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Mine residue recycling processes produce dilute zinc solutions suitable for metal recovery. The rotat- 
ing cylinder electrode reactor behaviour sequentially followed charge transfer and diffusion control 
mechanisms, even with solutions contaminated with metals or organic substances. Zinc removal at 
low pH (N0) and low concentration (~2 mg dm -3) is demonstrated.  Under  galvanostatic operation, 
the zinc deposition current  efficiency in the charge transfer control region attains values up to 77.3 %, 
whereas in the diffusion control region it decreases rapidly to values as low as 0.1%. When a potentio- 
static mode is used, less energy is required to deposit zinc, even at low current efficiency. The results 
and possible problems for continuous reactor operation under conditions of powder formation are 
identified and discussed using knowledge from other zinc industries such as electrowinning, plating 
and batteries. 

List of symbols 

Ac cylinder electrode active surface (cm 2) 
Ad disc electrode active s u r f a c e  (cm 2) 
ci~ analytical sulfuric acid concentration (tool cm 3) 
Czn analytical zinc sulphate concentration 

(tool cm 3) 
d cylinder electrode diameter (cm) 
D zinc diffusion coefficient (cm 2 s -1) 
F Faraday constant (96 500 C tool -1) 
I total current (A) 
In hydrogen production current (A) 
/1 zinc deposition limiting current (A) 

1. Introduction 

The rotating cylinder electrode reactor (RCER) has 
found applications in metal removal from dilute solu- 
tions due to a combination of features which are not 
shared by other reactors [1-4]. These include an easily 
operable compact design and ability to work under 
continuous conditions, producing a fluidized metal 
powder which is subsequently separated from the elec- 
trolyte. Selective extraction is also possible owing to a 
relatively uniform current distribution. Finally, the 
RCER is ideally suited for environmental clean-up 
since it operates in a concentration range which, at 
the lower end, corresponds roughly to legislation con- 
straints (lp.p.m.) and at the higher end (several 
1000p.p.m.) is larger than the concentration found 
in many industrial effluents. 

Although the possibility of removing zinc has been 
mentioned in the literature [5, 6] and some processes 
were the object of patents [7-9], the operational 
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j critical hydrogen current density (A cm -2) 
k zinc mass transfer coefficient (cm s -1) 
K Wark's rule constant 
n number of electrons exchanged in the zinc 

deposition reaction 
Re Reynolds number (a~d2/2u) 
Sc Schmidt number (u/D) 
Sh Sherwood number (kd/D) 
t time (s) 
V electrolyte volume in the RCER (cm 3) 
u solution kinematic viscosity ( c m  2 s -1) 

zinc deposition current efficiency 
a~ rotation speed (tad s-l) 

data available (Table 1) are insufficient to tailor the 
technology to a particular problem since neither para- 
meter selection nor reactor behaviour have been dis- 
cussed. Others have reported data for zinc 
deposition from alkaline solutions [10-12], but these 
processes involve high metal concentrations typical 
of electrowinning practice, very low rotation speeds, 
or partially immersed cylinders. Therefore, the latter 
studies do not offer any RCER operational data of 
interest for the treatment of effluents. 

The theoretical foundations of zinc deposition at 
low concentrations using an RCER are reported in 
this paper. To understand this process, the usefulness 
of the existing literature on zinc electrowinning, zinc 
based batteries and zinc plating involving highly con- 
centrated solutions, is also demonstrated. This discus- 
sion Js illustrated with recently obtained data for the 
treatment of sulphide-containing mine residues [13- 
15]. The hydrometallurgical treatment of the tailing 
pounds resulted in a solution enriched with dissolved 
metals. For the residues of Manitou (Val D'Or, 
Qu6bec), zinc was identified for potentially econom- 
ical retrieval [13-15]. Copper retrieval however, was 
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Table 1. Operational data reported for zinc removal using a RCER [5, 
7-9] 

Reactor type 

Type of control 

Rotation speed 
pH 
Temperature 
Zinc concentration 
Current efficiency 
Zinc powder composition 

Undivided or divided, batch or con- 
tinuous 
Galvanostatic* (50-5000A m -2) or 
potentiostatic ( - 1 . 7 - - 1 . 8 6 V v s  Hg/ 
Hg2SO4) 
62.8-1150rads -1 (600-11 000r.p.m.) 
1-6.4 
298-333 K 
61-8500 t mg dm -3 
5.5-100% 
55-73.6% Zn 

* Based on the geometric surface area. 
t Based on a solution density of 1 g cm -3. 

identified as an essential preliminary step before zinc 
recuperation. Problems related to copper recovery 
from a solution containing dissolved oxygen and 
several metallic ions using a RCER were discussed 
in previous publications [16-18]. The various alterna- 
tive processes considered led to several solution 
chemistries. The experimental solutions were generated 
from a sulphide tailing, although for the purposes of 
comparison and discussion, synthetic solutions were 
also studied. 

2. Experimental details 

Most experiments were conducted at room tempera- 
ture (295 + 0.5 K) and normal atmospheric pressure 
unless otherwise noted. 

2.1. Solutions 

The solutions used were obtained from the washing 
step made prior to the flotation of the Manitou mining 
residues located at Val D'Or, Qu6bec, Canada. The 
subsequent procedure pertaining to iron precipitation 
is described elsewhere [16]. The resulting solution was 
dilute sulphuric acid (pH 4) containing several metals 
where zinc was predominant (Table 2). This solution 
was then treated with different alternative processes 
as shown in Fig. 1. Copper present in relatively sub- 
stantial quantities (Table 2) needs to be removed, 
otherwise it interferes with the subsequent steps of 
the process. Copper strongly binds with the extractant 
selected, and is therefore difficult to eliminate, leading 
to a loss in separation efficiency over time. Copper 

Table 2. Typical analysis of the washing solution after iron precipita- 
tion* 

Element Concentration 
/mg dm -3 

Zn 3800 
Cu 55 
Cd 16 
Co 8.7 
As 3 
Fe 2.3 

* Solution a, Fig. 1. 

Treated solution 
from sulphide tailing 

4 
- ~  Copper removal I >I Copper powder or cake 

be 
- ~  Solvent extra.on > Spent electrolyte 

4 
[Activated carbon ~ -~  Carbon waste 

>I Zn removal 

I Zn powder 

~--~ Spent electrolyte 

Fig. 1. Partial process diagram used to treat mine residues. Letters a 
t o f r e f e r  to the different solutions discussed in the text. 

also codeposits with zinc, resulting in a powder of 
lesser purity to the detriment of its selling price. 
Although several methods were used to remove copper 
(either by chromatography, cementation or by using a 
RCER) [15, 16] to obtain sufficiently pure zinc solu- 
tions suitable for electrolysis, the different process 
variants thus generated were not systematically stu- 
died. When considering solvent extraction, either 
cementation or the RCER are used (path ae, Fig. 1). 
In the other case, copper is removed by chromato- 
graphy and the process is given by path abf (Fig. 1), 
although there may be a need for using an activated 
carbon cleaning step (path abcd, Fig. 1). The zinc cur- 
rent efficiency decreases significantly in the presence of 
minute amounts of dissolved organics. The compo- 
sition of the solutions resulting from the different 
processes considered here is given in Table 3. 

Synthetic solutions were prepared using reagent 
grade chemicals (H2SO 4 and ZnSOe.7H20 ) and deio- 
nized water (Millipore model Milli-Q Plus). The com- 
position of these solutions is given in Table 3. 

Solution analysis was performed by atomic absorp- 
tion with an error of + 10% and detection limits lower 
than 1 mg dm -3 for all the elements. 

2.2. Kinematic viscosity 

The kinematic viscosity was measured for some syn- 
thetic solutions (Table 3) with a calibrated Cannon- 
Fenske routine viscometer (no. 25) with a precision 
of + 0.00002cm2s 1. A thermostatic bath (Neslab 
model RTE-100) ensured constant temperature dur- 
ing measurements. The viscometer was immersed for 
at least 10 rain before each measurement. 

2.3. Diffusion coefficient 

A zinc disc with a 0.196 cm 2 surface area imbedded in 
a PTFE cylinder was used to evaluate the zinc diffu- 
sion coefficient. A synthetic solution was used for 
these measurements (Table 3). The electrode was 
coupled to a rotating disc electrode system (Pine 
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Table 3. Zinc solutions composition, properties and electrochemical characteristics 

Solution* Zn cone H2SO 4 conc Kinematic Zn deposition Zn mass transfer Zn diffusion 
/rag dm -3 /tool dm -3 viscosity current efficiency t coefficient coefficient; 

/cm a S -1 / %  /cms -1 / cm 2 s 1 

Synthetic 

f 
d 

e (copper removed 
with a RCER) 

e (copper removed 
by cementation) 

3800 ? (pH 4)  0.00986 - 
5000 1 0.0114 39.9 50.7 1.80-2.00 × I0 -3 7.62 8.97 x 10 -7 

6800 1 21.0 7.24 × 10 -4 1.85 × 10 -7 

6800 1 - 46.3 1.04 x 10 .3 3.25 x 10 7 

3800 ? (pH4) - 42.7 - - 

5100 ? (pH4) 77.3 4.56 x 10 3 2.99 x 10 -6 

* See Fig. 1. 
t In the charge transfer control region. 
; Derived using the zinc mass transfer coefficient and Equation 14. 

Instruments model AFMSRX). Platinum foils served 
as insoluble anodes so as to avoid solution contamina- 
tion. The presence of anodically produced oxygen in 
the catholyte was reduced by separating the anodic 
and cathodic compartments with fritted glass. In addi- 
tion, the catholyte was degassed with nitrogen both 
before and during experiments. A saturated calomel 
electrode (SCE) was used as a reference. Experiments 
were carried out with a Schlumberger 1286 electro- 
chemical interface controlled via a PC microcomputer 
using Corrware software. The rotation spe~d was var- 
ied from 83.8 to 670rads -1 (800 to 6400r.p.m.) to 
determine the limiting current variation for zinc 
deposition in the diffusion controlled region 
(-1.36V vs SCE). The resulting currents obtained 
after two minutes are plotted against the square root 
of the rotation speed in Fig. 2. The Levich equation, 
modified to take into account a parallel charge trans- 
fer controlled reaction (hydrogen evolution [19]: 

I = IN + 0.62nFAdD~U-~Czn w½ (1) 

0.060 

0.055 

0,050 

0.045 

0.040 

0.035 

0.030 

/ / f  
i I i i i I i , t [ i i , I i 

40 80 120 160 200 

Rotation speedl /2/ rad 1/2 s -1/2 

Fig. 2. Total current as a function of the square root of the rotation 
speed. 5 g d m  -3 Zn as ZnSO4.7H20 + 1 3 m o l d m -  H2SO 4 at 295K 
and -1 .36V vs SCE. 

led to a zinc diffusion coefficient of 
1.56 x 10 7 c m  2 s -1 .  

2.4. Cementation 

The cementation reactor was agitated (Cafi-amo 
model RZR 50) and temperature controlled from 
308 to 348 K (Section 2.2). Different quantities of 
zinc powder (99.5%) were added to the solutions 
(1 dm 3 of solution a, Fig. 1) using three different stra- 
tegies. From 2 ½ to thirty-two times the required stoi- 
chiometric amounts for the removal of all impurities 
(Table 2) were used. These quantities were then 
divided into equal parts to make either one, two or 
four additions, spaced 15min apart and starting at 
the beginning of the experiments. 

The cobalt concentration was monitored by taking 
small samples (10 cm 3) from the reactor; these were fil- 
tered and analysed by atomic absorption (Section 
2.1). The total volume of the samples removed from 
the reactor was not large enough to seriously alter 
the initial quantity of electrolyte. 

2.5. Rotating cylinder electrode reactor 

The rotating cylinder electrode batch reactor con- 
sisted of an aluminium cylinder installed on a rotor. 
The cylinder was initially zinc plated from a 
75 g dm 3 Zn as ZnSO4.7H20 + 1 mol dm -3 H2SO 4 
solution (1A, 30min) and subsequently polished 
with a 600 grit paper. The aluminium electrode was 
mounted between two PTFE discs (each 1.27cm 
long by 5.08 cm diam.) to eliminate edge effects. The 
exposed aluminium surface was 20.3cm 2 (1.27cm 
long by 5.08cm diam.). A rotation speed of 
168rads 1 (1600r.p.m.) was used. 

The anode was a lead foil previously precon- 
ditioned by overnight dipping in 1 mol dm -3 sulphuric 
acid to favour the formation of a passive layer. Lead 
contamination was not encountered during the experi- 
ments. 

At least 60 cm 3 of solution was needed per experi- 
ment to keep the cathode properly immersed. A 
maximum of 450 cm 3 was treated with such a setup. 
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The electrolyte was not separated and the solution 
was exposed to air. The interelectrode gap was 
0.5 4- 0.1 cm. 

The remainder of the instrument arrangement was 
similar to the system used for the measurement of 
the diffusion coefficient (Section 2.3). Both types of 
control were investigated. The potential was held at 
- 1.8 V vs SCE with a Luggin capillary to ensure a dif- 
fusion controlled zinc electrodeposition, whereas the 
current density based on the geometric surface area 
varied from 148 to 345Am -2, leading to potentials 
lower than -1.25 to - 1 . 6 V  vs SCE. The potentials 
investigated ( -  1.25 to - 1.8 V vs SCE) which translate 
to -1.65 to -2 .2V vs Hg/Hg2SO4 (saturated with 
K2SO4) cover the range previously studied (Table 1). 

The zinc concentration decrease was measured by 
periodically removing small samples (0.1 to 1 cm 3) 
from the reactor and analyzing them by atomic 
absorption (Section 2.1). This was not sufficient to 
significantly alter the volume of solution initially 
present in the reactor. It should be noted that the 
zinc deposited was compact, adherent and smooth. 
This is consistent with charge transfer controlled 
deposition. During diffusion controlled deposition, a 
powder was expected to form. However, the amount 
of zinc reduced during that period was not sufficient 
to initiate the appearance of powdery deposits [20]. 
In contrast to a typical roughness of 0.02 cm obtained 
with a RCER [2], zinc deposition during the diffusion 
controlled period was at most 0.69 g, representing a 
thickness of 0.0048 cm. 

3. R e s u l t s  and d i s c u s s i o n  

3.1. Reactions 

The following discussion deals with acid solutions 
(Table 1) but is also relevant to alkaline solutions. 
For example, zinc is plated from alkaline or cyanide 
baths [21] and a need may arise to clean the effluent 
before discharging. It is assumed that the reactor is 
separated to avoid explosive conditions between 
hydrogen and oxygen. Undivided reactors may be tol- 
erated in laboratories since only very small amounts 
of gases are produced. 

At the cathode, the reactions consist of zinc deposi- 
tion, 

Zn 2+ + 2e ~ Zn (2) 

hydrogen evolution, 

2H + + 2e- ~ H2 (3) 

oxygen reduction, 

02 + 4H + + 4e- 2H20 (4) 

and impurity related reactions. These impurities may 
be metallic, thus codepositing with zinc, or organic, 

M "+ + ne- ~ M (5) 

The organic substances may be subject to a 
reduction, 

: Organic + ne ~ Products (6) 

or block the surface by preferential adsorption, 

Organic(bulk) ~ Organic(adsorbed) (7) 

After the detachment of the zinc particles from the 
cathode, corrosion can take place by either dissolved 
oxygen, 

2Zn + 02 + 4H + ~ 2Zn 2+ + 2H20 (8) 

or hydrogen ions, 

Zn + 2H + ~ Zn 2+ + H2 (9) 

Several of the side reactions (Equations 3-9) may 
lead to drastic losses in zinc recovery and are easily 
suppressed by proper process control or selection. 
Aluminium is the material of choice for zinc electro- 
winning in sulfuric acid solutions [22]. However, since 
its hydrogen overpotential is lower than for zinc in the 
current density range of interest [23], it is necessary to 
plate zinc on aluminium if deposition is to be carried 
out from dilute solutions, otherwise practically only 
hydrogen evolves (Equation 3). Even with this precau- 
tion, the presence of Reaction 3 raises some doubt 
about a previously reported zinc deposition current 
efficiency value of 100% (Table 1). 

Dissolved oxygen leading to a side reduction reac- 
tion and zinc corrosion is conveniently eliminated in 
the RCER by the evolving hydrogen bubbles, which 
act as a very effective means of desorption [18]. There- 
fore, even if the inlet electrolyte carries some dissolved 
oxygen, Reactions 4 and 8 may be disregarded if 
enough hydrogen is produced in the RCER [18]. 
However, ~ at the drying stage, the importance of Reac- 
tion 8 needs to be emphasized and may explain the 
low purity of the zinc powder previously obtained 
(Table 1). As the liquid film surrounding the zinc par- 
ticles gets thinner during the separation stage, the dis- 
solved oxygen mass transfer is enhanced and may lead 
to a partly oxidized product unless special precautions 
are exercised. An alkaline alternative to the zinc elec- 
trowinning process offers some guidance. In such a 
case, a powder instead of a zinc plate is obtained 
which needs to be washed and dried [10-12, 24-29]. 
Since zinc powder is pyrophoric, making explosions 
possible, drying needs to be carried out under con- 
trolled conditions such as in an inert atmosphere or 
a vacuum. 

Zinc electrowinning from sulfuric acid solutions is 
very sensitive to impurities (Equations 5-7) [30] and 
some of them, such as germanium and antimony, 
show a harmful effect at concentrations as low as a 
fraction of a mg dm -3, leading to current efficiencies 
close to 0%. Therefore, it is more important that the 
electrolyte be relatively pure for dilute solutions, since 
current efficiency decreases rapidly with zinc concen- 
tration [22]. This conclusion may have consequences 
on process selection (Fig. 1). A selective solvent 
extraction step may be preferable (path abf or abcd)' 
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Fig. 3. Cobalt concentration decay data from three different experi- 
ments. Key: (©) 300, ([3) 500 and (ZX) 700mA. Solution a, 308 K, 
5.23 gZn added in one step (16 times the stoichiometric quantity 
required to remove all impurities). 

to copper removal by cementation or using a RCER 
(path ae), since fewer impurities are expected to 
remain in the electrolyte. For example, cobalt present 
in the electrolyte (Table 2) cements with difficulty [31] 
as shown in Fig. 3. The same final result of 5 mg dm -3 
is obtained independently of the experimental condi- 
tions used here. By comparison, copper, which is 
more concentrated (Table 2), was easily removed to 
a level of 0.1 mg dm -3 under the same experimental 
conditions [15]. At a level of 5 m g d m  -3, cobalt may 
still be deleterious since it is known to exhibit an incu- 
bation period [31] beyond which its effect on current 
efficiency is much more pronounced. The incubation 
period has also been linked to the roughening of the 
zinc deposit [32]. These factors are critical for the con- 
tinuous operation and deposition of powders in a 
R C E R  and show the need for a relatively pure electro- 
lyte. 

Finally, acid corrosion of the zinc powder may also 
arise (Equation 9). This reaction, however, is very 
slow if the zinc is sufficiently pure [23], due to a large 
hydrogen overpotential. If  the zinc is contaminated 
with impurities having low hydrogen overpotentials, 
such as cobalt or iron (Table 2) [23, 30], the corrosion 
reaction is much more rapid [23] and again shows the 
need for proper electrolyte purification. Anomalous 
codeposition, a phenomenon of concern in the alloy 
plating industry [21], is also of interest in zinc 
removal. Zinc is known to show anomalous codeposi- 
tion with metals such as iron or cobalt (Table 2) [33], 
whereby the zinc preferentially deposits with respect 
to the more noble metals. This increases zinc purity 
and leads to reduced corrosion of the zinc particles. 
If  other impurities are present, such as arsenic (Table 
2) [33], this trend may be slightly reversed. It is note- 
worthy that in connection with alkaline zinc based 
batteries, zinc powder corrosion occurring during stor- 
age was previously studied [34-36]. These studies are 

useful with respect to the methods considered and the 
parallel which can be established with acid corrosion. 

3.2. Rotating cylinder electrode reactor behaviour 

The behaviour of a batch reactor at an imposed current 
leading to charge transfer controlled zinc deposition is 
[37], 

,Sh 
Czn(t) = Czn(0) nFV (10) 

Therefore, a plot of Czn(t) against t leads to a linear 
relationship whose slope allows determination of the 
zinc deposition current efficiency. 

After the zinc concentration has somewhat 
decreased, the imposed current leads to diffusion con- 
trolled zinc deposition and the reactor behaviour is 
given by [37]: 

Czn(t) = CZn(0)exp(-kAct/V) (11) 

Thus, a plot of log Cz~(t) against t leads to a linear 
relationship which, in turn, allows determination of 
k from its slope. Since zinc is deposited at its limiting 
current, 

11 = nFkAcczn( t) (12) 

the zinc deposition current efficiency is obtained, 

nFkAcczn(t) (13) 
6 -  I 

Also, if Equation 11 is introduced in Equation 13, the 
zinc current efficiency shows a linear behaviour if 
log ~ is plotted against t. In the case of a batch reactor 
operated potentiostatically in the diffusion controlled 
zinc deposition region, only Equation 11 remains 
valid and a charge transfer controlled region (Equa- 
tion 10) is riot observed. 

Since turbulent mass transfer to a smooth cylinder 
is given by the following dimensionless correlation [4]: 

Sh = 0.079 Re°T Sc 0"356 (14) 

the zinc diffusion coefficient is determined using the k 
value and is given in Table 3. The kinematic viscosity 
measured for the synthetic solution at pH 4 was used 
to compute the zinc diffusion coefficient for solution 
e (Table 3). For solutions f and d, the kinematic visc- 
osity measured for the 1 tool dm -3 synthetic sulfuric 
acid solution was used (Table 3). 

In the presence of powdered metal deposits, Equa- 
tion 14 needs to be modified by replacing the Re expo- 
nent by 0.92 [4]. In this case, the mass transfer 
coefficient is increased substantially compared to 
when the surface is smooth, and leads to a faster decay 
of the concentration (k is increased in Equation 11). 
This manifests itself on a log Czn(t) against t plot by 
the eventual appearance of a second linear relation- 
ship with a higher slope [2]. However, this behaviour 
was not observed here since zinc was not deposited 
in powdered form, as explained in Section 2.5. 

Equation 14 was previously shown to be generally 
applicable in the presence of mass transfer contribu- 
tions such as axial flow (single pass reactor) or parallel 
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bubble evolution (hydrogen) [38]. At sufficiently large 
hydrogen current densities however, bubbles have an 
effect [39] and Equation 14 is no longer valid under 
these conditions. The critical hydrogen current den- 
sity beyond which bubble mass transfer must be taken 
into account was previously expressed as [18]: 

j = 2.67 x 10-4601"33 (15) 

and leads to a value of 2430 A m -2 at 168 rad s -1 (Sec- 
tion 2.5). This is approximately one order of magni- 
tude larger than the highest applied current density 
used here (345 A m -2, Section 2.5). 

3.3. Synthetic solutions 

Zinc concentration decay curves are illustrated in Fig. 
4 for several imposed currents. Two different regions 
are observed corresponding, respectively, to charge 
transfer and diffusion control as discussed in Section 
3.2. The zinc deposition current efficiency and mass 
transfer coefficient found using Equations 10 and 11, 
respectively, are given in Table 3. 

Zinc deposition current efficiency is plotted in Fig. 5 
for several imposed currents. Again, two different 
regions are distinguished as in Fig. 4, and follow the 
expected behaviour determined from Equations 10, 
11 and 13. It is noteworthy that even if a pH of 
approximately zero were used, a value lower than in 
previous attempts (Table 1), zinc is still removed 
with a good current efficiency at low concentrations 
in the charge transfer control region. This is partly 
attributable to the good agitation provided by the 
RCER. In the diffusion control region, beginning at 
residual concentration levels varying from 2000 to 
3000 mg dm -3 (Fig. 4), the zinc deposition current effi- 
ciency decreases rapidly (Equation 13) and a substan- 
tial amount of energy is lost on account of hydrogen 
evolution which maintains the imposed current. 
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Therefore, a potentiostatic operation with fixed 
hydrogen current is industrially preferable. This type 
of control was found to lead to similar concentration 
decay curves. Furthermore, the zinc deposition 
current efficiency is found to increase with the applied 
current in the charge transfer control region (Fig. 5). 
This is consistent with the Tafel slopes found for 
both major reactions taking place in the RCER. The 
Tafel slope at 295K for zinc deposition is 
73mVdecade -1 whereas it is l l7mVdecade -1 for 
hydrogen evolution [40]. Therefore, as the current 
increases, the zinc deposition current rises more 
rapidly than the hydrogen evolution current, resulting 
in a higher zinc deposition current efficiency. 

The value of the zinc diffusion coefficient derived 
from the mass transfer coefficient (Table 3) does not 
agree with the value found using a rotating disc elec- 
trode (Section 2.3). Also, both of these diffusion coef- 
ficients are much lower than the reported value of 
4.72 x 10-6cm2s -1 at 295K (0.01 to 0.15moldm -3 
ZnSO4 +0 .2moldm ~3 Na2SO4, pH 4.77 to 5.68 at 
298 K) [41]. This is due to ion pair formation [41-44], 

Zn 2+ 4- SO 2- ) ZnSO ° (16) 

which has a formation constant of 240 mo1-1 dm 3 at 
298 K and infinite dilution [43]. In Figs 4 and 5, due 
to the use of high concentration of sulfate ions, the 
equilibrium of Equation 16 is displaced to the right 
and the concentration of zinc ions is low. This leads 
to a low zinc diffusion coefficient value when larger 
analytical zinc concentrations are used to plot the 
data. This simple analysis is sufficient here; a complete 
discussion of the problem of diffusion controlled 
metal deposition reactions in the turbulent regime pre- 
ceded by a homogeneous chemical reaction is beyond 
the scope of the present paper. In addition, an inde- 
pendent measurement of the diffusion coefficient is 
required to correlate the data according to Equation 
14. However, since the usual methods such as the 
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rotating disc electrode also require knowledge of the 
concentration which was undetermined here, such a 
correlation could not be attempted without an exten- 
sive effort which, again, was judged beyond the scope 
of the present paper. 

Correlation of the zinc deposition current efficiency 
was previously attempted in the electrowinning indus- 
try and led to the conclusion that it is mainly depen- 
dent on the zinc sulphate to sulfuric acid 
concentration ratio for pure solutions [45, 46]. This 
correlation, Wark's rule, takes the following form 
[45, 46]: 

q~ CZn - X  (17) 
1 - ~ C H 

The data of Figures 4 and 5 were plotted according 
to Equation 17 in Fig. 6 and were not corrected for 
acid formation in the batch reactor since they repre- 
sented at the most a 7.1% change. Equation 17 with 
K = 13.31 (best fit) is also plotted in Fig. 6 and shows 
that Wark's rule is not followed for dilute zinc solu- 
tions. A careful analysis of  a theoretical Wark's rule 
derivation [47] reveals that it fails for two major rea- 
sons. Diffusion is not taken into account and it was 
assumed that the salt and acid dissociation coefficients 
are proportional to the respective concentrations. 
These assumptions are not valid here since zinc 
deposition is diffusion controlled over a fairly large 
concentration range (Equation 11, Fig. 4) and the dis- 
sociation coefficient is not proportional to the concen- 
tration, as evidenced by some data for dilute zinc 
solutions [41]. 

3.4. Process solutions 

Figures 7 and 8 show that for the solutions obtained 
after solvent extraction ( f a n d  d, Fig. 1), zinc concen- 
tration decay curves and zinc deposition current effi- 
ciency follow the same behaviour as synthetic 
solutions (Figs 4 and 5). However, a lower current effi- 
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Fig. 6. Experimental verification of the validity of Equation 17 
(Wark's rule). Concentrations, conditions and key as for Fig. 4. 

7 0 0 0 ~  I x o / l l ]  . . . .  I . . . .  I i i i i I . . . .  I I '  

I-\ k 
6000  

5000 

E 

o 4000  

3000  
8 

\\ \\ 

6~ 1ooo 
\ \Q 
\ 

\ 

\ "0  1o0 
\ \ 
\ X 

2000  \\ [] xc 
\ 
\ 
\ [ ]  

1000 \ \ 
\ [ ]  
\ 

100 150 

_ \ R \  t 
I . . . .  I . . . .  I . . . .  i , ,  , o lN , ,  ,9  

50  100  150  200  250  30C  

\ 
\ o  

\ 
\ 0  

\ © 
\ 0 O 

[] \ 
[] ,\E~ ,- ? 

0 50 200 250 300 

T ime/min  

Fig. 7. Zinc concentration decay curves for the solution obtained 
after the solvent extraction step in both the absence (solution f 
(©), 70 cm 3) and presence (solution d (E]), 63 cm 3) of an activated 
carbon cleaning step. The inset figure represents the same data 
on a semi-logarithmic scale. 6 .8gdm-3Zn as ZnSO4.TH20+ 
lmoldm-3H2SO4 at 295K, 1600r.p.m. and 500mA. 

ciency is obtained in the absence of an activated car- 
bon cleaning step in the charge transfer control 
region (Table 3). The extractant used has a purity of 
84% and, since its solubility in water is very low, the 
more soluble organic impurities constituting the 
remaining 16% partly find their way into solution f 
[15]. Since copper is effectively removed by chromato- 
graphy (<0 .2mgdm -3) [15] and zinc extraction is 
selective, in particular with respect to cobalt [15], the 
concentration of the metallic impurities present 
(Table 2) is probably decreased below levels likely to 
cause harmful effects. It is also observed that the cur- 
rent efficiency remains constant for nearly the first 
three hours of electrolysis (Fig. 8). It can be deduced 
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Fig. 8. Zinc deposition current efficiency for the solution obtained 
after the solvent extraction step as a function of  time in both the 
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that the organic impurities are most likely not subject 
to any reduction (Equation 6), otherwise the current 
efficiency would have changed. Adsorption of organic 
substances (Equation 7) is favoured at potentials 
which are slightly negative to the point of zero charge 
[48], For zinc, this potential is =0.63 V vs SHE [49], 
near the deposition potential values used here 
(-1.06 to -1 .31V vs SHE). The adsorbed organics 
can disrupt zinc deposition kinetics [48, 50], leading 
to smaller current efficiencies. If a cleaning step is 
used to remove the dissolved organics, the zinc deposi- 
tion current efficiency in the charge transfer control 
region is similar to the value obtained for synthetic 
solutions (Fig. 8 and Table 3). 
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Fig. 10. Zinc deposition current efficiency for solution e obtained 
after the copper removal step carried out  either by cementation or 
by using a R C E R  as a function of  time. Key and conditions as 
for Fig. 9. 

Again, low zinc diffusion coefficients are observed 
for solutions f and d (Table 3) due to a high sulfuric 
acid concentration displacing the ion pair forma- 
tion equilibrium (Equation 16) to the right (Section 
3.3). 

Figures 9 and 10 illustrate that for solutions origi- 
nating from the copper removal step (e, Fig. 1), 
both zinc concentration and current efficiency exhibit 
the same behaviour as for synthetic solutions (Figs 4 
and 5). However, use of an RCER for copper removal 
leads to lower current efficiencies in the charge trans- 
fer control region (Fig. 10). In this case, the RCER 
can be used to obtain a marketable product not con- 
taminated by more electroactive impurities (Table 2) 
[16]. These metallic impurities still present in the solu- 
tion decrease zinc deposition current efficiency and 
purity (Section 3.1). Indeed, at the beginning of the 
experiment a slight amount of black powder, indica- 
tive of diffusion controlled deposition [20], is formed, 
revealing that the RCER treatment is inadequate for 
the removal of all impurities which are less electroac- 
tive than zinc (Table 2) [16]. After powder removal 
from the working electrode, zinc deposition occurs 
without further problems, as shown in Fig. 9. 

If cementation is used, most impurities including 
copper, are removed to sufficiently low levels, result- 
ing in a purer solution and a larger zinc deposition 
current efficiency in the charge transfer control region 
(Fig. 10 and Table 3). The current efficiency in the 
charge transfer control region is also greater than 
for synthetic solutions since the pH is higher [22]. 
Most importantly, very low zinc concentrations are 
reached (~2mgdm-3), lower than in previous 
attempts (Table 1) if sufficiently pure solutions are 
used. This point remains to be proven for longer oper- 
ating times involving powder deposition, since dele- 
terious impurity effects may manifest themselves 
under these conditions (Section 3.1). The zinc diffu- 
sion coefficient appears reasonable (Table 3), due to 
less sulfate in the electrolyte, which does not favour 
formation of a zinc ion pair (Equation 16). Finally, 
even when a better current efficiency is achieved after 
cementation, the solution conductivity is lower than 
for solutions generated by solvent extraction (Table 
3) for which better conductivities are expected. There- 
fore, from a specific energy consumption point of 
view, there may be no advantage in using either of 
these processes. 

4. Conclusion 

It has been demonstrated that zinc removal with a 
RCER follows expected behaviour and that both 
low pH and zinc concentration can be used if the solu- 
tions are substantially pure. However, a number of 
important issues still need to be addressed to further 
assess the technology. These include zinc ion pair for- 
mation and insufficient or absent data on several 
aspects such as zinc powder corrosion and purity, 
and RCER continuous operation under powder for- 
mation conditions. 
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