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Abstract 

Zinc is produced mainly by electrowinning from acidic zinc sulphate electrolytes. 

Electrowinning performance is often reported in terms of the specific electrical energy 

consumption, SEEC, which is a function of cell voltage, U. There is a fundamental relationship 

between cell voltage and current density. Establishing the parameters governing this relationship, 

as a function of solution composition and temperature, is critical for the design and optimisation 

of zinc electrowinning reactors. Zinc is a soft and reactive metal, which makes preparation of an 

electrode of well-defined and reproducible surface area, on which to conduct electrochemical 

polarization experiments, difficult. In addition, bulk zinc deposition occurring during cathodic 

polarization of the electrode causes irreversible morphology changes that alter the real surface 

are of the electrode. 

In general, underpotential deposition, UPD, describes the formation of a two-dimensional layer 

of metal onto a foreign substrate at a potential more positive than that for overpotential 

deposition, OPD, of the metal. Use of this phenomenon is proposed as a novel technique for 

generating smooth and reproducible electrode surfaces of reactive metals, using zinc UPD on 

platinum as a model case. The technique involves polarization of a polished platinum electrode 

to cause zinc UPD followed by a pulsed polarization step to grow a bulk zinc metal deposit on 

the electrode. The steady-state zinc deposition rate is recorded as a function of the applied 

potential. Mass transfer effects are controlled by the use of a rotating disc electrode. After each 

potential step, the electrode is polarized to a potential near the UPD potential, which dissolves 

the bulk zinc and regenerates the original smooth electrode. In this manner the voltage - current 

density relationship for the zinc deposition reaction may be mapped for a particular solution 

composition. 

Experiments were conducted to characterize UPD of zinc on platinum in magnesium sulphate 

and sulphuric acid supporting electrolytes. UPD of zinc on platinum occurs at a voltage 

approximately 1 V more positive than that of bulk zinc deposition with an estimated charge 

density of 260 ±30 uC cm"2, which is in the order of a monolayer of zinc. The UPD layer was 

determined to evolve into a Pt-Zn alloy which further inhibited hydrogen evolution, relative to 

the freshly deposited UPD layer. Bulk zinc deposition experiments were carried out in pure zinc 

sulphate solutions at 25 °C, using the developed technique, and kinetic parameters were 

evaluated and compared to previously reported values. The Tafel slope for zinc deposition from 



pH neutral electrolytes was determined to be ca. 60 mV dec"1, while in highly acid electrolytes 

was ca. 30 mV dec"1, due to the inhibiting effect of hydrogen adsorption. The transition of zinc 

deposit morphology from a relatively smooth deposit to a dendritic deposit was confirmed to 

occur at ca. 1000 A m"2 in 1.0 mol dm"3 ZnSC-4. By virtue of the low value of the Tafel slope, the 

current density for zinc deposition is highly sensitive to overpotential (increasing tenfold for 

every 30 mV increase). Dendritic growth in industrial zinc electrowinning at a conventional 

current density of ca. 500 A m"2 was attributed to the effects on the local current distribution 

from the vertical distribution of ohmic drop in the electrolyte and screening of the cathode by 

attached bubbles. The use of forced convection to mitigate these effects is proposed as a means 

of extending the current density range of zinc electrowinning. 
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1 Introduction 

Zinc metal is mainly produced by electrowinning in parallel plate electrolytic cells from aqueous 

solutions containing primarily zinc sulphate, 55 to 75 g dm"3 Z n 2 + , and sulphuric acid, 125 to 175 

g dm"3 H2SO4, at 35 to 45 °C. Zinc electrowinning involves at least three cathodic reactions: zinc 

deposition, hydrogen evolution and oxygen reduction: 

Zn2+ + 2e~ -> Zn Equation 1.1 

2H+ + 2e-->H2 Equation 1.2 

02 (aq) + 4H+

+4e-^2H20 E q u a t l o n L 3 

The current efficiency of zinc electrowinning, O e , is the ratio of the zinc deposition current, Izn 

(A), to the total current, 1(A). Hydrogen evolution and oxygen reduction represent the main 

sources of current inefficiencies. The anodic reaction is, conventionally, oxygen evolution: 

2H20 ->02+ 4H+ + 4e~ Equation 1.4 

Electrowinning performance is extremely sensitive to electrolyte purity and resulting zinc 

deposit purity. Hydrogen evolution on impure zinc can be in the order of 1000 times that on pure 

zinc [1]. Even after conventional solution purification stages, iron hydrolysis and zinc dust 

cementation; zinc electrolytes will typically contain significant quantities of magnesium, 

manganese, and ammonia, along with trace amounts of other elements as well as organic 

additives. Industrial research into how zinc electrolyte composition affects electrowinning 

performance has, thus, largely focused on electrolytes that contain impurities within 

concentration ranges encountered in industrial electrolytes using cell designs and operating 

conditions which mirror industrial practise. The possible application of solvent extraction [2, 3, 

4] and insoluble dimensionally stable anodes [4, 5, 6, 7, 8, 9], capable of maintaining ultra-pure 

zinc electrolytes, raises the possibility of electrowinning zinc under conditions outside the ranges 



of conventional practise. However, there is a lack of a broad body of fundamental research on 

zinc electrodeposition from pure acidic sulphate solutions. The inconsistent and often conflicting 

values of kinetic parameters, reported in the few published studies in the literature, make it 

impossible to predict electrowinning performance under non-conventional operating conditions 

or to design non-conventional cells to operate at high current density. 

Electrowinning performance is often reported in terms of the specific electrical energy 

consumption, SEEC, which is a function of cell voltage, U (V), current efficiency, O e , the 

molecular mass of zinc, Mz„ (g mol"1), the number of electrons in the overall deposition reaction, 

n = 2, and Faraday's constant, F (96485 C eq"1). 

nF\U\ Equation 1.5 
SEEC / kWh (tonne Zn/' = 

3 . 6 M z „ O e 

Zinc electrowinning consumes a large amount of electricity, ca. 3300 kWh (tonne Zn)"1. 

Lowering the cell voltage is an important consideration when attempting to lower the SEEC. The 

cell voltage is conventionally represented as a function of current density, y (A m" ), which is the 

current normalized on a per unit electrode area basis, and is equal to the sum of the reversible 

potentials for the anodic and cathodic reactions, Eh2o and Ezn, their associated overpotentials, 

rjn:o 0) a r , d T]zn 0) a n d ohmic potential drop through the cell, jAeR. 

UU) = -(E»2o + ri,h0 (j) -E Z n - rjz„ (j) + M,*) Equation 1.6 

where; Ae is the electrode area (m2), and R is the total resistance (Q). Methods for estimating the 

separate contributions of these voltage components to the overall cell voltage have been 

previously reported by the author [10] and by Barton and Scott [11]. The application of these 

estimates for optimisation of electrowinning current density, with the goal of minimizing 

operating costs, has been described by Bestetti et al. [4] for Zn electrowinning in particular and 

by Walsh [12], for electrochemical reactors in general. 

The combination of the zinc equilibrium potential and zinc deposition overpotential typically 

account for only ca. 24 % of the overall cell voltage in conventional zinc electrowinning [13]. 

However, these are the only elements which are intrinsic to the electrolytic production of zinc 

from acidic sulphate electrolytes. The voltages associated with anode reaction and ohmic drop 



may be reduced by use of an alternative electrolytic cell such as a hydrogen gas diffusion anode 

in a drum cell. Thus, accurately establishing the relationship between current density and voltage 

requirements for zinc electrodeposition is critical for the design and optimisation of zinc 

electrowinning reactors. The following research will focus on estimating the zinc equilibrium 

potential and overpotential requirements for zinc electrodeposition from highly pure acidic zinc 

sulphate electrolytes. The relationship between overpotential and zinc deposition current density, 

discussed in the proceeding sections, contains a number of interacting parameters that depend on 

solution composition. These effects will be modelled through the results of a series of 

electrochemical polarization experiments. The importance of performing zinc overpotential 

deposition, OPD, experiments on a smooth electrode will be addressed by examining the use of 

zinc UPD on platinum as a method for generating a suitable electrode surface. The issues of 

solution purity, control of mass transfer effects, and the accurate estimation of the physical 

properties of zinc electrolytes will also be addressed. Ultimately, by applying a fundamental 

approach to the study of the kinetics of zinc electrodeposition from a pure electrolyte, the effects 

of current density, zinc concentration and sulphuric acid concentration on the voltage 

requirement for zinc electrodeposition at 25 °C will be elucidated. These results will be discussed 

in terms of their implications towards industrial zinc electrowinning at high current density. 



2 Literature Review 

This section reviews the current state of knowledge for predicting the voltage requirement of 

zinc electrodeposition from acidic zinc sulphate electrolytes. In general, this voltage is composed 

of the sum of the equilibrium potential (the potential where zinc deposition and dissolution occur 

at equal rates, i.e. no net reaction occurs), Ezn (V), and the overpotential, nz„ (V), the voltage 

which causes deviations from equilibrium. 

The zinc equilibrium potential may be calculated from the Nernst Equation: 

RT 
EZn =E°Zn + — 1 1 1 

nF aZn 

Equation 2.1 

where; E° zn, is the standard reduction potential for zinc electrodeposition, -762 mV (NHE) or 

-1004 mV (SCE), R is the universal gas constant, 8.31447 (J mol"1 K" 1), Tis the absolute 

temperature (K), aZn is the activity of zinc metal (equal to unity for pure zinc), and aZn2+ is the 

molal activity of zinc ions. As indicated, prediction of the equilibrium potential requires an 

estimation of the activity of zinc ions which will be addressed in Section 2.3. 

The zinc deposition overpotential is defined as the difference between the applied potential at the 

electrode surface, E, and zinc equilibrium potential, Ezn-

t]Zn=E-EZn Equation 2.2 

At large cathodic polarizations, more negative than ca. -100 mV, and in the absence of mass 

transfer effects, the relationship between overpotential, r]zn, and the resulting deposition current 

density, jZn, may be modelled by the familiar Tafel Equation: 

2.303RT, /. \ 2.303RT, , -, , , / • \ Equation 2.3 
= — l ogU,2„ ) —^g\JZn)=a-b\og(jZn ) 

anF ccnF 

where; a (V) is the Tafel constant and b (V dec"1) is the Tafel slope. 

A more rigorous expression of the zinc current density-overpotential relationship is the Extended 

Butler-Volmer Equation which includes provisions to account for mass transfer effects and the 

rate of anodic dissolution of zinc at low deposition overpotentials: 



RT 
(\-a)nFriy„ 

RT 
Equation 2.4 

-e 

1 Jo,Zn RT 

where; hn (A) is the zinc deposition current, Ae (m2) is the zinc electrode area,yz„ (A m"2) is the 

zinc deposition current density, j\m,Zn (A m"2) is the limiting current density, j0tZn (A m"2) is the 

exchange current density, and, a (1 > a > 0) is the transfer coefficient, typically having a value of 

0.5 [14]. A derivation of the Extended Butler-Volmer Equation appears as Appendix A. In the 

following chapters, the significance of each of the above parameters were examined in terms of 

their physical meanings, previous estimates of their values or equations for their calculation 

which are reported in literature, and experimental considerations for their measurement. 

Particular emphasis was placed on sulphate based electrolytes because of their relevance to zinc 

electrowinning. 

2.1 Zinc Deposition Current Efficiency 

Zinc electrodeposition from acidic sulphate electrolytes is always accompanied by some degree 

of hydrogen evolution. When estimating zinc deposition current density, the first issue that must 

be addressed is isolation of the zinc deposition current from the total current, i.e. the 

measurement of current efficiency. Deoxygenation of the electrolyte prior to zinc 

electrodeposition eliminates current inefficiencies due to oxygen reduction. 

Experimental evaluation of current efficiency is often based on comparing the mass of zinc 

deposited and the total quantity of charge passed, Q (C): 

_ g Zn deposited IF Equation 2.5 

However, this procedure is tedious, requiring careful handling and weighing of the cathode and 

deposition of relatively large quantities of zinc for each set of experimental conditions, in order 

to minimize errors due to redissolution and surface oxidation. Faster techniques have recently 

been used to determine current efficiency during zinc electrodeposition such as; detection of 

evolved hydrogen using a rotating ring disc electrode [15, 16, 17] and normal pulse voltammetry 

Q M Zn 



[18]. The details of the application of these techniques are discussed in Sections 3.1.3 and 3.3.2, 

respectively. 

2.1.1 Effect of Electrolyte Purity 

Solution purity is an important factor to consider when attempting to measure current efficiency 

as a function of electrolyte composition. Current efficiencies in industrial zinc electrowinning 

are, typically, > ca. 90 % even though the hydrogen evolution overpotential is more negative 

than ca. -800 mV. This feature is expressed in the relatively small value of mean exchange 

current density for hydrogen evolution on zinc in 0.5 mol dm"3 H2SO4 at 25 °C, 3.16x 10"7 A m"2 

[19]. The highest achievable current efficiencies occur in impurity-free electrolytes. The lower 

current efficiencies, observed in industrial zinc electrolytes, are due to enhanced hydrogen 

evolution on codeposited impurities [20, 21, 22, 23]. With respect to this issue, current 

efficiencies of 95 to 99 % have been reported for highly purified acidic zinc sulphate electrolytes 

[15, 20, 24, 25, 26, 27]. Thus, this research will focus on impurity-free electrolytes to minimize 

the magnitude of hydrogen evolution and its impact in the calculation of the zinc deposition 

current as well as to provide a better idea of the limits of current efficiency for electrolytic 

production of zinc. 

2.1.2 Effect of Electrolyte Composition 

The concentrations of zinc sulphate and sulphuric acid are the major factors affecting current 

efficiency of zinc electrodeposition. The following empirical relationship, which is commonly 

referred to as Wark's rule [28], predicts current efficiency in industrial zinc electrowinning based 

on the ratio of zinc sulphate and sulphuric acid: 

O e _1 zinc sulphate concentration Equation 2.6 
1 - O e k sulphuric acid concentration 

As previously mentioned, current efficiency in zinc electrowinning is sensitive to electrolyte 

purity and, hence, the magnitude of k depends on the nature and concentration ranges of 

impurities for a particular electrolyte. The value of A:, based on Wark's data [21] for a highly 

purified industrial electrolyte which contained 15 mg dm" SiCh and 0.6 mg dm" Mn, was 

approximately 0.033, while Biegler and Frazer [26] estimated k to be 0.0137 using synthetic 

electrolytes containing no detectable impurities. As indicated in Figure 1, Wark's rule appears to 



hold for [ZnS0 4]/[H 2S04] ratios of between 0.3 and 2.0, which brackets the range of 0.5 to 0.75, 

typical of most industrial zinc plants [26]. 
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Figure 1: Test of Wark's Rule for deposition of zinc from ultra-pure zinc sulphate/sulphuric acid 
electrolytes onto an aluminum rotating disc electrode, 2300 rpm rotation speed, current density 
of 890 A m"2, 54 minute deposition time, 61 °C. Taken from [26]. 



The theoretical basis of Wark's Rule was derived, on the presumption of Tafel kinetics, by Bratt 

[29] who assigned an, the product of the transfer coefficient and the number of electrons 

transferred in the rate determining step, values of 1.0 for zinc deposition and 0.5 for hydrogen 

evolution: 

.2+ 1 KZnyZn 
— = —— exp 
k KHyH+ 

•VznF.+ 0.5T?HF 
RT RT 

Equation 2.7 

where; KZn and KH are constants which are related to the exchange current densities for zinc 

deposition and hydrogen evolution, respectively. The consistency in k is attributed to a relatively 

constant ratio of the activity coefficients of zinc and hydrogen ions over the compositional range 

of typical zinc electrowinning electrolytes. In the model of zinc electrowinning developed by 

Barton and Scott [11], the values of the zinc ion activity coefficient and proton activity 

coefficient are treated as being independent of electrolyte composition and are fixed at 0.1 and 

0.5, respectively. In reality, the activity coefficients should be a function of the ionic strength of 

the electrolyte which varies with electrolyte composition. This issue will be addressed later in 

Section 2.3.2. 

2.1.3 Effect of Current Density 

Implicit in Wark's rule is that current efficiency is insensitive to current density, which is 

generally observed in conventional zinc electrowinning. However, Cachet and Wiart [30] have 

demonstrated that current efficiency decreases dramatically at zinc deposition current densities 

less than ca. 20 A m"2 in deoxygenated electrolytes. This may be expected since zinc dissolution 

rates are probably significant at this low of a current density. In addition, several researchers 

have observed that current efficiency actually increases with increasing current density in 

systems employing non-conventional cell designs or forced convection [24, 31, 32, 33]. By 

inspection of Equation 2.7, the value of k should be only relatively constant at low zinc 

deposition overpotentials where the exponential term is dominated by the hydrogen evolution 

overpotential. There is an error in Bratt's derivation beyond this point. After rightly indicating 

that the zinc deposition reaction and hydrogen evolution reactions occur at the same electrode 

potential, E = EH = EZn, the derivation proceeds as though the overpotentials were equal, which 

they are not, t]H i1 rjZn. However, this oversight does not affect the validity of Bratt's ultimate 

conclusion, that k should decrease (current efficiency should increase) as the zinc deposition 



overpotential is shifted to larger negative values and correspondingly higher current densities 

[29]. 

2.2 Zinc Electrode Area 

The current density term in the Butler-Volmer Equation is based on the assumption that the 

electrode is a smooth planar surface with a uniform potential distribution. DeLevie [34] 

calculated the potential distribution an electrode surface composed of semi-infinite pores which 

was likened to the surface of an extremely rough electrode. The predicted effect on electrode 

kinetics was a doubling of the Tafel slope compared to otherwise identical smooth electrode, i.e. 

twice as much overpotential is required to cause an order of magnitude change in current density 

on a rough electrode compared to a smooth electrode. Therefore, the reproducible preparation of 

a smooth electrode surface is extremely important for accurate estimation of the kinetic 

parameters for electrodeposition reactions. However, the growth of deposits from 

electrodeposition reactions, by their nature, can significantly alter the morphology and surface 

area of the electrode on which they occur. The preparation and maintenance of zinc electrode 

surfaces using pure zinc, zinc electrodeposition on aluminium, and zinc electrodeposition on 

platinum will be discussed with respect to these issues. 

2.2.1 Pure Zinc Electrode 

Using pure zinc is a natural choice for electrode material on which to conduct zinc 

electrodeposition studies, but zinc is soft and oxidizes readily, which makes preparation of a 

smooth and reproducible zinc electrode surface difficult. Historically, zinc electrodes have been 

prepared from high purity zinc rods which were polished using emery paper and then etched with 

diluted HC1 or HC10 4 [35, 36, 37, 38]. More recent studies [39, 40, 41, 42] also employed 

abrasive papers and polishing cloths with diamond or alumina pastes to polish zinc electrodes 

without the use of chemical etchants. 

There are several restrictions and limitations to the use of pure zinc electrodes. The electrodes 

must be used immediately after polishing in order to avoid excessive oxidation. Another 

drawback of using a zinc electrode is that, due to irreversible changes to the electrode surface 

morphology resulting from deposition of zinc, the electrodes must be removed from solution and 

laboriously re-polished after each polarization routine. 



2.2.2 Zinc Electrodeposition on Aluminium 

Deposition of zinc on aluminium to create a zinc coated electrode is an attractive notion since the 

underlying electrode geometry is unaffected by repeated cycles of zinc deposition and stripping. 

Industrially, zinc is electrowon onto aluminium alloy cathodes on which zinc deposits 

heterogeneously at grain boundaries and on intermetallic particles, predominantly Fe, which 

disrupt the alumina layer and act as electrical pathways [43, 44, 45]. On a macroscopic scale, 

these nuclei are relatively closely spaced and, with the aid of a levelling agent, grow together and 

spread out over the aluminium cathode creating a sheet of zinc. The fact that the zinc layer is 

only mechanically attached to the aluminium substrate at nucleation sites permits the deposited 

zinc layer to be stripped off relatively easily, thereby allowing the aluminium cathodes to be 

cleaned and reused. Unfortunately, these traits that are of practical benefit to industrial zinc 

electrodeposition: heterogeneous nucleation, three dimensional growth, and a loosely adherent 

deposit, make the production of a smooth, well-defined and reproducible zinc surface on pure 

aluminium extremely difficult. Cachet and Wiart [30, 46] have used aluminium rotating disc 

electrodes for zinc electrodeposition studies which were polished with 1200 grit emery paper 

before each use. This procedure probably resulted in a relatively thin and discontinuous alumina 

layer onto which zinc would appear to deposit relatively homogenously. However, the nuclei 

would still have required time to grow together to cover the electrode, which is probably why the 

steady-state deposition current densities were recorded after relatively long polarization times, 

typically, greater than 10 minutes. Such long polarization times are disadvantageous in that they 

lead to outward growth of the deposit which increases the geometric area of the electrode and, 

subsequently, lead to overestimation of the current density (typically the current density is 

calculated based on the original geometric area of the electrode). 

2.2.3 Zinc Electrodeposition on Platinum 

Platinum is an unlikely candidate as a substrate for zinc deposition from acidic electrolytes. 

From Figure 2, which was generated by Kelsall [47] from published Tafel constants [19], 

hydrogen evolution on platinum is predicted to be in the order of 107 A m"2 at a potential near the 

standard reduction potential of zinc, ca. -762 mV (NHE). The solubility of dissolved hydrogen in 

aqueous electrolytes is in the order of a few ppm and this evolution rate would certainly lead to 

complete coverage of the platinum electrode by hydrogen gas bubbles. This type of bubble layer 

would prevent any zinc deposition, let alone deposition of a uniform and smooth zinc layer. 



However, there are numerous reports of zinc electrodeposition on platinum from acidic sulphate 

electrolytes [48, 49, 50, 51, 52], yet there has been little mention of the underlying inhibition of 

hydrogen evolution that must have occurred to allow for zinc deposition. A possible explanation 

for the utility of platinum as a substrate for zinc deposition lies in the occurrence of zinc UPD on 

platinum, at ca. -250 mV (SCE), which has been recently identified and studied by Aramata et al. 

[53, 54, 55, 56, 57, 58, 59, 60]. 

-1.2 -1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 

Hydrogen evolution overpotential, t|H / V 

Figure 2: Hydrogen evolution current density on various substrate metals in 1 mol dm"3 H2SO4 at 
25 °C, as a function of hydrogen evolution overpotential. 

In general, underpotential deposition, UPD, describes the formation of a two-dimensional layer 

of metal, Me, onto a foreign substrate, S, at a potential more positive than that for bulk 

deposition of the metal. The reduction potentials for bulk Zn deposition and Zn UPD on Pt are 

obtained by the Nernst equation as follows: 

nF 

f aZn2+ ^ 
aZn 

Equation 2.1 



E =F° + — I n 
^ Znupd ^ Znupd + p 1 1 1 

aZn 
a Z n u P d j 

Equation 2.8 

The potential difference between bulk Zn deposition and Zn UPD on Pt, AE (called the "UPD 

shift"), is obtained by subtracting Equation 2.1 and Equation 2.8 as follows: 

RT 
AE = E7 -E7 .=E°-E° „ + In 

Zn Zn upd Zn Zn upd ^p 

<aZn ^ upd 

y aZn 

Equation 2.9 

The UPD shift is independent of ion activity (provided that the number of electrons transferred in 

the UPD reaction is equal to that of the bulk deposition reaction) and represents the difference in 

chemical potentials due to the interaction between Zn and the interaction between Zn and Pt. As 

the UPD layer is a condensed phase, its activity should be constant. However, the UPD potential, 

Em upd, has been reported to be somewhat dependent on the nature of the electrolyte. The small 

variations in the potential shift for the onset of Zn UPD are attributed to the effects on its activity 

of different adsorbed species over the UPD layer which ranges from 1.04 V to 1.19 V [54]. 

Whatever the value of Ezn upd, the UPD layer is stable at potentials more negative than this value. 

The main point is that the UPD shift represents a relatively constant potential window between 

the UPD and OPD and, in the case of Zn UPD on Pt, this potential window is in the order of one 

Volt. 

In the absence of UPD layer formation, or in cases where a significant crystallographic misfit 

between the depositing metal and the substrate exists, overpotential deposition, OPD, of the 

metal over the substrate results in an increase in the real surface area of the electrode. In these 

cases, metal deposition must overcome a significant energy barrier related to the interfacial 

energy between the depositing metal phase and the substrate as well as between the depositing 

metal and the solution. In order for bulk deposition to initiate, this energy must be overcome by 

supplying an overpotential which is termed the critical overpotential, 7Crit(V). If the critical 

overpotential is relatively large, e.g. ca. -100 mV as is the case of Zn OPD on A l , then as nuclei 

are formed, metal growth at these sites proceeds rapidly leading to extremely heterogeneous and 

rough deposits. However, i f a Me-S UPD system can be selected such that the degree of 

crystallographic misfit is small, then the critical overpotential should be relatively small. OPD of 

the metal over such a UPD covered substrate should progress by epitaxial layer-by-layer growth, 

referred to as Franck-van der Merwe growth mode. Thus, the crystallographic orientation and 



surface area of the OPD Me can be taken to be the same as the original surface of the substrate. 

Metal deposition on UPD modified substrates has been reviewed [61], and the more general 

literature on electrochemical phase formation and growth, including growth on UPD modified 

substrates [62]. The identification of a particular Me-S UPD system can be accomplished 

experimentally, using standard electrochemical techniques, or predicted from theoretical 

calculations [63, 64]. 
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Figure 3: Cyclic voltammograms of a stationary polycrystalline platinum electrode in 1.5 mol 
dm"3 ZnSC-4 with 0.02 mol dm"3 A1 2 (S0 4 ) 3 and 0.17 mol dm"3 Na 2 S0 4 , pH = 3.5, at 25 °C, scan 
rate 100 mV s"1. Taken from [51]. 

The UPD of zinc on platinum was first described by Despic and Pavlovic [51], who recognized a 

potential region, labelled III in Figure 3, at which a monolayer quantity of zinc deposits prior to 

bulk zinc deposition. However, as previously indicated, this was not the potential region where 

the UPD layer first forms, but where a zinc overlayer probably deposits on an already UPD 

modified surface. The region in Figure 3, where the current increases sharply at ca. - 0.85 V 

(NHE), is the region of zinc deposition. The fact that the current became sharply cathodic (went 

straight down on the voltammogram) and then retraced itself indicated that the critical 



overpotential for Zn OPD on Pt was relatively small, which had been previously described by 

Lackmann and Linsel [49]. 

By applying relatively low overpotential pulses for extended times, Despic and Pavlovic also 

found that the corresponding bulk zinc deposition current response on platinum was independent 

of time (Figure 4). This suggested that the real surface area of the electrode was independent of 

time, consistent with two-dimensional layer-by-layer growth of the zinc deposit, which would 

have maintained the original surface area of the underlying platinum electrode [51]. This result is 

compatible with the Zn-Pt crystallographic misfit,/ which is calculated from the inter-atomic 

distances, d, between Zn-Zn, 2.665 Â, and Pt-Pt, 2.775 Â: 

, d0Zn-d0Pt 2.665-2.775 A A < 1 Equation 2.10 
/ = —; — = = -0.04 

dopt 2:115 

The relatively small negative value of the crystallographic misfit suggests that, in the absence of 

specifically adsorbed anions, UPD zinc can fully occupy interstitial sites on the platinum surface. 

O A 8 12 16 20 2A 28 32 36 AO U, 48 

Figure 4: Current density of zinc deposition from 1.5 mol dm" ZnS04 with 0.02 mol dm" 
Ab.(S04)3 and 0.17 mol dm"3 Na 2S04, pH = 3.5, at 25 °C, as a function of cathodic pulse duration 
at different overpotentials on a stationary platinum electrode. Taken from [51]. 



The rise in the stripping current in region V in Figure 3, was interpreted as resulting from the 

formation of an alloy, from which zinc was oxidised only as the platinum substrate was oxidized 

[51]. The electrodeposition of zinc onto platinum from sulphate solution has long been 

determined to result in the formation of a 1:1 Zn-Pt surface alloy [48]. The alloy resulting from 

bulk zinc deposition cannot be removed with hot nitric or hot hydrochloric acid, but can be 

removed using aqua regia (which would also dissolve the platinum substrate) [48]. Inspection of 

the Pt-Zn phase diagram, Figure 5, reveals a large stability region for the 1:1 Pt-Zn alloy. 

Although no thermodynamic data are available for this system [65] there is obviously a strong 

interaction between zinc and platinum. 

Weight Percent Zinc 

Figure 5: Partial Pt-Zn Phase Diagram. Taken from [65]. 

Overall, the inherent inhibition of hydrogen evolution on a zinc UPD layer on platinum and the 

apparent homogeneous nucleation and growth of OPD zinc above the UPD layer suggest that this 

is a promising system for the preparation of a zinc electrode to study the kinetics of zinc 

electrodeposition. 



2.3 Zinc Deposition Overpotential 

As previously described, evaluation of zinc deposition overpotential, at a given applied potential, 

requires an estimation of the equilibrium potential for zinc deposition. The zinc equilibrium 

potential is related through the Nernst Equation to the molal activity of zinc ions, aZn2+, which, 

in turn, is equal to the product of molality, mZn2+ (mol kg"1), and molal activity coefficient, 

yZn2+, as indicated in Equation 2.11 : 

aZn2+=mZn1+yZn2+ Equation 2.11 

In concentrated electrolytes, up to an ionic strength of ca. 0.1 mol" 1 / 2 kg 1 7 2 , the effect of 

electrostatic interactions on the activity coefficient of a specific ionic species, i, may be 

calculated using the Debye-Hiickel Limiting Law, D H L L : 

where; A (0.51159 mol" 1 / 2 kg 1 / 2 at 25 °C)and B (3.2914xl09 m"1 at 25 °C) are the temperature 

dependent Debye-Hiickel constants, z ; is the charge of the ion, <3, (m) is the ion size parameter, 

and Im (mol"1 / 2 kg 1 / 2) is the ionic strength of the electrolyte: 

In the Debye-Htickel equation, the numerator accounts for long range electrostatic interactions 

while the denominator accounts for short range interactions. 

2.3.1 Modeling of Zinc Ion Activity in Neutral Zinc Sulphate Electrolytes 

Several authors have proposed models for predicting the activities and species distribution of 

concentrated zinc sulphate solutions [66, 67, 68, 69, 70] which are based on further extensions of 

the DHLL. The deviation of zinc sulphate activity from that predicted by the Debye-Hiickel 

equation at relatively low concentrations is attributed, mainly, to the formation of uncharged zinc 

sulphate ion-pairs, Zn2+SO/'(aq). The correction of predicted activities is conventionally 

accomplished by reducing ionic strength through the following reaction: 

Equation 2.12 

/ = - y v 
m 2 ' ' ' 

Equation 2.13 



Z « 2 + + SO2,' "^-^-Zn2+SO]- {aq) Equation 2.14 

_ aZn2+SQ2-(aq) _ yZn2*SQ2

4(aq)mZn2*SO2,' (aq) _ (1 -a)yZn2+SQ2

4~(aq) Equation 2.15 
aZn2+aS02- ~ yZn2+mZn2+ySO2'mS02

4~ ~ yZn2* ySO2; a2 mZnSO 4 

where; K is the equilibrium constant for zinc sulphate ion-pair formation, mZnS04 is the total 

molality of zinc sulphate, and a is the fraction of zinc sulphate dissociated. Since the zinc 

sulphate ion-pair species is uncharged and, thus, unaffected by electrostatic interactions, its 

activity coefficient, yZn2+SO/'(aq), is often assigned a value of unity. The formation constant for 

the zinc sulphate ion-pair has been estimated by spectroscopic methods [68, 71, 72], calorimetry 

[73, 74, 75], conductivity [76, 77, 78, 79], and EMF measurements [66]. Alternatively, 

deviations from the D H L L caused by weak ion interactions, including ion-pair formation, may 

be described by Pitzer [80] parameters which are, typically, applied to the stoichiometric 

concentrations of ions. Although an examination of the theoretical basis of the Pitzer Model is 

beyond the scope of this work, the determination of Pitzer parameters by fitting isopiestic data is 

relatively straightforward and is described in Appendix B. Once the parameters are determined, 

the Pitzer Model, generally, offers the most accurate predictions of the thermodynamic properties 

of strong electrolytes. 

2.3.2 Modelling of Zinc Ion Activity in Acidic Zinc Sulphate Electrolytes 

The Pitzer Model has been applied for systems similar to ZnS04-H 2S04-H 20, including Na 2 S0 4 -

H 2 S 0 4 - H 2 0 [81], C u S 0 4 - H 2 S 0 4 - H 2 0 [82], N i S 0 4 - H 2 S 0 4 - H 2 0 [83] and F e S 0 4 - H 2 S 0 4 - H 2 0 [84]. 

In fact, Pitzer parameters for the ZnS04-H 2 S0 4 -H 2 0 system at 25 °C, which may be used to 

calculate the zinc ion activity, have been reported by Klocker et al. [85] from a fit of the 

isopiestic data of Majima et al. [86].Though the activity of zinc sulphate in acidic zinc sulphate 

electrolytes has also been reported by Tartar et al. [87] and Horvâth and Wéber [88], these data 

do not appear to have been considered by Klocker. 

The only thermodynamic model, in reviewed literature, applicable for predicting the activity of 

zinc ions in acidic sulphate electrolytes was developed by Filippou et al. [89] and later extended 

by Wang and Dreisinger [90]. The method outlined consists of solving a system of simultaneous 

equations for the activity of each constituent species along with charge and mass balance 

equations. The activity coefficients for each species are calculated using extended forms of the 

D H L L containing empirical correction terms which are functions of ionic strength. In particular, 



the degree of hydrogen sulphate dissociation is predicted from the work of Dickson et al. [91], 

who developed an equation, similar in form to that of the Pitzer Model, from the examination of 

the effect of sodium chloride concentration on sulphuric acid speciation. The effect of ionic 

strength on the dissociation of other salts are modelled using simpler forms of extended Debye-

Hiickel equation such as the following equation for pure zinc sulphate [66]: 

\og(yZn2+) = \og(yS02

A-) = -Az2 

1 + Jl 
-0.2/., 

Equation 2.16 

Though folding all ion interactions into the single effect of ionic strength is a convenient 

simplification, it must also be recognized as a potential source of error when using this model to 

describe concentrated solutions containing significant quantities of species other than those 

which were used to generate it. Although predicted and measured pHs showed generally good 

agreement when tested for zinc sulphate electrolytes [89, 90] it maybe useful to re-examine the 

manner in which zinc equilibrium potential may be predicted. 

2.4 Zinc Deposition Limiting Current Density 

Mass transport of zinc ions during electrowinning occurs by a combination of migration, under 

the influence of the potential gradient that exists between the anode and cathode, and diffusion, 

due to a concentration gradient in the diffusion boundary layer, which may be assumed to obey 

Fick's law. The mass transport of zinc ions to the electrode and the electron transfer reaction at 

the electrode surface occur in series and thus, at steady state, these fluxes through the electrode 

area are equal. 

rdZn2+^ 
dt 

1dZn2+ ^ 
dt + 

fdZn2+^ 

mig 
dt 

Equation 2.17 

dtf 

At a sufficiently high reaction rate, the concentration of zinc ions at the electrode surface 

approaches zero, corresponding to the limit of mass transport by diffusion, and further increases 

in reaction rate are limited to the contribution of the migrational flux. The corresponding zinc 

deposition current density is termed the limiting current density, j\\m,zn-



-D. 
Zn — nF([Zn2+]b,"k) 

Equation 2.18 

where; tz„2+ is the transport number of zinc ions, DZn

2+ (m 2 s"1) is the diffusion coefficient of zinc 

ions, 8 (m) is the diffusion boundary layer thickness, and [Zn2+]bu!k (mol m"3) is the bulk zinc ion 

concentration. Estimation of these parameters is discussed in the following sections. However, it 

should be noted that Equation 2.18 is based on an ideal case that assumes a uniform potential 

gradient and constant transport numbers of species throughout the diffusion layer, and that a 

more accurate approach to predicting the limiting current density would involve solving the full 

Nernst-Planck equation. 

2.4.1 Zinc Ion Transport Number 

The transport number of zinc ions, by definition, is equal to the fraction of the total current 

carried by zinc ions through the electrolyte, and is related to the concentrations of species in 

solution and their corresponding diffusion coefficients as follows: 

There does not appear to be a report in literature containing estimations of the transport number 

for zinc in acidic zinc sulphate electrolytes. However, Hinatsu and Foulkes [92] have used 

Equation 2.19 to estimate the transport number of copper ions, tCu

3+, in the concentration range of 

0.002 to 1.0 mol dm"3 CuS0 4 in 0.51 mol dm"3 H2SO4, by assuming that the ratios of the 

magnitudes of diffusion coefficients are the same as at infinite dilution, i.e. all ions are similarly 

affected by increasing concentration. The accurate estimation of the speciation of the zinc 

electrolytes, which is the missing component necessary for implementation of this method, may 

be determined through Pitzer Model calculations. 

2.4.2 Zinc Ion Diffusion Coefficient 

Zouari and Lapique [40] reported the following expression for the diffusion coefficient of zinc 

ions, Dz„2+ (m 2 s"1), in 0.2 mol dm"3 Na2S0 4 supporting electrolyte, which was generated from 

limiting current density data at a rotating disc electrode in the concentration range of 0.01 to 0.15 

mol dm"3 ZnS0 4 : 

t Zn 2+ 

Equation 2.19 



D 2 + = 0.78xl0~ 6exp 
-2186 Equation 2.20 

However, the above expression is for a pH neutral electrolyte of relatively low ionic strength and 

is not applicable to industrial zinc electrolytes. In this regard, there have been only few reported 

estimations of zinc ion diffusion coefficients in industrial zinc electrolytes [40, 96, 97], and each 

for a single electrolyte composition. 

The diffusion coefficient of zinc sulphate in water, DZnSo4 (m2 s"1), was measured by Albright and 

Miller [93] in the concentration range of 0 to 3.2 mol dm"3. Awakura et al. [94] also measured 

the diffusion coefficient of zinc sulphate in 0 to 2.0 mol dm"3 ZnSC-4, as well as in the presence 

of 0 to 2.0 mol dm"3 H2SO4 at 25 °C. Awakura's data has been used to estimate the diffusion 

coefficient of zinc ions in 1.0 mol dm"3 ZnSC-4 and 1.8 mol dm"3 H2SO4 [97]. The zinc ion 

diffusion coefficient may be separated from the diffusion coefficient of zinc sulphate according 

to the following fundamental relationship: 

D ZnSO. 

Dso>-
vzn--rY^ + vsol-

UZn1* 

Equation 2.21 

D so\~ 
D 

Zn1* 

1 + 
d\n y±ZnS04 

d\n[ZnSOA] 

where; vZn

2* (1) and vsoi' (1) are the numbers of each ion formed by complete dissociation of 

zinc sulphate, and y±ZnS04 is the stoichiometric mean molar activity coefficient of zinc sulphate. 

However, assuming that the activity coefficient of zinc sulphate is not affected by changes in 

composition over the concentration range of industrial zinc electrolytes, as suggested by Barton 

and Scott [11], and that the ratio ofDz„2+ to Dso; is close to that at infinite dilution, as suggested 

by Hinatsu and Foulkes [92], then Equation 2.21 simplifies to the following form: 

D 
D ZnSO, 

Zn2* 
1 + 

D' Zn1 

D° so;' 

Equation 2.22 

where; D°Zn

2+ and D°so;~ (m 2 s"1), are the diffusion coefficients of Zn2+ and SO/~ at infinite 

dilution. 



2.4.3 Boundary Layer Thickness 

In parallel plate electrolysis cells, the thickness of the boundary layer at the electrode surfaces is 

generally regarded as being dominated by microconvective mixing caused by gas evolution. 

Several researchers [ 13, 95, 96, 97] have employed an equation of the following form to relate 

mass transport coefficient, km (m s"1), to hydrogen gas evolution during zinc electrowinning: 

* . = f = * y „ ) - E q u a , i o n 2 - 2 3 

where; K (units depend on n) and n are constants, and jHl (A nf 2) is the hydrogen evolution 

current density. These types of relationships are often developed using a single electrolyte 

composition and temperature and it should be recognized that the magnitude of AT will be depend 

on the transport properties of the electrolyte. 

In laboratory scale parallel plate electrolytic cells, the evaluation of boundary layer thickness 

may be accomplished by the tracer method developed by Ettel et al. [98] which has been 

employing for zinc electrowinning using copper [99] and cadmium [95, 96, 97] as tracers. In 

general, this technique involves the addition of a small, but finite, level of a relatively noble 

impurity, M " + , into the electrolyte which is codeposited as zinc electrodeposition progresses. 

Since the concentration of the tracer in solution is relatively low, it is deposited at its limiting 

current density which is measured directly from an elemental analysis of its content in the 

electrodeposited zinc. An additional simplification, resulting from the relatively low 

concentration of the tracer, is that the contribution of migration flux to its mass transport is 

assumed to be negligible, i.e. the transport number of the tracer is close to zero, which allows the 

boundary layer thickness to be calculated directly from rearranging Equation 2.18: 

-D „ / \ Equation 2.24 
S= . nF\Mn+}bulk) 

A drawback of using this technique is, as previously mentioned, zinc deposition kinetics and 

current efficiency are highly sensitive to even trace levels of impurities. Alternatively, 

experimental control of the boundary layer during zinc electrodeposition, from pure electrolytes, 

may be achieved through the use of a rotating disc electrode [15, 25, 26, 30, 35, 42, 100]. The 

rotating disc electrode is composed of a rod of electrode material which is sheathed in an 



insulating material such that only the bottom face of the electrode is exposed to the electrolyte. 

The action of electrode rotation in the electrolyte creates a uniform boundary layer through 

which molecular transport of a species to, or from, the disc surface can be actuated by the 

application of a suitable electrode potential. For a given electrode rotation speed, co (rad s"1), the 

diffusion boundary layer thickness, ô (m), may be predicted using the Levich equation [101]: 

s: 1 £1 r\ ]/3 i/6 -1/6,„-i/2 0=1.6W 2+ TJ p CO Equation 2.25 

where; Dz„:+ (m s" ) is the diffusion coefficient of the zinc ion, rj (kg m" s" ) is absolute viscosity 

of the electrolyte, and p (kg m"3) is the density of the electrolyte. Further details of the 

application of a rotating disc electrode are described in Section 3.1.3. 

Two expressions for calculating absolute viscosity of zinc electrolytes as a function of 

composition (mol dm"3) were found in literature: 

|255.6 + 9.1[/7 2SOJ + 1.0[/72SO4]2 -4.0(7-273) 

| + 0.036(7 - 273)2 -1 .ô([Z« 2 + ] + 0.83[M« 2 + ]\T - 273) 
•xl0~5[102] 

17.7 + 4. l[H2S04 ] - (1.0 + 2.5[H2S04 ]%Zn2+ ] + [Mg2+ ]) 
( 15200 + (1850 + 225[//2S(94 ])([Zn2+ ] + [Mg2+ ]f 

v RT , 
exp 

Equation 2.26 

Equation 2.27 

xl0" 7[103] 

Viscosities reported by Cathro [97] for 1.0 mol dm"3 ZnSC*4 and 1. 8 mol dm"3 H2SO4 between 30 

and 70 °C averaged ca. 1 % below those predicted by Equation 2.27. Notwithstanding, the 

viscosity values calculated using the above expressions differ significantly, ca. 100 % over the 

typical industrial zinc electrolyte compositional range, 0.84 to 1.15 mol dm"3 ZnSÛ4 and 1.27 to 

1.78 mol dm"3 H 2 S 0 4 , and temperature range, 35 to 45 °C, and, therefore, needs to be validated. 

Several equations for calculating zinc electrolyte density, p ( kg m"3), as a function of electrolyte 

composition (mol dm"3) were found in literature: 

p = 115 3.82 + 66.748[//2 S04 ] +181 A36[Zn2+ ] 
[89] 

+158.354[Fe2+ ] + 396.312[Fe3+ ] - 0.557 

p = 1054 + 39[H2SOA] +130([Z« 2 + ] + 0.83[M« 2 + ])-0.47(7 - 273) [102] 

Equation 2.28 

Equation 2.29 



p = 1000 + 54.9[// 2SO 4] 

+ 142.ô([Zn2+ ] + 0.93[Mn2+ ] + 0.74[Mg 2 + ] + 0.41[M/ 4

+ ]) 

Equation 2.30 

p = 1011.2 + 61 A[H2S04 ](l - 0.08[M])+156.8[M] 
- (0.44 + 0.08[// 2SO 4 ] + 0.13[M]\T - 273) [103] 

Equation 2.31 

[M] = [Zn2+ ] + 0.83[M« 2 + ] + 0.68[Mg 2 + ] + 032[Na + ] + 037[K+ ] 

A l l the above expressions yield relatively close predictions of electrolyte density for typical zinc 

electrolytes, but the relations of Barton and Scott [11] and Umetsu et al. [103] match almost 

perfectly at 308 K (the temperature at which Barton and Scott's density measurements were 

made). The latter relation, which incorporates the effect of temperature and was developed from 

measured densities of electrolytes containing between 1 and 2 mol dm"3 H2SO4 and 0 to 1.2 mol 

dm" ZnS0 4 over the temperature range of 20 to 60 °C, was selected for calculating zinc 

electrolyte density in this study. 

2.5 Zinc Exchange Current Density and Transfer Coefficient 

The zinc exchange current density,7oz«, and transfer coefficient, a, are the two most important 

parameters when describing the kinetics of zinc electrodeposition. In general, determining these 

parameters, for a given solution composition, involves fitting the Tafel Equation or Butler-

Volmer Equation to the current responses resulting from a series of applied overpotentials. When 

the electrode is polarized such that it is at the zinc equilibrium potential, zinc deposition and 

dissolution occur at equal rates and no net reaction occurs. The current density corresponding to 

this situation is termed the exchange current density. By inspection of the Bulter-Volmer 

Equation, Equation 2.32, when an overpotential is applied, the net current density of zinc 

deposition,7z„, in the absence of mass transfer limitations, i.e. when j\\m,zn » jo.zn, varies directly 

with exchange current density, j0,zn-

RT 
(\-a)nFnZn 

RT 
Equation 2.32 

1-

- e 

~ Jo,Zn e 

RT -e 
(\-a)nFnZr 

RT 

The transfer coefficient, a, which represents the fraction of the overpotential that contributes to 

accelerating the cathodic reaction, appears in the exponential terms of the Butler-Volmer 



Equation. The transfer coefficient is always accompanied by the number of electrons transferred 

in the rate determining step, n, and their product, an, is often combined and denoted as /J. In 

systems such as copper or silver deposition where univalent ions may exist in solution, a two-

electron transfer mechanism is highly unlikely [104]. In the absence of clear evidence of the 

existence of such an intermediate species, as with N i deposition, experimental validation of a 

stepwise mechanism is required [105]. In principle, the value of the transfer coefficient can be 

separated from /? by examining the effect of zinc ion activity on exchange current density 

through the following expression [106]: 

where; k0 (A m"2) is the standard exchange current density. 

2.5.1 Zinc Electrodeposition Kinetics in Weakly Acidic Sulphate Electrolytes 

The zinc deposition reaction may be written as a single step reaction, involving the transfer of 

two electrons, i.e. n = 2, according to the overall stoichiometry: 

In such a case, the value of the transfer coefficient is expected to be near 0.5, i.e. /? = 1.0. 

Alternatively, reaction models for zinc deposition from sulphate media involving multiple single 

electron transfer reactions have been proposed Despic and Pavlovic [51], Jovic et al. [41], Hurlen 

and Brevik [107] as well as Wiart et al. [35]. The kinetics of zinc electrodeposition from sulphate 

electrolytes has been rigorously studied by Wiart and his collaborators [30, 35, 36, 39, 46, 115, 

116, 108] and Wiart's original model of zinc electrocrystallization, which has been simplified for 

the absence of H*, appears below: 

k0(aZn2+y "(aZn)' [a Equation 2.33 

Zn2+ + 2e — » Zn Equation 1.1 

Z « 2 + + e —> Zn + ad Equation 2.34 

Zn + + Zn+ad + e <-> 2Znr
 ad Equation 2.35 

Zn+ad + e -^Zn Equation 2.36 

This model has been used to explain the lack of reproducibility in zinc electrodeposition 

experiments [109, 110] and the conflicting values of kinetic parameters in literature (see Table 1) 



since at relatively low overpotentials, the competitive rates of these reactions creates multiple 

steady state current responses. However, at overpotentials more negative than ca. -50 mV, where 

Tafel kinetics are observed, the autocatalytic nature of the second reaction ensures a surplus of 

Zn+

ad and the third reaction becomes rate limiting. Wiart et al. [35] assign /? a value of 1.0 for 

this reaction, i.e. the value of /? is the same as the theoretical value for the two electron transfer 

case, which means that a is also equal 1.0, since the reaction involves the transfer of a single 

electron. Zouari and Lapique [40] demonstrated that Wiart's model provided a slightly better fit 

of their voltammetric data for zinc deposition in sodium sulphate supporting media, though 

concluded that the marginal improvement in fit did not justify the model's added complexity and 

opted to fit their results according to the simpler single step reaction model with /? also equal to 

1.0. A final note on Wiart's simplified model; since the rate limiting reaction does not involve 

the solvated zinc ion species, Zn2+, there is an inherent prediction that the effect of overpotential 

on zinc deposition current density is insensitive to zinc concentration. 

Table 1 : Kinetic Parameters for Zinc Electrodeposition from Near-Neutral Sulphate Electrolytes 

Zinc Sulphate 
Concentration 

Supporting 
Electrolyte 

pH Temp. 
/°C 

fi JO.Zn 
/ A m " 2 

Source 

0.005 mol kg"1 (x - 0.005) mol 
kg"1 MgSCU + 
H 2 S 0 4 (to adjust 
PH) 

3.0 25 0.5 7.0 (x = 0.5) 
5.0 (x= 1.0,1.5) 
4.5 (x = 2.0,2.5) 
4.0 (x = 3.0) 

107 

0.01 mol dm"3 

0.07 mol dm"3 

0.15 mol dm"3 

0.2 mol dm"3 

N a 2 S 0 4 

5.7 
5.1 
4.8 

25 1.0 0.02 
2.5 
8.6 

39 

0.011 mol dm"3 

0.14 mol dm"3 

0.50 mol dm"3 

0.88 mol dm"3 

(1.5-[ZnS0 4 ]) 
mol dm"3 N a 2 S 0 4 

3.0-3.4 24 ? 4.94 
3.66 
10.9 
12.6 

37 

0.025 mol dm"3 1.0 mol dm"3 

MgSC-4 

? 25 0.52 52.4 111 

0.1 mol dm"3 

1.0 mol dm"3 

none ? room 
temp. 

0.58 1.2 
12 

112 

0.5 mol dm"3 

1.0 mol dm"3 

1.5 mol dm"3 

0.05 mol dm"3 

A1 2 (S0 4 ) 3 + 0.5 
moldm" 3 Na 2 S0 4 

3.5 25 ? 21,28 
31 
46 

41 

1 mol dm" none ? room 
temp. 

1.0 0.2 113 

1.5 mol dm"3 0.04 mol dm"3 

A1 2 (S0 4 ) 3 + 0.4 
moldm" 3 Na 2 S0 4 

3.5 25 1.0 1.0 51 

10" 5-0.4 mol 
dm"3 

(0.5-[ZnSO 4] ) 
moldm" 3 Na 2 S0 4 

5-6.5 room 
temp. 

0.55-
0.70 

10[Zn 2 T 4 4 * 
1.5[Zn 2 +] 0 2 1** 

38 



* bare zinc ** oxide covered zinc (both expressions are based on anodic dissolution of zinc) 

2.5.2 Zinc Electrodeposition Kinetics in Highly Acidic Sulphate Electrolyte 

The addition of acid further complicates zinc electrodeposition kinetics by causing a shift in the 

current-potential curve towards more negative polarization potentials, which has been attributed 

to the inhibiting effect of adsorbed hydrogen, ZnHa(t [35]. The effect of acid was modelled by 

Wiart through the following two reactions: 

Zn + H++ e K> >ZnHad Equation 2.37 

ZnHad +H++e~ *2 >Zn + H2 Equation 2.38 

The inhibiting effect of acid has also been observed in zinc deposition from chloride media by 

Sierra-Alcazar and Harrison [114], who measured a decrease in the exchange current density 

with decreasing pH. • .' 

Wiart's original reaction model was altered to account for observed changes in deposit 

morphology by including reaction paths involving active zinc atoms at kink sites, Zn*, in the 

following reaction scheme [30, 46, 115, 116] which are in addition to Equation 2.37 and 

Equation 2.38: 

Zn2*+e~ K> >Zn\d Equation 2.34 

Zn\d + e ———^Zn Equation 2.36 

Znad + e Ki >Zn * Equation 2.39 

Zn * Kf> > Zn Equation 2.40 

Zn2++Zn*+2e' Kl >Zn + Zn* Equation2.41 

Zn K* >Zn2+ + le Equation 2.42 

The partial current densities for zinc deposition and hydrogen evolution are calculated using the 

fractional coverages, 9„ of each surface active species; Zn+

ad, Zn*, and ZnHaci, which are 

modelled according to a Langmuir isotherm, and rate constants for each reaction, which are 

calculated according to Tafel's law. Further details of the application of this model to calculate 

the partial zinc deposition and hydrogen evolution current densities as a function of electrolyte 



composition are given in Appendix C. With increasing overpotential, the electrode coverage by 

adsorbed hydrogen decreases while that of zinc species increases (see Figure 6). The above 

model of zinc electrodeposition, including the reactions involving H*, is hereafter referred to as 

'Wiart's Model'. 

Dendritic growth during zinc electrodeposition at high current density is predicted to occur due 

to an increase in the nucleation rate of Zn*, which is a function of overpotential [115]. Popov et 

al. [50] previously estimated the critical overpotential for zinc dendrite formation, in 0.84 mol 

dm"3 ZnS0 4 and 1.2 mol dm"3 H 2 S 0 4 at 25 °C, to be -173 mV, which appears to correspond to 

the calculated increase of Zn* coverage in Figure 6. Wiart has not reported current density data 

beyond ca. 1000 A m"2, corresponding to this overpotential limit and, as such, the model should 

be experimentally validated for higher zinc deposition current densities. 

There are few independent and credible studies to compare against the findings of Wiart. 

Cavallotti [117], in unpublished notes, generated a regression fit of zinc exchange current 

densities from various acidic solutions at 25 °C from which the following expression was 

extracted: 

7 0 2 „ = 3 0 8 [ Z « 2 + ] " 9 Equation 2.43 

Tripathy et al. [118] have recently reported exchange current densities and transfer coefficients 

for zinc electrodeposition from a pure zinc electrolyte containing 0.84 mol dm"3 ZnS0 4 and 1.53 

mol dm"3 H 2 S C U at room temperature, but the values are suspect since they are based solely on 

the cathodic branches of sweep voltammograms on an aluminium electrode and do not include 

ohmic drop corrections. Barton and Scott [11] have also published kinetic parameters for zinc 

electrowinning, but the values were based on experiments conducted in a pilot-plant scale cell 

using an industrial electrolyte which contained significant quantities of magnesium, manganese, 

and ammonia, along with trace amounts of other elements as well as organic additives. In fact, 

the Tafel slope adopted by Barton and Scott was not explicitly measured, but rather was fixed at 

70 mV dec"1 after consulting with Allen J. Bard, who had previously examined the mechanism of 

zinc deposition from alkaline media [119]. 

Although Wiart's description of the kinetics of zinc electrodeposition in acidic sulphate media is 

quite thorough, there is a lack of corroborative data at high current densities. Wiart's Model is 



also rather complex and, although rooted in the same Tafel kinetics as the Extended Butler-

Volmer Equation, does not incorporate mass transfer effects. 
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Figure 6: Calculated electrode coverage as a function of potential in 0.84 mol dm"3 ZnSC-4 and 
1.2 mol dm"3 H 2 S 0 4 at room temperature, EZn = -1.40 V (SSE). Taken from [30]. 

2.6 Summary 

The operation of conventional electrowinning cells or the design of novel electrowinning cells to 

operate at high current densities, > ca. 500 A m"2, is of interest to industrial zinc producers given 

recent advances in solution purification technology. However, there is lack of reliable 

information on the voltage demands of zinc electrodeposition under such conditions. The 

Extended Butler-Volmer Equation is often used to predict the effect of overpotential and mass 



transfer effects on the current density of electrochemical reactions, but requires precise 

measurements of current density and overpotential under controlled mass transfer conditions in 

order to obtain reliable values for kinetic parameters; limiting current density, exchange current 

density, and transfer coefficient. 

When a voltage is applied to cause zinc electrodeposition, the overpotential is the measure of the 

difference between the applied voltage and the equilibrium potential (the minimum voltage 

demand). The equilibrium potential is a thermodynamic quantity and may be calculated from the 

Nernst Equation using extended forms of the Debye-Hiickel Limiting Law, such as the Pitzer 

Model, to predict the values of activity coefficients. The zinc deposition current density is 

traditionally based on the calculated current efficiency from the measurements of the mass of 

deposited zinc after relatively long polarization experiments. Faster methods of separating the 

zinc deposition and hydrogen evolution currents have recently been employed such as detection 

of hydrogen using a rotating ring disc electrode and normal pulse voltammetry. The use of a 

rotating disc electrode is also the most appropriate method of controlling mass transfer 

conditions when using ultra-pure electrolytes, though the physical properties of the electrolyte 

must be well established. 

Smooth electrode surfaces are extremely important for accurate estimation of the kinetic 

parameters for electrodeposition reactions. With respect to this issue, platinum seems a 

promising substrate for zinc electrodeposition, though there is a need for a more thorough 

examination of the inhibition of hydrogen evolution on platinum in zinc sulphate electrolytes and 

characterisation of OPD zinc deposit morphology on platinum. 

Of the existing models relating overpotential and zinc deposition current density from these 

types of electrolytes, the most rigorously developed is that of Wiart. However, Wiart's Model 

does not take into account mass transfer limitations and does not appear to have been validated 

for current densities > ca. 1000 A m"2. In addition, there are conflicting values for the kinetic 

parameters for zinc electrodeposition in the literature and a clear need to re-examine zinc 

deposition kinetics from acidic sulphate electrolytes, especially at high current density. 



3 Experimental Details 

This section describes the apparatus, reagents and experimental procedures utilized in the course 

of this investigation. The first section describes the instrumentation employed for 

electrochemical polarization experiments, both practical details and background theory 

concerning their use. Next, the reagents employed are listed along with relevant information 

concerning their preparation and use. The different polarization experiments employed and the 

type and accuracy of data generated are described along with sample calculations. Finally, the 

surface characterization techniques which were used to complement and support the findings of 

the electrochemical polarization experiments are outlined. 

3.1 Equipment for Electrochemical Experiments 

Electrochemical experiments were conducted using a jacketed three-compartment cell, illustrated 

in Figure 7, or an unjacketed single-compartment cell, illustrated in Figure 8. Both cells 

employed a saturated calomel reference electrode (SCE) and a platinum flag counter electrode. 

The potentiostat was an Eco-Chemie PSTAT 30, equipped with BLPOT, FRA2 and S C A N - G E N 

modules. In the case of the jacketed cell, the working electrode was a MTI34 (99.99 %+) 

platinum ring-disc electrode (PINE Instrument Co.), 0.283 cm 2 disc area. The temperature was 

controlled to 25 ±0.5 °C using a refrigerated circulating bath (Fisher Scientific Isotemp Model 

900). The rotation speed of the ring-disc electrode was regulated by an A F M S R X Analytical 

Rotator (PINE Instrument Co.). The working electrode employed in the unjacketed cell was a 

planar platinum electrode, 0.36 cm 2 surface area, manufactured from an ingot of platinum which 

was attached, at the back, to an insulated copper wire and embedded in Epofix (Struers) cold 

cure epoxy. The electrode surfaces were polished to a mirror finish using silicon-carbide/paper 

grinding discs from 600 to 1200 Grit (Buehler) as well as 6 um and 1 um diamond slurries 

(Leco). 
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Figure 7: Schematic diagram of a jacketed three-chamber electrochemical cell. 
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Figure 8: Schematic diagram of an unjacketed single-compartment electrochemical cell. 



3.1.1 Cleaning Procedures 

The glass components of both electrochemical cells, as well as other glassware, were 

periodically cleaned by immersing them, overnight, in a bath containing a 1:1 mixture of nitric 

and sulphuric acid, at room temperature. The platinum ends of the working electrodes were 

cleaned by quickly immersing and withdrawing them, while using a swirling motion, from a hot 

bath, 60 to 80 °C, of the acid mixture described above. The platinum counter electrodes were 

flamed using a butane torch. A l l cleaning procedures were followed by rinsing with Millipore 

Mil l i -Q ultra-pure water. 

3.1.2 Electrochemical Cell Filling Procedure 

The general procedure for filling the jacketed electrochemical cell, starting with a disassembled 

cell, begins by filling the Luggin compartment of the Luggin/reference electrode assembly with 

the same electrolyte that is to be contained in the main chamber of the cell through the reference 

electrode compartment. The stopcock, which controls solution flow between the Luggin 

compartment and the reference electrode compartment, was then set to the closed position, and 

any electrolyte retained in the reference electrode compartment was discarded. The entire 

Luggin/reference electrode compartment module was then inserted into the main chamber of the 

cell, such that the tip of the Luggin was positioned approximately in the centre of the cell, and 

tightened into place by means of a HDPE compression fitting with a Viton® o-ring. The cell 

was rinsed with small aliquots of solution, tared on a balance with 0.1 g accuracy, and then filled 

with a predetermined mass of electrolyte, typically between 350 and 450 g. The platinum counter 

electrode, thermometer and sparger were inserted into the cell through the cap which was 

subsequently tightened into place. The reference electrode chamber was then filled with 4 mol 

dm" NH 4C1. The solution in the reference electrode compartment would normally be the same as 

that contained within the electrode itself, e.g. saturated KC1 in the case of a SCE. However, the 

change was necessitated due to oscillations in potential between the working and reference 

electrodes which were presumed to result from precipitation of K2SO4 in the stopcock between 

the Luggin compartment and the reference electrode compartment. Solution from the reference 

electrode compartment was drawn across the ground glass joint of the stopcock by rotating it 

back and forth several times. This was done to ensure an excess of NH4

+ and CT ions in the 

liquid junction relative to Zn2+ and SO/'. Since NH4

+ and CT have similar equivalent 

conductivities, it was desirable that their concentrations be greater relative to other species so 



they would carry a greater fraction of current across the junction and minimize any liquid 

junction potential. 

The rotating ring-disc electrode was lowered into the electrolyte and fixed at a distance of 

approximately one centimetre from the tip of the Luggin, so as not to disrupt the hydrodynamics 

of the rotating disc electrode. The cell electrodes were connected to the potentiostat and the 

electrolyte was de-aerated by bubbling with nitrogen gas, which passed through an activated 

charcoal filter (Supelco) prior to entering the cell, for a period of at least 30 minutes. At this time 

bubbling was terminated, though a nitrogen gas overpressure was maintained throughout the 

electrochemical polarization experiments. The procedure for filling the unjacketed cell was 

similar to that of the jacketed cell without the special measures involving the Luggin. 

3.1.3 Rotating Ring-Disc Electrode 

The ring-disc electrode was employed to control mass transport during some experiments by 

rotating it in the electrolyte at one of three rotation speeds; 42 rad s"1 (400 rpm), 168 rad s"1 (1600 

rpm), or 377 rad s"1 (3600 rpm). As previously described, for a given electrode rotation speed, co 

(rad s"1), the diffusion boundary layer thickness, S (m), was predicted using the following 

equation: 

Ô = \.6\D 2:,2rixl6p-U6co-V2 Equation 2.25 
Zn ' ' 

where; D2n

:+ (m2 s"1) is the diffusion coefficient of the zinc ion, rj (kg m"1 s"1) is the absolute 

viscosity of the electrolyte, and p (kg m"3) is the density of the electrolyte. 

When a species is evolved from the disc, of a rotating ring-disc electrode, it is transported away 

by a combination of diffusion and convection. As illustrated in Figure 9, by applying a suitable 

potential on the ring electrode, such that the evolved species reaching the ring surface reacts 

immediately upon contact, a specific fraction of the evolved species wil l be reacted while the 

remainder will escape into the solution. This fraction is termed the ring collection efficiency, JV 0 , 

which is a geometric constant relating ring current, Iring, to disc current, IdiSC, as follows: 

/ =T° -NT Equation 3.1 
1 ring 2 ring 1 " 0 1 disc n 



where; i° r jng is the ring current when the disc current is equal to zero. The theoretical collection 

efficiency of the ring-disc electrode used in this study, N0 = 0.240, was calculated from the 

radius of the disc (ri = 0.300 cm), the inner radius of the ring (r2 = 0.375 cm), and the outer 

radius of the ring (r3 = 0.425 cm), according to the standard procedure described elsewhere 

[120]. 

Figure 9: Concentration profile at a Rotating Ring-Disc Electrode. Taken from [120]. 

During zinc electrodeposition from de-aerated acidic zinc sulphate electrolyte, hydrogen 

evolution and zinc deposition are the only faradaic reactions that occurred at the disc. Thus, 

when the electrode was polarized in the potential region of zinc deposition, the resulting zinc 

deposition current, Idisc.zn, was equal to the difference between the total disc current, IdjSC, and the 

hydrogen evolution current Idisc.H,'-

^dîsc,zn ^ disc ^ disc M 2 Equation3.2 

The hydrogen evolution disc current was calculated from the ring current by substituting the 

measured collection efficiency, TVo = 0.228 ±0.011 (see Appendix D), into Equation 3.1 and 

rearranging: 



disc, H 2 
i. -r. 

ring ring 

0.228 

Equation 3.3 

The instantaneous current efficiency for zinc deposition was calculated from the disc and ring 

currents by combining Equation 3.2 and Equation 3.3. 

/ I -1° 
^ _ Zn,disc _ j _ ring ring 

Equation 3.4 

disc 0-228/^ 

3.2 Reagents 

Sulphuric acid and magnesium sulphate supporting electrolytes were prepared from ACS grade 

reagents (Fisher Scientific) and Millipore Mil l i -Q ultra-pure water. The sulphuric acid, 97.25 

±0.05 %, was standardized by titration with 1.000 N NaOH Solution (Fisher Scientific) using the 

Gran plot method described elsewhere [121]. Zinc was introduced into supporting electrolytes by 

spiking with 0.1 mol dm"3 ZnSC>4 solution, through ports in the tops of the cells, using a thin 

glass tube attached to a syringe with ±0.005 cm"3 accuracy. The electrolyte was mixed by 

sparging with nitrogen as well as by the action of the rotating disc electrode, when present. The 

various supporting electrolytes employed in this study are listed in Table 2. The pH values for 

the electrolytes that do not contain added H 2 S O 4 were measured with an Accumet model 810 

(Fisher Scientific) pH meter using an RJ model pH electrode (Analytical Sensors, Inc.) which 

was standardized using pH 4.0 and 7.0 buffer solutions (Fisher Scientific). Because of the 

difficulty of accurately measuring low pHs in concentrated electrolytes, the pH values for the 

acidified electrolytes were calculated using Pitzer Model parameters. 

Table 2: Supporting Electrolyte Solutions 

M g S 0 4 H 2 S O 4 ZnSC-4 pH 
/ mol dm"3 / mol dm"3 1 mol dm" 

0.10 0 0 5.8 
0.10 0 10"4 5.8 
0.10 0 2.0x10"2 5.8 

0 0.10 0 0.7 
0 0.10 10"J 0.7 

Zinc sulphate solutions were prepared using aliquots of a strong, 2 mol dm"3 ZnSÛ4 solution, 

which was prepared from puriss p.a. grade zinc sulphate heptahydrate, ZnSC>4 .7H20 (Fluka) and 



Millipore Mi l l i -Q ultra-pure water. Impurities were reduced from the concentrated zinc solution 

by pre-electrolysis, using a platinum flag electrode polarized at -1000 mV (SCE) for 

approximately 6 hours while the solution was stirred vigorously under a nitrogen atmosphere. 

Small volumes of sulphuric acid, ca. 0.2 cm"3 ±0.005 cm"3 (0.00357 ±0.00009 mol) H 2 S 0 4 , were 

added by spiking with concentrated sulphuric acid using the procedure outlined above. Larger 

volumes of sulphuric acid were added using 2 mL and 20 mL pipettes, which were determined to 

deliver 0.03543 ±0.00006 mol H 2 S 0 4 and 0.3604 ±0.0006 mol H 2 S 0 4 , respectively. 

Concentrated acid was employed rather than a diluted solution in order to minimize the amount 

of water carried with the acid so as not to affect the molality of the zinc electrolytes. The 

composition of zinc sulphate based electrolytes employed in this study are detailed in Table 3. 

Table 3: Zinc Sulphate Electrolytes 

ZnS0 4 

/ mol kg"1 

H 2 S 0 4 

/ mol kg"1 

pH ZnS0 4 

/ mol kg"1 

H 2 S 0 4 

/ mol kg"1 

pH 

0.10 0.00 4.9 1.00 0.01 2.4 
0.50 0.00 4.9 1.00 0.10 1.4 
1.00 0.00 4.9 1.00 1,00 0.2 

In instances where it was necessary to convert concentration between molality and molarity, e.g. 

during preparation of the electrolytes or to obtain inputs for the various equations which 

calculate electrolyte properties, the following fundamental expressions were employed: 

m: 

[i] = 

1000[/] 

1000 + V m M . i—à J J 

Equation 3.5 

Equation 3.6 

where; m, (mol kg"1) is the molality of species i, [i] (mol dm"3) is the concentration of species i, 

Mi (g mol"1) is the molar mass of species i, and p (kg m"3) is the density of the electrolyte, 

calculated using Equation 2.31. 

3.3 Electrochemical Polarization Techniques 

The electrochemical experiments in this study, in general, involved polarizing an electrode in a 

prepared electrolyte, at potentials referenced to SCE, and measuring the ensuing current 

response. According to the Autolab's hardware specifications, the accuracy of the applied 



potentials was ±0.2 % of the voltage setting with an additional absolute uncertainty of ±2 mV, 

while the current data, recorded by the Autolab's 16 bit parallel ISA card, had a relative accuracy 

of ±0.2 % of the measured current with an additional uncertainty of ±0.2 % of the current range. 

The Eco-Chemie instrument employs automatic gaining and sample averaging and each data 

point is, in fact, the weighted average of several A D conversions that are collected at variable 

attenuations. The estimation of uncertainty in measured quantities was usually taken from the 

reported accuracy of the measuring instrument and from standard deviation of measurements 

made under the same experimental conditions (when applicable). Though not explicitly shown, 

the propagation of uncertainty through subsequent calculations followed standard procedures 

described elsewhere [121]. The specific electrochemical techniques employed in this study were; 

cyclic voltammetry, normal pulse voltammetry, staircase voltammetry, and A C impedance 

spectroscopy. Many of these methods are combined during the execution of a single zinc 

deposition "Project" (see Appendix F, written for Autolab GPES version 4.8 software), which 

was repeated three times for each zinc sulphate electrolyte and electrode rotation rate tested. 

Details of the application of each of these methods are discussed in the proceeding sections. 

3.3.1 Cyclic Voltammetry 

Cyclic voltammetry is one of the most widely used electrochemical methods for qualitatively 

characterizing the redox reactions of an electrode/electrolyte system. The technique involves 

sweeping the potential at a fixed rate, back and forth, between two potential limits while 

recording the current response. This method was used to qualitatively characterize hydrogen 

evolution on platinum in magnesium sulphate and sulphuric acid supporting electrolytes, both in 

the absence and presence of zinc ions. In addition, the overpotential deposition, OPD, of zinc on 

platinum in pure zinc sulphate electrolyte was also characterized by cyclic voltammetry. Though 

not typically applied to yield quantitative data, cyclic voltammetry was employed to estimate the 

reversible potential for zinc OPD on zinc in zinc sulphate/sulphuric acid electrolytes. Unless 

otherwise stated, cyclic voltammetry was carried out on the disc electrode of the platinum ring-

disc electrode at a rotation speed of 1600 rpm and scan rate 20 mV s"1 at 25 °C. 

3.3.1.1 Magnesium Sulphate Supporting Electrolyte 

Cyclic voltammetry was performed in 0.1 mol dm"3 MgS04, whereby the disc potential was 

swept continuously back and forth between -800 mV (SCE) (corresponding to the onset of 

massive hydrogen evolution), and 1050 mV (SCE) (where oxygen evolution becomes evident) 



until consecutive current-voltage curves traced. This procedure was repeated between -800 mV 

(SCE) and 200 mV (SCE) (near the potential where platinum oxidises). The same scan 

procedures were reapplied to the magnesium sulphate solution containing 10"4 mol dm' 3, except 

that the cathodic potential limit was changed to -1100 mV (SCE) (-100 mV more negative than 

the standard reduction potential of zinc) in order to examine the effect of UPD Zn on hydrogen 

evolution kinetics. 

3.3.1.2 Sulphuric Acid Supporting Electrolyte 

Cyclic voltammetry was carried out in 0.1 mol dm"3 H2SO4, in the same manner as in magnesium 

sulphate supporting electrolyte, between -270 mV (SCE) and 1185 mV (SCE) to establish the 

characteristics of hydrogen adsorption and evolution on bare platinum. After addition of zinc, to 

10"J moldm" J ZnS0 4 , scanning was resumed between the same potential limits to examine its 

effect on hydrogen evolution. In addition, to examine the effect of time on hydrogen evolution, 

single cyclic voltammograms were recorded between -270 mV (SCE) to 1185 mV (SCE), 

starting and ending at -200 mV (SCE), after conditioning the electrode at -200 mV (SCE) for 900 

s, 1800 s, and 3600 s. Between scans the electrode potential was set to 900 mV (SCE) to oxidize 

the platinum surface and expel any accumulated adsorbates. 

3.3.1.3 Zinc Sulphate Electrolytes 

Cyclic voltammetry in 0.1 mol dm"3 ZnS0 4 , was carried out by sweeping continuously between 

the cathodic potential limits of-400 mV (SCE) to -1100 mV (SCE), at 100 mV intervals, to the 

anodic limit of 1100 mV (SCE). In addition, after conditioning the electrode at -400 mV (SCE) 

for 120 s, 600 s , and 1200 s, single cyclic voltammograms were recorded between -400 mV 

(SCE) and 1100 mV (SCE) (to examine the possibility of alloy formation) as well as between 

-400 mV (SCE) and -1100 mV (SCE) (to examine the effect on hydrogen evolution and zinc 

overpotential deposition). After each scan the electrode potential was set to 900 mV (SCE). 

The equilibrium potentials for zinc deposition were taken from voltammograms created, for all 

zinc sulphate based electrolytes, by sweeping the potential back and forth between -950 mV 

(SCE) and -1150 mV (SCE), starting and ending at -1100 mV (SCE), at a scan rate of 10. mV s"1 

(see Figure 10). By inspection, the forward and reverse sweeps trace relatively well indicating 

that zinc deposition/dissolution is quite reversible. This procedure is referred to as "Reversible 

Potential" in Appendix F. The hydrogen evolution current density on zinc is relatively small, in 



the order of a few A m"2, even in highly acidic solutions and, thus, the currents bracketing the 

equilibrium potential are dominated by zinc dissolution and deposition. The equilibrium potential 

was taken as the mean potential between when the anodic current crossed to cathodic current, 

when sweeping toward more negative potentials, and when the cathodic current crossed to 

anodic current, when sweeping back toward more positive potentials [122]. 

-1 .15 -1 .13 -1.11 -1.09 -1.07 -1.05 -1 .03 -1.01 -0 .99 -0.97 -0 .95 

Electrode potential ( S C E ) / V 

Figure 10: Cyclic voltammogram of a zinc coated rotating disc electrode in acidic zinc sulphate 
electrolyte. Generated in 1.0 mol dm"3 ZnS0 4 with 0.01 mol dm"3 H 2 S 0 4 , pH = 2.4 at 25 °C, scan 
rate 10 mV s"1, and 3600 rpm electrode rotation speed. 

3.3.2 Normal Pulse Voltammetry 

Normal pulse voltammetry is the simplest form of a class of electrochemical polarization 

techniques referred to as potential step chronoamperometry and chronocoulometry. Potential step 

chronoamperometry refers to the measurement of current response to an applied potential pulse 

having a square waveform. Chronocoulometry involves calculation of the corresponding charged 

passed, Q, by integration of the current versus time, during the potential step routine. By varying 

the amplitude of the pulses, the relationship between potential and steady-state current can be 

established without the hysteresis associated with potential sweeping techniques. Normal pulse 



voltammetry (see Figure 11) specifically, refers to a pulse routine which begins and ends at a 

base potential, Et,, where the electrode is inactive [123]. In this manner the redox reaction which 

occurs at the pulse potential, Ep, is reversed when the potential is returned to base potential until 

the electrode once again becomes inactive. 

Figure 11 : Schematic representation of a normal potential pulse and resulting current response of 
an electrodeposition reaction. 

Indicated in the above figure are the base and pulse potentials, Et, and Ep, the associated current 

response, 4 and Ip, and integrated deposition and stripping charges, Qj and Q2, as well as the 

times, t, when the pulses are initiated. The steady state current response is taken as the average 

current during a specified time interval, tss, at the end of the pulse. This technique is particularly 

well-suited to the calculation of overall current efficiency of an electrodeposition reaction by 

integrating and comparing the charge transferred during the stripping pulse, Q2, and the 

deposition pulse, Qr. 



£ / ( O A / 
Equation 3.7 

G. 

where; (C s"') is the instantaneous current, and At (s) is the current sample time. 

3.3.2.1 Magnesium Sulphate Supporting Electrolyte 

Normal pulse voltammetry was used to estimate the charge density of the Zn UPD layer in 

magnesium sulphate supporting electrolyte. The pulse sequence is outlined in Table 4. 

Table 4: Potential pulse sequence for investigation of Zn UPD on Pt in 0.1 mol dm"3 MgS04 with 
10"4 mol dm"J Zn'", pH = 5.8, 950 mV (SCE) rest potential. .2+ 

Potential Duration Current Data 

/ mV (SCE) /s 
Acquisition Rate 

/s"1 

-400 20 0 
0.2 2000 

200 0.1 2000 
20 200 

-400 0.05 2000 
19.95 200 

A relatively high current range of 10 mA, with an accuracy of ±0.02 mA, and fast sampling rate, 

2000 s"1, were employed during the initial application of the pulses in order to capture the 

relatively large transient currents. 

3.3.2.2 Zinc Sulphate Electrolytes 

The normal pulse method was modified slightly for use in zinc sulphate based electrolytes, 

except the highest acid electrolyte containing 1.0 mol kg"1 H2SO4, in a manner akin to 

differential normal pulse voltammetry [124]. In this method a second potential step, called a 

modulation step, is superimposed over the initial potential step (see Figure 12). The disc 

electrode base potential was -250 mV (SCE) while, as described in Appendix D, the ring 

electrode potential was held at 250 mV (SCE) to detect evolved hydrogen throughout the 

potential step sequence. The first potential step, Epre, was -1100 mV (SCE) for 30 s (in order to 

pre-coat the disc electrode with zinc) which was followed by a modulation step, Edep, to either 

-1100, -1125, -1150, -1200, -1250, -1300, -1400, -1500, -1750, -2000, or -2500 mV (SCE), for 



10 s, before returning to the base potential. The current response was measured using the 100 

mA range, with an accompanying accuracy of ±0.2 mA, and the sample times were 1 ms during 

the first second of the pulses and 20 ms for the remaining duration of the pulses. The 

combination of fewer samples being averaged at higher sampling rates and jitters in the current 

response, due to automatic variations in gain, sometimes results in off-scale measurements (see 

Figure 12), which are not included in the calculation of steady state current. However, as the 

potential difference between the working and counter electrode increases, at more negative 

applied potentials, there are larger oscillations in current response due to small overshoots of the 

feedback control loop which are included in the calculated standard deviation in the mean current 

response. The steady-state current responses to the modulation potentials were taken as the 

average current during the final 5 s of the pulses (250 data points). 

The overall current efficiency during each modulation pulse, O e (E r f e p ) , was calculated from the 

steady-state disc and ring currents, according to Equation 3.4, and from the charge transferred 

during the modulation pulse, Qdep, and stripping pulse, QsiriP (which was adjusted to account for 

the zinc deposited during the pre-treatment pulse): 

0-0 O (E ) Equation 3.8 
(f) (F \ _ ^smp *£pre e\ pre) ^ 

e V dep ' ~ Qdep 

By inspection, the accuracy of the overall current efficiency calculated from Equation 3.8 was 

dependant on both the accuracy of the current-time data and the current efficiency during the 

pre-treatment pulse, which was calculated using Equation 3.8 when Eaep equalled Epre from 

repetitions of the same experiment. 
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Figure 12: Disc (a) and ring (b) current responses to a differential normal pulse sequence in 
acidic zinc sulphate electrolyte. Generated in 1.0 mol dm"3 ZnSCv with 0.01 mol dm"3 H2SO4, pH 
= 2.4 at 25 °C, and 3600 rpm electrode rotation speed. 



3.3.3 Staircase Voltammetry 

Staircase voltammetry refers to the measurement of current response to the application of a series 

of potential steps (see Figure 13). Unlike normal pulse voltammetry, the electrode is not renewed 

after each potential step and, thus, the current response is generally affected by the previous 

potential steps. Staircase voltammetry was employed for all zinc sulphate electrolytes using 

many of the same potential levels employed in the normal pulse experiments. The first potential 

step was to -1100 mV (SCE) for 30 s which was followed by a series of 9 potential steps; -1125, 

-1150, -1200, -1250, -1300, -1400, -1500, -1750, and -2000 mV (SCE), each 10 s long. The 

sample time employed was 100 ms, enabling the use of the Autolab's automatic current ranging 

feature which increased the accuracy of the measured currents. However, this reduced the 

number of data points averaged when calculating the steady-state current response, during the 

final 5 s of each pulse, to 50. 

In the case of electrolyte containing 1.0 mol kg"1 ZnSC"4 with 1.0 mol kg"1
 H 2 S O 4 , due to 

formation of some hydrogen bubbles on the disc electrode during the initial pulse from -250 mV 

to -1100 mV (SCE), the staircase voltammetry procedure was modified. Rather than depositing 

zinc from the mixed electrolyte for 30 s at -1100 mV (SCE), zinc was depositing onto the 

electrode from neutral 1.0 mol kg"1 ZnS0 4 for 180 s at -1100 mV (SCE), prior to the cell being 

disabled and the electrode raised, under a nitrogen atmosphere, to a position above the solution. 

After acid was added and the electrolyte was allowed to cool back to 25 °C, ca. 10 minutes, the 

electrode was lowered back into the solution and the cell was immediately enabled at -1100 mV 

(SCE). This was quickly followed by initiation of the staircase voltammetry experiment as 

previously described. 



a 
O.OOE+OO 

-1.00E-02 

-2.00E-02 

Disc current 
/ A 

-3.00E-02 

-4.00E-02 

-5.00E-02 -

-6.00E-02 -

-7.00E-02 

-1100 mV . 1 1 25mV 

-1750 mV 

-2000 mV 
1 1 r~ 1 1 1 1 1 1 1 i 

0 10 20 30 40 50 60 70 80 90 100 110 120 
Time / s 

b 
2.00E-05 

1.80E-05 

Ring current 
/ A 

-2000 mV 
-1750 mV 

1500mV 
1400 mV 

mV 
-1250 mV 

-1200 mV 
1150 mV 

1 1 1 1 1 1 r 1 1 1 i 
0 10 20 30 40 50 60 70 80 90 100 110 120 

Time / s 

Figure 13: Staircase voltammetry in an acidic zinc sulphate electrolyte. Disc (a) and Ring (b) 
current responses in 1.0 mol dm"3 ZnS0 4 with 0.01 mol dm"3 H 2 S 0 4 , pH = 2.4 at 25 °C, and 3600 
rpm electrode rotation speed. 



3.3.4 AC Impedance Spectroscopy 

Electrochemical impedance spectroscopy was employed to estimate the solution resistances of 

the zinc electrolytes in order to calculate the electrode potential from the applied deposition 

potentials as follows: 

E ~ Edep ^disc^soln Equation 3.9 

The procedure, referred to as " F R A Low Acid Project" in Appendix F, involved polarizing the 

electrode for 5 minutes at the base potential used during normal pulse experiments, -250 mV 

(SCE), followed by the application of a 10 mV rms perturbation in a sine wave format in the 

frequency range of 100 to 1000 Hz. The real and imaginary components of the measured cell 

impedance, Z ' and Z", were modelled as a series resistor-pseudocapacitor circuit (see Figure 14) 

according to Equation 3.10. 

Figure 14: Nyquist plot of impedance data generated using " F R A Low Acid Project" on a 
platinum electrode in acidic zinc sulphate electrolyte. Generated in 1.0 mol dm" ZnSÛ4 wi sulphate electrolyt with 
0.01 mol dm"J H 2 S 0 4 , pH = 2.4 at 25 °C, and 3600 rpm electrode rotation speed. 



Z = Rsoln + (iaCPE)-* Equation 3.10 

where; CPE is the constant phase element, i is the imaginary number and co (rad s"1) is the 

frequency of the voltage perturbation. The solution resistance, along with an estimation of 

relative error, was obtained using the "Fit and Simulation" utility of Autolab F R A version 4.8 

software. 

3.4 Surface Analyses 

Several surface characterization techniques were employed to supplement the findings of the 

electrochemical experiments. Selected electrode surfaces were analysed by x-ray photoelectron 

spectroscopy, XPS, atomic force microscopy, A F M , and/or scanning electron microscopy, SEM. 

3.4.1 XPS Analyses 

XPS analysis was performed to examine the electrode surface after extended polarization at -400 

mV (SCE) in magnesium sulphate electrolyte containing 0.020 mol dm"3 ZnSC>4. Prior to 

analysis by XPS, samples were rinsed with deionised water and dried in air. XPS analyses were 

performed using a Leybold MAX200 spectrometer with a MgKa source (1253.6 eV) operated at 

15 kV, 20 mA, and a system pressure of 1 x 10"9 mbar. Spectra were obtained with a pass energy 

of 192 eV. Binding energies were referenced to the Au 4fl/2 peak at 84.0 eV. 

3.4.2 AFM Analyses 

Atomic force microscopy was employed to examine the morphology of zinc deposits and the 

evolution of the substrate electrode morphology resulting from zinc deposition on platinum. 

A F M analyses were accomplished using a PicoSPM A F M (Molecular Imaging) operated in 

contact mode using Si3N4 tips (Molecular Imaging) which had typical force constant of 0.50 N 

m"1. Specimens were imaged, while still wet, immediately upon removal from the 

electrochemical cells. A solution film was maintained over the specimens by periodic additions 

of deionised water. The real surface area and rms roughness of specimens were calculated from 

A F M images, from the arrays of 256 x 256 'z ' position data, using a Matlab script which 

summed of the areas of triangles between all groups of three adjacent points (see Appendix E). 

The rms roughness calculated using the Matlab script was verified by checking it against that 

calculated by PicoScan version 4.19 software. 



3.4.3 SEM Analyses 

Scanning electron micrographs were obtained using a Hitachi S-3000N S E M equipped with a 

Quartz XOne E D X system. Samples were rinsed with deionised water and air-dried prior to 

being placed in the vacuum chamber. A n acceleration voltage of 5 keV was employed to 

generation spectra for elemental analyses, which were fit using Quartz Imaging software. 



4 Results and Discussion 

The results of this study are broken into two main sections; Zinc Underpotenital Deposition on 

Platinum, and Zinc Overpotential Deposition. The modifying effect of UPD of zinc on a 

platinum electrode was examined as a method of preparing an electrode substrate on which to 

conduct zinc OPD experiments. The usefulness of this system was then tested in the examination 

of the kinetics of OPD Zn in acidic sulphate electrolytes relevant to industrial zinc 

electrowinning. Where applicable, the results are discussed in terms of their relevance toward 

industrial zinc electrowinning. Unless otherwise indicated, the 'Solver' utility of Microsoft Excel 

2000 software was employed for minimizing the sum of the square of errors, SSE, during 

modelling of data. 

4.1 Zinc Underpotential Deposition on Platinum 

Zinc UPD on Pt was characterized in sulphuric acid, magnesium sulphate and zinc sulphate 

electrolytes. The experiments were undertaken in order to examine the suitability of platinum as 

a substrate for measuring the kinetics of Zn OPD in acidic sulphate electrolytes, the requisite 

properties being; inhibition of hydrogen evolution, to prevent blocking of the electrode by 

hydrogen gas bubbles, and homogeneous nucleation and growth of Zn OPD, in order to generate 

a relatively smooth zinc overlayer on the electrode. 

4.1.1 Behaviour in Sulphuric Acid Supporting Electrolyte 

The voltammograms in Figure 15 are similar to those reported by Aramata [53]. The features 

identified are the onset of UPD Zn formation, I at ca. 0 V (SCE), H 2 evolution, II at < ca. -250 

mV (SCE), and stripping of UPD Zn, I ' at ca. -200 mV (SCE); the symmetry between regions I 

and I ' indicate that the formation and stripping of the UPD Zn layer is quite reversible. In 

sulphuric acid solution the regions of hydrogen adsorption and Zn UPD overlap. The rate of 

hydrogen evolution at potentials < ca. -250 mV (SCE) appears to have been barely inhibited by 

the presence of the Zn UPD layer (see II in Figure 15). Mascaro-Lucia et al. [125] have described 

a strong inhibition of hydrogen evolution due to increased coverage of Zn UPD on 

polycrystalline Pt in acidic fluoride media relative to acid sulphate media, for which 

corresponding stripping charges of the Zn UPD layer were 210 and 350 (iC cm" , respectively. 



From this observation it was concluded, by Mascaro-Lucia et al., that adsorbed sulphate or 

hydrogen sulphate partially blocked Zn UPD in acidic sulphate electrolytes and that 350 JO.C cm 

was closer to the value for complete coverage of the electrode by Zn UPD. 
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Figure 15: Cyclic voltammograms of polycrystalline platinum in 0.1 mol dm"3 H2SO4, pH = 0.7, 
with ( ) and without ( ) 10"3 mol dm"3 ZnS0 4 at 25°C, scan rate 20 mV s"\ 1600 rpm 
electrode rotation speed. 

Aramata et al. [58] have described a shift of the onset of Zn UPD on Pt(l 11) towards more 

negative potentials with decreasing pH in phosphate media, which was attributed to preferential 

adsorption of phosphate species relative to Zn UPD. This effect was reportedly absent in 

sulphate media for the pH range of 0.8 to 3.7 [55]. However, the conclusions were based on 

interpretations of cyclic voltammograms which, in fact, showed a clear difference when the pH 

was shifted from 3.2 to 3.7 [55]. Furthermore, Lachenwitzer et al. [126] have determined that, in 

the potential range of sulphate/hydrogen sulphate adsorption on Pt(l 11), hydrogen sulphate is the 

predominantly adsorbed species at pH < 3.3 while sulphate is more prevalent at pH > 4.7. Thus, 

it is reasonable to assume that in this study, at a pH of 0.7 in sulphuric acid supporting electrolyte 

and at ca. -250 mV (SCE), there were regions of the electrode which were not occupied by UPD 



Zn, due to the blocking effect of specifically adsorbed hydrogen sulphate anions. These facets 

catalysed hydrogen evolution when the potential was swept to more negative values. 

As illustrated in Figure 16, when the electrode was conditioned by holding it at a potential more 

negative than the UPD Zn potential, -200 mV (SCE) in this case, the stripping current of the 

UPD Zn layer, I", diminished, indicative of the formation of a surface alloy. As previously 

described by Despic and Pavlovic [51], it is only as the platinum substrate begins to oxidize, I I I , 

that the alloyed zinc is released. Surface alloy formation resulting from such polarization 

routines has been reported for several UPD systems including; Pb-Au[127, 128], Pb-Ag[128], 

Cd-Ag[129], Cd-Au[130, 131], Tl-Ag [132], and Sn-Au [133]. Increased conditioning time on a 

UPD Zn surface, presumed to form a Pt-Zn surface alloy, appears to slightly inhibit hydrogen 

evolution current, < ca. -250 mV (SCE), shifting it toward more negative potentials as indicated 

by the arrow in Region II of Figure 16. The theoretical basis for alloy formation in this system 

and its potential effect hydrogen evolution kinetics will be discussed later. 
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Figure 16: Cyclic voltammograms of polycrystalline platinum in 0.1 M H2SO4 , pH = 0.7, with 
10"3 mol d m 3 ZnS0 4 at 25 °C, scan rate 20 mV s"1, 900 mV (SCE) rest potential, 1600 rpm 
electrode rotation speed, as a function of conditioning time at -200 mV (SCE), 0 s ( ), 900 s 
( ), 1800 s ( ), 3600 s ( ). 



4.1.2 Behaviour in Magnesium Sulphate Supporting Electrolyte 

Experiments were conducted in neutral magnesium sulphate solution, to maximize the surface 

coverage of UPD Zn and to separate the regions of UPD Zn and hydrogen adsorption on Pt. As 

illustrated in Figure 17, the potential region of hydrogen adsorption, I I , was shifted to a more 

negative potential, < ca. -400 mV (SCE), together with bulk hydrogen evolution, I I I , which then 

occurred at < ca. -800 mV (SCE), and oxidation of adsorbed hydrogen, I T , at between ca. -500 to 

-200 mV (SCE). After addition of 10"4 mol dm"3 zinc sulphate, the potential region of Zn UPD, I , 

between ca. -400 and 0 mV (SCE), appeared clearly separate from hydrogen adsorption. The 

potential range for Zn UPD and the shape of the voltammogram appeared quite similar to Zn 

UPD on polycrystalline Pt from 0.1 mol dm"3 K H 2 P 0 3 buffered at pH = 5.9 [53]. 
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Figure 17: Cyclic voltammograms of polycrystalline platinum in 0.1 mol dm" MgS04, with ( 
-) and without ( ) 10"4 mol dm"3 ZnS0 4 , pH = 5.8, at 25 °C, scan rate 20 mV s"1, 1600 rpm 
electrode rotation speed. 

The charge density for Zn UPD formation was estimated to be 260 ±30 pC cm"2, as illustrated in 

Figure 18, by integrating the current response to a potential pulses between 200 to -400 mV 

(SCE). The relatively large range in the charge density for Zn UPD was due, mainly, to the 



uncertainty resulting from the use of a current range setting of 10 mA during the pulse sequence 

which had an accompanying accuracy of ±0.02 mA. As mentioned previously, this current range 

was necessary to capture the surge in current that occurs during the initial stages of the potential 

pulse, due to depletion of zinc ions from the electrolyte near the Pt electrode surface. 
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Figure 18: Current ( ) and charge density ( ) response of polycrystalline platinum in 
0.1 mol dm"3 M g S 0 4 with 10"4 mol dm"3 ZnS0 4 pH = 5.8, at 25 °C, to a potential pulse from 200 
to -400 mV (SCE), for indicated electrode rotation speed. 

The current responses appeared to be consistent with mass transport control of Z n 2 + coupled with 

rapid heterogeneous UPD, which tended to zero as Zn filled sites on the Pt surface [134]. During 

the initial stages of the pulses, the currents were determined to vary directly with the square root 

of time, which is typical of semi-infinite linear diffusion of Z n 2 + to the electrode during 

relaxation of the diffusion boundary layer. Zn UPD on polycrystalline Pt is reportedly similar to 

Pt (110) (the facet on which Zn UPD occurs to the greatest extent) [58]. The calculated charge 

density for Zn UPD in this study was somewhat smaller than the figure of 320 pC cm" reported 

for Zn UPD formation on Pt(110) in 0.1 M K H 2 P 0 4 at pH = 3.7 [58]. However, 260 uC cm"2 was 

not unreasonable when considering that the theoretical charge densities for full coverage of UPD 

Zn on Pt( 110) is 294 pC cm"2, as calculated below: 



a(juC cm~2) = zFT = 2x 96485 x l x l O 6 

= 294 
Equation 2.25 

d2.NA .4l 

where; d (2.775x 10"8 cm) is the Pt-Pt bond length, and NA (6.0221367x 10 2 3 mol"1) is the 

Avogadro number. 

In order to ensure that the calculated charge density was not overestimated, the polished 

platinum electrode was characterized using A F M and SEM. The resulting images, see Figure 19, 
revealed a relatively flat surface with a surface roughness of approximately 50 Â rms. The real 

surface area of a 10x10 um square was estimated, from the array of 256 x 256 ' z ' position data 

of the A F M image, by simply calculating the sum of the areas of triangles between all groups of 

three adjacent points (see Appendix E). This value was only approximately 0.4 % greater than 

the geometric area of 100 (am2. 

A notable feature of the presence of a Zn UPD layer in pH = 5.8 electrolyte was its dramatic 

effect on hydrogen evolution kinetics. As illustrated in Figure 20, even at relatively large 

overpotentials, e.g. 300 mV corresponding to ca. -1100 mV (SCE), at which zinc bulk deposition 

occurs, the corresponding hydrogen evolution current density (ca. -300 uA cm" ) was close to 

that observed in the absence of zinc at ca. -800 mV (SCE). The presence of the UPD Zn layer on 

platinum has some enhanced property of inhibiting hydrogen evolution over bare platinum 

though clearly not to the same extent as pure zinc. 

It is likely that the relatively neutral pH of the magnesium sulphate solution was related to the 

more complete coverage of the platinum substrate by the zinc UPD layer, resulting in its 

increased inhibition of hydrogen evolution. The implication is that a Zn UPD modified platinum 

electrode, to be used for bulk deposition experiments, should be prepared in a near neutral 

solution, as this diminishes the reversible potential and hence the kinetics of hydrogen adsorption 

and/or hydrogen sulphate adsorption, so biasing the competitive adsorption on Pt in favour of Zn. 

The upper pH limit would be dictated by the ultimate precipitation of Zn(OH)2. 
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Figure 20: Cyclic voltammograms of polycrystalline platinum in 0.1 mol dm"3 MgSO"4 with ( 
—) and without ( ) 10"4 mol dm"3 ZnS0 4 pH = 5.8, at 25 °C, scan rate 20 mV s"1, 1600 
rpm electrode rotation speed. 

4.1.3 Voltammetry in Aqueous Zinc Sulfate Electrolyte Solutions 

Cyclic and linear sweep voltammetry were employed to further study zinc overpotential 

deposition and alloy formation in zinc sulphate electrolytes. The absence of a current loop during 

bulk zinc deposition and stripping, I V and I V in Figure 21, by virtue of the lack of a significant 

critical overpotential, was further evidence that zinc overpotential deposition occurs uniformly 

over the platinum substrate. Other features indicated on Figure 21 are; I , platinum oxide 

reduction, I I , hydrogen evolution, I I I , deposition of a monolayer quantity of Zn, I I I ' stripping 

deposition of a monolayer quantity of Zn, V , stripping of zinc UPD layer, and I ' , platinum 

oxidation. Regions III and I I I ' are somewhat masked due to simultaneous hydrogen evolution, but 

the perturbations in cyclic voltammogram are readily observable. Further evidence of alloy 

formation in this system will be addressed later. 
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Figure 21 : Cyclic voltammetry on polycrystalline platinum in 0.1 mol dm" ZnSCv, pH = 4.9 at 
25 °C, scan rate 20 mV s"1, 1600 rpm electrode rotation speed. 

In order to reproduce the 2-D surface alloy formed in sulphuric acid supporting electrolyte 

(Figure 15), and examine its effect on overpotential zinc deposition, the electrode was polarized 

for various times at -400 mV (SCE), which is slightly more positive than potentials at which 

hydrogen evolution occurs. As illustrated in Figure 22, when the potential was swept towards 

more positive potentials, the stripping current in the UPD Zn potential region decreased as 

waiting time increased, indicated by the down arrow, while current in the potential region of 

platinum oxidation increased, indicated by the up arrow. When the same experiment was 

repeated using a conditioning potential of 200 mV (SCE), there was no increase in the stripping 

current in the region of platinum oxidation. This was interpreted as further evidence that the 

observed effect of electrode conditioning at -400 mV (SCE) was not due to adsorption of a 

contaminant since the same contaminant was likely to have adsorbed at 200 mV (SCE) and been 

oxidized subsequently at 300 mV (SCE). 
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Figure 22: Sweep voltammetry of polycrystalline platinum in 0.1 mol dm"3 ZnS04, pH = 4.9 at 
25 °C, scan rate 20 mV s", 1600 rpm electrode rotation rate, as a function of waiting time at -400 
mV (SCE), 0 s ( ), 120 s ( ), 600 s (- ), 1200 s ( ). 

The changes in the voltammogram due to conditioning were limited to approximately the first 

600 s; this was interpreted as the time for termination of the transformation of the UPD layer to a 

surface alloy. However, to be clear, it is not claimed that the entire UPD layer was transformed 

to an alloy, only that whatever fraction of the surface which would have undergone 

transformation to a 2-D alloy did so within 600 s. As shown in Figure 23, X-ray photoelectron 

spectroscopic, XPS, analysis of a freshly polished platinum electrode subjected to a thirty minute 

conditioning period at -400 mV (SCE) in the presence of zinc ions, confirmed the retention of 

some zinc on the electrode surface. In addition, the XPS analysis did not contain any peaks 

attributable to the deposition of inorganic impurities, which verified the purity of the electrolyte. 

E D X analysis was also attempted on this sample to confirm the presence of retained zinc and 

though the spectra showed some evidence of the presence of zinc, the results were inconclusive 

(due to the general lack of surface sensitivity of the E D X , the estimated error in zinc 

concentration was in the same range as the detected zinc concentration). 
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Figure 23: XPS analysis of bare platinum ( ), offset for clarity, and a platinum electrode 
conditioned at -400 mV (SCE) for 1800 s ( ) in 0.1 mol dm"3 M g S 0 4 with 0.02 mol dm"3 

ZnS0 4 , pH = 5.0 at 25 °C. 

The effect of conditioning the electrode at -400 mV (SCE) on Zn OPD was examined by 

sweeping the potential region of bulk zinc deposition after conditioning. As shown by region II in 

Figure 24, a complementary effect on zinc deposition kinetics was observed. The conditioned 

substrate appeared to be more amenable to OPD of Zn. This confirmed that the previous 

observation, interpreted as evidence of 2-D alloy formation, was not due to an organic 

contaminant, since such a contaminant would likely block sites for zinc deposition and adversely 

affect Zn OPD. In addition, the rate of hydrogen evolution in region I of Figure 24 appeared to be 

diminished, as indicated by the arrow. According to Wiart's Model, zinc adsorption, as Zn+

ad, 

competes with hydrogen adsorption, as ZnHad, as the first step in zinc electrocrystallization. If 

this model is accepted, these results suggest that hydrogen adsorption on the conditioned 

electrode was simply not as favourable as on a freshly deposited UPD Zn layer. This would 

explain both the diminished hydrogen evolution, since hydrogen adsorption always precedes 

evolution, and enhanced zinc deposition, since zinc adsorption would more favourable compared 

to hydrogen adsorption. In this regard, H adsorption on Au-Pt alloys has been demonstrated to be 

significantly weaker than on pure Pt [135]. 
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Figure 24: Sweep voltammetry of polycrystalline platinum in 0.1 mol dm"3 ZnSÛ4, pH = 4.9 at 
25 °C, scan rate 20 mV s~ , 1600 rpm electrode rotation speed, as a function of waiting time at 
-400 mV (SCE), 0 s ( ), 120 s ( ), 600 s ( ), 1200 s ( ). 

If the electrode was oxidized, by sweeping the potential to 1100 mV (SCE), then subsequent 

voltammograms appeared similar to that of the original unconditioned electrode. If on the other 

hand, after conditioning, the electrode potential was swept back to -250 mV (SCE) and then 

returned to the potential region of zinc deposition, the enhancement of zinc OPD kinetics 

remained. Thus, it was concluded that -250 mV (SCE) may be used as a potential to strip zinc 

from the electrode while retaining its enhanced properties. This potential is significant, since it 

corresponds to the reversible potential for hydrogen evolution from a highly acidic solution of 

pH ca. 0. This should have allowed for the measurement of current efficiency for bulk zinc 

deposition over a wide composition range of acidic zinc sulphate electrolytes. The specific 

manner in which this technique was employed to measuring current efficiency was to integrate 

the current-time transients, at the disc electrode, to potential steps for zinc deposition and 

stripping, and then calculate the ratio of the total charge passed for each step (see Section 3.3.2). 

The results of Zn OPD experiments, where -250 mV (SCE) was employed as the stripping 

potential, will be discussed in the Section 4.2. 



When addressing the evidence of alloy formation presented for this system it is necessary to 

differentiate between the 2-D surface alloy phase and a 3-D bulk alloy phase. The behaviour of 

the cyclic voltammograms, conducted after the various polarization routines, is claimed to be 

evidence of 2-D alloy formation, which would have occurred by a site exchange between Zn and 

Pt. The thermodynamic driving force for such a process would be the difference in binding 

energy between the 2-D Zn UPD layer and the 2-D Zn-Pt surface alloy. Though no 

thermodynamic data exist for this system, the stability of the 2-D alloy was assumed to be 

consistent with that of the 3-D Zn-Pt alloy phase, observed by Uhlig [48] to be resistant to attack 

by strong acids at elevated temperatures. 

Bulk 3-D alloy phase formation, though preceded by 2-D alloy formation, occurs by mutual 

diffusion of Zn-Pt into the Pt, at a site that is subsequently replenished by Pt and UPD of Zn. As 

one can imagine, 3-D alloy formation may lead to significant roughening of the electrode surface 

especially since the rate of Zn-Pt diffusion would be dependent on the crystal face. This type of 

alloy formation generally occurs at potentials much closer to that for bulk metal deposition, with 

the rate of alloy formation obeying the following parabolic rate law, typical of semi-infinite 

linear diffusion through a product layer [62]: 

where; Aq (pC cm"2) is the charge density associated with Zn UPD, which follows 3-D alloy 

formation, AE ( V ) is the difference between the conditioning potential and the bulk Zn 

deposition potential, / " Z n is the activity of Zn at the surface. 

When Despic and Pavlovic [51] noted an increase in cathodic current density, during cyclic 

voltammetry, at ca. -800 mV (SCE) (AE = 300 mV more positive than the equilibrium Zn 

deposition potential), this was probably due to 3-D alloy formation. The fact that the associated 

current was observable during cyclic voltammetry at room temperature ( I I I in Figure 21 and 

Figure 3) and at such a large AE, was an indication of extremely rapid 3-D alloy formation in the 

Zn-Pt system. Bulk 3-D alloy formation and its effect on the underlying electrode morphology, 

were examined and the results are outlined the following section. 

Equation 4.1 



4.2 Zinc Overpotential Deposition 

Surface analyses of Zn OPD morphology were conducted to confirm the homogenous nucleation 

and growth on Pt suggested by cyclic voltammetry and further examine alloy formation in this 

system. In order to predict the zinc equilibrium as a function of electrolyte composition, Pitzer 

Model parameters were fit to the ZnS04-H2S04-H20 system at 25 °C and calculated zinc 

equilibrium potentials were compared to those obtained by cyclic voltammetry. The limiting 

current densities for zinc deposition were also estimated as a function of electrolyte composition 

and electrode rotation speed. Finally, the kinetics of Zn OPD in near-neutral and highly acidic 

zinc sulphate electrolytes were examined by normal pulse and staircase voltammetry. 

4.2.1 Substrate Morphology 

In the first step of each Zn OPD polarization experiment, the electrode was coated with zinc for 

30 s at -1100 mV (SCE) at corresponding current densities of between ca. 20 and 90 A m~2, 

depending on zinc concentration. Though Zn OPD growth is clearly not epitaxial on Pt, the 

deposit is relatively homogenous and uniform (see Figure 25) with an estimated increase in 

surface area, from examination of the A F M image, of < ca. 2 %. In the case of the A F M image, 

the sample was imaged immediately after deposition under a film of deionised water, to mitigate 

morphology changes due to oxidation, while the S E M sample was necessarily imaged in vacuum 

after rinsing and drying, and is highly oxidized. However, the zinc deposit was easily scraped 

away from the platinum substrate during A F M imaging at high force by the rastering action of 

the tip, which probably indicated that the surface had become oxidized to a soft and gelatinous 

hydroxide, Zn(OH) 2. This was not surprising given the nature of the water film above the 

sample; it was thin, which would have allowed oxygen to readily diffuse to the sample surface, 

had a relatively high pH and a lack of complexing ions, which would have increased the stability 

of the hydroxide. This made estimation of the real surface area of zinc films by A F M extremely 

difficult. In fact, careful inspection of the A F M image in Figure 26 revealed that scanning of the 

surface, the direction of which is indicated by the arrow, had likely slightly flattened the Zn 

deposit, even while using a relatively low force. 
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Figure 25: 10 x 10 um square A F M image (a) and S E M photomicrograph (3000x magnification) 
(b) of zinc deposited on platinum at -1100 mV (SCE) for 30 s, -20 A m"2, from 0.1 mol dm"3 

ZnS0 4 , pH = 4.8 at ca. 22 °C. 



In order to examine the effects of bulk alloy formation on electrode morphology, zinc was 

deposited on the electrode for 30 minutes at -1100 mV (SCE) in 0.1 mol dm"3 ZnS0 4 , then 

removed by washing the electrode with a hot mixture of sulphuric and nitric acid. As reported by 

Uhlig [48], the alloy residue was visible to the naked eye as a dark grey and/or a black residue 

that was darker on some grains of the platinum compared to others. This may be attributed to 

greater rates of alloy formation on preferred crystal orientations. The fact that the alloy was 

visible after only 30 minutes confirmed that alloy formation proceeded extremely rapidly. This 

was a reflection of the relatively large diffusion coefficient of zinc into polycrystalline platinum, 

which Uhlig [48] measured at 100 °C to be 5.0 x 10"15 cm 2 s"1, ca. 107 times greater than the 

diffusion coefficient of Zn into Cu. 

As illustrated in Figure 26, the electrode morphology was significantly altered by bulk alloy 

formation, which appeared as nodular clusters similar to alloys formed in other UPD systems 

[130, 131, 133]. The increase in surface area, calculated from A F M images, was up to ca. 60 % 

in certain areas, but varied depending on the electrode region scanned. The S E M 

photomicrograph in Figure 26 is of a comparatively smooth region of the electrode with 

relatively few nodules. This allowed the E D X detector of the S E M to be focused on both a 

nodule cluster, Spot 1, and a smoother electrode region, Spot 2, the analysis of which confirmed 

that the nodules were likely alloy clusters, since they contained a greater fraction of zinc 

compared to the smoother region. Since the degree of alloy formation and, hence substrate 

roughening increased with increasing Zn deposition time, deposition pulses were held to 40 

seconds during normal pulse experiments and two minutes during staircase voltammetry 

experiments, prior to zinc stripping at -250 mV (SCE) for two minutes. It should be noted that 

the diffusion rate of Zn into Pt will increase at higher temperatures, according the activation 

energy for diffusion, which probably limits the use of this technique to temperatures near room 

temperature. 
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Figure 26: 10 x 10 um square A F M image (a) and S E M photomicrograph (9000x magnification) 
(b) of platinum electrode after 30 minutes of zinc deposition and subsequent rinsing with a 1:1 
mixture of nitric and sulphuric acid. 



After each experiment (10 normal pulse experiments and one staircase experiment at a given 

electrode rotation rate), impedance spectroscopy was employed to estimate solution resistance, 

Rsoin (&•), from which the exponent of the CPE was obtained. The exponent of the CPE may be 

used as a measure of the smoothness of the electrode surface; 1.0 for a perfectly smooth surface 

to 0.5 for a highly contorted surface [136]. The average exponent values of all experiments 

conducted without added acid are given in Table 5. Overall, the exponent had an average value 

of 0.93 ±0.01, with no discernable trend towards lower exponent values, i.e. there was no 

discernable increase in electrode roughness due to the experimental procedure. Normal pulse 

experiments, in which zinc was deposited at -1100 mV (SCE) for 30 s and subsequently stripped 

for 60 s at -250 mV (SCE) were also conducted to verify this effect. After 100 cycles of 

deposition and stripping (ca. 10 times that of a normal experiment), the increase in surface area, 

from analysis of various A F M images, was < ca. 2 %. Nonetheless, Pt electrodes were polished 

after each set of experiments. 

Table 5: Constant Phase Element exponent, as a function of Experimental Run Number 

Run No. CPE exponent Run No. 
400 rpm 1600 rpm 3600 rpm 

1 0.94 ±0.02 0.93 ±0.02 0.92 ±0.01 
2 0.92 ±0.02 0.92 ±0.03 0.92 ±0.01 
3 0.93 ±0.00 0.93 ±0.00 0.93 ±0.01 

4.2.2 Zinc Deposition Equilibrium Potential 

The estimation of the equilibrium potential for zinc deposition as a function of electrolyte 

composition may be calculated accurately using the Pitzer Model. Several sets of Pitzer 

parameters and corresponding x2 'goodness of fit parameter' values, for the Z n S O ^ ^ S O ^ H b O 

system were generated according to the procedure described in Appendix B. By inspection of 

Figure 27, the calculated mean activity coefficients of zinc sulphate using the Pitzer parameters 

reported by Klocker et al. [85] do not match the values reported by Majima et al. [86] for pure 

zinc sulphate. This is unfortunate given these parameters were purportedly derived, solely, from 

a fit of the data set of Majima et al.. The values of zinc sulphate activity reported by Majima et 

al. closely match those reported recently by Albright et al. [70] and Malatesta and Zamboni [69], 

which suggested that the data sets of Horvâth and Wéber [88] and Tartar et al. [87] may be 

ignored (see Figure 27). 
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Figure 27: Mean activity coefficient of zinc sulphate at 25 °C, from ( ) Klocker et al. [85], 
(•) Horvâth and Wéber [88], (o) Majima et al. [86], (0) Tartar et al. [87], (•) Albright et al. 
[70], and (•) Malatesta and Zamboni [69] plotted against zinc sulphate molality. 

For calculation of/ 2 , the uncertainty in the osmotic coefficient data of Majima et al., o0bs, was 

estimated from variances of the differences in corresponding osmotic coefficient values reported 

by Albright et al. [70] for ZnS0 4 , aZn, and Clegg [137] for H2SO4, aH, which were assumed to be 

accurate. 

°obs = V W + W =V(0-059)2 +(0.003)2 = 0.059 
Equation 4.2 

Various sets of Pitzer parameters were adjusted in order to minimize the SSE between observed 

and calculated stoichiometric osmotic coefficients, </>0bs and (f)caic- The Pitzer parameters for 

interactions between Zn2+ and SO4' were fitted using the set of 62 observed osmotic coefficients, 

N0bS

 = 62, of Albright et al. [70] for pure ZnSC>4 (see Table 6) while other interaction parameters 

were fitted subsequently using the set of 69 observed osmotic coefficients, N0bs = 69, of Majima 

et al. [86] for the mixed ZnS0 4 -H2S0 4 electrolyte (see Table 7). The Pitzer parameters for 

H 2 S 0 4 of Hovey et al. [81] (see Appendix G) were not modified since they are relatively well 

established and have been used to generate ternary mixing parameters for similar systems [81, 



82, 83, 84, 85]. These parameters maybe useful for modelling solvent extraction equilibria when 

used in combination with the set generated by the author. 

Table 6: Single salt Pitzer parameters for 0 to 4.3 mol dm"3 ZnS0 4 at 25 °C, azn = 0.059, Nobs = 
62. 

p ( 0 ) 

Zn 2 + -S0 4

2 ~ 
p(0 

Zn 2 + -S0 4

2 " 
p(2) 

Zn 2 + -S0 4

2 " 
C* 

Zn 2 + -S0 4

2 " 
x2 

0.189 2.870 66.467 0.0329 0.020 

Table 7: Ternary system Pitzer parameters for 0 to 2.5 mol dm"3 ZnS0 4 and 0 to 2.0 mol dm 
H 2 S 0 4 at 25 °C, aobs = 0.059, Nobs = 69. 

Set 
p(0) 

Zn 2 + -HS0 4 " 

p(D 
Zn 2 + -HS0 4 " Zn 2 + -HS0 4 " Zn 2 + -HS0 4 "-S0 4

2 " 
x2 

1 0.600 0.205 
2 0.538 3.281 0.044 
3 0.587 2.906 -0.0201 0.044 
4 0.545 3.190 -0.0090 0.045 
5 0.590 2.920 -0.0515 0.0584 0.043 

The addition of more ternary mixing parameters did not improve the fit significantly and resulted 

in higher x,2 values. Though parameter Sets 2 to 5 yielded similar %2 values, Set 3 was accepted 

as the best choice, since their values were within typical ranges for similarly evaluated 

parameters [80]. In comparison, the value of x2 calculated using the parameter set of Klocker et 

al. was 0.084. The distribution of residuals using parameter Set 3 (see Figure 28) also appeared 

random, which adds further confidence for accepting them for this system. 

The zinc equilibrium potentials, Ezn (V), were measured by cyclic voltammetry (see Table 8) for 

each solution composition in order to obtain reference points from which zinc deposition 

overpotentials were calculated. Though not intended as a means of validating the Pitzer Model 

predictions, corresponding zinc equilibrium potentials and pHs were calculated using Set 3 as 

well as by the model of Filippou et al. [89]. These results were added for the sake of 

completeness, since this was the only model, in open literature, previously applied to calculate 

the thermodynamic properties of zinc electrolytes. In general, both models showed reasonably 

good agreement between measured and predicted equilibrium potentials, except for the case of 

1.0 mol dm"3 ZnS0 4 and 1.0 mol dm"3 H2S0 4 , which is explained in the following paragraph. 
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Figure 28: Deviations between measured [86] and fitted stoichiometric osmotic coefficient for 
Z n S 0 4 - H 2 S 0 4 - H 2 0 , o, at 25 °C, plotted against the square root of stoichiometric ionic strength. 

Table 8: Measured and predicted zinc equilibrium potential and pH as function of electrolyte 
composition at 25 °C. 

ZnSC-4 
/ mol kg"1 

H 2 S 0 4 

/ mol kg"1 

Ezn 
(measured) 
/ mV (SCE) 

Ezn 
(Set 3) 

/ mV (SCE) 

Ezn 
(Fillipou) 

/ mV (SCE) 

pH 
(Set 3) 

pH 
(Fillipou) 

0.10 0.00 -1055 ± 0 -1058 -1055 
0.50 0.00 -1040±1 -1048 -1044 
1.00 0.00 -1032 ± 0 -1044 -1039 
1.00 0.01 -1032± 1 -1044 -1039 2.4 2.0 
1.00 0.10 -1036 ± 2 -1043 -1041 1.4 1.0 
1.00 1.00 -1060 ± 0 * -1030 -1035 0.2 0.2 

* Includes significant diffusion potential. See text for details 

The uncertainties in measured potential, listed in Table 8, are the standard deviations for 

repetitions of the same experiment and do not include the uncertainty due to the limitations of the 

instrumentation. They are presented to illustrate that the measured potentials are steady and 

repeatable, especially in the case where acid was added in order to generate a 1.0 mol dm"3 

H 2 S 0 4 solution and a significant, ca. 30 mV, diffusion potential was generated. The diffusion 

potential occurred since the Luggin chamber was filled with neutral 1.0 mol dm"3 ZnSC>4 



electrolyte, so when acid was added to the main chamber of the electrolytic cell, protons and 

sulphate species naturally diffused into the Luggin capillary. Since the mobility of Ft is ca. 10 

times greater than that of either S04

2' or HS04, protons diffused faster into the capillary, causing 

a net charge to build up within it. The addition of the acid generated heat and while the solution 

was cooled back to 25 °C, for ca. 10 minutes, the charge reached steady state, since the protons 

dragged counter ions with them, through electrostatic attraction, as they diffused along the length 

of the Luggin capillary. When both the Luggin and main cell chambers were both filled 1.0 mol 
3 3 

dm" ZnS0 4 and 1.0 mol dm" H2SO4, the zinc equilibrium potential was measured to be -1028 

mV (SCE), which was close to the expected value of-1030 mV (SCE). 

Data for the variation of E° with temperature has been compiled by Silva and de Bethune [138]. 

Extrapolation of Pitzer Model calculations to temperatures more relevant to industrial zinc 

electrowinning, ca. 35 to 45 °C, should be possible via temperature corrections of the Debye-

Hiickel term, A, and equilibrium constant for hydrogen sulphate dissociation, K. 

A « 0.377+4.684x 10~4(T-273.15;+3.74xl0_6(T-273.15/ [139] Equation 4.3 

\og(K) ~ 562.69486 -102.5154ln(7) -1.117033 x 10 ' 4 7 2 Equation 4.4 
[137] 

+ 0.24775387-13273.75/7 

The reversible potential for oxygen evolution, the conventional anodic reaction in zinc 

electrowinning, comprises ca. 30 % of the cell voltage in zinc electrowinning [13]. 

RT 
EH2O =E°H2O + — In 

nF 
(aH2Q)2 

(aH+)4pO. 

Equation 4.5 

The calculated water activity, aHjO, and proton activity, aft, from application of the Pitzer 

Model should yield relatively accurate estimations for the reversible potential for oxygen 

evolution as a function of electrolyte composition. 

4.2.3 Zinc Deposition Limiting Current Density 

The limiting current density for zinc deposition ,y'ijm,z« (A m"2), was predicted for each solution 

composition and electrode rotation rate employed in this study. The parameters necessary for 

estimating limiting current density; the zinc ion transport number, the diffusion coefficient of 

zinc ions, and the diffusion boundary layer thickness, were calculated from a theoretical basis in 

70 



order to generate correlations that may be used to calculate the transport properties of 

electrolytes. This was done with the aim of extending the results to conventional zinc 

electrowinning and to facilitate the design of non-conventional zinc electrowinning reactors. The 

limiting zinc deposition current densities, j\[m,zn (A m"2), were calculated according to Equation 

2.18, from the calculated transport numbers for zinc ions, tZn

2+, the zinc ion diffusion coefficients, 

DZn

:+ (m2 s"1), and boundary layer thicknesses, ô (m): 

-D 2 + / „ t „ \ Equation 2.18 
• W „ = " nF([Zn2+rk) 

However, the calculated limiting current densities must be considered as approximate values 

according to the limitations of Equation 2.18 outlined in Section 2.4. The details for the 

calculations these parameters are described in the following sections and the results are 

summarized in Table 9. 

4.2.3.1 Zinc Ion Transport Numbers 

Zinc ion transport numbers, tZn

2+, were calculated according to the method of Hinatsu and 

Foulkes [92], outlined in Section 2.4.1. The activity coefficients and species distribution of each 

electrolyte were calculated using the Pitzer Model parameters previously generated. The values 

for diffusion coefficients at infinite dilution, substituted into Equation 2.19, were those reported 

in the CRC Handbook of Chemistry and Physics [140]; D V = 0.703, D°Soi = 1.065, D°Hso; = 

1.385, and D°H =9.311 (x 10"9 m 2 s"1). 

zZn2+

2D°Zn^[Zn2+]_ [Zn2+] Equation 2.19 

£z.2D°,-[i] ~ [Zn2+ ] +1.51[S04

2-] + 0A9[HSO;] + 3.31[/T] 

4.2.3.2 Zinc Ion Diffusion Coefficients 

The following expression was employed to calculate the diffusion coefficient of zinc sulphate, 

DznSOt (m2 s"1), as a function of electrolyte composition (mol dm"3): 

DZnSOi ={Z.083-7A96([ZnSO4] + 0.296[H2SO4])0-5 +4A05[ZnSO4] Equation 4.6 

+ 3.924[H2S04 ] - 0.739([Z«5O4 ] +1.615[H2S04 ]) ' 5 ] x 10' 1 0 



The above expression was generated by the author by a least-squared fit of the data set of 

Awakura [94] for D Z N S O I in 0 to 2.0 mol dm"3 ZnS0 4 in the presence of 0 to 2.0 mol dm"3 H 2 S 0 4 

at 25 °C (see Figure 29). The standard deviation of differences in the reported and calculated 

diffusion coefficients using this expression was ±0.17><10"10 m 2 s"1. The form of the equation is 

similar to that developed by Albright and Miller [93] for D Z N S O I in 0 to 3.2 mol dm"3 ZnS0 4 at 25 

°C. The zinc ion diffusion coefficient, DZN

2* (m 2 s"1), was related to DZ„SOA according to Equation 

2.22 after inputting values for D°ZN

2+ and D°so/' as illustrated below: 

n ^ZnSO,  
UZn1* ~ o 

1 + 
D' Zn' 

D' so; 

D ZnSOt 1 + 7.03xlQ-wm2s-1 

1.065 x l O ^ / n V 1 
= 0.837» 

Equation 2.22 
ZnSO, 

Using this method, the diffusion coefficient of zinc ions in 0.84 mol dm"3 ZnS0 4 with 1.54 mol 

dm"3 Ff 2 S0 4 at 25 °C was estimated to be 3.7xl0" 1 0 m 2 s"', which is close to 3.8xl0" 1 0 m 2 s"1, 

measured by Hosney et al. [96]. 
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Figure 29: Diffusion coefficient of zinc sulphate in 0 mol dm" H2S0 4 (»),0.1 mol dm" H 2 S 0 4 

(o), 0.5 mol dm"3 H 2 S 0 4 (•),!.0 mol dm"3 H 2 S 0 4 (A) and 2.0 mol dm"3 H 2 S 0 4 (•) at 25 °C, and 
corresponding fitted curves (-
Data taken from [94]. 

-) using Equation 4.6, plotted against zinc sulphate molality. 



Estimation of the effect of increasing temperature on diffusion may be made through the 

corresponding absolute viscosities, 77 (kg m"1 s"1), using the following relation: 

D2 

f T \( n \ Equation 4.7 
2 7 l 73, 

T , 
Hi 

The origin of the above expression is the Einstein-Stokes Equation which relates diffusion to the 

viscosity of the solution as follows: 

Dlrji _D2T]2 _ k Equation 4.8 

where; r, (m) is the radius of the solvated.ion i, and k (1.38062* 10"23 J K" 1) is the Boltzmann 

constant. According to Foulkes [141] this expression is fairly accurate up to ca. 50 °C which 

should be adequate to predict the effect of temperature on diffusion for conventional zinc 

electrowinning. Beyond 50 °C thermal vibrations may cause the average solvation numbers of 

aqueous molecules to decrease and, hence, cause deviations in Equation 4.8. Alternatively, 

Cathro [97] has suggested multiplying the zinc diffusion coefficient by a factor of 1.022 per °C 

increase in temperature. 

4.2.3.3 Boundary Layer Thickness 

The thickness of the diffusion boundary layer, ô (m), during experiments was calculated for each 

electrolyte composition as a function of electrode rotation speed, co (rad s"1), according to the 

Levich Equation: 

S = \.6W J ' V ' V V " 2 Equation 2.25 
Zn ' ' 

The zinc ion diffusion coefficient, Dz„:+ (m2 s'1), electrolyte density, p (kg m"3), were calculated 

as previously described. The absolute viscosity of the electrolyte, TJ (kg m"1 s"1), was calculated 

from the electrolyte composition (mol dm"3) using the following equation: 

TJ =(0.4332344-4.998831 x 10"3T + 2.174276x 10 - 5T2 -4.216447x 10" 8r 3 Equation 4.9 

+ 3.072309 x 10"'1 T4 ) exp(0.61 S2[ZnS04 ] + 0.1 S0l[H2SO4 ]) 



The above expression was generated by the author through a minimization of the sum of the 

square of differences between calculated and reported viscosity data of pure water, 0 to 100 °C, 

zinc sulphate solutions, 0.03 to 1.17 mol dm"3 ZnS0 4 at 21 °C, and sulphuric acid solutions, 0.05 

to 9.17 mol dm"3 H2SO4 at 21 °C [140]. This type of model was recently employed by Immura 

and Toguri [142] to represent the viscosity of nickel electrolytes. The pre-exponential 

polynomial calculates the temperature dependent viscosity of the pure solvent (see Figure 30), 

while the exponential terms represent the modifying effect of each salt's concentration (see 

Figure 31). Although developed independently, Equation 4.9 fits the data of Umetsu et al. [103] 

almost as well as their own expression, Equation 2.27. The standard deviation between predicted 

and measured absolute viscosities [103] was 5.9><10"5 kg m"1 s"1 using Equation 4.9 and 4.2><10"5 

kg m"1 s"1 using Equation 2.27. The proposed model has the added advantage in that it can be 

easily modified to incorporate the effects of additional salts, since each exponent is obtained 

from an independent set of viscosity data for a particular salt. 
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Figure 30: Absolute viscosity of pure water (•) and corresponding fitted curve ( ) according 
to Equation 4.9, plotted against absolute temperature. Data taken from [140]. 
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Figure 31: Absolute viscosity of aqueous zinc sulphate (o) and sulphuric acid (A) at 21 °C and 
corresponding fitted curves ( ) according to Equation 4.9, plotted against salt concentration. 
Data taken from [140]. 

4.2.4 Zinc Electrodeposition Kinetics in Weakly Acidic Sulphate Electrolytes 

The kinetics of zinc deposition from pure zinc sulphate electrolytes, ca. pH = 4.9 at 25 °C, were 

examined by normal pulse and staircase voltammetry as a function of zinc sulphate concentration 

and electrode rotation speed. The current efficiencies for zinc deposition from these electrolytes 

was always 100 % at all applied overpotentials, whether calculated from the ring current or by 

amperometric integration of the normal potential pulse sequences. The results from staircase 

voltammetry generally matched well with normal pulse experiments and, hence, were treated as 

replicates of the same experiment. The results of the three experiments were averaged together to 

generate Tafel plots for each ZnSC-4 concentration level; Figure 32, Figure 33, and Figure 34. 

Note that each data point in these figures represents several replicates of the same experiment 

and the error bars include both the estimated uncertainty due instrumental limitations and 

random errors (calculated as the standard deviation of measurements made under the same 

conditions). 



Table 9: Calculated properties of zinc sulphate electrolytes at 25 °C. 

Property 0.10ZnSO 4 

0.00 H 2 S 0 4 

/ mol kg"1 

0.50 ZnSC-4 
0.00 H2SO4 
/ mol kg"1 

1.00 ZnS0 4 

0.00 H2SO4 
/ mol kg"1 

1.00ZnSO4 

0.01 H2SO4 
/ mol kg"1 

1.00ZnSO 4 

0.10H 2 SO 4 

/ mol kg"1 

1.00 ZnSC-4 
1.00 H2SO4 
/ mol kg"1 

aH20 0.9979 0.9914 0.9830 0.9825 0.9777 0.9193 
Zn2+ 

1 mol kg"1 

0.10 0.50 1.00 1.00 1.00 1.00 

SO/' 
1 mol kg"1 

0.10 0.50 1.00 1.00 1.00 1.11 

HS04 

1 mol kg"1 

0.00 0.00 0.00 0.01 0.10 0.89 

FT 
1 mol kg"1 

0.00 0.00 0.00 0.01 0.10 1.11 

0.145 0.062 0.043 0.043 0.048 0.112 

ysoi- 0.145 0.062 0.043 0.043 0.040 0.025 

y HSO; 
0.625 0.437 0.378 0.380 0.397 0.593 

0.859 1.07 1.41 1.42 1.48 1.962 

tzn 0.40 0.40 0.40 0.39 0.35 0.15 

DZ,:-+ 

/ m 2 s"1 

5.0xl0"' u 3.8xl0" l u 3.2xl0" l u 3.3xl0" l u 3.3xl0" l u 3.7xl0" l u 

/ kg m"3 

1019 1078 1152 1152 1157 1198 

n 
/kgm" 1 s"! 

9.44x10"4 1.21xl0"3 1.65xl0"3 1.65xlO"J 1.67xl0"3 1.85xl0"3 

ôl m 
(42 rad s"1) 

1.96x10"' 1.84xl0"5 1.81xl0"5 1.82xl0"5 N A N A 

(5/ m 
(168 rad s"1) 

9.79xl0"û 9.18xl0"& 9.03xl0"b 9.12xl0"b N A N A 

(5 / m 
(377 rad s"1) 

6.53xl0"6 6.12xl0"b 6.02x10'6 6.08xl0"b 6.09xl0"b 6.40x10"b 

[Zn2+f"k 

1 mol m"3 

l.OOxlO2 4.99xl0 2 9.90xl0 2 9.90xl0 2 9.90xl0 2 9.52xl0 2 

V'iim,z« / A m"2 

(42 rad s"1) 
825 3330 5700 5740 N A N A 

7iim,z« / A m"2 

(168 rad s"1) 
. 1650 .6660 . 11400 11500. N A N A 

7Jim,z« / A m"2 

(377 rad s"!) 
2480 9980 17100 17200 16100 13100 
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Figure 32: Tafel plot for zinc deposition from 0.10 mol kg" 1 ZnS0 4 , pH = 4.9 at 25 °C, 400 rpm 
(•), 1600 rpm (o), and 3600 rpm (A) electrode rotation speed. 
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Figure 33: Tafel plot for zinc deposition from 0.50 mol kg" 1 ZnS0 4 , pH = 4.9 at 25 °C, 400 rpm 
(•), 1600 rpm (o), and 3600 rpm (A) electrode rotation speed. 
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Figure 34: Tafel plot for zinc deposition from 1.00 mol kg" 1 ZnS0 4 , pH = 4.9 at 25 °C, 400 rpm 
(•), 1600 rpm (o), and 3600 rpm (A) electrode rotation speed. 

The relatively large uncertainties in overpotentials at high current densities were mainly due to 

the uncertainties in the solution resistances, obtained from electrochemical impedance 

spectroscopy at -250 mV (SCE), and are not so much a reflection of the repeatability of the 

experiments. The solid lines in the Tafel plots were fitted according to the Extended Butler-

Volmer Equation, Equation 2.4. The limitations of Equation 2.18 for predicting the zinc 

deposition current density can be observed for the experiment conducted at 400 rpm in 0.1 mol 

kg"1 ZnS0 4 . However, contrary to expectation, the limiting current density appears to have been 

underestimated (see Figure 32). Initially, all the data were fitted simultaneously to obtain the 

values for zinc exchange current densities,y'o,z«, corresponding to each zinc sulphate 

concentration, as well as the value of f3(ccn). The fitting method was a weighted least-squared fit 

[143] of the differences in the natural logarithms of the observed and calculated current densities, 

using the inverse of the uncertainty in overpotential as the weighting parameter. 

OOZ7 ST ( l n Oa, (?l ">obs ) - l n Oz„ (Vi )calc), Y Equation 4.10 



Natural logarithms of the currents were used in the expression for SSE, so that the fit would be 

more appropriate for the semi-log scale of Tafel plots. Using this method, the best fit value of J3 

was 1.08, which was close to the theoretical value of 1.0 (Tafel slope of 60 mV dec"1 at 25 °C) 

adopted by Zouari and Lapique [40], Despic and Pavlovic [51] and Wiart et al.[35]. Due to 

covariance between the transfer coefficient, a, and exchange current density,y'o, (they are related 

through Equation 2.33), a value of 1.0 was adopted for (3 and the zinc exchange current densities 

were recalculated along with their variances, (see 'Observed' values in Table 10). 

jQtZn = (aZn2+ )'"" {aZnf = k0 (yZn2+mZn2+ Equation 2.33 

In order to establish whether the rate limiting step of zinc electrodeposition is a single electron 

transfer process, n = 1 and a = 1, as suggested by Jovic et al. [41], Despic and Pavlovic [51] and 

Wiart et al. [35], or a two electron transfer process, n = 2 and a = 0.5, as adopted by Zouari and 

Lapique [40]; calculated zinc current densities were obtained by fitting Equation 2.33 for both 

mechanisms. Fitted values for the standard exchange current density, ko (A m"2), were obtained 

by minimization of the SSE between observed and calculated zinc exchange current densities 

using the zinc ion activities coefficients listed in Table 9. The corresponding %2 value were 

calculated from the following expression: 

I calc 
-i 2 

cr obs 

Equation 4.11 

The number of degrees of freedom, v, does not appear in the above equation because there were 

three observed exchange current densities and two fitting parameters (ko and a), i.e. there was 

only one degree of freedom. Both mechanisms appeared to fit the data of this study, and though 

the x was slightly lower for the case of a two electron transfer process (see Table 10), the 

relatively small degree of improvement was hardly compelling evidence to accept this 

mechanism over the other. Certainly the weight of previous evidence resides with adoption of a 

single electron transfer mechanism. In fact, the exchange current densities measured in this study 

matched almost perfectly with those recently reported by Jovic et al. [41] (see Figure 35), who 

also adopted a model of zinc electrocrystallization as a series of single electron transfer 

reactions. 



Table 10: Observed and calculated zinc exchange current densities for zinc deposition from zinc 
sulphate electrolytes, pH = 4.9 at 25 °C,fi= 1.0. 

J0,Zn 
/ A m " 2 

k0 

/Am2 
x2 

0.10ZnSO 4 

/ mol k g - 1 

0.50 ZnS0 4 

/ mol k g - 1 

1.00ZnSO4 

/ mol kg~ ] 

k0 

/Am2 
x2 

Observed 21 ±5 23 ±7 28 ±5 

Calculated 
(a= 1.0) 

23 23 23 23 1.2 

Calculated 
0=0 .5 ) 

18 26 31 154 0.9 
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Figure 35: Effect of zinc concentration on zinc exchange current density in sulphate based 
electrolytes at 25 °C, from (•) this study, ( ) Szirâki and Kiss [38], ( ) Szirâki and Kiss 
[38], (A) Zouari and Lapique [40], (•) Jovic et al. [41], (0) Despic and Pavlovic [51], (o) Hurlen 
and Brevik [107], (-) Budov and Losev [111], (*) Kahanda and Tomkiewicz [112], (•) Parsons 
[113], and (+) Si erra-Alcazar and Harrison [114]. 

When the polarization experiments were repeated after addition of 0.01 mol kg"1 H 2 S 0 4 to the 

electrolyte containing 1.0 mol kg' 1 ZnS0 4 , the polarization curves were observed to shift (see 

Figure 36). As mentioned, Wiart et al. [35] had previously reported that addition of a small 

quantity of acid caused a shift in the polarization curve to more negative potentials after 



adjusting the pH of an electrolyte containing 1.5 mol dm"3 ZnSCv with 1 mol dm" 3Na2S04 from 

4.3 to 2.0. Wiart et al. explained the effect of addition of acid as stabilising ZnHad on the zinc 

electrode surface, which resulted in more negative overpotentials being required to displace it in 

favour of Z« +

m / , the autocatalytic species that is the precursor to Zn deposition. 

Closer examination of Figure 36 revealed further evidence of the dramatic effect of acid on zinc 

deposition kinetics. It appeared that zinc deposition at low overpotentials was more inhibited at 

higher rotation rates. The adverse effect on zinc deposition kinetics of increased rotation speed 

was probably related to faster mass transport of acid species and HSO/) to the electrode 

surface, which assisted in maintaining the a low interfacial pH. However, at higher zinc 

deposition overpotentials, increased hydrogen evolution would have consumed protons at rates 

sufficient to have caused an increase in the interfacial pH (a phenomena previously reported by 

Fabri-Miranda et al. [52]). The result was that after an initial inhibition of zinc deposition at low 

overpotentials, at higher overpotentials the kinetics of zinc deposition became more typical of 

neutral electrolytes. Although obviously more complicated than a simple shift in the curves, one 

can approximate the effect of acid, in this case, as having decreased the exchange current density 

to ca. 6 A m"2. 

More direct comparisons to Wiart's results in weakly acidic electrolytes are impractical since the 

model yields multiple predictions for steady-state currents which disappear at lower pHs [35, 

109, 110]. However, it was obvious that the presence of small amounts of acid had a significant 

impact on zinc deposition kinetics, which probably contributed to the scatter of previously 

reported zinc exchange current densities (see Figure 35), which were measured at pHs ranging 

from 3.0 to 6.5 (see Table 1). 
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Figure 36: Polarization curves for zinc deposition from 1.0 mol kg"1 ZnS0 4 , with (pH = 2.4) and 
without (pH = 4.9) addition of 0.01 mol kg"1 H 2 S 0 4 , at 25 °C, 400 rpm (•), 1600 rpm (o), and 
3600 rpm (A) electrode rotation speed. 

4.2.5 Zinc Electrodeposition Kinetics in Highly Acidic Electrolytes 

The kinetics of zinc deposition were examined from 1.0 mol kg"1 ZnS0 4 electrolytes with 

additions of 0.10 mol kg"1 H 2 S 0 4 , by normal pulse and staircase voltammetry, and 1.0 mol kg"1 

H 2 S 0 4 , by.staircase voltammetry. During the course of polarization experiments, which were 

conducted in the presence 0.10 mol kg"1 H 2 S 0 4 , hydrogen gas bubbles were observed to form on 

the Teflon insulator of the RRDE between the disc and ring electrodes at the lower electrode 

rotation speeds of 400 and 1600 rpm. Since the presence of these bubbles would have affected 

the collection efficiency for detection of evolved hydrogen, these experiments were discarded 

and further experiments were conducted at 3600 rpm, for which no bubble formation was visible. 

During normal pulse experiments, in the presence of 1.0 mol kg"1 H 2 S 0 4 , small bubbles were 

observed to form on the disc electrode surface. Consequently, these experiments were abandoned 

and the procedure for pre-treatment of the electrode surface, prior to staircase voltammetry, was 

modified as described in Section 3.3.3. Using the modified method at an electrode rotation speed 

of 3600 rpm, no bubble formation was visible either on the disc electrode surface or on the 



Teflon insulator of the RRDE. The maximum hydrogen evolution current density recorded 

during these experiments was 23 ±3 A m"2, which is consistent with the observations of Frazer 

and Hamilton [15], who previously reported that hydrogen evolution rates < ca. 19.5 A m"2, on a 

Au-Pt RRDE rotating at 1200 rpm, did not lead to a decay in ring response for detection of 

evolved hydrogen. 

The results of current efficiency measurements for zinc deposition from the two highly acidic 

electrolytes examined are presented in Figure 37 and Figure 38. Each data point in Figure 37 is 

the mean value of three replicated experiments, whereas the data points in Figure 38 are 

individual measurements. Thus, the error bars in Figure 38 were based solely on the uncertainties 

due to instrumental limitations, while the error bars in Figure 37 include the standard deviation 

of the replicated experiments (representing random errors). The overall current efficiencies, 

measured by current integration of the normal pulses, were lower than the instantaneous current 

efficiencies calculated from ring current measurements since, during the initial stages of the 

pulses, hydrogen evolution rates were higher and asymptotically approach the steady-state 

current responses (see Figure 12). The overall current efficiencies were calculated by integrating 

over the entire duration of the pulses, whereas the instantaneous current efficiencies reported 

from the ring current measurements were calculated from the average ring current and disc 

currents at the end of each pulse. The use of longer pulse times would probably have resulted in 

improved convergence between the two measurements, but this was not practical given the 

problem of electrode roughening due to extended zinc deposition times. Therefore, the 

instantaneous current efficiency was more representative of steady-state conditions. 

Consequently, further references to measured current efficiencies in this study are for those 

calculated from ring current measurements. 
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Figure 37: Current efficiency during zinc deposition from 1.0 mol kg" 1 ZnSC>4, with 0.10 mol 
kg"1 H 2 S 0 4 , pH = 1.4 at 25 °C, 3600 rpm electrode rotation speed, measured from ring current 
during ( A ) staircase voltammetry, (•) normal pulse voltammetry, and from charge integration 
during (0) normal pulse voltammetry, and predicted ( ) by Wiart's Model [30], and Wark's 
rule where (—--) k = 0.0137 [26], and ( ) k = 0.033 [28]. 

The current efficiencies measured for the electrolyte containing 0.1 mol kg"1 H2SO4 matches well 

with those calculated using Wiart's Model, (see Appendix C), but were higher than those 

predicted at 1.0 mol kg"1 H2SO4. However, the results of this study are accepted as being 

accurate since they are more consistent with current efficiencies predicted by Wark's rule, using 

the constant determined by Biegler and Frazer [26] for high purity electrolytes (measured 

between 200 and 800 A m"2), as well as those observed for electrolytes of similar composition 

and purity [15, 25]. Though current efficiencies clearly increased with increasing current density, 

Wark's rule is probably sufficient for engineering calculations for predicting current efficiency 

as a function of solution composition in the range of current densities relevant to industrial 

electrowinning. 
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Figure 38 Current efficiency during zinc deposition from 1.0 mol kg" 1 ZnSG«4, with 1.0 mol kg"1 

H2SO4, pH = 1.4 at 25 °C; 3600 rpm electrode rotation speed, measured from ring current during 
(A) staircase voltammetry, and predicted ( ) by Wiart's Model [30], and Wark's rule where 
(-—) k = 0.0137 [26], and ( )k = 0.033 [28]. Also plotted are data for 0.8 mol dm"3 ZnS0 4 

with 1.07 mol dm"3 H 2 S 0 4 at 25°C, (•) [25], (o) [15]. 

The results of zinc deposition current measurements are plotted in Figure 39 and Figure 40, 

along with those predicted according to Wiart's Model [30] (see Appendix C). In general, the 

measured and predicted current densities matched relatively well at < ca. 1000 A m"2, at which 

point a roll-off in potential was observed. When the polarization curves for the two acid levels 

were compared, their similarity suggested that, contrary to expectation, increasing acid 

concentration in already strongly acidic electrolytes had little effect on zinc deposition kinetics. 

Note that the curves generated using Wiart's Model, after the parameters were normalized to 

account for differences in proton concentration, also appeared almost identical for both acid 

levels. A fit of the Tafel equation to the linear regions of these plots, prior to the observed roll-

off in potential, resulted in an exchange current density of ca. 0.02 A m" 2 , which is ca. 1000 

times smaller than those determined, in this study, for p H neutral electrolytes. The exchange 

current density was ca. 10000 times smaller than those reported by other researchers for similar 

electrolytes [11, 117, 118] and the Tafel slope, ca. 30 mV dec"1 (J3= 2.0), was also significantly 



different from the Tafel slopes reported by Barton and Scott [11] (ca. 70 mV dec"1) and Tripathy 

et al. [118] (ca. 120 mV dec"1). However, as outlined in Section 2.5.2, the results from the 

aforementioned studies are suspect. At the very least, the results of this study provide 

independent confirmation of the predictions of Wiart's Model for the kinetics of zinc deposition 

from acidic sulphate electrolytes at current densities < ca. 1000 A m"2. 
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Figure 39: Tafel plot for zinc deposition from 1.00 mol kg" 1 ZnSC-4, with 0.10 mol kg"1
 H 2 S O 4 , 

pH = 1.4 at 25 °C, 3600 rpm electrode rotation speed, measured by (A) staircase voltammetry, 
and (•) normal pulse voltammetry, and predicted ( ) by Wiart's Model [30]. 
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Figure 40: Tafel plot for zinc deposition from 1.00 mol kg" 1 ZnS0 4 with 1.00 mol kg"1 H2SO4, 

pH = 0.2 at 25 °C, 3600 rpm electrode rotation speed, measured by (A) staircase voltammetry, 
and predicted ( ) by Wiart's Model [30]. Also plotted are data for total current density for 
0.84 mol dm"3 ZnS0 4 with 1.22 mol dm"3 H2S0 4 , at room temperature, and 1500 rpm electrode 
rotation speed, taken from [30]. 

With respect to the observed roll-off in potential at ca. 1000 A m"2, the first suspicion was that 

this behaviour was due to mass transfer limitations. In this regard, the calculated limiting current 

densities listed in Table 9 were probably overestimated. During zinc electrodeposition from 

highly acidic electrolytes, protons migrate to the cathode, but since hydrogen evolution is 

strongly inhibited, the protons do not react immediately and collect in the boundary layer. The 

result is a proton concentration in the boundary layer that is greater than the bulk proton 

concentration. This condition would have reduced the zinc ion transport number in the boundary 

layer according to Equation 2.19. However, even if the zinc transport numbers were equal to 

zero, the corresponding limiting current densities for zinc deposition would have occurred at ca. 

11000 A m"2. It is more likely that the change in Tafel slope was caused by extreme roughing of 

the zinc deposit at high deposition overpotentials. According to Delevie [144], the effect of 

surface roughening on electrode kinetics may be introduced into Butler-Volmer Equation by 

inserting the power term of the Constant Phase Element, as follows: 
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Therefore, the change in Tafel slope at current densities > ca. 1000 A m"2, observed in this study, 

was likely due to a change in deposit morphology from a relatively flat and homogeneous 

deposit ~ 1.0) to a dendritic deposit ~ 0.5). 

Wiart's Model predicts dendritic zinc deposition to occurs at high overpotentials, due to an 

increase in the nucleation rate of Zn*, the self-perpetuating crystal defect which is a zinc species 

at kink sites. Note that the upper end of current density range of the data of Cachet and Wiart 

[30] is coincident with the occurrence of the potential roll-off phenomena and the prediction of 

dendritic growth (see Figure 40). In addition, recall that Popov et al. [50] had previously reported 

the critical overpotential for dendrtic growth in 0.84 mol dm"3 ZnSC>4 with 1.2 mol dm"3
 H 2 S O 4 at 

25 °C is -173 mV, which is also consistent with where the change in Tafel slope was observed to 

occur. Further evidence that the change in growth mode of zinc deposited at high current 

densities is not due to mass transfer limitation was reported by Weymeersch et al. [145]. In their 

study, forced convection was utilized to eliminate mass transfer limitations in a parallel plate cell 

composed of a stainless steel cathode and a zinc anode. As illustrated in Figure 41, the zinc 

deposited at 1000 A m"2 appeared relatively fine grained, while the zinc deposited at 15000 A 

m"2 was composed of large columnar dendrites. 

The analysis of the results of this study suggest that the technique developed may be applied to 

characterize the kinetics of zinc deposition and current efficiency for a desired zinc electrolyte 

composition. It also confirms the utility of Wiart's Model to predict the inception of dendritic 

morphology for zinc deposition from pure acidic zinc sulphate electrolytes. Parameters for 

Wiart's Model have also been published for electrolytes containing nickel impurities [46, 146] 

and perfluorinated surfactants [30]. In the absence of these data, the technique developed can be 

applied directly to predict the transition between relatively smooth deposition and dendritic 

growth. 



Figure 41: SEM photomicrographs (1000 x magnification) of the thin, < 200 um, films of zinc 
deposited from 1.22 mol dm"3 Z n 2 + and 1.34 mol dm"3 H2SO4 at 50 °C, at electrolyte flowrates > 
3 m s"1, and current densities of 1000 A m"2 (a), and 15000 A m"2 (b), taken from [145]. 

One criticism of Wiart's Model may be that the complex set of calculations of partial coverages 

and competing reactions resulted in a relationship between zinc deposition current density and 

overpotential which may be modelled by a simple Tafel equation. When comparing the kinetics 

for zinc deposition between the pH neutral electrolytes and the highly acidic electrolytes, the 

differences in Tafel slopes and exchange current densities suggest that zinc deposition simply 

occurred by different mechanisms. Recall, from Equation 2.3, that the Tafel slope, b, contains the 

number of electrons transferred in the rate determining step, n, and the transfer coefficient, a. 

2303RT, / x 2.303i?r, , ^ , , / . \ Equation2.3 
= — l°gU.z„ ) —^g(jZn)=a-b\og(Jzn ) 

cent anF 

The Tafel slope of 30 mV dec"' suggested a two electron transfer mechanism, n = 2, which 

involved a surface active species which 'felt' the full fraction of the applied overpotential, a=\. 

The low zinc exchange current density in the highly acidic electrolyte was also consistent with 

what would be expected for a two electron transfer mechanisms since the simultaneous transfer 

of two electrons is statistically much less likely than for two successive single electron transfer 

events. The obvious difference between the two types of electrolytes is that one contained an 

excess quantities of H30+ and HSO4 while the other did not. A possible mechanism for zinc 

deposition from highly acidic sulphate solutions may involve a reaction between zinc ions and a 

species such as ZnHS04~ (representing adsorbed HSO4' on Zn) appears below: 



Zn2+ +ZnHSO; +2e~ >Zn + ZnHSO; Equation 4.13 

The above mechanism is similar to Reaction 7 of Wiart's model, with ZnHSOi substituted for 

the Zn*. In fact, the effect of such an adsorbed anion species would likely be similar to that 

attributed to Zn*. Hydrogen sulphate adsorption maybe stronger at dislocations and step edges 

on the zinc surface. The effect of such an adsorbed anion would be to induce positive mirror 

charge in the crystal lattice next to it, which would repel zinc ions, thereby inhibiting metal 

deposition at these sites, i.e. promote the creation of more kink sites. This is notionally similar to 

what Wiart described as the self-propagating active species at a kink site, Zn *. However, a 

literature search for hydrogen sulphate adsorption on zinc did not yield evidence to support or 

disprove this theory, though strong hydrogen sulphate adsorption onto ZnO surfaces has been 

described by the Radiotracer method [147]. Hence, further examination into the mechanism of 

zinc deposition may require this type of examination of the nature of surface active species. 



5 Conventional Zinc Electrowinning at High Current Density 

The results of the experiments of Zn OPD from highly acidic sulphate electrolytes are now 

discussed in terms of their implications for zinc electrowinning at current densities beyond the 

conventional upper limit of ca. 500 A m"2. This current density limit is due, in large part, to the 

problems within the electrowinning cell related to poor deposit morphology, such as short-

circuiting and lower current efficiency, the latter likely being caused by fragile dendrites 

breaking and redissolving from the violent action of hydrogen gas evolution, as well as problems 

in terms of cathode handling and stripping. One may note that 500 A m"2 is approximately half of 

the current density at which dendritic growth was predicted to occur. The reasons for this 

discrepancy and the potential measures which may extend the current density range of 

conventional zinc electrowinning, are probably related to screening of cathode surfaces by 

attached bubbles and the distribution of the ohmic drop through the electrolyte. These effects are 

discussed in the following sections, along with the potential role of forced convection, which is 

currently not employed to any significant degree in industrial zinc electrowinning, as a way of 

mitigating the aforementioned effects. 

5.1 Bubble Screening of the Cathode 

The kinetic parameters reported in this study were measured under conditions which prevented 

bubble formation on the cathode and, thus, the reported current densities are calculated on the 

basis of the geometric area of the electrode. However, in industrial electrowinning the electrolyte 

is saturated with dissolved hydrogen and the cathode surface is covered by gas bubbles and the 

true current density, y (A m"2), must be adjusted for the fractional bubble coverage of the 

electrode, ®, as follows: 

I 1 Equation 5.1 

where; I (A) is the total current, and Ae (m"2) is the electrode area. Dukovic and Tobias [148] 

suggested that the arrangement of bubbles on a vertical gas-evolving electrode may be 

approximated as an array of hexagonally close packed spheres of uniform diameter (see Figure 

42), from which the fractional bubble coverage of the electrode may be calculated from the 

contact angle, 6, according to the following expression: 



Equation 5.2 

Dukovic and Tobias further recommended a contact angle of 40° (0 = 0.37) as a typical value, 

based on previously reported contact angles of hydrogen bubbles evolving on Pt, N i , Cu and Fe 

electrodes in 30 % H 2 S 0 4 [149]. Electrolytic gas bubble evolution actually proceeds, 

predominantly, by bubble growth and detachment from nucleation sites which are small pockets 

of gas trapped in scratches and crevices on the electrode surface [150]. Thus, bubble contact 

angles change during their growth and the value quoted by Dukovic and Tobias is actually 

analogous to an average contact angle. 

Figure 42: Idealized arrangement of bubbles on a vertical gas-evolving electrode. 

The consequence of a large fractional bubble coverage is that it results in a larger true current 

density, which may be one of the causes of premature dendritic zinc deposition in industrial zinc 

electrowinning. For a contact angle of 40° the resulting true current density is calculated to be 1.6 

current density of 800 A m"2, closer to the current density at which dendritic growth is predicted 

times the geometric current density, e.g. a geometric current density of 500 A m"2 results in a true 

to occur. 



Implicit in Equation 5.2 is that the fractional bubble coverage is insensitive to current density, 

which has been observed for hydrogen evolution on copper and stainless steel electrodes in 1 

mol dm"3 K O H [151]. However, forced convection has a significant impact on fractional bubble 

coverage by dislodging the attached bubbles. Eigeldinger and Vogt [151] have developed the 

following empirical relationship to predict the effect of electrolyte flow velocity, v (m s"1), on 

fractional bubble coverage in electrolytic cells employing forced convection: 

© 0 Equation 5.3 
M _ [ l + (Cv)2]2 

where; © o is the fractional bubble coverage for v = 0 and C (s m"1) is an empirical constant which 

has a value of 8 for 1 mol dm"3 K O H . One may note that, using the above equation, fractional 

bubble coverages for flow velocities of > 0.4 m s"1 are < 1 % of their values in the absence of 

forced convection. The implication for zinc electrowinning is that forced convection may 

significantly reduce the fractional bubble coverage, thereby reducing the true current density to a 

value closer to the geometric current density. 

The enhancement of mass transport attributed to microconvective mixing caused by the 

detachment of hydrogen gas bubbles at the electrode surface is not effective for transporting 

additives from the bulk solution to the electrode surface. In this regard, the effect of low mass 

transport rates of additives on deposit morphology has been demonstrated by Bressan and Wiart 

[108, 116]. Forced convection may also assist in mass transport of surfactants and additives to 

the electrode surface which render the zinc electrode surface hydrophilic (decrease the bubble 

contact angle) or improve deposit morphology by other mechanisms, though their effects on 

electrode kinetics would require examination. 

5.2 Distribution of Ohmic Drop Through the Electrolyte 

During zinc electrowinning, a fraction of the electrolyte becomes entrained with evolved oxygen 

and hydrogen gas bubbles. These bubbles may be assumed to act as insulating spheres which 

reduce the overall conductivity of the electrolyte. The fraction of entrained bubbles in the 

electrolyte increases from the bottom of the cell to the top since the bubbles are evolved along 

the entire height of the electrode, h (m), rapidly reaching a limiting rise velocity before exiting 

through the top of the cell with a mean superficial gas velocity, u°g (m s"1). This results in a 



bubble distribution within an industrial zinc electrowinning cell which appears as an inverted 

wedge [152] (see Figure 43). This description of the bubble distribution is also consistent with 

the observations of Janssen and Visser [153] have described a linear increase in electrolyte 

resistance with increasing height in tall vertical gas-evolving cells. 

Figure 43: Schematic representation of idealized bubble distribution in a parallel plate 
electrolysis cell due to oxygen evolution. 

The prediction of ohmic drop distribution in an electrolysis cell begins with an estimation of the 

specific conductivity of the bubble-free zinc electrolyte, a (Q"1 m"1), for which there are several 

expressions in literature that are functions of electrolyte composition, mol dm"3, and temperature, 

K. 

a = 0.4 + 0.115(T- 273) + 0.282[H2SO4 ](T - 273) Equation 5.4 

+ 34A2[H2S04]-4.5\[H2S04]2 +2.86([Z« 2 + ] + [ M g 2 + ] ) 2 

+ ([Zn2+ ] + [Mg2+ ])(-0.114(7- 273) -10.5S[H 2S04 ] - 2.24) 



= 23.92 + Q.21[H2S04 ](T - 308) + 19.6[H2S04 ] Equation 5.5 

-11.l([Zn2+ ] + [Mn2+ ] + [Mg2+ ] + 0.5[NH+

4 ]) 

cr = 23.88 + 13.93[/ / 2 S0 4 ] -16.O9[Z« 2 + ] -16.15[M« 2 + ] Equation 5.6 

-17.14[Mg 2 + ] + 0.406(7 - 273) 
[155] 

cr = 12.3 +18.93[H2S04] - 7.78[Z« 2 + ] + 0.114(7 - 273) [156] Equation 5.7 

= -10.79[Z« 2 + ]-53.90[// 2 SO 4 ]-1.814[Z« 2 + ] 2 -6380[H 2 SO 4 ] 2 Equation 5.8 

-\mi[Zn2+][H2S04 ] + 16.73[Z«2 + ]2[H 2S04 ] + 0.0585[Z« 2 + ]T 

+ 12.46[Z« 2 +][// 2S<3 4] 2 -6J62[Zn2+]2[H2S04]2 

+ 0.3 345[//2 S04 ]T - 0.134\[Zn2+ ] [H2 SOA ]T 

The final correlation, generated by the author, is a least-squares fit of the conductivity 

measurements reported by Hinatsu et al. [157] and matches their data to within ±0.55 Q~l m"1 

(see Figure 44). A l l the above correlations give similar results in the range of a typical zinc 

electrolyte containing, ca. 1 mol dm"3 ZnS0 4 and 1.5 mol dm"3 H 2 S 0 4 at 308 K (38.42 ±0.75 Q"1 

m"1), but otherwise differ significantly when applied to non-conventional electrolyte 

compositions and temperatures. The higher order expressions reported by Tozawa et al. [154] 

and this author were both generated for solutions containing 0 to 1.2 mol dm"3 Z n 2 + , with < 2 mol 

dm"3 H 2 S 0 4 , at 25 to 60 °C, and are probably more applicable for predicting electrolyte 

conductivity over a wider range of electrolyte compositions and temperatures as compared to the 

other expressions. 

The calculated electrolyte conductivity may then be adjusted according to a prediction of the 

mean fraction of bubbles in the electrolyte,/^. However, as pointed out by Coenen and Janssen 

[158], there have been few reliable studies on the estimation of bubble voidage in gas-evolving 

electrolytic cells. In fact, the method reported by Kreysa and Kuhn [159] for calculating the 

effective electrolyte conductivity of the electrolyte, a' (Q"1 m"1), for gas evolution in a stationary 

liquid was the only such study referenced by Coenen and Janssen in their own paper on the 

subject. Barton and Scott [11] employed the method of Kreysa and Kuhn, outlined below, to 

estimated the overall ohmic drop during zinc electrowinning: 

First, it is assumed that the cell is operating under steady-state conditions and that rate of input of 

gas, calculated according to the ideal gas law from the partial current densities, is equal to the 

rate of gas leaving the cell, which yields the superficial velocity, «° g (m s"1), as follows: 



u
s = 

f I • h 

4F IF 
\ J 

ART Equation 5.9 

A.P 

where; Ae (m2) is the area of the gas-evolving electrode, Ax (m2) is the cross-sectional area 

between the electrodes, R (8.31447 J mol"1 K" 1) is the universal gas constant, T(K) is the 

absolute temperature, F (96 485 C mol"1) is Faraday's constant, and P (Pa) is the atmospheric 

pressure above the electrolyte. 

The gas fraction in the electrolyte increases with increasing gas evolution rate until a limiting 

void fraction, fi, is reached. The gas void fraction at the top of the cell , / , is related to the limiting 

void fraction by the following empirical equation: 

/ = /, 
r fyl Equation 5.10 

u° , 

where; usw (m s"1) is the rise velocity of the bubble swarm. The bubble swarm velocity is 

calculated using the Marucci equation: 

( l _ y ) 2 Equation 5.11 

where; us (0.04 m s"1) is the limiting rise velocity of the gas. Barton and Scott assume that the 

limiting void fraction and limiting rise velocity are the same as those of electrogenerated oxygen 

in 20%H 2 SO 4 [159]. 

The mean void fraction,/,,, is then calculated by assuming that the void fraction increases 

uniformly from the bottom, where there are no gas bubbles, to the top of the cell. 

/ Equation 5.12 
/« = — 

Finally, the electrolyte conductivity is adjusted to account for the mean void fraction in the 

electrolyte according to the Maxwell equation. However, one should recognize that the Maxwell 

equation only applies to small gas fractions, ca. < 0.1 [160], and that there are a number of other 

correlations in the literature which may be more appropriate. 
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Figure 44: Effect of zinc sulphate concentration on specific conductivity of electrolytes 
containing 0 (•), 0.0253 (*), 0.101 (•), 0.253 (•), 0.507 (0), 1.01 (A), and 2.02 (o) mol kg' 1 

H 2 S 0 4 , at; 25 °C (a), 40 °C (b), and 60 °C (c), and corresponding fitted curves ( ) according 
to Equation 5.8. Data taken from [157]. 



( Equation 5.13 
a = a 1 + 0.5/. 

The voltage drop through the electrolyte may then be calculated according to Ohm's law: 

where; / is the interelectrode gap. 

It should be noted that the mean void fraction quickly reaches an asymptote of 0.055 at current 

densities > ca. 100 A m"2, which is half of the limiting void fraction of 0.11. It is apparent that a 

low estimate of the limiting void fraction results in a higher effective electrolyte conductivity and 

a lower prediction of the ohmic drop through the electrolyte. In this regard, Kreysa et al. [161] 

have subsequently claimed that the limiting void fraction for oxygen gas may be adequately 

described as a linear function of ionic strength for various sulphate salt solutions: 

/ ; «0.2 + 0.17/ Equation5.15 

where; / < ca. 1.2 mol dm"3. By inspection, Equation 5.15 yields values for limiting void 

fractions that are always much greater than 0.11. There is clearly a great deal of uncertainty in 

the calculation of limiting void fraction which significantly affects the estimation of the 

distribution of bubbles in the electrolyte and, hence, the vertical distribution of the ohmic drop. 

For this reason no further calculations are presented. 

Since the ohmic drop in a conventional zinc electrowinning cell increases from the bottom of the 

cell to the top, the corresponding local current density is predicted to decrease from the bottom to 

the top of the cell. Because the cathode may be considered an equipotential surface, less ohmic 

drop in one region means that there is, locally, more voltage available as overpotential to drive 

the deposition reaction. The shallow Tafel slope for zinc deposition observed in this study, 30 

mV dec"1, indicates that the rate of zinc deposition is extremely sensitive to small changes in 

overpotential. In addition, as the zinc deposit will tend to grow faster at the bottom of the cell 

relative to the top, this should accelerate the narrowing of the interelectrode gap in this region 

and further skew the current distribution as electrowinning proceeds. Thus, small differences in 

ohmic drop through the electrolyte between the top and bottom, caused by the bubble 

Equation 5.14 



distribution within the cell, may have profound effects on the current distribution on the cathode. 

Unless this issue is addressed, operation of zinc electrowinning at higher than conventional 

current densities will likely lead to dramatic increases in the occurrence of unsuitable zinc 

cathode morphology and short circuiting problems. Extending the depth of cathode slightly 

beyond that of the anode is a popular method to decrease the local current density, though this 

method is only effective at the very bottom of the cathode. The use of forced convection in a 

manner which displaces the electrolyte that contains bubbles with fresh bubble-free electrolyte 

or, at least, more evenly distribute bubbles within the cell, may also assist in alleviating this 

problem. Certainly, further study of the costs and benefits of retrofitting conventional zinc 

electrowinning cells to incorporate forced convection merits further consideration i f 

electrowinning is to be conducted at higher current densities. 



6 Conclusions 

To create a suitable surface on which to study overpotential deposition of zinc, the UPD layer of 

Zn onto polycrystalline Pt has been characterized in acidic and neutral sulphate solutions, using 

electrochemical and XPS measurements. The charge density for UPD Zn deposition on platinum 

from neutral sulphate solution was estimated to be 260 ±30 u€ cm"2, which is in the order of a 

full monolayer. A decrease in H 2 evolution rates was also described as evidence of the presence 

of a Zn UPD layer. The UPD layer was found to evolve into a 1:1 Zn:Pt alloy when the electrode 

was polarized at potentials more negative than the UPD potential. The alloy was oxidised at the 

same potential as the oxidation of Pt, illustrating the large interaction between Zn and Pt. The 

alloy also decreased H 2 evolution rates and enhanced zinc OPD kinetics relative to the freshly 

deposited UPD layer. 

The morphology of pulsed Zn OPD on Pt was characterised by A F M and S E M and determined 

to be suitable as a substrate on which to measure the kinetics zinc OPD by normal pulse and 

staircase voltammetry. However, roughening of the Pt electrode by bulk Zn-P.t alloy necessitated 

the use of relatively short pulse durations, < ca. 2 minutes. Several expressions for calculating 

the physical properties of acidic zinc electrolyte were generated as well as a set of Pitzer Model 

parameters, which are useful for calculating the equilibrium potential for zinc deposition. 

The results of experiments examining the kinetics of zinc deposition from slightly acidic 

sulphate electrolytes, between 0.1 and 1.0 mol kg"1 ZnS04, were successfully modelled 

according to the Extended Bulter-Volmer Equation. The value of J3, under these conditions, was 

confirmed to be ca. 1.0 with a corresponding Tafel slope of 60 mV dec"1. However, whether the 

rate limiting step for zinc electrocrystallisation is a single electron transfer reaction or a two 

electron reaction could not be determined conclusively, since the data fit both mechanisms 

equally well. 

The use of a RRDE electrode to detect hydrogen evolution during zinc electrodeposition from 

acidic zinc sulphate electrolytes was demonstrated to be effective for calculating current 

efficiency, provided that the ring is first platinised to mitigate problems with the decay in 

collection efficiency with time. The results confirmed that, in the absence of mass transfer 

limitations, current efficiency of zinc deposition increases with increasing current density, but 

can be approximated by Wark's rule over a relatively wide range of current densities. Zinc 



electrowinning at high current density is limited by the detrimental effects of the onset of 

dendritic deposits. The kinetics of zinc deposition from these electrolytes were examined and it 

was confirmed that Wiart's Model provides accurate predictions of the overpotential for zinc 

electrodeposition as well as being able to predict the initiation of dendritic deposits. The Tafel 

slope for zinc deposition from acidic zinc sulphate electrolytes was measured to be ca. 30 mV 

dec"1 (/?= 2), with an accompanying exchange current density of ca. 0.02 A m"2 at 1.0 mol dm"3 

ZnSCv Overall, Zn OPD on a UPD modified Pt substrate has been demonstrated to be an 

effective tool for evaluating the kinetics of zinc deposition from acidic zinc sulphate electrolytes 

at 25 °C. 

It was noted that there is a relatively large difference be tween the current density at which 

dendritic zinc deposition is predicted to occur, ca. 1000 A m"2, and that which is observed in 

industrial zinc electrowinning, ca. 500 A m"2. It was postulated by the author that this difference 

is related to screening of cathode by attached bubbles and the vertical distribution of bubbles in 

the electrolyte in industrial cells. Forced convection has been proposed as a way of mitigating the 

aforementioned effects and extending the current density range of conventional zinc 

electrowinning. 



7 Recommendations for Future Work 

The goal of this research was to gain insight into the voltage requirements of industrial zinc 

production. In doing so, a novel electrochemical technique, utilizing UPD of Zn on Pt, was 

developed to assist in estimating the kinetic parameters for zinc electrodeposition. This technique 

may be employed to study the kinetics of electrodeposition of other reactive metals, such as for 

thallium or cadmium, which both UPD on Au, Ag, Cu and Pt. Zinc electrodeposition 

morphology is known to be extremely sensitive to the presence of both inorganic impurities and 

organic additives. In terms of the study of zinc electrodeposition kinetics, the technique 

developed should be applied to determine how additives and impurities affect zinc deposition 

kinetics in conventional zinc electrolytes or one obtained by solvent extraction. 

The Radiotracer method might be used to determine whether hydrogen sulphate adsorption on 

metallic zinc is related to the adverse effect of acid on the kinetics of zinc deposition. The 

technique principally involves detecting radioactive decay emissions from an adsorbed species at 

an electrode surface [147]. In order to apply the technique for the stated purpose, the supporting 

electrolyte would be prepared with an anion species, such as CIO4", which does not specifically 

adsorb onto zinc. The zinc electrode would then be polarization in the potential region of 

metallic zinc stability, followed by injection of a small quantity of a hydrogen sulphate species 

containing an isotope such as 3 5 S . If hydrogen sulphate were to adsorb onto electrode, then the 

count rate of its radioactive decay would be detected to increase, according to the degree of 

electrode coverage. The count rate, and hence electrode coverage, could also be examined as a 

function of applied potential. 

Presently, there is a lack of reliable data to estimate the distribution of ohmic drop in a zinc 

electrowinning cell, which should be examined prior to operating at current densities that are 

higher than ca. 500 A m"2. The limiting gas void fraction and bubble distribution under 

conditions of industrial zinc electrowinning should be measured experimentally as a function of 

electrolyte composition and operating current density. The design of the experimental cell should 

be as close to an actual industrial cell as possible, in order to avoid scale-up issues given the 

reported lack of reproducible experiments [158]. The experimental apparatus should also include 

a provision to include the use of forced convection. 



Kelsall and L i [162] have previously solved the steady state flux equations for each species in 

zinc electrowinning, by the finite element method, in order to generate predictions of the 2-D 

spatial current distribution. The reported results, with respect to enhanced zinc deposition at 

electrode edges, were in good agreement with industrial experience. It is worth updating the 

predictions of this model to include the vertical potential distribution due to accumulated bubbles 

and role of forced convection, once these elements have been experimentally established. Also, 

the model should also be altered to include provisions to calculate current inefficiencies due to 

oxygen reduction, which appears in Appendix H , as well as the anodic overpotential for oxygen 

evolution using alternative anode materials, which appears in Appendix I. 

Ultimately, a more thorough understanding of zinc electrodeposition should lead to the 

modification of existing zinc electrowinning plants or design of new reactors to lower the energy 

demands of zinc production. 



Nomenclature 

Symbol Physical Meaning Units 

F Faraday constant, 96 485 C mol"' 
k Boïtzmann constant, 1.38062* 10"23 J K " 1 

NA Avogadro number, 6.0221367* 10 2 J mol"1 

R (a) Universal Gas constant, 8.31441 J mol"1 K" 1 

a Tafel constant V 
ai Activity of species / 1 
ai Ionic size parameter of species / m 
A Debye-Hiickel constant mol" 1 / 2 kg 1 / 2 

Ae Electrode Area m 2 

Ax Cross-sectional area between electrodes m 2 

A0 Arrhenius distribution constant C mol"' m s"1 

b Tafel slope V dec"' 
B Debye-Hiickel parameter m"' 
CPE Constant phase element s i /c 
d Interatomic distance m 
dec Order of magnitude 1 
A Diffusion coefficient of species / m 2 s"1 

E Electrode potential versus reference electrode V 
E° Equilibrium electrode potential under standard conditions V 

vs. reference electrode 
f (a) Crystallographic misfit 1 

(b) Frequency s"1 

(c) Void fraction in electrolyte due to bubbles 1 
fi Limiting voidage in electrolyte due to bubbles 1 
fm Mean void fraction in electrolyte due to bubbles 1 
[i] Electrolyte concentration of species / mol dm"3 

i Imaginary number V^T 
I Electric Current A 

Molal ionic strength 1 
j Current density A m " 2 

j\\m Limiting current density A m " 2 

jo Exchange current density A m " 2 

k Mass transport rate coefficient m s"1 

Standard exchange current density A m " 2 

K (a) Stoichiometric molal equilibrium constant 1 
(b) Constant relating mass transfer rate to gas evolution rate 1 
at a gas evolving electrode 

l Inter-electrode gap m 
rrij Molal concentration of species / mol kg"1 

Mi Molar mass of species / g mol"' 



n (a) Number of electrons transferred in rate determining step 1 
(b) Exponent applied to gas evolution rate in correlation of 1 
mass transport coefficient to gas evolution rate at a gas 
evolving electrode 

No Collection efficiency of a RRDE 1 
P Pressure Pa 
OPD Overpotential deposition -
Q Electrical Charge C 
r Radius of an electrode m 
R (b) Resistance Q 
Re Reynolds number 1 
t Time s 
h Transport number of species / 1 
T Absolute temperature K 
U Electrochemical reactor terminal voltage V 
UPD Underpotential deposition 
u\ Superficial gas velocity m s"1 

W°l Superficial liquid velocity m s"1 

Rise velocity of a bubble swarm m s"1 

Us Limiting rise velocity of a gas m s"1 

w Width m 
Stoichiometric mean molar activity coefficient 1 
Charge number of species / 1 

a (a) Transfer coefficient 1 
(b) Fraction of a salt dissociated 1 
Product of transfer coefficient, a, and number of electrons 
transferred in rate determining step, n. 

1 

PMX Pitzer Model second viral coefficient for interactions of 
oppositely charged ions, M and X. 

1 

C^MX Pitzer Model third viral coefficient describing ion triplet 
formation. 

1 

Pitzer Model terms which account for interactions between 1 
Oxx' like charged ions, where M ^ M' and X £X'. 
WMM'X, Pitzer Model terms which account for the modifying 1 
y/XX'M influence of an oppositely charged ion on 8 interactions 

yi Molal activity coefficient of species / 1 
y± Stoichiometric mean molal activity coefficient 1 
5 Diffusion layer thickness m 
AG Molar change in Gibbs free energy Jmol" 1 

AG° Molar change in Gibbs free energy under standard 
conditions 

J mol"1 

n (a) Overpotential 
(b) Absolute viscosity 

V 
kg m"1 s"1 

h Equivalent conductivity of species / m 2 a1 eq."1 

Equivalent conductivity of species i at infinite dilution m 2 n"1
 eq."1 

V Kinematic viscosity m 2 s"1 



v,- Number of ions of species i formed by complete 
dissociation of a unit of salt 

1 

p Density kg dm"3 

a Electrolyte specific conductivity Q"1 m"1 

a ' Effective conductivity Q"1 m"1 

d> Molal Osmotic Coefficient 1 
(Fractional) Current efficiency 1 

X Inverse radius of an ion cloud m"1 

x2 Chi-square statistical parameter 1 
co Rotation speed of electrode rad s"1 

Power term of Constant Phase Element 1 
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Appendix A: Derivation of the Extended Butler- Volmer Equation for a Simple Metal 
Deposition/Dissolution Reaction 

Consider the general metal deposition/dissolution reaction between a metal ion in solution, M " + , 

and its metallic state, M . 

Mn++ne-M< >M E c l 1 

Kinetically, the reaction will be considered to occur in two steps [1]. The first step is a change in 

state of the metal ion as it passes between the solution, MN+, and the metal phase, MN+ M, through 

an intermediate activated state, M"+ *. The second step is the reaction between the metal ion in 

the metal phase and 'n ' electrons to produce the condensed metal phase. 

Mn++ne-M ^B^M"+M +ne'M < - ^ - + M E c l 2 

The electrochemical potentials, M (J mol"1), for the three metal species are given as follows: 

MM=MM E ( i 4 

where; JU (J mol"1) is the chemical potential, and nF^ (J mol"1) is the electrical potential. 

The reaction of the ions in the metal phase with the electrons is considered to be rapid and, thus, 

the metal ions in the metal phase are assumed to be in equilibrium with the metal phase, i.e. they 

have the same potentials. 

At this point, neither the solution nor the metal have a net charge, and thus, the electrical 

potentials terms, nFqf and nFtfi1, are equal to zero. The electrochemical potential difference 

between the between the metal ions in metal and the metal ions in solution is, therefore, equal to 

the difference in chemical potential between the metal and metal ions in solution. 



= ju°u +RT\n(aM)-(jU°M»+ +RT\n(aM"+)) 

Eq7 

= A/u° -RTm 
1' aMn+^ 

aM 

where; A// is the change in chemical potential, A/u "(J mol"1) is the standard change in chemical 

potential on the molal scale, and aM"+ and aM are the molal activities of the metal ion and 

metal, respectively. The molal activity of the metal ion is related to its molality, mM"+, through 

the molal activity coefficient, yMl+, as follows: • 

aM"+ =mM"+yM'n Eq8 

The rate determining step, and the overall reaction rate, is modelled as changes of state of the 

metal ion as it passes between the solution and the metal phase through an intermediate activated 

state. This concept is illustrated in Fig 1. 

Mn+: .Mn+ <->M Eq9 



îvF 

>• 

Reaction Coordinate 

Fig 1 : Reaction coordinate diagram of a metal deposition/dissolution reaction at an unpolarized 
metal surface. 

The fluxes corresponding to the cathodic and anodic reactions may be modelled as simple first 

order reactions [1]: 

V *cat J 

dt 

M 

Eq 10 

d 
\ V an J 

dt 

Eq 11 

dt 

where; [M"+] (mol m"3) is the concentration of metal ions at the Outer Helmholz Plane, OHP, of 

the metal surface, [M ] (mol m"3) is the concentration of metal ions in the metal phase, kcat and kan 

(s"1) are the cathodic and anodic rate constants, and Vcat and Van (m3) are the volume elements 

through which the cathodic and anodic fluxes pass. 



The OHP represents the closest distance of approach of the centre of the, fully complexed, metal 

ion in solution. This concept, as well the nature of the, partly complexed, activated metal ion 

species, are illustrated in Fig 2. 

Bulk OHP 

etal ion 

OCompl exing 

Spi •ecies 

Metal 

Fig 2: Representation of a metal/solution interface. 

For a planar electrode of surface area Ae, m 2 , Vcat and Van may be calculated as follows: 

Van = AeXan 

Eq 12 

Eq 13 

where; xan (m) is the 1-D change in position of a metal ion resulting from the phase change 

between the activated metal ion species and the metal ion in the metal phase, and xcat (m) is the 

1-D change in position of a metal ion resulting from the phase change between the metal ion in 

solution and the activated metal ion species. 



Overall, the fluxes due to the cathodic and anodic reactions are given by the following 

expressions: 

V d t Jca, 

V dt j 

Eq 14 

Eq 15 

Since the anodic reaction results in the production of aqueous ions, the net flux of Mn+ (mol s"1) 

is the equal the flux from the cathodic reaction minus the flux of the anodic reaction. 

dt 
= -A^Aa,[M"+] + Aexa„kan[M] 

Eq 16 

The net flux of metal ions from the solution to the metal phase due to the electrochemical 

reaction is related to the net electrical current, Inet (A or C s"1), by Faraday's law. 

dt J rx, 

net 

nF 

Eq 17 

where; F (96487 C eq"1) is Faraday's constant, and n (eq mol"1) is the number of electrons 

transferred in the deposition/dissolution reaction. 

Implicit in the above equation is that a negative current corresponds to a forward flux of positive 

ions. Substituting Eq 17 into Eq 16, one obtains the following expression: 

nF 
= -AxcaAJM"n + Aexk[M] 

Eq 18 

The above equation is normalized, with respect to the electrode area by rearranging in terms of 

net current density,_/'„e, (A m"2) as follows: 

jne, =-Jf = -nFxcalkcnl [M"+} + nFxan knn [M] 
A 

Eq 19 



The corresponding rate constants for the cathodic and anodic reactions, kcat and ka„ (s"1), may be 

evaluated according to the Arrhenius Equation [1]. 

£ ^ -AG',.;„ Eq 20 

krn, - —e RT 

cat 7 

h 
, T - A C ' „ „ Eq 21 

an 7 

h 

where; AG*ca, and AG*nn (J mol"1) are the activation energy for the cathodic and anodic reactions, 

T (K) is the absolute temperature, k (1.381 x 10"23 J s) is the Boltzmarm constant, and h 

(6.626xl0"3 4 J K" 1) is the Planck constant. 

Substituting Eq 21 and Eq 20 into Eq 19 we obtain the final form of the general equation for net 

current density. 

,j -àG',:„, ,j, - A G ' „ „ Eq 22 

Jn,=-nFxc—e *' [M"+] + nFxan—e [M] 
h h 

Consider the polarization of the electrode surface in order to achieve the equilibrium condition 

such that the difference in electrochemical energy between the metal ion in the metal phase and 

the metal ion in solution becomes equal to zero and there is no net reaction, as illustrated in Fig 

3. 
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Fig 3: Reaction coordinate diagram of metal deposition/dissolution reaction under equilibrium 
conditions. 

Physically, electrode polarization involves altering the electron density in the metal phase, (fi4 ± 

0, which results in an electrical potential difference between the metal and the solution. This 

condition can be generalized to include the case when both solution and metal have net potentials 

as follows: 

nFM As<fi — nF(pM -nFf Eq 23 

The electrical potential difference to achieve equilibrium is given the designation -nFMAS(/>eqm 

(V), and is equal to the chemical potential difference, from Eq 7, as follows: 

nFMAs<t>=AS-RT\n 
f aM"+^ 

aM 

Eq 24 

Rearranging the above equation, we obtain the Nernst Equation. 



T eqm 
nF nF 

faM"+^ 
aM 

Eq25 

This equation often appears in the following, more conventional, form: 

RT 
EM =E°M+ — \n 

nF 

raM"+^ 
aM 

Eq 26 

where; EM (V) is the equilibrium potential, and E°M (V) is the standard reduction potential. 

The effect of the polarizing the electrode on the kinetics of the reactions is partitioned between 

lowering the energy of the metal ion in the metal phase and lowering the energy of the activated 

metal ion species, by the transfer coefficient, a, which has a value between 0 and 1. At 

equilibrium the activation energies for the cathodic and anodic reactions are equal, having a 

value of AG%„, (J mol"1). The corresponding rate constants for the cathodic and anodic reactions, 

kcat and kan, are equal and may be evaluated according to the Arrhenius Equation. 

rrp - A G c q l  

Kcat ~ Kan ~ , & 

h 

Eq 27 

The net current density is obtained by substituting the above expressions into Eq 19. 

Let = - n F x c a , 

kT 
I 

h 

-AC an kT 
[M"+] + nFxa—e 

h 

eqm -AC , 
R T [M] = 0 

Eq28 

Under these conditions the currents densities for the forward and reverse reactions are equal and 

opposite, describing the steady state rate of exchange of metal ions and metal at the electrode 

surface, and the concentration of metal ions at the electrode surface is equal to its bulk 

concentration. This current density is termed the exchange current density, jo, and may be 

represented as follows: 

h = n F x c , 

kT -AC „ l m 

RT kT -AC , 

[M"+]bl,lk =nFxan—e RT [M] 
h 

Eq 29 



From Fig 3, the activation energy at equilibrium is related to the activation energy for the 

cathodic reaction of the unpolarized surface, AG*cat, as follows: 

AG*earn = AG*a,, - CCAjU Eq30 

This activation energy is substituted into the expression for the exchange current density for the 

cathodic reaction, from Eq 29, as follows: 

kT - A C a&fi 

h 

Eq31 

Substituting the change in chemical potential, from Eq 7, into Eq 31 results in the following 

expression for the exchange current density: 

jo=nFXcal—e R r e RT [M"+]bldk{aMn+YaMa  

h 

-AC M I a&/u° Eq 32 

The metal ion concentration may be converted to molarity through the following expression: 

[M"+] = p-
mM"+ Eq33 

1000 l + 2>,.Af, 

where; p (kg m"3) is the density of the electrolyte, and M,- (g mol"1) is the molecular mass of 

species /, and m, (mol kg"1) is the molarity of species i. 

kT 
h 

-AC an aAf.i" 

Jo =nFXca, ~ e R T e R T P' 

mM' 

1000 1 + J>, .M, . 
-(rMn+mMn+}aaMc 

Eq 34 

V i 

Applying the same procedure to the anodic reaction yields the following expression: 

Jo = n F x a 

kT •AG „„ -(\-a)ôt/j° 

e RT e RT [M](yM"+mMn+yaaM]-a 

Eq35 



These equations both predict that the exchange current density varies with ion concentration to 

the power of 1-a, and often appear in the following, simplified, form: 

j0=k0[M"+ta E c l 3 6 

However, it is more appropriate to represent the exchange current density as a function of the 

activities of the metal and metal ions [2]: 

j0=k0(aM°+)l-a(aM)a E C J 3 7 

When the electrode surface is polarized such that the reaction is not at equilibrium, the voltage 

required to deviate from equilibrium is called the overpotential, n (V or J C 1 ) , and is defined as 

the difference between the potential at the electrode surface, E, more specifically the Outer-

Helmholz plane, and the equilibrium potential, EM-

V = E-EM Eq38 

When the two potentials are equal, the overpotential is equal to zero and equilibrium exists. As 

previously described, the effect of the overpotential on electrode kinetics is partitioned by the 

transfer coefficient, a. This point is demonstrated in Fig 4, which illustrates cathodic polarization 

of a metal electrode surface. 



Reaction Coordinate 

Fig 4: Reaction coordinate diagram of a.polarized electrode 

The activation energy barrier for the cathodic and anodic processing can be written with respect 

to the activation energy barrier under equilibrium conditions, AG* ' e q m : 

AGca' = AG'ec,,,, - (-anFr/) = AG\qm + ccnFrj E c l 39 

AGan' = AG\qm + [-(1 - a)nFr]] = AG\qm - (1 - a)nFrj E^ 4 0 

By substituting the above expressions into Eq 22, one obtains the following equation containing 

the rate constants for the forward and reverse reactions: 

, rp - A C „,,„ -anFi] , rp - A C eqm +(l-a)nFrj Eq41 
jnei=-nFxf—e RT e RT [M"+] + nFxr—e RT e RT [M] 

Multiplying the forward current term of the equation, top and bottom, by the bulk metal ion 

concentration, [M"+]b"lk, allows for substitution of the exchange current density, from Eq 29. 



J net —ntXf —e 

kT 

-AC «,,„ r . r n+ T -anFn Eq 42 

-AC 

[M"+] 
+(l-or)«/7;; 

+ «Fx r—e RT [M]e RT  

h 
[M"+] . 

Jo r i - I Z H / M : 6 + ^ O 6 

v(\-a)nFii 

RT 

[M"+] 

If mass transfer effects are neglected, the concentration of metal ions at the electrode surface is 

taken to be equal to its bulk concentration and Eq 42 reduces to the common form of the Butler-

Volmer Equation: 

J net Jo 

-anFn (\-a)nF)j 

RT RT 
Eq 43 

The mass transport of metal ions to the electrode surface occurs by a combination of migration, 

under the influence the potential gradient that exists between the anode and cathode, and 

diffusion, due to the concentration gradient in the diffusion boundary layer, which is assumed to 

obey Fick's law: 

rdM"+ A 

dt 
mig 

{ dMn+^ 
dt 

'M"* total 

nF 

J dif 
5 

Ae([M"+]b""! -[M"+]) 

Eq 44 

Eq 45 

where; tM"+ is the transport number of the metal ions, which, by definition, corresponds to the 

fraction of the total current carried by the metal ions through the electrolyte, DM"+ (m 2 s"1) is the 

diffusion coefficient of the metal ion, and 5 (m) is the diffusion boundary layer thickness. 

Since mass transport of metal ions to the electrode and the electron transfer reaction at the 

electrode surface occur in series, at steady state, the fluxes are equal. 

dM" 
dt 

1' dM"^ 
dt 

(' dM"+^ 
dt 

Eq 46 

J dif 



It is important to recognize that I„et, as defined in Eq 17, is the electric current corresponding to 

the net rate of the electrochemical reaction of interest, whereas Itotai is the total current that is 

being passed between the anode and the cathode by the electrolyte, and that the two are not 

necessarily equal. However, the case where there is only one reaction occurring at the electrode 

will be the condition considered, i.e. Itotai = Ine, Thus, from Eq 17, Eq 44 and Eq 45, we may 

rewrite Eq 46 as follows: 

LUSL = ,,E' — A M " + f" l k - [M"+ ]) 
nF nF 8 

Eq 47 

Rearranging the above equation and converting currents to current densities, we obtain the 

following equation: 

-D. 
— nF([M"+]b"'k - [M"+]) 

Eq 48 

The current density corresponding to the maximum flux of metal ions, when the surface 

concentration of the metal ion species approaches zero, is the limiting current density, j / , m . 

D 
J Mm 

M " + 

nF([M"+ ]*"'*) 
Eq 49 

Dividing Eq 48 by Eq 49 and rearranging, we obtain the following expression for the ratio of the 

concentration of metal ions at the electrode surface to their bulk concentration as a function of 

the net current density of the metal deposition reaction: 

[Mn+] Eq50 

[M"+] bulk 

The above expression is inserted into Eq 42 as follows: 

J net Jo 

-anFq (\-a)nFq 

RT - e RT 

' lim J 

Eq51 



Rearranging the above equation to isolate the net current density, results in the final form of the 

extended Butler-Volmer Equation for a simple metal deposition reaction: 

-cmFij ( -a)nFrj 

-Jo e RT - e RT 

J ]im 

-anFi] 

RT 

Eq 52 
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Appendix B: Procedure for Determination of Pitzer Parameters from Osmotic Data 

Though the basic equations and nomenclature of the Pitzer Model are well established [1, 2], in 

the authors opinion, there is no simple and concise procedure for its implementation in the 

literature. This section is meant as a basic guide for fitting Pitzer parameters to a set of osmotic 

data for strong electrolytes containing multiple components. 

Fitting of the Pitzer Model appears to be most commonly based on sets of isopiestic data, where 

a number of observations, Noos, of solvent activity, as (which is often water), are directly made 

for corresponding solute(s) molalities, m, (mol kg"1). The stoichiometric molal osmotic 

coefficient, <f>sl, is calculated, for each solute molality as follows: 

-10001n(a ) • Eq53 
^' = 77~ 

vmM s 

where; v is the number of mois of ions created by complete dissociation of a mol of solute, and 

Ms (g mol"') is the molar mass of the solvent. If some knowledge exists for the actual degree of 

dissociation of the solute at each salt molality, e.g. from Raman data, then the observed osmotic 

coefficient, <j)obs, may be adjusted as follows: 

vm<fisl Eq54 

where; Em, is the sum of all the molalities of solvated species. Otherwise, it is conventional to 

assume complete dissociation, i.e. <pobs = <j>sl. 

The first step in modelling the observed data is to estimate the set of adjustable parameters for 

specific interactions of each particular cation, M, and anion, X. 

a) ft0)Mx, fy/')MX, 01'W second viral coefficients for interactions of oppositely charged ions 

including ion-pair formation. 

b) C^MX '• third viral coefficient describing ion triplet formation. 

9MM' and dxx' '• terms which account for interactions between like charged ions, where M 

±M'znàX ÎX'. 



d) y/MM'x and y/xx'M • terms which account for the modifying influence of an oppositely 

charged ion on 6 interactions. 

The parameters listed in a) and b) should be derived from binary mixtures of the ions with 

parameters in c) and d) being added to account for the influence of additional ions in more 

complex solutions. 

The following sequence of calculations is then followed with the ionic strength of the electrolyte 

being calculated first: 

T 1 -r-, 7 Eq 55 

where; z, and m, are the charge and molality of species i. 

For all specific cation-anion interactions, the third viral coefficients, CMX, are calculated: 

r* Eq 56 f _ ^MX n 

MX — , ,1/ 
2z z V2 

where; zM and zx are the charges of M and X, respectively. 

Next, the second viral coefficients, B^Mx, are calculated: 

B* = 6m + B{]) e~a',/2 + B(1)eai'Yl E q 5 7 

UMX HMX^HMX^ t HMX^ 

where; aj = 2 and a? = 0 for 1-1 and 1-2 interactions, or ay = 1.4 and = 12 for higher charge 

interactions. 

For each specific cation-cation or anion-anion interaction, the higher order electrostatic mixing 

terms E6,j and are calculated as follows: 

z.z.r i Eq58 
0 « = ~ i f ^ } " ° - 5 J ( x - } " ° - 5 J ( X j j } J 



Os = + jfi [ V K - ) - 0.5xttJ\xB ) - 0.5.v(,/'(.v.. )] 
Eq59 

where: 

= 6ziZjAJ/2 Eq 60 

The Debye-Hiickel osmotic coefficient, may be calculated from the following expression [3]: 

A^* 0.377 + 0.0004684(T -273.15) + 0.00000374(T - 273.15)2 Eq61 

The terms J(XJJ) and J'(XJJ) may be calculated using the following approximations [4]: 

J(x0) 
Eq 62 

4 + 4.581*.. -0.7237 -0.012A-,,-

J'{x,) 
J(xij+dxij)-J(xu) Eq 63 

dx.. 

The electrostatic mixing terms, calculated in Eq 58 and Eq 59, are used to calculate the mixed 

electrolyte second viral coefficients, O^y, as follows: 

0 * = ^ + ^ , , + / ^ Eq 64 

A l l the above-calculated coefficients are then used to calculate the osmotic coefficient at each 

solute molality: 

<f>calc = 1 + 

AJ' 

1 + 1.2/ / 2 

+ zZzZmc>na(Bi+ZCca)-

y y » ! m , O**,+V m M„„.„ 
/ j / J a a an / , c i a a c 

Eq 65 

where; 



Z = Yjm\z\ Eq66 
i 

Typically, deviations from observed and calculated osmotic coefficients are represented by the 

sum of the square of the errors, SSE: 

SSE = YJ{<Pa,,-<PolJ E c l 6 7 

The SSE is minimized by modifying the adjustable interaction parameters and repeating the 

calculation process, Eq 55 through Eq 67, until convergence. Fitting always begins with the 

minimum number of adjustable parameters and acceptance or rejection of an additional 

parameters is made from examination of the corresponding value of chi-square, y?\ 

z <t>ohs -<Pca 
Eq 68 

where; aoos is the estimated uncertainty in the observed osmotic coefficient data, and v, in this 

case, is the number of adjustable parameters. An additional parameter is, generally, accepted i f 

the value of x decreases from that calculated for the previous set of parameters. 

EMF data may be used to directly calculate the activity coefficient of a particular species to 

influence fitting or simply be calculated after the fact. The process of calculating a single ion 

activity coefficient begins by, first, calculating the second viral coefficients, BMX, and B'MX as 

follows: 

B M X = Kx + ttllf(a/A) + ̂ f(a/A) E q 6 9 

„ ' piïjx*/2), Pûrwh Eq70 

BMX - ~ + j — 

where; the functions f[x) and/(A) are given as follows: 

\ _ 2 [ l - ( l + x)e- t] E q 7 1 



f'(x) = e~'-f(x) Eq 72 

Next, the following mixed electrolyte second viral coefficients, O^,- and O'y, are calculated: 

Eq 73 

Eq 74 

These coefficients are used to calculate the term F: 

F = -A, 1 2 • + — lnfl + 1.2/>2 

[/- 1.2 + zZz2mcmaBc 

Eq 75 

1 + 1.2/ / 2 

The activity coefficient of a specific cation, M , or anion, X, are then be calculated as follows: 

\n{yM) = zM

2F + YjmX2BMa+ZCMl) + Yjm \ 2<X>Mc + ] [ > a ^ 
a c V a 

Mca 

H/x)=^x1F + Yjmc{2BcX + ZCcX) + 2 0 ^ + £ m c ^ 
c a V c 

Eq 76 

Eq 77 

References: 

1 H. Kim, and W.J. Frederick, J. Chem. Eng. Data, 33, pp. 177-184, (1988). 

2 H. Kim, and W.J. Frederick, J. Chem. Eng. Data, 33, pp. 278-283, (1988). 

3 K.S. Pitzer, R.N. Roy, and L.F. Silvester, J. Am. Chem. Soc, 99(15), pp. 4930-4936, (1977). 

4 S.L. Clegg, J.A. Rard, and K.S. Pitzer, J. Chem. Soc. Faraday Trans., 90(13), pp. 1875-1894, 
(1994). 



Appendix C: Wiart's Model of Zinc Electrocrystallisation from Acidic Sulphate Electrolytes 

The reaction of Wiarts Model are given below along with their respective rate constants, Kt (m"2  

s"1) [1] for pure acidic zinc sulphate electrolytes at 25 °C: 

Zn + H+ + e~ K> > ZnHad * i = 3.57x10"4 [H+] exp(- 5rj7n ) Eq 78 

ZnHad +H++e~ ———>Zn + H2 K2 
= 5.00 x 1 (T6 [H+ ] exp(- 32T7z„ ) Eq 79 

Zn2+ + e"— K -^Zn a d = 5.95 x 10"6 [Zn2+ ] exp(- 4 0 / 7 z J Eq 80 

Zn+ad +e~—^-»Z« K, = 8.40xlO" 4exp(-10/7 zJ Eq81 

Zn+ad + e~ —̂—> Zn * K5 
= 5.00 x 10 - 7 [Zn2+ ] exp(-16rjZn ) Eq 82 

Zn* Ki >Zn = 1.70xl0~5 Eq83 

Zn2+ +Zn* +2e~ — Z n + Zn* ^ = 6.67 x 10 - 3 [Zn2+ ] exp(-16r]Zn ) Eq 84 

Zn K* >Zn2++2e~ = 2 .50xl0- 4 exp(407 z „) Eq85 

where; zinc and proton concentrations, [Zn2+] and [ft], are inputted in mol dm"3, and the zinc 

overpotential, rjz„, is inputted in V. Where applicable, the pre-exponents have been normalized 

for the calculated Ft concentration, 1.40 mol dm"3, corresponding to the stoichiometric H2SO4 

concentration employed in the study of Cachet and Wiart, 1.22 mol dm"3. 

The fractional coverages of surface active species are calculated as follows: 

0 Eq86 
ZnH°d Kx+K2{\ + K,l K4) 

e =K1K± Eq87 
z"°" K^KA 

«,. = * ^ . E q 8 8 

The partial current densities are calculated as follows: 



JZn—2F[K40Zii:d+K70Znt) 

jH=-2FK26ZiiHui 

The current efficiency is calculated in the standard manner: 

0 =—hn— 
e 

J Zn
 +

 J H 
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Appendix D: Calibration of Rotating Ring-Disc Electrode 

The ring-disc electrode used in this study was calibrated using a ferro/ferricyanide solution [1], 

composed of 0.01 mol dm"3 K 3 Fe(CN) 6 and 0.03 mol dm"3 K4Fe(CN) 6 in 0.5 mol dm"3 K 2 C 0 3 at 

approximately 22 °C, from which the collection efficiency was measured to be 0.2505 ± 0.002, 

from the limiting currents at rotation rates between 500 and 3500 rpm. However, when calibrated 

to detect hydrogen evolution, in 0.007 M H 2 S 0 4 at approximately 22 °C, the observed collection 

efficiency was lower than that observed for ferri/ferrocyanide and decayed with time. Dissolved 

hydrogen is a neutral molecule, which must first adsorb onto platinum before being oxidized [2]. 

Popic [3] observed a similar decay in collection efficiency for detection of hydrogen, using an 

aluminium disc-platinum ring electrode, which was attributed to progressive poisoning of the 

ring electrode surface by trace levels of contaminants. The following potential step sequence, 

similar to that proposed by Popic [3], was developed to activate the ring electrode for hydrogen 

oxidation; 1) 900 mV (SCE) for 60 seconds (oxidizes the ring and drives off contaminants while 

avoiding oxygen evolution), 2) -250 mV (SCE) for 10 seconds (reduces the electrode), and 3) 

250 mV (SCE) to hydrogen detection (large overpotential for hydrogen oxidation while avoiding 

oxidation of the ring). These procedures are referred to as "Ring Oxidation", "Ring Activation" 

and Ring Reduction", respectively in Appendix F. The theoretical collection efficiency was 

consistently achieved immediately following each application of this procedure. However, the 

collection efficiency was still unstable and continued to decay with time. 

Frazer and Hamilton [4] employed a gold rotating ring-disc electrode to measure current 

efficiency during electrowinning of zinc from an electrolyte containing 0.8 mol dm"3 ZnS0 4 and 

1.07 mol dm"3 H 2 S 0 4 . Because gold is an ineffective electrocatalyst for hydrogen oxidation, the 

ring of their electrode was platinised in order to detect evolved hydrogen. Frazer and Hamilton 

did not report any problems related to the decay in ring response other than due to hydrogen 

bubble formation, occurring at hydrogen evolution rates > ca. 19.5 A m"2 at 1200 rpm, even 

though deposition times were in the order of 2 hours. Thus, it was surmised that the increase in 

the real surface area of the ring electrode, resulting from platinisation, must have been sufficient 

to maintain an excess of active sites for hydrogen adsorption throughout the test period. The ring 

electrode of the platinum ring-disc electrode used in this study was subsequently platinised using 

a standard procedure described elsewhere [5]. The stability of collection efficiency of evolved 

hydrogen for the platinised ring-disc electrode was evaluated in sulphuric acid, in the presence of 

zinc, after applying the previously outlined procedure for activating the ring (see Fig 5). Overall, 



the collection efficiency was calculated to be 0.228 ±0.011, close to the theoretical value 0.240, 

and observed to be stable up to 30 minutes (the longest period tested). 
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Fig 5: Collection efficiency of a platinised ring electrode, in 0.1 mol dm"3 H2SO4 with 2*10"3  

mol dm"3 ZnSC-4 at 25 °C, 1600 rpm electrode rotation rate, for hydrogen evolved at a platinum 
disc from a series of 5 second potential steps at; -240 mV, -250 mV, -260 mV, -265 mV, -270 
mV, -275 mV, -280 mV, -290 mV, and -300 mV (SCE), as a function of ring conditioning time 
at 250 mV (SCE). 
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Appendix E: Matlab Script for Calculating Surface Area from an A F M Image 

function R = surface_area(inputdata,L); 
% 
% function surface_area(inputdata,L); 
% 
% This file calculates the actual area of a (rough) surface. 
% Approach is to divide surface into 2*(m-l)A2 triangles and calculating 
% the area of these individual surfaces; then summing them up. 
% 
% INPUT: 
% h - square, nxn surface matrix to calculate area of (heights in Angstroms); 
% L - length of side in microns. 
% 
% OUTPUT: 
% R - ratio of actual surface area to L A 2 
% 
% E X A M P L E : 
% load('fdename'); 
% R = surface_area(filename,10) 
% 

% Anders B A L L E S T A D , August 08 2002. 

m = min(size(inputdata)); 
ic = inputdata/10000; % Input data is now in micron heights, 
h = ic; 
dx = L/(m-l); % x increment; dx=dy. 
dx2 = dx*dx; 
% CALCULATIONS 

[h2,a,b,c] = get_abc(h,m); 
local_area= l/2*(sqrt(dx2+(a-h2).A2).*sqrt(dx2+(c-a).A2)+... 

sqrt(dx2+(c-b).A2).*sqrt(dx2+(b-h2).A2)); 
total_area = sum(sum(local_area)); 
R = total_area/L/L; 

h_rms = mean(std(h))*1000; 
disp(['Surf. Area = ',num2str(total_area), 'umA2, and RMS = ', num2str(h_rms), 'nm']); 
disp(['Area/LA2 = ',num2str(total_area/L/L)]) 

% 
function [h2,a,b,c] = get_abc(h,m) 

h2 = h(l :m-l ,1 :m-l); % The lower m-2 points 
a = h(l:m-l,2:m); % + l i n x 
b = h(2:m,l:m-l); % + l i n y . 
c = h(2:m,2:m); %+1 in x and+1 in y 



Appendix F: Autolab Zinc Deposition Procedure 

Procedure! Method = C M 

Procedure!Open("D:\Procedures\Normal Pulse Procedures\Ring Oxidation") 
Procedure! Start 
Procedure!Open("D:\ProceduresVNormal Pulse ProceduresVRing Reduction") 
Procedure! Start 
Procedure!Open("D:\Procedures\Normal Pulse ProceduresVRing Activation") 
Procedure! Start 

Procedure!Open("D:\Procedures\Normal Pulse ProceduresVl 100 mV Pulse") 
Procedure! Start 
Dataset!SaveAs("D:\Data\Current DataVl 100 mV Pulse") 

Procedure!Open("D:\Procedures\Normal Pulse ProceduresVl 125 mV Pulse") 
Procedure! Start 
Dataset!SaveAs("D:\Data\Current DataVl 125 mV Pulse") 

Procedure!Open("D:\Procedures\Normal Pulse ProceduresVl 150 mV Pulse") 
Procedure! Start 
Dataset!SaveAs("D:\Data\Current DataVl 150 mV Pulse") 

Procedure!Open("D:VProcedures\Normal Pulse ProceduresVl200 mV Pulse") 
Procedure! Start 
Dataset!SaveAs("D:\Data\Current Data\-1200 mV Pulse") 

Procedure!Open("D:\Procedures\Normal Pulse Procedures\-1250 mV Pulse") 
Procedure! Start 
Dataset!SaveAs("D:\Data\Current DataVl250 mV Pulse") 

Procedure!Open("D:\Procedures\Normal Pulse ProceduresVl300 mV Pulse") 
Procedure! Start 
Dataset!SaveAs("D:\Data\Current Data\-1300 mV Pulse") 

Procedure!Open("D:\Procedures\Normal Pulse ProceduresVl400 mV Pulse") 
Procedure! Start 
Dataset!SaveAs("D:\Data\Cun-ent Data\-1400 mV Pulse") 

Procedure!Open("D:\Procedures\Normal Pulse ProceduresVl500 mV Pulse") 
Procedure! Start 
Dataset!SaveAs("D:\Data\Current Data\-1500 mV Pulse") 

Procedure!Open("D:\Procedures\Nonnal Pulse ProceduresVl750 mV Pulse") 
Procedure! Start 
Dataset!SaveAs("D:\Data\Current Data\-1750 mV Pulse") 

Procedure!Open("D:\Procedures\Normal Pulse Procedures\-2000 mV Pulse") 
Procedure! Start 



Dataset!SaveAs("D:\Data\Current Data\-2000 mV Pulse") 

Procedure!Open("D:\Procedures\Normal Pulse Procedures\-2500 mV Pulse") 
Procedure! Start 
Dataset!SaveAs("D:\Data\Current Data\-2500 mV Pulse") 

Procedure!Open("D:\Procedures\Progessive Pulse ProceduresVProgressive Pulse") 
Procedure! Start 

Dataset!SaveAs("D:\Data\Current DataVProgressive Pulse") 

Procedure! Method = CV 
Procedure!Open("D:\Procedures\CV Procedures\Reversible Potential") 
Procedure! Start 

Dataset!SaveAs("D:VData\Current Data\Reversible Potential") 

Fra!Start("D:\Procedures\FRA Low Acid Project") 

System!Beep 



Appendix G: Pitzer Parameters for H2SO4. 

Parameter Value[l] 
p ( 0 ) 

Ff-HSGY 
0.222970 p ( 0 ) 

Ff-HSGY 
p(D 0.460016 

H + -HS0 4 " 
c* -0.0026601 

H + -HS0 4 " 
p ( 0 ) 

H + -S0 4

2 " 
0.0642129 p ( 0 ) 

H + -S0 4

2 " 
p(D 

H + -S0 4

2 " 
0.2259017 p(D 

H + -S0 4

2 " 
C* 0.0311257 

H + -S0 4

2 " 
0.0278059 

H +-HS0 4~- S0 4

2 " 
0 -0.1353418 

H S 0 4 - S 0 4

2 ' 

References: 

1 J.K. Hovey, K.S. Pitzer, and J.A. Rard, J. Chem. Thermodynamics, 25, pp. 173-192, (1993). 



Appendix H: Estimation of Current Inefficiency due to Oxygen Reduction at the Cathode 

Conventional zinc electrowinning is carried out in unsegmented cells with oxygen evolution as 

the anode reaction and thus, the electrolyte is probably saturated with dissolved oxygen. During 

zinc electrowinning there is an enormous overpotential for oxygen reduction at the cathode, ca. 

3V, and so oxygen is probably reduced at its limiting current density. The elements necessary for 

estimating the current inefficiency due to oxygen reduction, jo2, are the solubility of dissolved 

oxygen, [O?] (mol m"3), the boundary layer thickness, 8 (m), and the diffusion coefficient of 

dissolved oxygen, DQ ( m 2 s"1): 

. 4FD02[Q2] Eq92 

The level of dissolved oxygen in zinc electrolyte may be estimated according to the procedure 

outlined by Tromans[l], which estimates the fraction of water available to interact with oxygen 

as a function of electrolyte composition and temperature. The effective fraction of water, <p, 

available to interact with oxygen is calculated by calculating ^-factors for each individual salt, 

as a function of salt molality, mSalt (mol kg"1), according to the following expression: 

<PSaiAmSah) = 1 + KSaltmSaltys"" 

Eq 93 

where; KS„I, , ysait, and r/sait are constants for each salt, some of which are tabulated below: 

Table 1: Selected constants for calculating ^-factors. Taken from [1]. 

Salt K y ri 
H 2 S 0 4 2.01628 1.253475 0.168954 
ZnS0 4 0.232671 1.010428 2.655655 
N a 2 S 0 4 0.629498 0.911841 1.440175 
K 2 S 0 4 0.55 0.911841 1.440175 
M g S 0 4 0.119674 1.107738 5.455537 

A1 2 (S0 4 ) 3 0.641163 0.954719 3.3033594 

Another empirical term that must be determined is q, which is the average oîqsait values, 

calculated for each salt, according to the following expression: 



_ ln(^ f(1.5)) Eq94 
' S a " ~ 2 1 n ( ^ ( 0 . 5 ) ) " U - 5 

Once q has been calculated along with all feai, values, the feait parameters are arranged such that 

the feciti > feaia > feaiu etc., and substituted into the following expression to calculate the 

equilibrium molality of dissolved oxygen in the electrolyte, mÛ2 (mol kg"1): 

m02 = p02 exp 
- 0.04672 -1.3787 + 203.3571n(7/298)+ 68624' 

8.31447 
( V E q 9 5 

where; pOj (atm) is the partial pressure of oxygen, and 7(K) is the absolute temperature, and 

(Z2Tlfeai,i-) is the product of fealt2

 x fe„it3
 x . . .feaitz- Converting the units for oxygen concentration 

to mol m"3 is accomplished as described in Section 3.2. The value of the diffusion coefficient of 

dissolved oxygen, Do,, may be estimated from the following expression, also developed by 

Tromans [2]: 

n , , ^ ^ - 6 { 14277 + 4 . 6 6 1 x l 0 , 9 7 - 6 8 1 3 2 l E t l 9 6 

D n =1.363x10 exp< > 
RT 

As indicated in Section 2.4.3, the boundary layer thickness, ô (m), is dominated by micro-

convection due to hydrogen evolution and may be estimated using one of the expressions in 

Table 2. However, due to general lack of agreement between these expressions, there is 

obviously considerable uncertainty in this calculation. Previously, the only reported estimation of 

current inefficiency due to the reduction of oxygen was that of Biegler and Swift [3], who 

claimed that it was in the order of 1% of the total current. 



Table 2: Selected expressions for calculating mass transport coefficient of zinc. 

Electrolyte Hydrogen Evolution 
Current Density Range 

/ A m " 2 
5 

/ms" 1 

Source 

80 g dm"J Zn 2 + , 135 g 
dm"3 H 2 S 0 4 , 5 mg dm"3 

C d 2 + , 50°C 

25-16000 5.69xl0- 4 O„ 2 ) 0 5 4 

1 mol dm"3 Z n 2 + , 1.8 mol 
dm"3 H2SO4, 30-70°C 

25-6000 3.9xl0- 6 O„ 2 ) 0 5 5 

25-65 g dm"3 Zn 2 + , 
65-215 g dm"3 H 2 S 0 4 , 

35-45°C 

5-30 
1.66xl0~3 

f jHAe RT^ 
IF P 

0.3 6 

0.05 mol dm"3 C u 2 + , 1.85 
mol dm"3 H 2 S 0 4 , 25°C 

70-800 4 . 5 9 x l 0 - 5 ( 7 w 2 ) 0 5 7 

1 mol dm"3 K O H , 0.1 mol 
dm"3 K C N , 0.02 mol dm"3 

AgCN, 25-65°C 

0-4000 

1.3x10-

t • \038~ 
_ S + 0 . 2 4 

^1000 J 
8 
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Appendix I: Estimation of Oxygen Evolution Overpotential 

The conventional anode reaction in zinc electrowinning is oxygen evolution from the electrolysis 

of water, which is conventionally carried out using Pb based anodes. Since the electrolyte is 

aqueous, mass transfer limitations due to depletion of water at the anode may be ignored and the 

relationship between anode overpotential, rjHl0 (V), and oxygen evolution current density,///,o 

(A m" ), may be adequately described by the Tafel equation: 

77H2O — ' 
2303RT 

anF °g{j0M2o)+-
2.303RT 

anF 
^g(jH2o)=a + b\og(jH20) 

Eq 97 

where; a (V) is the is the Tafel constant and b (V decade" ) is the Tafel slope. 

Barton and Scott [1], in their model of zinc electrowinning, quote Tafel parameters (0.306 V for 

a and 0.146 V dec"1 for b) for their Pb anode (0.75 % Ag) which was covered in a manganese 

dioxide scale, as is typical for the relatively impure conditions employed in industry. The use of 

solvent extraction to purify electrolytes would avoid ingress of manganese into the electrolyte 

and thus, it may be useful to consider Tafel parameters for Pb based anodes which are free of 

manganese dioxide. Hein and Schierle[2] have published Tafel parameters, see Table 1, for a 

wide range of Pb based anodes which may be applicable for electrowinning from purified zinc 

electrolytes. 

Table 1 : Tafel constants for various Pb based Pb-Ag-Ca anodes in 200 g dm"J H 2 S 0 4 at 25°C. 
Taken from [2]. 

Ag Ca a b Ag Ca a b 
/ % / % IV 1V dec"1 / % / % IV 1V dec"1 

0 0 1.732 0.077 0 1 1.661 0.096 
0.1 0 1.718 0.079 0 1.5 1.634 0.093 
0.25 0 1.692 0.087 0.05 0.2 1.718 0.093 
0.5 0 1.668 0.102 0.05 0.8 1.664 0.097 
1 0 1.599 0.131 0.1 0.4 1.706 0.088 

2.5 0 1.598 0.120 0.1 0.7 1.655 0.106 
0 0.1 1.757 0.072 0.25 0.2 1.647 0.120 
0 0.3 1.725 0.079 0.25 0.8 1.613 0.117 
0 0.7 1.701 0.082 

Dimensionally stable anodes, DSAs, are known to catalyzing oxygen evolution and their 

application in zinc electrowinning could result in significant cost savings [3 ,4 ,5 ,6 ,7]. 

However, their use has not been adopted since they tend to fail prematurely due to impurities in 



industrial electrolytes. Solvent extraction has shown considerable promise as a means of 

producing a high purify zinc electrolyte to extend DSA service life [8, 9]. Lui et al. [7] have 

published Tafel parameters for various DSAs, which are tabulated below. 

Table 2: Tafel constants for oxygen evolution for four DSAs and one Pb-Ag anode in 50 g dm 
Zn 2 + , 150 g dm"3 H 2 S 0 4 , at 35°C. Taken from [7]. 

Anode a 
/ V 

b 
1V dec"1 

Current Density Range 
/ A m " 2 

Ti/SbOx-Sn0 2/Ru0 2-Ti02 0.45 0.095 63-630 
Ti/SbO x -Sn0 2 /Mn0 2 0.63 0.138 30-100 
Graphite/ R u 0 2 - T i 0 2 0.39 0.132 30-100 
Ceramic/ R u 0 2 - T i 0 2 0.20 0.120 30-100 
Pb-Ag ( l % A g ) 1.18 0.134 30-180 
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