABORATORY ROTATING 

CYLINDER ELECTRODE REA·CTOR ASSEMBLY 

(See Fig.aS (15)1.'01' ,,- description)' 
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FIG. 8.1 b) THE UlBORATORY ROTATING CYLHIDER ELECTRODE 

REACTOR ASSH1BL Y 

A. Electric Drive Motor 
- ~:-~.,---~- 0.: --~ '~-_._-=-'=""'-.-'::...o-:--,- __ _ 

B. 'Tuf~~ol;-~S~;p-;';t ~pi;rfo;m8 Tlo) ~c-c~~ ___ ~ 

C. Salt Bridge Reservoir 

D. flexible Nylon Drive Coupling 

E. Power Brushes (2) and Slip Ring 

f. Bearings Housing 

G. Catholyte Thermometer 

H. Reference Electrode Salt Bridge 

I. Potential Pick-Up Brush 

J. 'Perspex' Catholyte Chamber 

K. 'Perspex'. Catholyte Chamber Top Plate 

L. Catholyte/Rotating Shaft Seal 

M. Reference Electrode 

N. Anolyte Chamber Elevating Jack 

O. Cation Exchange Membranes (4) 

P. Catholyte Inlet 

Q. Catholyte Outlet 

R. 'Perspex l Anolyte Chamber 

S. A nolyte Thermostat 

T. Anolyte Heater (2) 

U. Anolyte Stirrer 

V. Plate.Lead Anode (t, ) 

W. Anolyte Drain Tap 

X. Sulphuric Acid Anolyte· 

Y. Auxiliary Tachometer 

Z. Steel Support Rods (4) 
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FIG. 8.1 PHOTOGRAPHS OF THE LABORr,TORY R.C.E.R. 11SSEr~8LV 

c) Anolyte bath raised, with the Catholyte compartment immersed 

d) Anolyte bath lowered, together with the cathblyte compartment, 

exposing the rotating cylinder cathode. 
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FIe. B.2 LABORATORY REACTOR: PHOTOGRIIPHS SHo\-JHIG THE 

CONSTRUCTION OF THE CATHOLYTE cor~J1ARn1ENT 

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 (M6 polyp ropy le ne used) 

c) with top plate included 

A shaft seal adaptor (PTFE) 

B outlet (po1ypropylene) 

C thermometer gland (PTFE) 

D reference electrode gland (PTFE) 





FIG. 9.3 SCHEMATIC PLAN or THE ANOLYTE Cor~PARH1ENT 

A 'PerspeX' sides (10 mm) 

B 'Perspex' ledge to support lid 

C Aperture for catholyte compartment 

D anolyte stirrer 

E silica sheathed heaters 

r thermostat 

G thermometer 

H catholyte inlet aperture 

I position of R.C.E. 

J anodes (4) - lead/6% antimony plates 
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FIG. 8.4 CATHOLYTE FLOvl ASSEf·1BLY 

a) PHOTOGRA PH 

b) SCHEM'lTIC 

A security/drip tray (po1ypropy1ena) 

B perista1tic pump 

C reservoir tank (glass, 20 litre) 

D contact thermometer 

E stirrer 

F silica sheathed heaters (2) 

G PVC tube from pump (inlet) 

H PVC tube to filter (outlet) 

I in-line cartridge filter 

J rotammeters (2) 

K valves (po1ypropy1ene) 

L reservoir lid (po1ypropy1ene) 
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FIG. 8.5 LABORATORY INSTRUMENTATION 

a) PH oToGRA PH 

b) SCHn1A TIC 

A Pot enti os tat 

B Linear Sweep Unit 

C Digital Coulombmeter 

D Rotating Cylinder Speed Control 

E A uxiliary Tachometer 

F Catholyte temperature 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 _chart recorder 
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FIG. 8.6 SCHEMATIC OF THE ELECTRICAL CIRCUITRY 'FOr. THE 

LA BORATORY 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 

o Slip Rings (2) 

P Rotating Shaft 

q Auxiliary Tachometer Sender 

R Rotating Shaft Drive Motor 

S Insulating Coupling 

T' Cathode Power Brush 

U Precision Shunt 

R.C.E.' Rotating Cylinder Electrode 

'vi.E. IrJarking Electrode 

C.E. Counter Electrode 

R.E. Reference Electrode 

P.P.U. Potential Pick Up 
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FIG. 8.7 LABORATORY REACTOR: CATH[J)E CHAr18ER/ROTATING SHP,F"T, 

SEAL ARRANGEf1ENT 

:. 

A 'Perspex' Compartment Lid 

8 PTFE gland (set) 

C Rotating Shaft 

0 Reinforced, Sprung Lip seal 

E PTFE collar (adjustable) 

F ,10 ter pool 

G PTFE tape 
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FIG. B.B TYPICAL LABORATORY ROTATING CYLINDER ELECTRODES 

a) discrete electrode 

b) incorporating foil electrodes on a former 

A rotating shaft (stainless steel) 

8 PTFT tape 

C insulating end caps (PTFE) 

D solid cylindrical cathode (stainless steel) 

E hollow cylindrical former (stainless steel) 

F copper foil electrode 

G securing screw (PTFE) 
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FIG. 9.1 SCHEMATIC PLAN or THE 500 AMP PILOT PLANT REACTOR 

,. 

A.. Polypropylene ,Body 

B. - Top - rlange 

C. _,Roteting Cylinder Cathode 

D. Cation Exchange Membranes (2) 

E. Anodes ( 2)-

r. Inlet Sparge Tube 

G. Outlet Tube 

H. Scraper 

I. Polypropylene Block Insert 

J. Reference Electrode, Polypropylene Probe 

. -. ~ '.~ 
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- FIG. 9.2 SCHEMATIC OF THE 500 AMP PILOT PLANT FLOH SYSTEM 

RC R.C.E.R. Catholyte Compartment 

RA R.C.E.R. Anolyte Compartment 

HA Anolyte Heat Exchanger 

HC - Catholyte Heat Exchanger 

FM Flow Meter 

S Gas/Liquid Separator 

C Hydrocyclone Solid/Liquid Separator 

CH Catholyte Heat Exchanger 

F Filter Tank and Tray 

-CM Catholyte Mixing Tank 

PC Catholyta Pump 

PA Anolyte Pumps 

PS Separator Pump 

PH pH/raferance Electrodes 

ISE Solution Bleed to Ion Selective Electrode Analyser-

ADDS Chemical Additions 

A Anolyte 

CW Cooling Water 

G Gas Vent (normally hydrogen) 

o To Drain 

-, 

VALVES 

normally open 

normally closed 

,- . 
.. , ..... ·,r ... 

::. 
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FIG. 9.3 

P 

R 

T 

MC 

M 

TC 

PB 

PPU 

RE 

S 

DVM(I) 

DVM(E) 

SCHEMATIC or THE ELECTRICAL CIRCUIT rOR THE 500 Ar~P 

PILOT PLANT REACTOR 

Potentiostat Controller . 

Regulator 

Transformer/Rectifier 

Motor Speed Control 

Drive Motor 

Tachometer 

Cathode Power Brush 

Potential Pick Up Brush 

Referance Electrode Assembly 

Precision Shunt, 5ooA/5o mV 

Digital Voltmeter (cell current) 

Digital Voltmeter (electrode potential) 
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FIG. 9.4 PHOTOGRAPH OF THE 200 AMP 'ECO-CASCADE-CELL' REACTOR 

A Rubber lined, mild steel body 

8 Anolyte.compartment (2) 

C 'Anode Feeders 

D Reference electrode probes/sampling points (6) 

E Rotating Shaft 

F Scraper actuating pneumatics 

.~ - ' .. 
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rIG. 9.5 SCHEMATIC PLAN or THE 200 AMP 'ECO-CASCADE-CELL' REACTOR 

(Upper anode box assembly omitted for clarity) 

A Anode (nickel plate) 

B Anode box securing' side plate (rubber lined steel) 

C Insulating Bush (polypropylene) 

D Titanium Plate'Anolyte compartment 

E Perforated Titanium Outer and Inner Plates supporting membrane 

r Membrane; cation exchange cloth 

G Catholyte/reacto~ body (rubber lined steel) 

H Catholyte dividing Baffle Plate ,(polypropylene) 

I Baffle - cylinder'space (annular) 

J Rotating Cylinder Cathode (stainless steel) 

K Scraper 

", 
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tIr:. 9.6 (a) SCHEMA TIC OF" THE ,LOW SYSTEM ,OR THE 200 A MP 

'ECO-CASCADE-CELL' - showing the anolyte (bold line) 

and water flush circuits 

Anolyte Circuit 

AT 

PA 

AC 

anolyte tank 

anolyte"pump 

anolyte compartment (2) 

water flushes 

RT 

CC 

R 

MI-I 

WW 

, 

rotammeters (6) 

clear catho~yte 

to recycle 

filtered mains water 

waste water 

filter 

seal assemblies'" 

ULS 

LLS 

UL 

LL 

upper lip seal (water flushed) 

lower lip seal (water flushed) 

upper labyrinth (catholyte flushed) 

lower labyrinth (catholyte flushed) 

rotammeter functions 

1 clear catholyte inlet·to UL 

2 clear catholyte inlet to LL 

.3 water outlet from ULS 

11 water outlet from LLS 

5 water inlet to ULS 

6 water inlet to LLs 

.. 

- - ~ 

'" . 
.- . 
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FIG. 9.6 (b) SCHEMIITIC OF' THE F'LOW SYSTEM F'OR THE 200 AMP 

'ECO_CASCADE_CELL' REACTOR _ showing the catholyte 

and product separation circuits 

CC Catholyte compartment 

PC Catholyte Pump 

GS Gas/Liquid Separator 

G Gas Vent 

C Hydrocyclone Solid/Liquid Separator 

TH Thickening Cone 

MP Metal Powder Slurry 

CT Catholyte Tank 

PS Separator Pump 

LC Level Control on GS 

The figure shows the valves arranged for normal flow (metal removal) 

i~e. V1 open 

V2 closed 

V3 closed 

V4 open 

F'or product recovery, -the reactor was backwashed by reversing flow througl 

it i.e.: V1- -closed 

-V2 open 

~ 
.' _ .. --. ... V3 open 

, 
V4 closed 

--,' -", . -" . 
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rIG. 9.7 
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S 

v 

PB 

LPPU 

UPPU 

DVM(I) 

DVM(E) 

SWA 

SCHEMATIC Or THE ELECTRICAL CIRCUIT FOR THE 200 AMP 

'ECO-CASCADE-CELL' REACTOR 

Transformer/Rectifier 

Regulator 

Precision Shunt, 500A/50 mV 

Cell Vol tmeter 

Cathode Power Brush 

Lower Potential Pick Up Brush 

Upper Potentiel Pick Up Brush 

Current, Digital Voltmeter 

Potential, Digital Voltmeter. 

Switch to Select PPU Brush 

Switch to Select Reference Electrode Assembly 

(RHS anodes omitted for clerity: each LHS anode has a RHS equivalent 

c9nnected to it.) 
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FIG. 10.1 CA THODIC POLARISA TI ON CURVE FOR C OPPE R DEPOSIT! ON 

ON TO A SMOOTH COPPER R.C.E., "showing the limits 

of reproducibility for ten successive trials 

0.014 M CuS04 + 1.5 M H2
S04 

22
0 C 

500 rpm 

d = 6.3 cm 

1 = 4.3 cm 

A 85.1 2 
= cm 

U 165 cm s -1 
= 

150 mV (min)-1 linear sweep rate 

(See also Table" 10.1) 

. ',. 
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FIG. 10.2 CATHODIC POLARISATION CURVE FOR COPPER DEPOSITION 

ON TO A SMOOTH COPPER R.C.E., showing the effect 

of potential scan rate on the limiting current 

Undivided cell; soluble copper anode. Other conditions as 

Fig. 10.:1 
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EXPERlMENTkL MA'SS TRANSPORT DATA FOR COPPER. 

DEPOSITION TO A' Sl100TH ROTAT}NG CYLINDER 

ELECTRODE : Compari son wfth known eorrela tione 

FIG.IO.) Eisenberg, Tobias and Wilke Correlation : 

( ) -0 • .)0 ( ) ( )° .. 644 
jD' = 0 •. 079 Re =- St Se 

FIG .10.4,· Robinson and Gabe Correlation: 

, ( )-0.)1 ( )( )0.59 jD = 0 • .0791 Re =, St Se 
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FIG. 10.5. CATHODTccPoLARISATIoN CURVES FOR COPPER DEPOSITION 

ON TO SMOOTH. ROTATING CYLINDER ELECTRODES, shol1ling 

the effect of copper concentration 

1.5 r~ H
2

So
4 

22
0 

C 

500 rpm 

d = 6.3 cm 

1 = 4.3 cm 

A 85.1 
2 

= cm 

U = 165 cm s-1 

150 mV (min)-1 linear sl1leep rate 

.. ~ 
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FIG. 10.6 

--:~~i"" '- -
Jtd~~- - . ~_ 

CATHODIC pOLARrSI\"rToKtu.-~vts FOR COPPER DEPOSITION 

ON TO A SMOOTH R.e.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 CONCENTRATION 

indicating a near - NJ?stian response 

conditions otherwise as for Fig. 10.9 

22 0 C 

500 rpm 



o ·51 

V1 
~ 0'50 
~ 

> 

"'" lLJ 0' 49 -
-1 

<l: 

I-
Q' 48 z 

lLJ 
I-
0 
CL 

I- 0'47 
V1 
lLJ 
0::: 

Q - 4 6 

0' 45 

[u CONC .• C/mgdm-3 

---THEORETICAL NERNST SLOPE = 29-3mV 

• EXPERIMENTAL DATA 



.. " 

FIG. 10.8 CATHffiIC POLARISATION CURVES FOR CoPPER"oEPoSITIoN 

-
ON TO A S~1ooTH R.C.E., showing the effect of 

rotational speed 

1.5 M " H2So4 

22
0 

C 

d = 6.3 cm 

1 = 4.3 cm 

A 85.1 2 = cm 

150 mV (min)-1 linear sweep rate 

RPM = 100 - 1000, corresponding to 

U = 33 - 330 cm s-1 
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FIG.·10.9 CURRENT AS A rUNqloN OF ROTA TIONAL SPEED FOR 

various potentials 

LOG - LOG axes, obtained by recording steedy currents at a set 

potential for each rotational speed 

----~ 
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FIG. 10.10 - LIMITING-CURRENT AS A -FUNCTION OF COPP[R 

CONCENTRATION 

Conditions as for Fig. 10.5 



--- _ .. 0' 0 __ 

-- - -

<{ 1 
............... 

-l ..... 

r-
:z: 
~ 

a:: 
a:: 
:::> 
w 

L:J 
:z: 
r- 0·1 

::E 
-l 

• • 

CiJ CONCENTRATION. C/mg dm-3 



FIG. 10.11 CATHffiIC POL~R~ISATI()N CURVE ~FDIJ COPPER DEPOSITION 

ON TO A SMOOTH R.C.E., showing the effect of 

surface area 

0.014 M CuS0
4 

+ 1.5 r'1 H
2

S0
4 

22
0 

C 

500 rpm 

d = 6.3 Cm 

1 = 1 .1 - 5.05 cm 

U 165 cm s -1 = 

150 mV (min)-1 linear sweep rate 

A 21.5 - 100 
2 = . cm 
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· FIG. 10.12 LIMITING CURRENT AS A FUI,CTION OF AREA, 

corresponding to Fig. 10.11 

showing a linear relationship: 

The slope gives the averaged current density as 0.0081 A cm-2 
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FIG. 10.13 CATHOOIC POLARISATION CURVE FOR COPPER DEPOSITION 

ON TO A SMOOTH R.C.E., showing the effect of 

temperature 

0.014 ~, CuS0
4 

1.5 M H
2

S0
4 

22 - 60 
0 

C 

500 rpm 

d = 6.3 cm 

1 = 4.3 cm 

A 85.1 
2 

= cm 

U 165 cm s 
-1 

= 

150 mV (min)-1 linear sweep rate 



E I V (MM S) 

-:- 1, 3 _ .r-.---r-_-.. -.-'. -.-.. - __ -.,....._---:,......,...-"T". _=_._= . .,--: ... --,-~-:---,..--:---.,.-,--,--, 

[ 0 

-1 ·1 

-1' 0 

- O' 9 

- O'S 

A 22 0 [ 

- o· 7 
B 29 

[ 3 5 
- 0·6 

0 45 

- 0'5 

o 0·2 0·4 0·6 0-8 1·0 1 -2 1·4 1·6 

I / A 



FIG. 10.14 LIMITING CURRENT AS A FUNCTION OF TEf~PERATURE, 

corresponding to Fig. 10.13 
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FIG. 10.15 COPPER CONCENTRATION DECAY FOR A R.C.E. DEVELOPING 

ROUGHNESS 

Initial concentration 0.014 M CuS0
4 

d = 6.3 cm 

1 = 4.3 cm 

A = 85.1 cm 2 

rpm = 340 

U 112.2 -1 
= cm s 
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FIG. 10.16 CONCENTRATION DECAY IN A BATCH R.C.E.R. 

(Fig. 10.15 plotted with LOG ordinate) 

showing the limits of reproducibility for 5 tria Is, and typical 

experimental 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 electropolished copper electrodes. 
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FIG. 10.18 CURRENT DEGAY IN A BATCH R.C.E.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. DECAY, corresponding to Figs. 

10.16 and 10.18 

showing the theoretical line expected from a smooth e+ectrode 
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FIG. 10.20 APPARENT MASS TRANSPORT COEFFICIENT AS A FUNCTION 

OF TIME-corresponding to Figs. 10.·16 and ·10.18 

shoming the calculated value for a smooth R.C.E. 
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FIG. 10.21 CONCENTRATION CHANGE AS A FUNCTION OF CURRENT, 

corresponding to Figs. 10.16 and 10.18 

showing the theoretical line expected.for a smooth R.C.E. 

'. 
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rIG. 10.22 CONCENTRATION DECAY IN A BATCH R.C.E.R., showing 

the effect -of cathode potential 

conditions otherwise as for Fig. 10.16 

some data points omitted for clarity. 

cathode potentials are quoted w.r.t. M.M.S./1N Na
2
S04 



cl mg dm-3 

10 3 

+ + 
0 + 

+ 
+ 

A + 
e + 

400 

• AO + 

Ao x 

0 

102 6. 

0 
..... 

0 

• ... 
0 

... 
• ... 

101 
0 

0 

El mY 
--

+ - 850 •• 
x - 910 

0 - 1000 

A -1010 

() - 11 50 

o 60 120 

+ 
+ 

+ 

X 

x 
x 

0 

0 

0 ... 
... 

A 

e 

G 

+ 
+ + -+ 

x 
x 

X 

X 

0 

0 

0 

.6. 0 

.. ... 

• III 

180 

t t /min 

, 

X 

X 

0 

0 

0 

oil!\. 

A 

CD 

240 



FIG. 10.23 CURRENT - TIME BEHAVIOUR IN A BATCH R.C.E.R., 

showing -the effect of -potential 

corresponding to rig. 10.22 
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FIG. 10.24 CONCENTRATION DECAV IN A BATCH R.e-.CR., for an 

initially rough (powdery) 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 AS A FUNCTION OF ROTATIONAL 

SPEED, corresponding to Fig. 10.24 

log - log plot, shoming 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 

PotentiostaticcontroYa-£ 2 different potentials-

0.014 M CuS0
4 

0.014 M ZnS0
4 

1.5 M H
2

S0
4 

22
0 C 

d = 6.3 cm 

1 = 4.3 cm 

A 85.1 
2 

= cm 

rpm = 340 

U 112 cm -1 
= s 

V 1000 cm 3 
= 
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FIG. 10.27 CATHOOrC POLARISATION CURVE IN A SOLUTION CONTAINING 

COPPER A NO Z r NC SUL PHA TE 

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 SOLUTION 

Potentiostatic control at 2 different potentials 

0.014 M CuS0
4 

0.014 M NiS0
4 

1.5MH
2

S0
4 

other conditions as Fig. 10.27 

V = 1000 cm
3 
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FIG. 10.29 CATHroIC POLARISATION CURVE IN A SOLUTION 

CONTAINING COPPER AND NICKEL SULPHATES 

Conditions as for fig. 10.28 

Linear Sweep Rate = ·150 mV (min)-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(N0
3

)2 ) 
) 

0.15 M HN0
3 

and 

0.014 M AgN0
3 

. 

0.015 M HN0
3 

d = 6.3 cm 

1 = 4.3 Cm 

rpm = 340 

U = 112 cm 
-1 

s 

) 

) 
) 
) 

linear sweep rate = 150 mV (min)-1 
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FIG •. 10.31 CONCENTRATION DECAY FOR THE (SELECTIVE) DEPOSITION 

OF SILVER FROM Ag/Cu SOLUTION 

Potentiostatic control at a silver overpotential of - 180 mV 

Conditions as for Fig. 10.30 

V = 1000 
3 

cm 
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FIG. 10.32 CATHCDIC POLARISATION CURVE IN AN INDUSTRIAL 

CYA NIDICORAGOUT SOLUTION 

Solution composition as Table 10.5 stainless steel R.C.E. 

200 C 

d = 6.0 cm 

1 = 4.5 cm 

A 85.1 2 
= cm 

rpm = 500 

U 157 -1 
= cm s 

linear sweep rate 150 mV (min)-1 



Vl 
:E. 
:E -1'6 
> 

-........ 
UJ 

- . -1'4 
-1 

<.t: 
I­
Z 
UJ -1,2 
I-
o 
0.. 

-1-0 

- 0'8 

-{)·6 

0·1 

+-(- -1'750 V 

( -.1'310 V 

( -1·000 V 

1 10 100 1000 

CURRENT. I / mA 



FIG. 10.33 CONCENTRATION DECAY FOR A CYANIDIC DRAGOUT 

SOLUTION, showing the effect of cathode potential 

Conditions as for Fig. 10.32iundivided reactor, stainless steel 

anode 

v = 1000 
3 cm 

smooth deposits in all cases 



, 

(rI 
I 

E 
"'Cl 

en 
E 

"'--
LJ 

:z 
0 

I-
oe:( 
0:: 
I-
:z 
LU 
LJ 

:z 
0 

~ 
LJ 

10 3 

0 

10 2 

o 100 200 300 

-1·370V 

- 1-000 V 

-1-750V 

400 

TIME. t/min 



FIG. 10.34 CURRENT - TIME "BEHAVIOUR FOR CONCENTRATION DECAY 
.'--= 

" ,-_.Of': A GOLD, CYANIDE SOLUTI ON 
- - . -- --

Corresponding to Fig. 10.33 
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FIG. 10.35 CATHCDIC POLARISATION CURVES FOR METAL DEPOSITION 

IN A CYANIDIC EFFLUENT SOLUTION 

~----~.~----. ~ ---.....---- .----.----~----- --- -------

Showing the effect of pH.Compositions are shown in Table 10.6 

d = 6.0 Cm 

1 = 4.3 cm 

A 85 cm 2 
= 

rpm = 500 

U 157 -1 
= cm s 

linear sweep rate = 150 mV (min)-1 

The control potentia is 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, 

CYA NID rc -Ei'TLUENT S OLUTI ON 

Potentiostatic control at -0.550 V (M.M.S.) in a divided cell 

pH = 4.0 

Conditions as for Fig. 10.35 

V = 1000 cm
3 

== 
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F:I G. 10.37 

- - - ----- - - - -- -

CONCENTRATION DECAY IN A MIXED METAL, 

CYANIDIC EFFLUENT SOLUTION 

As for Fig. 10.36, but using an undivided cell 

- - ---- -_.-._------ --
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nG. 10.38 CONCENTRATION DECAY IN A MIXED METAL, 

CYA NIDIC' EFFLUENT 5 OLUT! ON 

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 rotational velocity 

- - - ---- --- - --- ---- -- --- --- - -- - -- - - --- - --- ----- -----

Potentiostatic control at - 1.000 V (M.M.s.) corresponding to 

limiting current conditions 

0.014 M Cus0
4 

1 .5 M H
2
s0

4 

22 0 C 

d = 6.3 cm 

1 = 4.3 cm 

A 85.1 2 
= cm 

rpm = 180 to 1230 

U = 59.4 - 405.7 cm -1 s 

typical, average curves shown 
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FIG. 10.40 GRD'..JTH -OF'CURRENT \rIITH THiE F'OR THE DEVELOP~lENT OF' 

--------- ROUGH_COPPER_DEPOSIJS:_LimiJ~_o! ReJlroducibj.li ~y __ _ 

As for F'ig. 10.39, showing as hatched areas the limits for 

reproducibility for several rotational velocities. 5 trials 

were performed for each curve. 
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.' 

FIG. 10.41 LIMITING CURRENT AS A FUNCTION OF ROTATIONAL 

VELOCITY FOR SMOOTH A f\D ROUGHENED COPPER 

DEPDSITS---- ------- -------~----,--

Corresponding to the initial and final values of limiting current 

at a given rotational velocity from Fig. 10.39 
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FIG. 10.42 CURRENT-TIME HISTORY rOR THE DEVELOPMENT or 

--=.:1" :"~'" -:~ROUGH=C_OJ:lJ:lER_DE~I!SLT$ 

____________________ ;-;:t~l~I~~-·---.---
showing the effect of electrode potentiel, under potentiostetic 

conditions 

0.014 r~ CuSO 't'; 
4 

1.5 M H
2
S04 

22 o C 

d = 6.3 cm 

1 = 4.3 cm 

A 85.1 2 
= cm 

rpm = 340 

U 112 -1 
= cm s-
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------------- -

FIG. 10.43 AVERAGE ROUGHNESS AS A FUNCTION OF TU1E FOR 

GROWTH OF ROUGH DEPOSITS 

----------Showing-the-effect-of-rotational-speed---

Potentiostatic Growth of copper at - 1.000 V (M.M.S.) 

0.014 M CuS04 

1.5 M H
2
S04 

22 0 C 

d = 6.3 cm 

1 = 4.3 cm 

A 85.1 2 = cm 

rpm = 180 or 340 

U = 59.4 or 112.1 cm s -1 

_ The limits of variation in Profilometric R value are shown 
a 

for each time. 
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FIG. 10.44 TYPICAL SURFACE PROFILOMETRIC TRACES FOR DEPOSITS 

DEVELOPING ROUGHNESS 

------------------------
Show{ng the progressive development of roughness under potentiostafi-c--

control at the limiting current. . 

Conditions es for Fig. 10.43, all traces refer to 340 rpm. 

~ 

a) 0 min (preplated surface) 

b) 10 

c) 20 

d) 25 

e) 30 

f) 40 

g) 50 

h) 70 

i) 120 
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nG . 10 . 45 SCA rJmNG EL EC TRON ruCRDG'l,~ [lH5 

nhowing the devel opmont of r Dughness 

during copper doposition 
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poLenLio s tatic growth on t o a copper ol ectrode s urfa ce 

proparod by wet polishi ng wi t h 600 gr ado emery paper , f ol l owed 

by prcpla ting . 

TIME/min . 

a) IJ 

b) 5 

c) 10 

d) 20 

~) 45 
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"LMJ b) e) 

c) f) 
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rIe . 10 . 45 "e, 'rH!G ELECTRDrJ ·IeRoGR.~rH5 

sho~inD tho dovo1opmon~ ~f roughno5s durin3 

copp~r doposit~on 

'V'. "TrIe:. TI Oil x 500 

" nJitlons as for PC. 10.4~ a) to g) 

" 
1) 2 

j) 5 

IL) 1 ) 

1) ?'] 

~5 

n) ~)n 

T ·'E/min. 

i) 1) 

J) m) 
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rIG. 10.4" 5CA Nf'lING ELECTRQI,] f'HCRDGR,'; PHS 

sho~ing the effett of czthode potential 

during copper deposition. 

MAGNIrICA TION-x',20------__________ _ 

0.014 ,~ Cu50
4 

1.5 f.i H
2
50

4 

22° C 

d = 6.3 cm 

rpm = 340 

U = 112 Cii'I 5 
-1 

deposition time = 60 min. 

m'J ( r,'f15 I I r, r']a
2

50 4) 

a) 750 

b) 850 

c) - 1000 

d) - 1200 

PLA 1! a c 

b d 





rIG. 10.47 SCANNING ELECTRON ~lICROGRAPHS OF ROUGH 

COPPER DEPOSITS.showing the effect of 

rotational speed 

M'\ G~JIF-ICATrONx20'--------------

- 1000 mV (M.M.S./IN Na
2

S0
4

) 

0.014 1,' CuS0
4 

1.5~' H
2
S0

4 

22
0 

C 

d = 6.3 cm 

deposi-:ion time = 60 min. 

r.p.r.l. 

a) 200 66 

b) 5!JO 165 

c) 750 21:.7 

PLAN a) 

b) 

c) 





n GS. 10.48 - 10.50 SCA NNHJG ELECTROn f'lICROGRA PHS or ROUGH 

COPPER DEPOSITS: SDECIAL rEATURES 

conditions generally as for nG. 10.46 

rIG. 10.48 MULTIPLE, LAYERED GROWTHS 
---------- ------- ----- ---- ------- ,,---

M'\ GNI nCA TI ON x 51C 

after 5 min. 

nG. 10.49 'STAR' SHA PED DEr,,)RITIC BRP,NCHES 

r,\~GmnCATIm! x 21( 

after 3D min. 

nG. 10.50 'ROSETTE', LAYERED STRUCTURE 

as nG. 10.49, but at an increased time and f''''~GmnCATION x 1DK 

after 60 "'in. 





FIG. 10.52 POLARISATION CURVES FOR COPPER DEPOSITION ON TO 

SMOOTH AND· PCMOtR DEPoSiTs 

showing the effect of deposition time under the conditions shown in 

Fig. 10.39 

340 rpm 
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fIG. 10.53 LIMI-TING CURRENT AS A tUr;CTIDr; Ot ROTATIONAL 

VELOCITY tOR ROUGHENED DEPOSITS 
--- ---_._---------

deposits gromn at the limiting current, under potentiostatic control 

- 1.000 V (M.M.S.) for various times. 

measurements obtained by recording steady currents at set 

potentials. 

Other conditions as for tig. 10.52. 
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F"IG. 10.54 EFFECT OF ABRUPT DEPOSIT REMOVAL ON ~'I\SS 

TRANSPORT 

showing the growth of (limiting) current and the effect of scraping 

• • (by means of a full length tufnol blade) 

0.014 M CuS04 

1.5 M H
2
So

4 

22 0 C 

d = 6.0 Cm 

1 = 6.3 cm 

A 119 2 
= cm 

rpm = 360 

U = 113 cm s -1 

EN value predicted by the Eisenberg, Tobias and 'iilke Correlation. 

KCG value predicted by the Kappesser, Comat and Greif Correlation. 



\ )~(-----------------------------------4)~(----------~)~(----------

smooth development of roughness ro ugh smooth 
6 

5 

4 

3 

2 \ 

- - - - - E: /em =0-02 KCG (ROUGH) 

- - - - - - - - - - - E TW (SMOOTH) 
.1 

t 
J SCRAPI NG I 

o 
·0 60 120 180 240 

TIME .t/min 



Fl'G. ]0.55 LIM1'IlING CURRENT AS A FUNC'U]Oll OF RarATI9N VELOCI'l!'! 

FOR KNURLED CY:l!.INDERS, diameter 1.5 cm. 

Copper deposi tion from: O. 0I4i1 Cu S04 + 

1.5 H H
2

S0
4 
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LIMITING CURRENT AS A FUNCTION OF ROTATIONAL 

VELOCITY: FOR KNURLED CYLHIDEHS, diameter 6.0 cm. 

(londi tion" as for Pig·. 1.0.55 
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FIG. 10. 57 MA:SS TRANSPOR'f TO KlmRLED RCYrATING CYLINDERS, 

during copper deposition. 

• I 
Plots of modified Chilton Colburn factor, J D 

against Reynolds number. 

Solid line due to the smooth cylinder correlation, 
I 

of Eis<!nb"rg, T6bias and liilk" •. 

, (Re ),-O~J 0 jD 00 •. 079 

! 

where jn' = (\St) , ((So~,O. 64lf 

and fRe') = !l.IL 
-V 
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nG. 10.58 

0.014 M CuS0
4 

1.5 M H
2

S0
4 

22 
0 

C 

d = 6.3 cm. 

1 = 4.3 cm. 

A 85.1 2 = cm 

rpm = 340 

U = 112 cm s 

CATHOOIC POLARISATION CURVES IN THE PRESENCE 

or THIOUREA 

-1 
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FT G • 10.59 

As Fig. 10.58 

CATHOOIC POLARISATION CURVES (OVERPOTENTIAL AGAINST 

CURRENT) SHOWING THE INFLUENCE OF THIOUREA 
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FI G. 10.60 

0.014M CuSC
4 

1.5 M H
2

S0
4 

22° C 

d = 6.3cm 

1 = 4.3cm 

A 85.1 
2 

= cm 

rpm = 340 

U 112 cm 
-1 

= s 

E = - 1.000 V 

COPPER CONCENTRATION DECAY IN THE PRESENCE OF 

THIOUREA 

(MMS) 
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FIG. 10.61 CURRENT-TIME BEHAVIOUR FOR THIOUREA ADDITION TO 

COPPER SOLUTIONS 

Corresponding to Fig. 10.60 

-3 
10 r'. Thiourea 
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nG. 10.62 EFFECT OF TH! OUREA ON ROUGHNESS DEVELOPMENT AT 

CONSTANT COPPER CONCENTRATION 

Cond'itions as Fig. 10.39, 340 r.p.m. 



FIG. 10.63 EFFECT OF AN ULTRASONIC FIELD ON THE POLARISATION 

CURVES FOR COPPER DEPOSITION 

Preliminary studies performed in co-operation with Mr. C. Goutd. 

Polished stainless R.C.E. 

0.014 M CuS04 

1.5 M H2S0
4 

220 C 

150 mV (min)-1 

d = 1 .03 

1 = 1.76 

A 5.7 2 
= cm 

rpm = 500 - 3000 

U 27 162 cm -1 
= - s 

Ul trasonics: 25 Hz 
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FIG. 10.64 MASS TRANSFER COEFFICIENT AS A FUNCTION OF 

REYNOLDS NUMBER SHOWING TRE EFFECT OF ULTRASONICS 

Corresponding to Fig. 10.63. 

Log - Log plot, to getermine the relationship: 

KL 0<. (Re)n 



• R.c.E.+ UL T RA SOU N 0 rn 
0 ..- 0 R.U . ONLY x 

..-
• 
III 

E 3 
L.J 

----....J 2 :.::: 

LL • LL 
W 
0 • 
LJ 1 • 
(X 

SlO PE w 
LL 
t./) = 0·70 
z 
« 
(X 0-5 • 
l-

t./) 0 
t./) 

« 
L: 

0·5 1- ' 2 3 4 5 6 "1 

, (Re)x10 4 



FIG. 10.65 TYPICAL CELL VOLTAGES.AS A fUNCTION or 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 

0.014 M CuS0
4 

1.5 M H
2

S0
4 

d = 6.3 cm 

1 = 4.3 cm 

A 85.1 
2 = cm 

rpm = 360 

U = 119 cm s 

22 
0 C 

150 mV (min)-1 

POLARISATION CURVE FOR St100TH COPPER DEPOSITION 

SHOWING THE (NEGLIGIBLE) EFFECT OF GAS BUBBLING 

-1 

linear sweep rate 

Nitrogen gas bubbled through the reactor (volume 1 dm
3

) at 1 litre (min)-' 

.. 
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FIG. 10.67 VARIATION OF FLUID DENSITY WITH TEMPERATURE 

FOR ACID COPPER SULPHATE ELECTROLYTES 

1.5M H2SD4 

o to 0.7 M CuSD4 
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. ' ... ~-- . ... 
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FIG. 10.68 

1.5 M H
2
S0

4 

:-.' 

ARRHENIUS PLOT rOR KINEMATIC VISCOSITY or 

ACID COPPER SULPHATE ELECTROLYTES 

0, and 0.014 M CuS0
4 

" 
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FI G. 10.69 

1.5 M H
2

S0
4 

ARRHENIUS PLOT FOR DIFFUSION COEFFICIENT OF 

ACID COPPER SULPHATE ELECTROLYTES 

0.014 - 0.7 M CuSD4 



~ 1'2 

x 1.1 
.­, 
'" N 
E 
'-' _ 1·0 

D 

o 
.-

d 0'9 

0'8 

0'7 

0·6 

0'5 

- / 

20 

3'5 3'4 

30 40 50 

/ 

/ 

/ 

3·3 3'1 

/ 

/ 

60 

0'014M 
~0'01 M 

/ 

/0'1 M 
/ 

3-0 



rIG. 11.1 

200 C 

'POLARISATION CURVES' FOR COPPER DEPOSITIDrJ IN THE 

500A PILOT PLANT 

Conditions as in Table 11.1 

Note: These ~e not steady state curves, as the effective concentration 

in the reactor decreased as the current was increased. The 

concentration figures refer to samples taken when the current 

was ca. 200 A. 

". 



INITIAL [[ u] /mg dm-3 
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B 0 625 360 
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FIG. 11.2 POLARISATION CURVES IN THE VICrr~ITY 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 ,UNCTION 0, (OUTlET) COPPER 

CONCENTRATION 

Indicating IL oC COUT' approximataly 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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F'IG. 11.4 LIMITING CURRENT - COPRER CONCENTRATION RELATIONSHIP 

FOR STEADY STATE ELECTROLYSIS. 

Conditions as in Table 11.1 

Ideally, IL oG C, and the line drawn gives the mass transport 

-1 coeff. as 0.393 cm s • 
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FIG. 11.5 CONCENTRATION DECAY FOR COPPER DEPOSITION 

Note: The break in the curve after 20 mins. is due to an abrupt, 

deliberate change in the flow rate through the reactor. 
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11.6 CURRENT DECAY rOR COPPER DEPOSITION 

Corresponding to rig. 11.5. 

Showing both total current, I and calculated limiting current, I L• 

" 
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riG. 11.7 CELL VOLTAGE AND rARADAIC PoHER AS A rUNCTIoN 

or CURRENT for the 500A Pilot Plant 

The slope of the cell voltage/current curve gives the averaged, 

effective reactor resistance as 0.0138 ohm. 
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F"IG. 11.8 

. -3 
112 9 dm Zn 

60° C. 

POLARISATION CURVES fOR CAOMIUM DEPOSITION fRor~ 

ZINC CALCINE LIQUOR 

pH typically 2.07 initial 

2.03 final 
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tIG. 11.9 TYPICAL HYDROGEN EVOLUTION POLARISATION BEHAVIOUR 

FOR THE 200 A ECD-CASCAoE CELL 

Galvanostatic. ' 

Potentials measured between a reference electrode probe near the 

cylinder, in the relevan~ compartment and a lower brush engaging 

on the rotating cylinder shaft below compartment 1. 
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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 BEHAVIOUR FOR COPPER DEPOSITION 

IN THE 200A ECO-CASCADE-CELL 

Shaming potentials measure:! in each compartment for various 

currents. 

Potentia Is measured as for Fig. 11.10 

-3 CIN = 152 mg dm Cu 

. I 
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FIG. 11.12 CONCENTRATION DECAY IN THE 200A ECo-CASCADE CELL 

REACTOR 

Showing Concentration Profiles for the Inlet and Each Compartment 

Conditions as for Table 11.7 

Current = 300 A 

Cell Voltage = 2.7 V 
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FIGS. 11.13 - 11;16 MASS TRANSPORT DATA FOR ECO-CELL PILOT 

PLANTS 

(Plots of Modified Chilton-Ccilbur~factor as a function of Reynolds 

Number) 

11.13 50A. Lab. Rig. 1 

11.14 '1DOA Mini:"Cell '," 

11.15 500' A Pilot Plant 

11.16 2KA Pilot Plant 

Copper Deposition from acid sulphate solutions (generally 1M H
2

S04) 

at 600 C. 

Selected Data (Points) are 'compared to the Holland Correlatiori 

(solid line). 
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· ... FIG. 11.17 COMPENDIUM OF MASS TRA NSPDRT DATA FOR ECD-CELL 

REACTORS 

Composite plot ·of figs. 11.13 - 11.16 

H : Equation Due to Holland: 

Jo ' =.0.0791 Re- D• DB 

ETW Equatio" Due to Eisenberg, Tobias & Vlilke: 

(for a hydrodynamically smooth R.C.E.) 

. , = ~.D79 Re- D• 3D 
JD 

TR Equations due to Theodorsen and Regier 

(for saturated roughness) 

, ( )-2 JD =1.25 + 5.76 1091D ~ 
( € ) 

TR1 d/~ = 1000 

TR2 die =100 

TR3 die = 40 
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FIG. 11.19 CONCENTRATION PROFILES IN THE 100A 

LABORATORY CASCADE REACTOR 

------------- --------
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nG. 11.19 CONCENTRATION PROFILES IN THE 1KA COMMERCIAL 
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APPENDIX 1 

-
ComDuter-r'rogramme 'Supersp1een' for Ca1cula tion and A nalysis of 

Mass Transport Data 

The programme devised by the author and written largely by 11r. T.C. Hopkins 

receives as input data EITHER: 

1) sets of (St), (Re) and (Sc) 

.OR: 

2) oil' Z, C, U, d, 1) and D from which eSt), (Re) and (Sc) are calculated. 

To correlate the results, a power function is assumed: 

(St) = a (Re)b (Sc)c 

Taking Logarithms 

log (St) = b LOG (Re) + clog (Sc) + log a 

A three dimensional least squares analysis is perFormed on log (st), 

log (Re) and log (Sc) using standard 'NAG' library routines G028GF and 

G02CGF. The~e routines also output a statistical package of information 
I , 

(see Table 1,0.2)' on the constants a, bend c. , 

Tabular and graphical Comparison is made with literature correlations 

due to Eisenberg, Tobias end Wilke: 

(St) = 0.079 (Re)-O.30 (Sc)-0.644 

and Robinson and Gabe: 

(St) = 0.079 (Re)-D.31 (Sc)-0.59 

A plot is also offered of (St)(Sc)-c against (Re) on log - log co-ordinates. 

Further information is available from the programme listing, or its 

accompanying notes for guidance. 



A PPEND I X . .2. 

GENERAL PROPERTIES OF PERFLUOROCARBON, CATION EXCHANGE MEMBRANES 

A. NAFION type XR-400(425 (as used in the Pilot Plant Experiments) 

Supplier: E. T. Du Pan de Nemours Co., 

Plastics Dept., 

'Nafion' Membrane Venture, 

Wilmington, 

Delaware 19898, 

U.S.A. 

Properties 

PROnERTY 

Electrical resistance 

Permselectivity 

(1.0NKCl /3.0NKCl) 

Thickness at 50% R.H. 
! 

Ion Exchange Capacity 

Tensil~ St,ength, wet 

Elongation, wet 

Electroosmotic transport 

Dimension Stability 

(50% R. H. to we t ) 

VA LIJE 

3.8 

7.0 

10 

0.83 

30 

150 

50 

11 

2 ohm cm 

of ;, 

mils 

-1 meq g 

lb in -2 

of 
,m 

-1 .ml F 

of 
I' 

Description: the perfluorosulphonic acid membrane is a homogeneous 

film of a completely fluorinated polymer containing pendant sulphonic 

acid groups. The membrane is reinforced by a 'Teflon' TFE Fluorocarbon 

resin. 



B. IONAC type MC3470 (as used in the laboratory reactor) 

Supplie r: Tonac Chemical Company, 

Sybron Corpo ration, 

Box 66, 

Birmingham, 

New Jersey 08011, 

U.S.A. 

Prooerties: 

PROPERTY VALUE 

Electrical Resistance 

(O.1N NaCl/1.0N NaCl) 9.6/4.8 

Permselectivity 

(O.5N NaCl/1.0N NaCl) 96.2 

" , Water' Permeability in ml/hr/Ft2 

/ 
10 psi ? 

Mullen Burst Strength 190 

Thickness 13 - 14 

Density 1,05 

Capacity 1.05 

0.038 

Dimensional StabiJity Good 

DescriPtion: 

2 
ohm cm 

% 

mils 

-2 gm 

-1 meq g 

-2 
meq cm 

The Ionac membrane is somewhat cheaper and less chemically stable 

than the Ou Pant one, but proved quite suitable For short-term 

laboratory studies. 

. .... - .--



APPENDIX 3 

SurfaceProfilometric Measurement 

The principle of a 'Talysurf' measurement technique is shown in the 

first figure. The stylus slowly traverses the workpiece and 

accurately follows 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 either of the following ways: 

a) a graph representing the profile, with considerable magnification 

of the vertical height (1K to 50K x), and a 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 

" figures). 



PRINCIPLE OF THE TALVSURF 

a) Schema tic of the Measurement Principle 

A Amplifier Ci rcuit ry 

T Traverse Unit 

P Pick-up 

S Stylus 

\.J \'/orkpiece 

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 ~rofile above the line is equal 
, 

to the sum'of those below the line 
;' , 

A rOB A ,,' C + E + G c A rea B + D + r + H 

c) Definition of Roughness Average, Ra 

Ra = h1 + h2 + h3 o 0 0 /l 
L 

= I hodl 
L 

0 

where L is the sampling length 



A 

R a ) 

T p 
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