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. ABSTRACT

The fluidized bed electrowinning of zinc.from chloride

~electrolytes has been studied in a laboratory cell. The cell has

been operéted at superficial current densities in the range 1,200
- 7,500 A/m2 with catholytes containing up to 62 kg/m3 Zn and‘dp
to 28 kg/m3 HC1. Anolytes examined contained 58 kg/m3 NaCl and
up to 100 kg/m3 HCl and, in some instances, had the‘same
composition as the cathblyte. "Both, "pure" catholytes and ones
with deliberate additions of impurities (Ni, Co and Sb) were
used. Pure solutions yielded current efficieﬁcies and power
consumptions comparable to or better than those of cells with
conventionai.eléctrodes. Antimony (particularly in combination
with Ni and Co) has a detrimental effect bn cell performance;
this detrimental éffect was largely alleviated by simultaneous

additions of glue.



INTRODUCTION : ' : . (

In recently published workl~4

’ the electrowinnihg of zinc
from aqueous chloride systems has been considered from the points

of view of both direéf cpmpetition with conventional -

1

»

éiéctroWihning from suléhate solutions® and for‘systems Where;the
zinc oré isvnot‘readily émenable to ﬁhe conventional exfractién
pfocesseszf4.v To date, the_invesfigatoréﬂbéve consiaered' |
cdnventional electrochemical cell technoloéyg 'However,'the'.
necessity-of:ﬁéw plants for a chloride-system gives scope for: new
,elect;ochemﬁcal celi_technology to'bevincorpogated frdm the A
onset. " The fluidiiéd'bed electfodé is-éne-alternétiye
possibility for the metal-winning cathode;

The électrolysis of zinc from aqueous zinc chloride systéms
offers several possible advaotages. Although Ehé decdmposition
voltagenof zinc chloride is marginally g:ééteﬁ_than'that 6fvzihcﬂ
sulphaté (standafd cell po£eﬁtial of 2.121 vdlté} vefsus'l,992”
voiﬁs), the overpotestials of the'chioriné evblutioq'reactioﬁg'én
spitable»anode materials is less than for the equivilent oxygen
.eVQlution in,suléhate systems.. At higher curfen£ dén§ities the 
yoltage,_andithus the enérgy'expended in the electrqchemical
anode reactions, will tend to be lower in the chloride system.
,Tﬁis is of greaﬁ importanee tovfluidiéed bed cathode systems
wherévthe.anode is -a planarror mesh type electrqde and must
necessarilylrunvat~very high current densities. Aqueous‘zinc _ *
chloride systeMs39£fervanother advantage for zinc electrowinning
voltage reductions through the solubility and conductivity of the
zinc chloride solutions. Zinc chloride is extremely soluble in
3-5

water (to levels similar to molten



salts), allowing solutions to be produced with concentrations and
conductivities several times greater than sulphate systems. This
can help in reducing the energy consumption due to IR drops in
the cell. Of less significance to flﬁidized bed electrodes
(which operate at lower actual surface current densities), the
higher zinc concentrations allow higher current densities to be
sustained before concentration polarization becomes

4 determined that addition of 10 wt%

significant3’4. Also Fray
ammonium chloride to a 30 wt% ZnCl, solution increased the
conductivity by a factor of three. |

The evolution of chlorine at the anode results in several
cell design problems. Since chlorine is a toxic gas, it must’be
removed as a gaé} or if the temperature is kept below 9.6°C the

chlorine forms a hydrate3’4

(Cl,xH,0) and can be removed as a
slurry. 1If chlorine is evolved és a gas, a membrane separating-
the anode and cathode compartments is neéessary both to prevent
back reaction of zinc at the cathode and to facilitate effective
gas collection. This criterion is again beneficial to fluidized
bed electrode technology where the required membrane would
represent no additional complication. The collected chlorine may
be considered as a saleable by-product or, more likely, it will
be required in the extraction process (e.g. dry chlorination or
ieaching of ores) to complete the chlorine balance.

Published research suggestvthat the FBE can be used

satisfactorily for the electrowinning of copper6"8, silverg,

cobaltl@, nickelll

systemslz. No studies of the fluidized bed electrowinning of -

and, more recently, zinc from zinc sulphate



zinc from chloride systems have been reported.ih the literature.
_Ji’ri_‘cnyl2 has exaﬁined the fluidized bed electkowinhing bf zinc
from gﬁlphate_systéms; The results ihdicate'zinc.couldjbe
eleétrodeposited from solutions'similér to thoéevuSéa
'Aindqstrially with'chrreﬁt efficiencies of 60-70% at superficial

current densitiéé]of 4+6_kA/m2. The power consumptions are

higher than those of conventional eleétrowinning (3-4 kWh/kg Zn).

Fluidizédvbed electrodes weié'fouﬁd to be more sensitive to
impurities”thén.planar electrode syé#ems. ' The work of Coodfidge

and Vance13 Onlthe electroﬁinning 6f zin;_ffom sulphate:§YStems

’iﬁ a circulatiné bed indicated zinc electrdwinning wésfonlyj |
feasible in such a cell at'relatiVely 1ow_acid concentrétioﬁs
(<2@§/1 H2504). o

! and MacKinnon et al.? have determined that

NOgueira et al;
high (80-90%) éurrént_efficiencies,df zinc deposition éénvbe
- obtained from,chlbride éystems in planar electrodé>dia§hragm
cells at 2ihc concentrations as low as lS g/i at current
densities of 3GG—4®G A/mz. Fray3'4 found that at 15-35 wt%
ZnCl,, zinc could be electrowon at QG%F current éfficiency at
2200-2500 A/m? provided §uffjcieht gas éparging_and periodic
current reQersal was employed; These'ihvéstigations determined
that fhe power conshmptions for zincvelectrowinning from chlqride
systems were comparable with that of éonvenfional {sulphate
system) zinc electrowinning. For all these studies,.tﬁe addition
of ionic species was fodnd beneficial to the power consumptiop by

way of increased conductivity. The addition of hydrogen ions is

not particularly desirable in the catholyte because this enhances



the evolution of hydrogen at the céthode,reducing current
.efficiencies. Levels of Q.12M2 and 0.19Ml HC1l were, however,:
found toleréble for these specific systems. These researchersl'2
élso:added up to 2M NaCl to enhance the conduétivity Qithout
significantly affecting the current éfficiencies of zinc
electrowinning. _Fray3’4 added 7 wt% NH,Cl to substantially
increase the elecfrolyte conductivity. If a membrane cell is
used the anolyte can, in theqry, be radically different from the
- catholyte and can be optimized for chlorine evolution. The
méterial balances of the species within the system seldom,
hqwever}:allow a cémpletely free selection of the anolyte
composition. Mackinnon, et al.? appear to circulate the feed
through the énolyte compartment. Nogueira, et al.l used the
catholyte which had been depleted of zinc (by a solvent
extraction step) as the anolyte, such that the anolyte
compbsition is about 1M NaCl and @.1M HCl. In this case a brine
solution is a waste product.

The detrimental effects of impurities on the electrdwinning
of zinc from sulphate systems haé been examined by several

14-24 313 less extensively for chloride systemsl'4’25.

authors
The chloride studies suggest there is some similarity between ﬁhe.
impurity effects in sulphate and chloride systems. However, as
the maximum permissible levels and effects depend on process
parameters and the electrolyte composition, it is difficult to
quantify the results. The chloride investigations were conducted

at considerably lower acid concentrations (¢.1M) than the

sulphate investigations based on industrial solutions (2-3M);
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thus.because of tﬁé strong'acid‘dependence of impurity.effects
more tolerance to impurities in the chloride system hay be
expected. .

| The negati?e effects of impurities can loosely be divided
into three groups: 1. loss of current effiqiency, 2. co-

1,2,25

deposition, and 3..deposit morphology. Antimony which

acts as a cathode depolarizer was found to affect the current
efficiency of zinc electrowinning'invéhldride systems.

Ge:manium2

was also found to have a negative affect on the
current efficiency. There is‘disagreément between the reported

effects of Ni, Cu and.Fel'z'ZS. 'Lead, copper and cadmium have

1,2

Cobalt was found to have

been found to codeposit with zinc
relatively little effect on zinc electrowinning. Synergistic

effects of impurities have also been observed?. Deposit

morphology ‘is  not such a serious problem in fluidized bed cathode:

electrowinning as it is on planar electrodes.
~Addition agents have been found to positivelyveffect the
deposit qdality (on planar electrodes) and also to increase the

current efficiency of eleétrdwinning by reducing the detrimental

effects of certain impurities (eg. Sb) in chloride systemsl'4.
Glues were found to be the most effective additivesz'4;'however

it is reported2 that they tend to hydrolyze. Teﬁtabutyl ammonium
chloride and associated species Wére also found tonbe effeqtive
additiVesz'4.

Invthe present study, the current efficiency, voltage and

‘power consumption of fluidized bed cathode'electrowinning of zinc

was examined for varying zinc (20-62 kg/m3) and hydrochloric acid

3
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(¢-28 kg/m3)‘concentrations in electrolytes containing 2M sodium
chlofide. The effecfs of various anolyte compositions and
impurity (Sb, Co, Ni) and glue (Swift IV) additionS‘and their
combinations were also examined.

The aim of thé study was not to optimize the fluidized bed
cathode_electrowinniﬁg 0of zinc from chloride systems but rather
to examine the feésibility of such electrowinning for a fange of
zinc and acid concentrations. The absence of industrial zinc
ghloride electrowinning systems makes the study of impurity
effects rather a theoretical exercise and thus the impurity
studies are presented here as a contrast to the sulphate studies

of an earlier paperlz;

EXPERIMENTAL APPARATUS AND PROCEDURE
The "5¢ amp" cell used in this investigation was similar to

that used in previous investigations (Jiricnyg'lz, F

ig. 1). The
cell employs a cathode qonsisting of a bed of fluidizéd zinc
coated copper particies 430-600 ym in diamefer. The'zinc coating
is produced by prior.deposition from sulfate éélutions and is
non-porous; such zinc coated particleslshould theréfore behave
like pure zinc particles that would be used iﬁ a commefcial
plant. When exéanded, the bed measured approximately 70mm x 23mm
x 125mm high. 25% bed expansion was used in all runs; from

previous investigations12

this was found the optimum to minimize
zinc deposition on the current feeder and diaphragm. A 4mm thick
graphite plate was used as a current feeder. The anode was of

the DSA mesh type (titanium mesh with proprietary coating which

is catalytic for chlorine evolution, Eltech Corporation). The



anode and catﬁode compa;tments were separated.by a fiexible‘
poroué plastic diaphragm ("Daramié", W. R. Grace COrporation)
which enables the use of differeht compositions of catholyte and
anolyte.because of ies very low permeability. In all the
expefimehts the active area of the diaphragm was 4 x 107 3m2; the
'rest of . the diaphragm was masked by glue. The fétio of the none
vectiﬁe;aieaiof Ehefdiapﬁragm to active area in the fluidized bed
was l'2:i. |

The catholyte was maintained at a temperature of 1711°C.
,Electrelytes were pumped to the cell compartments:from the
catholyte aha anolyte storage tanks. The cetholyte_flow rate
determined tﬁe'bed ekpansion. The spent liguor fromveach
cohpartment was returned to the eppropriate tank.

Cufrent‘effiéiency’for zinc depoéition was determined by an
iﬁdi:ect method; thisveohsieted Qf-measuring_the volume of |
hydrogen evolved_aurihg'the electrowinning ofvzinq, ‘The hydrogen
burette was connected "in an airtight fashien with the'catholyte
compaftment.aﬁa'sfdraée tank. Chloriﬁe gas wasvfemeved from EHe
-énolyte compartment by»a negative pressure air sparging system
with sﬁction provided by a water flow ejector pump (see Fig.:Z).
The chlorine wes absorbed’from’the outlet stream in a sodium
hydroxide scrubbing system. |

The celi was electrically connecfed to a Hewlett-Packard
626@B.DC'power supply operated amperostatically. The current and
cell voltage were continuously monitored on a standard strip |
chart recorder. |

The anolyte and catholyte were prepared from AR grade



reagents (A.R. Mallinckrodt, Inc.). Stock solutions containing 1
kg/m3 of cobalt on nickel were prepared by dissolving cobalt (IT)
chloride or nickel (II) chloride in distilled water. Antimony
solution was preparéd by dissolving antimony potassium tartarate
in distilled water. to a level of lG'zykg/m3. The stock solution
concentrations were checked using atomic absorption
spectrophotometry. Stock solutions of glue (Swift IV) with
concentration of 1 kg/m3 were prepéred as required by dissolving
the organic in distilled.water and storing under refrigeration to
minimize degradation.' 5 litre volumes of anolyte and catholyte
were prepared for each experiment. 2inc concentrations were
determined by complexometric titration uéing EDTA.

The experimental procedure consisted of filling each storage
tank with the appropriate volume of desired anolyte and é,neutral
cathoiyte. The particies were added to the cathode coﬁpartment
and pumps were turned on. The catholyte flow rate was then
adjusted to bring the bed expansion to the desired level. The
power supply was.turned on and electrolysis commenced. The
desired quantify of acid was then added slowly to the catholyte.
The cathode compartment was sealed and the hydrogen evolution was
measured indirectly by measuring the volume of water which Was
displaced from the hydrogen burette. After reaching steady
state; measurements of hydrogen evolution were made. The cell
current was then adjusted to the next level. For the impurity
and glue experiments the desired quantity of addition was added
just prior to meaéurement. Circulation of cathdlyte from the

tank to the pump and directly back to the tank (see Fig. 2) was
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roughly four times the flow to the cell, and therefore the

- impurities were rapidly mixed into the catholyte volume.

EXPERIMENTAL RESULTS AND DISCUSSION -
The preliminary experiments were carried out with catholyte
"and anolyte compositions similar to those used in the "Zinchlor

1. The catholyte composition was

‘Process" pilot pléht exper iments
20-30 kg/m3 zinc, li6-kg/m3 NaCl éndv7 kg/m3 HCl and the aholyte
compositioh was 3 kg/m3'HC1:and 58 kg/m3 NaCl. The invéstigation»
then é#amined catholytes with up to 28 kg/m3vHC1 and 6_2'kg/m3

zinc.

The Effects of Zinc and ﬁYdiochlori¢ Acid Concentrétion
The reéults of.measufements at zinc cbnéentrations of 20, 24
and 29 kg/m3 af'an acidity bf 7 kg/m3 HC1 for cufrent densities
- from 1256 - 75@G.A/m2 are Shbﬁn.in'Eigqre 3a—cﬂ, Further results
of measurementé at hydrochloric acid concentrations from 9 to;28
kg/m3 and zinc concentratidhs betwéen 2¢ and 62 kg/m3 OQer av
éimiiaf range.of'cﬁrrentrdensities.are given in Figures 4da-c.
'Idcreaéing thé zinc-concenﬁration resulté in a gradual
- increase iﬁvthe_current efficienc? of zinc electrowinning (Fig.
3a).v Conversely} ihcre;sing the‘écié boncentratiog resulté in an
increasinglyvlarge décline in the current efficiencyv(Fig. 4a) .
For the cage of nb added acid the éurrent efficienéy for zinc
electrowinningvf;om a 20 kg/m3 z;nc solution was effectivély'lﬁﬁ%
for thé whole range of current densities examined._vFor all the
other measuréments'at various acid and zinc concentrations the
current efficiency—currént density curves are of a similar shape.

The current efficiencies of zinc electrowinning decline at low
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current densities. At higher current densities a region of
apptoximately constant current efficiency exists and another
decline in current efficiency at the highest current dehsities
examined was observed. The effects of zinc and acidity appear to
be opposite‘in nature. Increasing the catholyte zinc
concentration increases current efficiencies and decreases the
decliﬁe of current efficiency at lower current densities.
Converseiy inc;easing the acid_concentration reduces the maximum
current efficiency of zinc electrowinning, and increases the
decline of current efficiency which occurs at lower current
densiﬁies. The current density of maximum current efficiency is
also shifted to higher current densities with increaéing acid
concentration. Increasing the zinc concentration (at 7 kg/m3HCl)
from 20 to 24 to 29 kg/m3 results in an ihcrese in the maximum
current efficiency from 81 to 88 to 94%, respectively at 5000
A/m2 (Fig. 3a). Increasing the hydrochlori¢ acid concentratién
(at 26 or 29 kg/m3 zinc) from @ to 7 Eo 14 to 21 to 28 results in.
a decline in maximum current efficiency from 1060% to 94% to 87%
to 73% to bulk dissolution of the eléctrodeposited zinc
respectively. Up to 21 kg/m3 HC1l the current density at which
the maximum current efficiency occurs rises from 5080 to 6250
A/mz. At 62 kg/m3 zinc, zinc can be electrowon at 28 kg/m3 HC1
with current efficiencies of greater than 80% for current
densities above 5000 Am/2.

The results of Figs. 3b and 4b suggest that increasing the

" zinc concentration of the catholyte (7 kg/m3 HC1, 116 kg/m3 NaCl)

up to 3@ kg/m> results in a slight decline in overall cell



12

>voltage, Increasing the zinc concentratibh of the cathblyﬁé from
20 to 29 kg/m3 results in a decline in>cell_volta§e_from 7i2V to
6.6V @ 75@Q'A/m2 (Fig. 35);‘ Above this.level, increasing the
zinc or ac&d cdncenttation of thélcétholyte (Fig. 4b) has no
significant éffection the cell voltage. The minimum pdﬁer
consumption increases (and‘occurs at increésingiy ﬁigh currgnt
density) forbdecréaéing cathothé'Zinc concentration'aﬁd
increasing catholyte aciéity. Only fdr high zinCYCOncentration
and iow aCidity catholytes at reiatively low currenﬁ densities,
afe thevpowér consumptidns_comparable.to'thOSe of cpnvéntional
sulpﬁate'zinc electrowinning (3—4 kWh/ngZn). The curfeﬁt
efficiency plotsAQresented_in_Figs. 3 and 4 are understandable in
terms of the thermodynamics énd kineﬁics‘of the twb competing
”reacﬁions (zinc deposition and hydrogen evolution). If operated
at low éurrent, a fluidized_zihc eléctfbde should béhavé in a
‘manner Showing much thermodynamic charécter. This.is a
consequence of the large particulate suiféce aréa avaiiable for
reaction so that the heterogeneous eleétrochemical reactions ére
close to equEiibriuﬁ. Thermodynamically, hydrogen should be
evolved, rather than zinc.deposited, and the low cﬁrfeﬁt.
efficiency at low currént density is therefore to be expécted.
As'the current is raised the behavior takes on a more kinetic
character‘sinée higher currents are syhonymous with faster
electrochemical reactions. Kinefically the deposition of zinc is
favored and the cutrent»efficiency.rises,ésvséen in Figs. 3a and
4a; | |

It is to be-expected that the rate of zinc deposition would
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reach a maximum value (determined by mass transfer) on further
increasing the current density, and that increésing the current
'density beyond this poinf could only result in more hydrogen
evolution and a decline in current efficiency. Current
efficiency should therefore pass through a maximum on increasing
current efficiency, and the existence of this maximum may be
discerned in most of the curves of Figs. 3a and 4a.

The effect of acid and zinc concentration observed in the
experiments is as expected. For both thermodynamic and kinetic
reasons an increase of acid concentration or a decrease in zinc
concentration favors the evolution of hydrogen and reduction of
current efficiency.

The linearity of the cell voltage plots in Eigs. 3b and 4b
'points to an ohmic behavior of the ceil, i.e., overpotent&als
(which are charéctéristically non-linear functions of current)
are small compared to the sum of equilibrium potentials and
poténtialvdrops due to.resistive cell components. The last are
reduced by incfeases in electrolyte conductivity, e.g. by
increases in acid concentration, hence the slight reduétion in
éell voltage evident in these Figs. on increasing the acid in the
'Catﬁolyte.

The shapes of the curves in Figs. 3c and 4c is a consequence
of fhe interaction of the effects already discussed. On
increasing the current density from low values the cell voltage
increases slightly (i.e. there is a slight increase in electrical
enerqgy consumed per unit of charge passed), but the éurrent

efficiency increases sharply (i.e. there is a sharp increase in
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fhe zinc deposited per unit oficharge passed). The ratio of
1energy consumed to zinqbdeposited therefbre diminishes,
particularlyiét higher acid cohcentratibﬁs whére'the greatest
inéreases in current‘efficiency,océur. " At higher current
densities the voltage continues to iﬁcréase, but now‘the rate of
increase in cﬁrrent;efficiency declines or is eveﬁ zer§'or less;.
Consequentlydthe ratié of energy consumed to zinc'producedbshdws
an incréase with increasing‘current density.

Thé éxperiméntai méasureﬁents forja cathdlytevof vafying
acid'cdncentrétions (7 to 28'kg/m3 HCl) with a zinc concentration
of 53 kg/m3 and 116 kg/m3NaCl and an anolyte of 100 kg/m3 HC1l, 58
kg/m3 NaCl are presented in'Figs. 5a to c. The results are a
continqation of the previous_exberiment presénted invFigs\ 3 and
4. Despite the different anolytes the current‘efficiencies.are
directly comparable because of the liﬁited hydrogen ion migratibn
acrosé_the diaphiagm. .The résults of Fig. 5 a fit the gﬂ&rai
patterns obserVed previohsly.' Tﬁevregibn of high current

vefficiency at 7 and 17.5 kg/m3 HCi extends to idw curfent
.dehsities. The maximum current effiéiency ét 53 kg/m3.zinc énd 7
kg/m3 HC1 (Fig. 5a) is about fhevsame ( 90-95%) és observed for'
30 kg/m3 zinc and 7 kg/m> HCl‘(Figr 3a). This suggests that at
low acid concentrations littlé benefit is achievéd by incteasinq
the catholyte zinc concentration above 30 kg/m3. " The measured
cell voltage is slightly higher thaﬁ predicted from Fiés. 6 and 7
(see below). This may be due to poor bed.fluidization obserQed
at thé‘higher zinc concentration. The increased zinc
concentration of the cathblyte alsovmakes the_system more prone
to zinc deposition on the diaphragm and current feeder especially

at low acid éoncentrations. At low current densities the

"
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increase in curren£ efficiencies are mainly responsible for the
reduction in power consumption for this system (Fig. 5c). The
reduction in power cdnsumption at high current densities are,
however, primarily due to decreases in anolyte compartment
voltage drop resulting from the high acid level in the anolyte
compared to the runs of Figs. 3 and 4.

The effect of anolyte composition

The effect on cell voltage and power consumption that
results from switching from a relatively low coﬁductivity anolyte
(Figs. 3 and 4) to one of higher conductivity (Fig. 5) is a
consequence of the high current densities.at the anode.
Increased anolyte chloride concentration and ionic conductivty
should reduce any mass transfer component of the anodic
overpotential as well as ohmic resistances in the anode
compartment.

The effects of increaéed hydrochloric écid concentration in
the‘anolyte on the cell voltage-current density relationship for
a 349 kg/m3 zine, 7 kg/m3 HC1l and 116 kg/m3 NaCl catholyte are
gi&en in Figs. 6 and 7.

The results indicate that in¢creased hydrochloric acid
concentration in the anolyte greatly re@uces the overall cell
voltage, and consequently the energy coﬁsumption for zinc
production, the reduction being greater at higher current

L * . ‘ . , .
densities. The relative decreases, however, become smaller with

“For relatively short experiments (1 hour) the current efficiency .
of the cathode reaction was unaltered; however, after some time
hydrogen ion migration from the anolyte to the catholyte raised
the catholyte acidity such that the current efficiencies began to
fall.
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jncreasing concentration. At a current density of,75QG Am/Z(
incrieasing the anolyte acid concentration from 3 tofSG»kg/mg HCl
results in a 20% reduction.in-cell'voltage (frcm_6.8'to 5.5V);
honeVer,‘further increasing the acid concentration to lGﬁ-f
_kg/m3ncl results in only.a'further 14% reduction in cell,voitage
_(fron 5.5 to 4.5v).

The feasibiiity of using a-strcng bydrochldfic anolyte;in
industrial practice is dcnbtful.',Hydrochloric acid wdnld.bei .
consumed: in the process requiring the_purchasevbf hYdrochiofic
acid and pdseible'neutralizationfcf hydtogen ions migratingninto

tne'catholyte‘

'Use.of feed‘as both anolyte and catholyte_:'

| The use of the cell feed sqluticn as both the anolyte and
catholyte offers a possible alternative metbod:of reducing»the
voltage drop in the anode'Cbamber. The relatively high |
conductivity of the catholyte is ut111zed.;'Ifdzinc'and chlorine'
are electrowon at hlgh efficiencies and the chlorlne is recycled
to the leachlng process the chlorine balance W111 be maintained.

The measurements for results of experlments conducted w1th

similar anolyte and catholyte compositions are glven 1n Flgs.-8a
'tc_c. The-composltlons-are similar to the catholytes used in the
eariier ekpetiments (Figs. 3 and 4) and for comparable catholytes
tbe_cﬁrrent.éfficiencies are in‘qood agreement. For low.acid
experiments the agreement is within 5% over the whole'range’of
'current densities} At “higher acid concentrations the variation
‘is greater but still acceotable |

For anolyte and catholyte of 7 kg/m3 HCl, 30 kg/m zinc and
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116 kg/m> NaCl the cell voltage was 5.95 V @ 7500 a/m> (Fig. 8b).
This results in a 29% reduction in energy consumption from the
similar experiment (Fig. 3a-c) using an anolyte of 58 kg/m3 NaCl
and 3 kg/m> HCI1.

Increasing the acid concentration to 14 and 21 kg/m3 HC1
results in relatively small decreases in cell voltage. These
reductions in cell voltage do not offset the accompanying
reductions in the current efficiency of zinc electrowinning (Fig.
8a) such that the overall power consumption increases with
increasing acid cohcentrationf. The results also indicate that
sodium chloride additions play an important role in'minimizing
the overall cell voltage. ’

The use of a neutral catholyte results in-a considerable
energy saving by virtue of increased current efficiencies and
negligible increase in cell voltage. Again it should be stressed
that there is a greater tendency for zinc to deposit on the
current feeder and diaphragm from neutral solutioﬁs.

For systems where the electrolyte was 30 kg/m3 zinc, 116
kg/m3 NaCl and 7 kg/m3 HC1l (or less in the catholyte) the power
consumptions achieved are comparable to or lower than for
conventional sulphate zinc electrowinning (3-4 kwh/kgZn). Even
at 7500 A/mz, power consumptions of 4 - 4.3 kwh/kg zinc were

achieved (Fig. 8c).

THE EFFECTS OF IMPURITIES
The expetiments examining the effects of impurities on zinc
electrowinning were carried out in anolyte and catholyte of 7

kg/m3 HC1, 3@ kg/m> zinc and 116 kg/m> NaCl. The choice of a
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slightly acidic solution was to accentuate the deleterious

ql2

»

 éffects of impurity.adaitions which are reporte to be strongly
acid GEpendent‘(in_the sulphafe system, at least). |
The'effects of cobalt, hickel, antimoﬁy and glue (Swift;IV)
individually-and as combiﬁations on fluidizéd bed'céthode
electrowinning of zinc from chloride:solutions have been examinéd
(Figs. 97_1@,'11 a;c). It was not-the ihtentigh to establish the
permissiblé impurity 1evéls; but-to compare the results with 

those of Jiriény and Evans12 obtained from a sulphate system;

The effects of cobalt, nickel and antimony individually
Nickelland cobalt (singly).at lévels.up to 1Gppmv(Fig. %9a)

had relatively 1ittie effect on the current efficiency .of zinc
electrowinning. At low current densitieé,‘the effectvof_béth
impurities was similar. An 8% deciiﬁe in current effiéiency'from
additivevfrée éolutions‘was observed at é curreh£ dgnsity of 375G
A/m2 —.a:tpend Whichvmay be.expecfé& to worsen at even lower
curfent densiﬁies;i | :

For planar_electrﬁdes,'Nogueira et éi.l observed a,simila:
" decline :.(6% from 95% to 85% @v 400A/m2) of current ef_ficviency for
.lepm levels of hickél.'h(However, it is not clear if peérl glué
‘additions were present during the.experiments); ‘Jiricny and

Evans12

reported considerable loss of durrent efficiency for
hickel énd cobalt adéitions to the sﬁiphate §ystem eQén at levels
of 3 ppm. Nickel was observed to result in_considerably greater
-redd¢£ion‘of current efficiencies than for cobalt.

The véfiatidhs in overall cell voltage with the addition of

nickel and cobalt (Fig. 9b) is not readily explainable.
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Antimony additions up 50 ppb result in é marked decline in
the current effiéienéy_of zinc electrowinning. The decline in
current efficiency-with increasing antimohy concentrations is
worse at lbwer current dehsities (at 50 ppb antimbhy the current
efficiency at 5600 A/m? was 43% and at 7560 A/m2 it was 633).

Nogueira ét 51;1 observed a similar effect of antimony. on
electrowinniﬁg of zinc (onto plénar electrodes) from chloride
solutions at 400 A/m? (however, it is not clear whether pearl
glue additives are present). For the fluidized bed cathdde,
Jiriceny and E‘vans12 found that.fdr the sulphate system, 8 ppbv
antimony gave declines in current efficiencies similar to the
declines dbsérved with 50 ppb antimony in the present
experiments.

A slight incréase in the overall‘cell voltage (Fig. 10) was
observed with increasing‘antimony concentration; a fact probably
attributable to increased gas volumevin the bed.

The power consumption is increased significantly by a
decline .in current efficiency of zinc electrowinning.
Consequently the presence of nickel and cobélf at concentrations
up to 10 ppm has rélatively little éffect‘on power consumption,
whereas thé'presence of antimony even at'concentratiéns of a’féw
ppb resultslin.considerablé increases in thefpower cqnsumption
for zinc electrowinning. The éxperiments witﬁ iméutitieg
demonstrate that fluidized bed electrowinning of zinc from
chloride systems is.cbnsiderably iésé“sensitiVe to impurities 
than for fluidized bed electrowinhing of zinc from sulphate |

systems. It is believed that it is the differences in acid
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concentration between thehsulphatel2 (100 kg/m3 HZSO4) and
.chlcridep(7 kg/n3'HC1) systems which is -the overnnelming cause of
the-difference in the fruidized bedfelectrowinning behavior of
-the-two systeme and“their relati&e sensitivities £o impurities.
For fhe chloride'case,vthere isisome_indication'that the.effect
of‘impurities on iinc electrowinning.ie similar for,bcth tne case

- of fluidized bed and planar electrodes.

The effect of impurity ccmbinetions

- The effect of 19 ppm nickei plus 1@ ppm cobalt on current
efficienCy ie seen 1in Figure 9a.  The 18 to 20¢% decline in thev
.actual current efficiency from.the.pure soluticn case is
ccnsiderably_worSe'than for.rhe indinidual species at levels of-
v}GYppm; :

The‘current efficiencies‘obseryed.for antimony; nickel
and cobalt addirions (in combinations)of (1) 10 ppb,.lG ppm and 10
ppm; and (2) SGVppb, lcppm and l‘ppm,.respectively{'are given in
nFigures-9e and lla.v WhenICOmpered with the results of antimony
alone (Figure i@a), it is apparent that nickel and cobalt -
additions are sYnergisric with antimony in therr effect on the
current efficiency of zinc electrowinning. At 50 ppb anrimony, 1
pom nickel and 1 ppm CObait the current efficiency ‘is about.IG%
lower than forpantimony alone for the range of current densities
(5,000 to 7,500 A/mz);examined (Figures 10a and lla); At lG-ppb
antimony, i@ ppm,nickelvand_lg.ppm cobalt the current efficiency
at high current densities (6,@ﬂ¢ - 7,5@@ A/mz) is 15% below that
ofvrhe added Lbsses of current efficiency for 10 ppb antimony

singly and 10 ppm nickel and 10 ppm cobalt together. At current
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densities of less thén 5,000 A/m2_there is a catastrophic decliné
in current efficiency for this mixture which is not observed in
the added iosses of the constituents. (The mixture results in a
current efficiency [22%] which is 66% below.that of the pure
solution [88%] and 40% lower than obtained by adding the losses
for 10 ppb antimony individually [9%] and for 10 ppm nickel and
cobalt combined [18%].

The minimum power consumptions from (1) 19 ppb antimony,
10 ppm nickel and 120 ppm cobalt and (2) 50 ppb antimony, 1 ppm
nickel and 1 ppm cobalt are 6 kwh/kgZn @ 6,088 A/m? and 8.8
kwh/kgZn @ 7,500 A/mz, respectively.

The effects of glue

The effects of Swift IV glue albne on the current
efficiency of zinc electrowinning is shown in Figure 11.

The -addition of.S ppm glue resulted in a 5 to 10%
incréase in current efficiency. The current efficiency was
relatively constant for all the current densities examined.
Further increases in the glue concentration resulted in a gradual
decline in the current efficiency such that at 50 ppm glue the
curreﬁt'efficiency was lower than that for adéition-free
solutions.

| The addition of glue in general caused an increase 1in
cell voltagé of up to 0.6V; however the bed fluidization
chéracteristics were gfeatly»imprdved by the addition of glue.
The small'vafiaﬁion5~of both current efficiencies and cell
voltages with glué additions resulted in a spread of power

consumptions rather than a general trend. For all cases power
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.conSumptions were between 3.4 and 3.7kwh/ngn @ 3,750 A/m2 and
increased to'hetWeen'4.5 and .5 kwhr/kozn at current densities of
7,500 a/m?. | |

The increase in current efficiencies resulting’fromvSmall
additions'of glue are in agreement withnthevresults of zinc

1-4 and

electrowinning'on‘planarlelectrooes in chloride systems
bopp051te to the case of sulphate systems where the add1t1on of
glue alone is reported12 to result in small decreases 1n current
efficiency. ‘It has been reporte’d3 that for planar electrodes the
increase in current_efficiency with glue additions is due to
'morphological changes at thefeiectrodepositionvsurface. 'This
'Seems.imorobable for a fluidized bed system where particle .
';colliSionband diSsolution (in inactive regions.of the |
bed); would tend to be a.large factor in determining_the deposit
morphology. o

.At Sé ppb antimony, 1 ppm nlckel,bl ppm'cobalt'and 50 ppm
glue the current eff1c1ency of zinc electrow1nn1ng was 80 to 82%
for current‘dens;tles between 375@ ‘and 7500 A/m (see Figure 11a);
The power consumption over the same range of current densit{es'
was 3.9 to 5.4 kwhr/kg 2n. This can be comnared with.the current
efficiencies and power consumption for the same impnrity levels’

without glue additions of 34 to 46% and 10 to 8.8 kwhr/kgZn,

. * %
respectively.

*A caution is necessary: the experiments with both glue and
metal impurities were carried out by adding the latter to the
catholyte tank immediately after experiments in which the effects
of glue alone had been measured. The results may not therefore
be the same as for an experiment in which glue and metal
impurities are simultaneously introduced into the electrolyte.
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In agreement with investigators of chloride systemsl'4

12,14-16,19-21 ;pe experiments showed a

and sulphate systems
strbngly beneficial effect of glue on current efficiency in
interaction with certain impurities (e.g. anﬁimony). No attempt
was made to optimize the glue-impurity interaction. The ratio of.
glue to antimony used (weight:weight) was 1000:1. (Workers with

sulphate systems14 determined the optimum glue to antimony ratio

for that case was 375:1).

CONCLUSIONS

Experiments.in which zinc has beeﬁ-deposited from
chloride solutions using a fluidized bed electrode have been
carried out. The effect of a rénge of zinc and acid
cohcentrations on the current efficiencies, cell voltages and
power consumption of zinc electrowinning for a wide range of
current densities (1250 to 7500 A/m2) were examined. Preliminary
experiments into the effects of some impurities (cobalt, nickel,
antimony and Swift IV glue) singly and as combinations were also
conductedf |

It was found that for chloride systems:
1. For neutral catholytes the current efficiency of zinc
electrowinning was 100% for the whole range of current densities
‘examined.
2. The acid concentration of the catholyte has a strong
influence on the cufrent efficiency and power consumption, the
current efficiency falling rapidly with increasing acid content.
3. Increasiﬁg the zinc content in the catholyté opposes the

effects of increasing the catholye acid content.
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4, ste df the.same electrolyte for anolyte and cath01yte (30
_kg/m3 zinc, @-7 kg/m3 HCl'and 116 kg/m3NaCl)vresulted'in
relativelyvlow;overall cell vcltages. -
5. Forx"impurity free" solutions power consumptrons better than
or ccmparable to the case of conventlonal zinc sulphate
electrow1nn1ng was p0551b1e.
6. "NMickel and cobalt addltlons up to 1¢ ppm had very 11ttle
'effect on the current eff1c1ency of zinc electrow1nn1ng.
7. Ant1mony was detr1mental to the current eff1c1enc1es of zinc
electrowinning. At 50 ppb Sb the current eff1c1ency was reduced
to 62% at 7, SGGlA/m
‘8. Cobalt, nickel and antlmony addltlons together produce
synerglstlc decllnes in current eff1c1enc§. |
9.. Glue add;trons Qf 50 ppm Swift IV_peruced a:great increase
in the-current efficiency of zinc electrowinning in solutions
'containing.sg pph be lhppm Ni and 1 ppm Co. Power consumptions
similarly decllned from l@ 8.8 to 4 to S 5 kwh/ngn. | ”
ThlS preliminary experlmental study 1nd1cates that, even
w1th con51derable 1mpur1ty levels, fluldlzed bed zinc -
_electrow1nn1ng from chlorlde solutlons has ehergy consumptlons
comparable to conventlonal zinc sulphate electrow1nn1ng The
fluidized bed'electrodevperforms better in the chloride system
than the sulphate system probably becausehof the much lower .
acidity of the former.:xThe fluidi;ed bed invthe‘chloride system
is at least a'factcr of ten less sensitive to the impurities
examined in these experinents at acid ievels aporopriate for each

electrolyte.
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With its possibleAsavings in capital and labor costé (and
compafable energy donsumption), the fluidized bed electrowinning
of zinc from chloride systems appears competitive with
conventional ziﬁc sulphate electrowinning. The adoption of é
zinc chloride proceés by the iﬁdustry requires neﬁ teéhnology and
thus woufd.be an opportunity to incorporate fluidized bed
electrowinning from the onset. A thorough investigation of the
feasibility of fluidized bed electrowinning for the precise
composition of the envisioned industrial solution would, however,

be a prerequisite to such an undertaking.
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FIGURE CAPTIONS

1 Laboratory scale cell with flu1d1zed cathode used in this

_invest1gatlon..

2 Exper1menta1 systeﬁ 1nclud1ng the cell, electrolyte
reéervo1rs, dev1ces for absorblng chlorlne from the anode chamber
and measurlng hydrogen from_the cathode chamber, power supply and
voltage/current recorder.

3 Effect of superf1c1al currant dens1ty (current per unit area

of cell dlaphragm) and zinc concentrat1on in the catholyte on (a)
current efficiency (b) cell voltagev(c)npower consumption for
~electrolytes containing low levels of HCI1.

4 Effect ofISUperficial current density and catholyte

compos1t1on for experlments w1th anolytes contalnlng low levels
of HCl

5 Effect of superf1c1al current den51ty and catholyte

'com0051tlon for exper1ments w1th anolytes conta1n1ng high levels
‘of‘HCl.

6 Effect of'anolyte acid content on cell voltage at a fixed

catholyte compos1t10n.

7 Effect of. anolyte acid content on cell voltage at 7,500 A/m

for catholyte composition of Fig. 6.

8 Effect of using anolyte and catholyte of the same (or

.similar) composition.

9 Effect of ﬁi and Co impurities added (singly, in combination,

or in combination with Sb) to the catholyte.
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1¢ Effect of antimony additions to the catholyte.

1 Effect of Swift IV glue additions to the catholyte, either
- singly or in combination with impurities that otherwise impair

cell performance.
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