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ABSTRACT

For investigations concerning electrolytic recovery of electronegative metals from dilute solutions, zinc and
cadmium have been chosen as model-substances. Electrolytic tests performed in the Hull ce¢ll and a new hyperbolic
“twincell yeveal that accepiable secovery rates cannot be achieved with conventional cells due ‘o lmited curgent
densities and low current efficiencies, Improved mass iransfer by aid of agitated and extended cathode surfaces
and forced electrolyte flow are, therefore, most important to ensure favourable electrowinning conditions. Using
specially developed cell designs, namely the rotating tubular bed reactor and the impact rod reactor, recovery of zinc
as well as cadmium from various types of synthetic and technical solutions has been investigated. Combination of *
electrolytic and jon exchange treatment is bringing about additional advantages especially for reducing cadmium con-

tents down to very low residual values. Cost savings in comparison with conventional procedures are demonstrated
on the basis of practical case studies.
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Imtroduction

Metals from dilote solutions like spent liquots and
giectrolytes from hydrometaliurgical operations,
etchants from metal working processes, rinse water
and effluenis from electropiating and metal finishing
indusiries have to be removed before draining the
solutions either for economic or environmentzl
reasons. Compared with other effluent treatment
techniques applied nowadays (1, 2}, electrolytic
methods are favourable under two aspects: They
can be performed as a one step process, and they
need less o1 nmo chemical additions.

in previous papers (3, 4) reviews have been given
zbout electrolytic recovery of gold and silver from
dilute solutions using 2 rotating tubular reactor (5, 6}
and an impact rod reactor, respectively (6, 7).

Both reactors are manufactured on 2 licence basis by
GOEMA D1 Gotzelmann KG, Stutigart, West Ger-
many, under the trade names GOECOMENT ®WE 8¢
md GOECOMET @ SE 80. Both reactors have been
successfnily applied in many electroplating plants for
conomic bnd complete gold and silver recovery.

The aim of further research activities in our
Department has been directed to extended applica-
tion of these electrolytic technigues for the recovery
of platinum group metals, copper and elecironegative
metals, e.g. nickel, cobalt, tin, lead, cadmium and
zine.

in addition to cadmium zinc has been chosen as
2 model-subsiance becsuse its electrolytic recovery
from dilute aquecus solutions is rather difficult, and
due to its amphoterc character various aikaline
neutral and acid electrolytes have been used in
industrial production. Contrary to the high metal
contents of electrolytes for indusirial applications-
Table I - diluted solutions, e.g. rinse water and
efflyents, are mostly ‘containing only few grams of
metal per liter or less. However, these low metal

contents have to be further reduced either down tc

predetermined values whereafter the solution can be
recycled into the process or down to values of a few

ppm or less begore draining to meet effluent guide
lines.

* Table L. Composition of various zine electrolytes X}

Zinc chioride up to 20 g/l Zn, up to 40 g/1 HO

up fo 250 g/t NaCl

electolytes

Zinc sulfate

clectroly fos 30-95 g/1 Zn, 40270 g/1 H4S0,

Weak acid zine |30-30 g/1 Zn, up to 150 g/1 KCL,
up to 30 g/l HzBOs, up to 50 g/

NHaCL up to 100 g/1 Nap S0,

clectrolytes

Alkaline cyanide|10-50 g/1 Zn, 15-120 £/1 NaCN,
zine elecirolytes | 20-140 g/1 NaOH, 20-80 g/1
N&2C03

Alkaline zincate |8 g/1 Zn, 120 g/1 NaOH, 20-80
electrolytes g/1 NayCOy

X}

most electrolytes for technical applications are
containing organic additives, by which the
clectrodeposition of zinc can be significantly
improved

Theoretical Considerations

Electrowinning of metals from dilute solutions
has given rise of several major problems since at low
concentrations mass transfer of metal ions to be
discharged is controlled in the cathodic boundary
layer mainly by diffusion. According to equation(1}
%T"tD'Q' Co;q@e (1)
which agrees satisfactorily with experimenital resuits

for dilute electrolytes with jons of low valency, mass

transfer% is depending on the surface arca g of
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the cathode and the concentration drop (c0 - ce}
divided by the boundary layer thickness SN,

In a diiute solution, however, the difference of
specific gravity between the bulk solution and the
solution within the boundary layer is extremely
smali and, therefore, mass transfer by natural convec-
tion can be nelgected. The thickenss 5N of the
diffusion layer is increasing under potentiostatic
conditions with the square raot of the duration of the
electrolytic metal deposition according to

as’zi“ﬁ ¢ VT_ (2}

thus bringing about a continuous decrease of mass
transfer. The factor k b is mainly defined by the
diffusion coefficient. Under galvanostatic conditions,
however, the concentration of dischargeable ions at
the cathode surface is dropping to zero within a so
called transition time r, according to equation(3)

@m

‘{'=k2 t Y (3)

1

l

The factor l(2 is mainiy defined by the diffusion
coefficient and the valency of the ions to be dis-
charged. The transition time v wiil be decreased by
dilusing the solution and by increasing the carrent
density at the cathode. Therefore, at high cument
densities, in dilute solutions the transition time r
will be l}ighly reduced.

Mass transfer in connection with electrolytic metal
deposition can also be expressed by equation (4)

_dm _

de
with the electrolytic current I and the current
efficiency . The factor k3 is defined by the
electrochemical equivalent weight of the metal ions

O S (4)

to be discharged. If mass transfer of the siectrolytic
process is mainly controlled by diffusion, we can
equate the expressions (1)} and (4) and get
PR S <1 NS PR B f
D-.g N [T W 5)
leading 1o equation (&) for the current
D o ¢
[=e v g 22 G2 {6)
ka -7 4 8w

Equation (6) reveals that a high space-time yield or

a large electrolytic current, respectively, can only be
achieved by increasing the surface area q of the
cathode andjor by decreasing the thicknessSN of the
cathodic boundary laver. In the course of these

investigations two types of electrolytic cell construc-
tions with improved mass transfer and extended
cathodic surface areas have been applied, namely the
rofating tubular bed reactor and for final tests the
impact rod reactor bath of the GOECOMET ® type.

Electrolytic Recovery of Zinc

For the determination of characteristics of
electrolytic zirc deposition from dilute solutions over
a wide current density range, two types of test cells
have been applied:

1. the Hull ¢cell which has been in common use
since 1938 in the electroplating industry for
trouble
electrolyte control,
2. a hyperbolic twin-type cell developed by Lieber(8),
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Fig. 1 — Top:  Side view of the Hull cell. _
Below: Cross section of the Hull cell.
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The cress section of the Hull cell (Figure 13 (%}

3

is rewvealing that the anode is pleced rectangularly

cathiode s inclined against the anode. Therefore, the
current density si ihe cpthode has its highost value at
the end ciose 1o the ancde and is decressing along
the longth of the cathede following o logurithmic

A

fanction,

Because of this logaithmic distribution of the

carrent density atong the cathode, within the range

{ higher current densities a sufficient reliable evaiua-

tion of the local current density s very difficuly as
ligure 2 is revealing, Therefore, a more convenieni
nyperbolic twin-cell type (Iipure 33 has been
developed as a test cell in which the primary current
density distribution along the cathode and sncde
follows a linear functon the slope of which is only
dependent on the cell current.

The different appearence of zine deposits on (est
cathodes from the Hull cell and the hyperbolic twin-
cell 18 shown in Figure 4. Whithin the range of low
current densities on the cathode from the Hull ol
it can be scen thbt below a certain mintmum current

density no zine will be deposited from diute soln-
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tions, The results of a large number of tests taking
into account various parameters {zinc concentration,
agitation of the solution, cell current, temperaturc,

pH-value, impurity content, cathode material} are

Current Density Distribution
along the test cathode in the
Hull cell

revealing that under optimum conditions zinc deposi-
tion in principle can be performed. But a minimum
current density is mecessary due to re-dissolution of
zinc as well as a lack of hydrogen overpotential,

Current Density Distribution
aleng the test cathede in the
hyperbalic Twin-cell

Fig. 4 — Test cathodes from a Hull cell and a hyperbolic Twin-cell (same zinc containing
solution, steel cathodes, cells connected in series, cell current 2 A)

Fig. 5 — GOECOMET ® SE 80
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Forclectrolytic treatment of dilutke metal contain-
ing solutions a large variety of diffcrent cell types has
Deen suggested (1), but only few of them have found
iechnicai  application. _Thc celis used for these
investisations are the GOECOMET ® reactors in
iaboratory scale as well as in industrial scale szes.

The principle of these celt types and characteristic
operating data have been outlined in detail ea_:Iier in
this Journal (4). An industrial version of the impact
rod reactor GOECOMET SE 80 is shown in
Figure 5.

Typical resulis of electrolytic zine recovery from
cyanide-free alkaline solutions containing about 1.5
g/l zing are presented in Figure 6 for different current
densities. Prom the zinc recovery rate at §0 A;’m2
and 110 A/mQ, respectively, it becomes evident that
mass iransfer 18 the limiting factor for cathodic metal
deposition. I'rom an alkaline zinc solution containing
cyanide, zinc recovery can be accomplished ﬁth
favourable current efficiencies, as can be seen from
Fioure 7. 1t is worth noting tha¢ in these test series
zinc recovery had been performed with an average
current density of 200 A,fmz. As far as the cyanide
content of the clectrolyte is concerned, anodic oxida-
tion is mainly depending on the material of the
anodes, the current density, the chioride content and
the temperature (10}
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Fig. 7 — Electrolytic recovery of zinc

cyanide solution

from:

Due to the tendency of the recovered metal to
pecl off from the subsirate as soon as the deposit
thickness amounts to about 30 - 60 micrometers
(Figure 8), this electrolytic system can be operated
continuously. The metal flakes (Figure 9) are sinking
to the botton of the cell and can easily be removed
rom the solution.

if zing recovery is part of a closed loop process
for solution recycling, decrease of the zinc comient
is mostly necessary only down to residual concesntra-
tions which can be easily attained by electrolytic
treatment (Figure ¢ and Figure 7). For compiete
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Fig. 9 — Ilakes of clectrolytically deposited zinc which

have pecled off from the substrate
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recovery of zine, ez from effluents which have to
oe drained, a2 combinbtion of this clectrolytic treat-
suent with ion exchange or precipitation procedures,
combined with detoxication, will be necessary. The
regenerates of precipitates containing the residual
zing, can be returned into the electrolytic treatment
ceil. iy this process sequence zinc containing siudgcé
can be aveided.

Flectrolytic treatment of weak acid and acid zinc
solutions is possible only within a limited range of
concentrations due to a tow overall effictency. Addi-
tional problems are arking from anedic reactions as
weil as gas evelution which can be overcome, however,
by using celis which are divided inte scparste

ciecirode compar tinents,

Fiectrolytic Recovery of Cadmium

The recovery of cadmium has become more and
more important under environmental aspects during

the past decade. Using the same clectrolytic equip-

ment, cadmium containing weak acid sulfate solutions
and alkaline cyanide soltitions have been treated
under similar conditions

As can be seen from Figure 10, for both typesof
cadmium containing solutions a high current
efficiency has been observed down fo small meial
concenirations. After these promising results in the
small laboratory cdll, pilot tests with an impaet rod
reactor (Figure 53 have been carried out witl
currents up to 150 A. In this way, the recovery rate
under laboratory conditions has been confirmed.

Whersas electrelytic recovery is most advaniageous
with an increasing cadmium content of the electrolytc
{Figure 10), operation of ion exchangers is most
favourable for recovery of cadmium from dilute so-
Iutions. Therefore, a combination of both methods
will lead to a technical and economic optimum, as can
be seen from PFigure Tl. The minimum in cost is
depending on many factors like plant conditions,

throughput, cost for chemicals, energy and the choice
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of best suited ion exchange resins. For this purpose
weak acid ion exchangers (11) (Table II) have proven
successfully. Furthermore, cadmium tons are strongly

adsorbed by the ion exchangers which leads to
residual concentrations of about 0.05 ppm (12).

Table I, Weak acid cation exchange resins for cadmium recovery
(according to G. Spanier)

PROPERTIES CARBOXYLIC ACID CHLEATING
RESIN RESIN
HATRIX OF ACRYLATE, POLYSTYRENE,
RESIN MACROPOROUS MACROPOROUS
GROUPS CARBOXYLIC IMINODIACETATE
EFFECTING ACID CH,COOH
ION EXCHANGE -COOH N CH,COCH
LOADING FORM MONO-SODIUM MONQ-SODIUM
-COONA + -COOH N CH2COONa
CH,COOH
PH RANGE OF] 4-7(.9) 2-61(.9)
OPERATION DEPENDING ON
TYPE OF METAL
USABLE 1 -3 EQUIVALENTS | DEPENDING ON
CAPACITY PER LITER OF RESIN | TYPE OF METAL E.G.
(DEPENDING ON PH ! 40-50 GCU, 3040 G
IN LOWER RANGE) | NI OR ZN. OR
(THE EQUIVALENT | 30-40 G OF DIFFERENT °
WEIGHT QF CD = METALS LIKE CD PER
56.2 G) LITER OF RESIN
22t T
SELECTIVITY |i™>>Cu  ~Te H>>cu?>Ni >
Zntt > NE > Cdr>Catr | ZnP > Cd > Fe?* »Ca’r

The economic advantage of electrolytic recovery

Conclusion

compared with conventional treatment by detoxica-
tion and precipitation can be evaluated from Tables
IT] ard 1V. In these calculations costs of investment,
capital and labor have not been taken into considera-
tion because these figures can vary to a high extent.
Under environmental aspects it is worth noting that
by this procedure cadmium containing sludges can
be avoided because the eluates of the ion exchange
resins will be returned into the electrolytic cell

Electrolytic recovery of metals from diute
solutions can not be applied only for electropositive
metals but also for metals as elecirongeative as zinc
and cadmium, By use of electrolytic cells with
cathodes specially designed for .impioved mass
transfer, low residual concentrations can be attained
even with zinc and cadmium. Combination of

electrodeposition and ion exchange can contribute
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Tzhie HI. Costs for eclecirblvtic and conventional

treatment of cadmivm effluents

ACID FEELUSNTS (1 M%)
CADMIUM CONTENT 2 G/L OB
FRE SULEURIC ACID & G/L HaS04

ELACTROLY 910 TREATMENT:

TNERGY COST (20 KW A 0.15 DM/KWH) 3,0M

NEUTRALIZATION OF ACID 4, Dbt
REGENERATION OF 10N EXCHANGE

RESIN ¢6 LITERS) 6.
DRAINING OF TREATED WASTE

WATER 1, DM
TOTAL COST AROUT 14D
CONVENTION AL TREATMENT:
YALUE OF METAL (2 XGCD A

£0,-DMIKG) 20,-DM

NEUTRALIZATION AND PRECIPTATION 4,-DM

FILTRATION COF SLUDGE 2-DM
TRANSPORTATION OF SLUDGE 1 -DM
DUMPING COST 2-DM
DRAINING OF TREATED WASTE

WATER 1.-DM

TOTAL COST ABOUT 30.-DM

towards ccenomic mets recovery and minimum

cenvironmental impact.
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Table V. Costs for elecirelyfe and conves tionst

treatment of cadmium =ffluents

CYANIDE EFVLUENTS €1 %%y
CADMIUM CONTENT 3,75 S/L CD
CY ANIDE CONTENT 92 G/L

ALKALI CONTENT § G/ NAGH

ELECTROLY THC TREATMENT:

ENERGY COST (18 KWH A 9.15

DM/KWH) ABOUT 3,00 DM
DETOXICATION OF RESIDUAL

CYANIDE 16,00 DM
NEUTRALIZATION OF ALKALI 7,00 DM
REGENERATION OF ION

EXCHANGE RESIN (6 LITERS) 6,00 DM
DRAINING OF TREATED WASTE '

WATER 1,00 DM

TOTAL COST ABOUT 33,00 DM

CONVENTIONAL TREATMENT:

VALUE OF METAL (3,75 KG CD A

10,-DM/KG) 37,50 DM
DETOXICATION WITH

HYPOCHLORITE 60,00 DM
NEUTRALIZATION AND

PRECIPITATION 3,50 DM
FIETRATION OF SLUDGE 2,00 D
TRANSPORTATION OF SLUDGE 2,00 DM
DUMPING COST 4,60 DM
DRAINING OF TREATED WASTE

WATER 1,06 DM
TOTAL COST ABOUT 110,00 BM
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