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1. Introduction

Preventing corrosion on the surface of metals is a modern requirement in the
production of metal structures. One of the most common corrosion control methods is
coating the steel surface with a passivating layer, like in the case of hot dip galvanizing
(HDG), where a thick zinc coating protects the surface of the steel objects. The most
commonly used version of this method is the batch operation by the dry HDG
technology. The forming of the Zn coating could be thought as a simple procedure,
where the metals are immersed in a molten zinc bath at approximately 430-460 °C
temperature. Zinc coating protects the metal by two effects: (i) it provides a barrier,
and (ii) it acts as a sacrificial anode if the substrate surface is exposed to the corrosive
environment because it has a more negative electrode potential than the protected
metal. However, the steel surface usually exhibits scaling and corrosion, making direct
Zn coating impossible. Surface cleaning is an important preparatory procedure. Thus,
HDG technology, as illustrated by Fig. 1.1, may produce numerous wastes too and

cause severe environmental hazards [1] [2] [3].
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Fig. 1.1 The main units of hot dip galvanizing plants using the dry batch technology [4].
The raw objects intended to be galvanized are subjected to a complex chemical pre-
treatment to achieve a pure metallic surface combined with its activation. Figure 1.2
illustrates the chemical pre-treatment sequences. The parts are first degreased and then
pickled. Pickling removes rust, scales, the corrosion products and possibly other
soluble impurities from the surface. However, before the all-important pickling step,
it is also necessary to remove the grease from the surface as it would affect the wetting

properties of the pickling liquor. The most common reagent used for degreasing is



alkaline media, such as caustic soda and potassium phosphate. However, acidic
degreasing, using a mixture of surfactants with either HCI, HoSO4 or HNOs, is

becoming popular because no heating and extensive rinsing is required.
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Fig. 1.2 Chemical pre-treatment sequence of dry batch HDG technology [5].
The pickling step is also used to remove faulty Zn coatings from the recycled objects.
Generally, acidic media are applied. The object is immersed or end-to-end passed
through a hydrochloric (HCI) or sulphuric (H2SO4) acid solution in which magnetite,
hematite, wustite, minor oxide constituents, or recycled Zn layers react with hydrogen
ions in the bath [6]. In practice, quite a large proportion of the products with faulty
zinc coatings are returned to this step, either mixed with raw materials or separately.
This practice results in the enrichment of the pickling liquor in zinc while the
concentrations of iron and the acid decrease simultaneously. The amount of Zn in spent
pickling liquor (SPL) highly depends on how they are processed. If the faulty zinc
layer is removed in a separate “stripping” line, like in most modern technologies,
usually a special SPL (stripping solution) of remarkably high Zn concentration arises
associated with considerably lower iron content. In other cases, the SPL carries the
whole of the stripped zinc beside the dissolved iron. Some part of the Zn concentration
is also found in the SPL because of the use of hooks, cages, and baskets during

immersion.

Known for its superiority in maintaining the adherence of the galvanic coating and
lowering the possibility of localized corrosion, HCI is preferably used as the pickling
agent [7] [8]. Furthermore, it offers faster pickling, easier cleaning, lower acid and
heat consumption, and less liquid waste. As shown in Fig. 1.3, pickling can effectively

dissolve the oxides and the faulty Zn-coat into the bath.



Fer O,
| Fe,0, + Fe + 6HCl — 3FeCL, + 3H,0 (1.1)

Fes Fe,O, + Fe + 8HCl — 4FeCl, +4H,0 (1.2)
: | FeO FeO + 2 HCl — FeCl, + H,O (1.3)
Fe + 2HCI — FeCl, + H, (1.4)

Fig. 1.3 Scale layer on the surface of steel structure and its reaction with HCI [9].
On the other hand, in the pre-treatment of faulty Zn-coated structures in the Zn

stripping line, the main reaction is Zn dissolution by the reaction with HCI:
Zn + 2HCI — ZnCl, + H» (1.5)

However, the reaction of iron with the pickling media cannot be hindered either. Thus,

FeCl, may accumulate in the SPL, although at a relatively low concentration.

The reagent loses its efficiency after decreasing its initial HCI concentration by 75-
85% [6] [10]. The dominant components of the spent chloride acid solution are ZnCly,
FeCl,, and HCI, in this molar order if it arises from the stripping line. In this case, the
exhausted solution would be highly rich in zinc in the range of 80-230 g/dm?, and low
in Fe (about 5-20 g/dm?) along with the remaining active HCI of about 5-30 g/dm?>
concentration. If however the spent liquor comes from the main production line
treating basically the previously uncoated metal, the composition may vary as 100—
160 g/dm? of Fe, 5-20 g/dm® of Zn and 20-50 g/dm? of HC1 [11] [12] [13]. Therefore,
this research is oriented mainly towards the former type of SPL, coming from the
stripping lines of modern galvanizing plants. As impurities, this solution may also
contain trace amounts of other metals such as manganese, lead, aluminium, chromium,

cadmium, nickel, copper, and cobalt, totalling in the range below 1 g/dm? [14] [15].

Given the contained heavy metals and the corrosive nature, the SPL is categorized as
a complex hazardous waste by the EU Waste Framework [7] [16] [17] [18]. With the
tightening laws and regulations on the release of residual materials containing acids
and heavy metals, as well as the increased emphasis on required regeneration,
recycling, or reuse of industrial waste, this effluent must be treated to satisfy the “near
zero discharge” concept [19]. In addition, according to the circular economic
strategies, SPL can be considered as a secondary source of Zn, and also Fe. The
recovery of these metallic values may be economical even without the legal

encouragement if the purity of the recycled metal reaches levels beyond the ordinary
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technical grades. Due to the environmental protection regulations, the processes of Zn
recovery from various industrial wastes are becoming progressively more attractive
lately. If the metals can be extracted at a high purity level, the processing of the waste
material may offer some extra economic benefit [6]. It is mentioned in the 2015

n

European Union action plan for a circular economy as "... the value of products,
materials, and resources must be maintained in the economy for as long as possible,
and the generation of waste is minimized to develop a resource-efficient, and
competitive economy...” [14] [20]. Thus recycling SPL may be directly in line with
the relevant EU regulations and also with economic aspirations if an efficient
procedure is devised producing pure Zn as the main product. Additionally, the Bureau
of International Recycling mentioned that producing Zn and Fe from secondary raw
materials may affect CO, saving by great ratios [20]. If however the SPL is not
recycled, just neutralized and a heterogeneous waste mass is disposed of, the allowed
concentration of metals and chloride ions is strictly regulated in Europe, and similarly
elsewhere [21]. Not neglecting the legal incentives that generally promote hazardous
waste recycling, the economic feasibility of Zn recovery from the SPL depends
strongly on the value of the recovered product. As with all metals, the price of zinc
strongly depends on purity. For example, the 99.999% (5N) purity zinc (available as a
special material) may cost almost 4000 times more than the common commodity at
the metal markets [22]. High pure zinc can be used for producing semiconductor
compounds, such as CdZnTe for detectors, ZnSe for blue light emitting diodes, ZnTe
for thermo-electric cooling devices and doping semiconductors to make p-type [23].
Even though nanomaterials/powders production from secondary resources has gained
considerable attention, the research for this production from spent pickling liquor is
still limited to iron nanomaterial. Preparing ZnO nanoparticles from ultra-pure Zn
metal is also extensively popular as it has excellent optical, electrical, and
electrochemical super capacitor, thermal properties, and catalytic activities and is
economically favourable [24]. In addition, using pure zinc in preparing biodegradable
material, mainly in bone and blood vessels, has increased significant interest [25].
Therefore, reaching a high purity in the recovered is the main goal of the envisaged

research challenge.



2. Major approaches to the SPL treatment

2.1. The conventional approach to treat SPL

A conventional treatment of this waste solution is just neutralisation, producing a
harmful sludge as by-product to be disposed of at high expenses. In this process, the
liquid waste from the pickling step is reacted with a 10 to 15% lime suspension or
NaOH/KOH, resulting in metal hydroxides [26] [11]. Neutralization is widely used to
treat SPL because of its simple technique. It has been reported by developed European
steel companies that approximately 300 000 m® of spent pickling liquor is produced
every year [27] [11]. This stream is neutralised to produce 150 000 t/y of wet sludge,
which is stored under special provisions [28]. The properties of the neutralization
product depend on the composition of the SPL, which varies according to the plant of
origin. Beyond the simplicity, neutralization may offer low operating costs, but there
are several disadvantages, such as no metal recovery, extensive use of chemicals,
expensive sludge storage, hazardous precipitates, and no acid is recovered in the plant,
and an increased need for the landfill for sludge storage [29] [30] [26]. After
neutralisation, European standards state that the metal and chloride ion contents must
not exceed 2 mg/dm?® Zn, 10 mg/dm® Fe and 1 g/ dm® CI' [1] [31]. Thus, the effluent

usually must be treated to meet these regulations.

Another traditional treatment widely used in the HDG industries is spray roasting, in
which the HCl-based SPL is heated up to 500-800 °C producing iron oxide granules,
followed by the condensation of the vapour to produce HCI of 200 g/dm?®. Although
this process can recover 99% of iron oxide, it may be contaminated by zinc [11] [30]
[32]. In addition, this process produces gas emissions and is highly energy-consuming;
thus, it is impractical for the small HDG industries. The methods of treatment are
continually under development. Several options combine existing technologies, such
as ion exchange [33] [12], solvent extraction [8] [34] and pyro-hydrolysis or
evaporation, and anion exchange [28] [35] [26] [36] [37] with acid retardation [11] [28].
However only a few research studies have discussed the possibility of producing pure
metal from SPL. A combination of anion exchange and electrowinning [26] appears

promising due to its potential for recovering both metal and regenerating HCI.

As a straightforward approach, direct electrowinning has also been studied to recover

the metals, especially zinc, from SPL. However, the loss of Zn during the cathodic



deposition has been observed under all experimental conditions, affected by the
chlorine gas production at the anode and the co-existence of Fe in the electrolyte
especially when the electrolysis duration was prolonged [26]. If the aqueous solution
contains a significantly high concentration of HCI, the direct electrowinning of the
metal content results in mixed electrode processes, implying chlorine generation at the
anode and hydrogen evolution at the cathode. The current efficiency is impaired and
chlorine emission may require special provisions. To avert these difficulties,
membrane-based electrochemical reactors have been devised and tested [26] [38] [39]
[40]. Using an anion and/or cation exchange membrane in a two- or three-
compartment electrochemical cell, the harmful effects of chlorine can be safely
avoided, Zn can be electrodeposited, and HCI can be regenerated. However, the
application of membranes strongly increases the system resistance, while the separate
compartments results in long cathode-anode distances, producing high energy
consumptions [40] [41]. A direct recovery of Zn metal from SPL by electrodeposition

would require a thorough preliminary electrolyte purification.

2.2. Special approaches to purify SPL

2.2.1 The characteristics of separation techniques

Even minor concentrations of impurities may harmfully influence the characteristics
of Zn electrodeposition [42]. The purity of the zinc cathode can be assured only by a
thorough preliminary purification of the solution. It is possible by the physicochemical
differences of the elements in the SPL. Several techniques can be used for this purpose,

as mentioned in Table 2.1.

Table 2.1 Classification of methods applied for impurity elimination [43]

No. Nature of Property utilized Method of separation
separation

1 Chemical Reactivity Selective reaction

2  Chemical Solubility Selective precipitation

3 Chemical Electrode potential Cementation

4 Chemical Distribution of dissolved lon exchange, solvent extraction
ions between phases

5  Electrochemical Electrode potential Electrowinning, electrorefining

6  Physical Distribution ~ of  atoms Zone melting, fractional
between solid and liquid crystalization
phase

7  Physical Vapor pressure Distillation, sublimation

8  Physical lon mobility Electrotransport




In order to purify the Zn-bearing SPL, it is possible to apply various standard
procedures [11] [26] [28] [44] [45] [46]. Iron, and other contaminants can be
eliminated by precipitation, solvent extraction, and ion exchange [11] [47].
Precipitation is one of the simplest techniques to separate Zn and Fe from acidic
solutions. However, it leads to a large consumption of chemicals that cannot be
recovered or reused. Furthermore, it needs expensive handling of a hazardous final
sludge [26] [48]. Solvent extraction is an efficient technique, but it also implies many
processing steps and it needs expensive and dangerous reagents. Another drawback is
that some organic impurities might be found in the purified aqueous phase [11] [49]
[50], causing interference in the cathodic deposition mechanism. These organic
impurities may even change the reactivity of the metal complex and redox potential,

which is essential for an efficient electrowinning of Zn.

Besides the recovery of metallic values, the regeneration and recycling of hydrochloric
acid from an exhausted pickling bath is recommended to reduce the use of fresh
chemicals and to minimize the Cl, gas emission. The most generally considered
modern techniques of aqueous separation are based on the ion exchange processes,
either in the forms of conventional resins or their membrane versions. Other methods,

such as solvent extraction and direct conversion to metal salts, are also available.

Ion-exchange methods and membrane techniques, conforming to the Best Available
Technology (BAT) standards for waste treatment [11] are becoming more applicable.
This way, the metal ions and acid regeneration recovery can be combined. The benefits
offered are high efficiency, no chemical addition, low energy consumption, suitability

for small industrial enterprises, and providing for the regeneration of mixed liquors.

Several membrane techniques can be applied, such as membrane distillation, diffusion
dialysis, electro-dialysis, electrolysis with anion or cation-exchange membranes, and
non-dispersive solvent extraction [11]. Although membrane techniques share some
advantages, several drawbacks are also there, such as metal leakage, membrane
fouling, extended operation, high investment costs — especially for specific
membranes — as well as poor metal ion separation, gas formation during
electrochemical reactions along with current efficiency issues. However, in some
cases, membrane technologies are still considered and installed to replace the
conventional precipitation/neutralisation method. According to a review by Regel-

Rosacka [11], membrane distillation offers the highest efficiency of iron salt recovery
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(approximately 95% - 99.9 %) in the form of FeCls. Membrane distillation is a
liquid/vapour separation process in which aqueous solutions with different
compositions are separated due to boiling temperature and partial pressure differences
on both hydrophobic membrane surfaces. Although promising for the recovery of HCI,
this process can recover no pure metals and is characterized by a long-term operation,

so far being only applied on a laboratory scale [51] [52] [53].

Diffusion dialysis, which offers the highest energy efficiency and a long membrane
lifetime. The driving force of the process is a chemical activity difference on both
membrane surfaces. However, the HCI produced by this technique is contaminated
with Zn(II). A salt effect can occur because of complex reactions between the metal
and the CI ions. It has also been reported that in HCI + ZnCl, systems, both anionic
and cationic complexes with Cl- co-existed in forms of ZnCl*, ZnCls” and ZnCls >
resulting in highly difficult separations [54]. In this case, electro-dialysis can be used
in which the ion-exchange membranes remove certain ionic species in combination
with an electric potential difference. However, some unwanted chlorine gas may be

formed in this process, destroying the membrane.

2.2.2. Separation methods based on liquid or solid ion-exchange materials

Solvent extraction, applying liquid organic reagents, is generally recommended due to
its high ability to produce relatively pure products while handling large amounts of
solutions and not producing any intermittent waste liquors during the procedure. Some
researchers argued that solvent extraction is among the best for liquid waste treatment.
However, the technique requires handling sometimes unpleasant, dangerous, and
expensive organic reagents and diluents. Various extractants are introduced, including
Alamine 336, Cyanex, DBBP, TEHA, TiOA, LIX, Kelex, etc. At the end of the first
step, Zn(Il) and Fe(Il) are extracted in the organic phase, and in a subsequent step,
they are re-extracted at the stripping stage [55]. Selectivity in either step of the
procedure can be ensured by developing a proper organic reagent dissolved in an

organic solvent and by setting proper kinetic conditions [56].

According to a study by Rosocka et al. [5], it is known that solvent extraction can be
used for Zn ion recovery with an extraction efficiency of more than ~80% - in some
cases reaching even ~ 100% - by Cyanex 923 (30 % solution). Some extractants (such

as acidic DEHPA (30%) with n-paraffin diluents and DEHPA (40%) with kerosene



diluents) are currently applied in the industry. It is stated that the required criteria of
an extractant for SPL are (i) good phase disengagement after extraction and stripping,
(i1) high selectivity, especially for zinc and iron, (iii) and easy metal stripping. The
difficulty is usually due to (micro-)emulsion formation in strongly acidic solutions.
Membrane-based solvent extraction might be favoured [11]. It is better to eliminate
the problem of phase-separation by immobilising the organic phase in membrane

pores.

Sinha et al. [57] investigated the separation of zinc and iron from actual SPL (90 g/dm?
HCI, 117 g/dm® Zn and 30 g/dm? Fe) and similar model solutions by solvent extraction
using a tertiary amine (tri-iso-octyl amin. TiOA) or triethylhexyl amine (TEHA) in the
absence or presence of di-(2-ethylhexyl) phosphoric acid (HDEHP) as a synergist
additive. Kerosene was used — as usual — to dilute the organic phase, with 10%
dodecanol added to avoid the formation of a third phase, and the organic/aqueous
(O/A) phase ratio was set to 1. These amines were assumed to offer Zn/Fe separation
as they can extract Zn-chloro-complex species from HCI solutions. A strong capability

of the examined tertiary amines was found to extract HCI:
R3N0rg + HClaq > R3N+H : Clorg7 (2 1)

Although solvent extraction can process the SPL, recovering zinc from secondary
resources, does not seem economically suitable because of its complicated technology

and the expensive and dangerous materials involved.

Ion exchange resins are polymer beads having a diameter between 0.3-1.2 mm in
aqueous suspension, able to retain metal ions, which can be easily rinsed out with
other eluent solutions [58] [59]. The application of ion exchange has been proven to
be the simplest way to affect the separation of Fe ions from other metal species in HCI1
solutions. Thus, by a suitable design it can produce either pure Fe chloride or Zn
chloride solutions while the hydrochloric acid is regenerated. In addition, ion
exchange seems promising because of the inherent ecological safety. However, if
arranged in a chromatographic column, this process may produce some transient waste
solutions if many steps are included where the feed (in loading, multiple rinsing, and
eluting steps) has to be different. These fractional solutions — accompanying the
primary effluent — may need to be concentrated before further utilization. Another

problem of ion exchange is its relatively low volumetric capacity and approaching the



equilibrium conditions requires considerable durations because of the relatively slow
kinetic nature. Both shortcomings can be technically overcome at the expense of

investment costs.

Kekesi et al. [60] found that — at a laboratory scale - all the impurities, including zinc
and cobalt, can be virtually separated from the solution of iron chloride by anion
exchange with proper control of the HCI concentration and volumes of the loading,
rinsing and eluting steps. The separation scheme is based on the equilibrium
distribution functions [35]. The separation and purification of transient metals in HCI
media are facilitated by the formation of chloro-complex species of resultant charges,
which also depend on the HCIl concentration. However, controlling the redox
conditions is also needed, especially for iron. They have also shown [59], that Zn could
be efficiently separated from Fe and some other transient metals in HCI solutions by
a procedure based on the different equilibrium distribution coefficients (D) of the

elements in the noted oxidation states as functions of the HCI concentration (Fig. 2.1).
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Fig. 2.1 Anion exchange distribution function of certain elements [35].
An efficient anion-exchange separation process has been suggested and proved by
experimental results [35] for the purification of zinc. The elimination of these impurity
elements is possible by standard [11] [26] [44] [45] [46] [28] methods. However,
benefiting from the flexibility of forming complex ions of different resulting charges
in chloride solutions, the purification of the targeted SPL may be carried out by
applying the anion-exchange separations [37]. The decisive requirement is the

elimination of Fe, the main impurity accompanying Zn [26].
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In the case of purifying the HCIl-based SPL, anion-exchange separation offers an
efficient direct separation of Zn from the primary contaminants - Fe(II), Ni(II), AI(III),
Mn(II) - which do not tend to form chloro-complex species at moderate (<~ 3 M) CI’
ion concentrations in the solution. On the other hand, in solutions of even relatively
low (~ 1 M) CI ion concentration, stable anionic zinc-chloro-complex species may
arise [61]. The optimum condition of the separation process needs further investigation
to prevent unnecessary dilution. For minor impurities that tend to form chloro-
complexes, CI” ion concentration in the rinsing solution may be the critical separation
parameter. Due to its environmentally friendly nature and the easy availability, NaCl
is a potential chemical as the source of Cl to be investigated. Based on the
understanding of the cathodic processes, the electrowinning process can be optimised
to obtain a Zn metal of high purity and of acceptable physical morphology. If high
purification is targeted, the chromatographic anion-exchange technique of serious
practical disadvantages is greatly superior to the simple batch method, where the
organic and the aqueous phases are contacted in repeated steps by stirring, followed
by filtering. Although the principles of the necessary anion-exchange (AIEX)
separations are well established, specific experiments are required to optimise a
suitably devised procedure. Furthermore, the solution treatment has to include
minimum dilution to keep the volumes low and the concentration of Zn sufficiently
high for an efficient recovery. In addition, applying an eco-friendly addition of
chloride ions where necessary in the form of NaCl instead of HCI is a new approach,
corresponding to safer and more sustainable operation. Especially, because in the
previously devised anion-exchange method the main goal was the preparation of an
ultra-high purity iron or Zinc product [62], from solutions of initially low impurity
concentrations. Also, in purifying Zn chloride solutions, the effect of a high iron
background was not considered. This was later complemented by further research

targeting specifically the SPL [26].

Equilibrium studies pointed out — applying the Varion AT-660 quaternary ammine type
strongly basic anion-exchange resin - that a high FeCl, background may even partially
substitute the effect of HCIl in allowing the formation and the preferential anion-
exchange sorption of Zn chloro complex species. This effect was also investigated by

anion-exchange equilibrium experiments where the chloride ion concentration was set
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by applying HCI and/or FeCl> in the tested solutions [63]. The relevant results,

comparing the effects of chloride ions from different sources, are shown in Fig. 2.2.
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Fig. 2.2 Anion-exchange distribution of Zn in chloride solutions providing CI ions from added
HCl or FeCl, sources [63].

Despite the promising equilibrium results, the actual Fe/Zn ion chromatographic
separation can be far from complete, evidently due to the slow reaction mechanism of
Znion-exchange. In order to improve the separation, Csicsovszki et al. [63] introduced
a strongly reduced, 1 bed volume/h (1 BV/h) feeding rate of the chromatographic
column. Although it proved successful, further improvement was made by inserting a
preliminary anion-exchange separation to remove the bulk of the Zn content of the
SPL in a batch operation. A batch anion exchange in multiple steps, similarly to the
solvent extraction technique, might be an alternative to the chromatographic process.
Kononova et al. [36] suggested using Purolite S985, Purolite A500, and AM-2B anion-
exchange resins to recover zinc from chloride solutions. The results show that both
strong and weak basic resins can offer high sorption in a wide HCI range, where

industrial acceptability is ensured by a zinc recovery of 75-80 %.
2.3. The electrolytic recovery of Zn from SPL solutions

2.3.1. The challenging electrode processes in pure ZnCl>-HCI solutions
Zinc recovery from the purified SPL through electrodeposition faces severe
challenges. The primary difficulty is caused by the possible reduction of H' ions as Zn

is electrodeposited at the cathode. The two competing charge-transfer reactions are:

Zn*t +2¢ = Zn E°=-0.763 V/sue (2.2)
2H' +2¢ = Hy (SHE) (2.3)
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This rivalry may severely decrease the current efficiency of Zn deposition and increase
the specific energy consumption. The value of the Zn standard potential changes with
the Zn-ion activity and the temperature according to the well-known Nernst-equation,
as well with the existence of the complex ligands. Due to the readily formed zinc-
chloro-complex species [64] [35], the metal deposition must be preceded by the

dissociation of the complex structure, liberating the electroactive Zn>" cation:
[ZnCl, |3~ = Zn?* + xCI~ (2.4)

The relatively strong tendency of Zn to form chloro-complex species — which can be
used to advantage in the separation schemes — may considerably modify the
mechanism of the ionic transformation in the electrified interface. Thereby the ion
supply to the cathode surface is influenced. This phenomenon has also been found
important at the electrodeposition of tin from HCI media [65]. The ion supply to the
active sites of electro-crystallization may not only change the actual deposition

potential, but also affects the physical structure of the obtained cathodic deposit.

As practice has also confirmed, Zn can be deposited even from slightly acidic solutions
of sufficiently high Zn-concentration because of the significant overpotential of
hydrogen on zinc. The overpotential of hydrogen evolution on zinc is fortunately
highly negative, -0.94 V in the alkaline [66] [67], and -0.8 V in acidic [68] solutions
if the rate of reaction is at a considerable (~ 10 A/m?) level. However, due to a local
drop of zinc concentration at the cathode surface, the simultaneous reduction of
hydrogen is often significant. Beyond decreasing the current efficiency, it affects also

deposit morphology and solution stability.

Carrillo-Abad et al. [38] developed a special electrochemical reactor to recover zinc
from SPL by a potential-controlled method. It was observed that zinc deposition
started from a potential value more negative than -0.99V (vs. SHE). The applied
potential values ranged between -1 V and -1.75 V. In the iron-free solution,
polarization of the cathode enhances Zn deposition directly and indirectly, due to the
increasing electrode surface roughness and the promoting action of the turbulence
caused by the evolution of H> bubbles massively detaching from the cathode surface.
Specific energy consumption decreases during the initial fast deposition of zinc, but

cathodic potential may further drop due to the hydrogen evolution reaction (HER).
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If the pH is increased near the cathode, Zn hydrolysis may generate some complex
compounds at the cathode surface, appearing as stable corrosion products, as seen in
Fig. 2.3. This passivation may result in a sudden drop of the current efficiency and a

shift towards the rivalling H" ion reduction causing.

1l
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Fig. 2.3 Equilibrium diagram for zinc corrosion products in a chloride environment [69].
The mixed cathodic reaction has further consequences affecting the cathodic process.
The generated H» bubbles initially adhere to the cathode surface, thus may interfere
with the current distribution and intensifying the changes of ionic compositions [70].
Under extreme conditions, large zinc dendrites may appear as a result of
inhomogeneous nucleation and crystal growth [71]. Low (<100 A/m?) current
densities are generally preferred to avoid excessive hydrogen evolution and the rough

deposit quality [72], which seems rather low for an efficient production.

The depletion of the active cathodic sites in the electroactive Zn** ions, combined with
a fast charge transfer process, may impose the growth of irregular and often dendritic
crystals. These 3D morphologies in turn lead to inhomogeneous potential distribution
as well, facilitating the further dendritic growth patterns. The obviously better ion
supply from the volume of the electrolyte surrounding the cathode edge causes
preferential peripheral deposition. This effect is coupled with a denser current
distribution attributed to the tendency of the flow of electrons propelled to the sides
and surfaces of metallic conductors. Additionally, the reduced distance of the projected
surface to the counter electrode implies lower resistance, enhancing the

inhomogeneity of the current density across the cell.
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Kashida et al. [73] found that the deposition of Zn was depolarized with increasing
chloride ion concentration in a low range (~ 300 mg/dm?), indicating that chloride ions
may promote charge-transfer processes. Furthermore, the study shows that the
polarization resistance decreased with increasing chloride concentration, while the
capacity of the electric double layer increased with increasing chloride concentration;
however, from 3 to 6 g/dm?, the capacity decreased and approached that obtained from

a chloride ion-free solution.

The exchange current density of the reaction rises with increasing polarizability of the
anion in solution. The polarizability of chloride ions (8.9 cm?/mol) is greater than that
of sulphate ions (3.9 cm®/mol); thus, the exchange current density for Zn deposition
in a sulphate solution is 3.10"> A/cm?, whereas it is 3.10* A/cm? in chloride solutions
[73] [74] [75] [76]. Taking use of this effect, Thomas and Fray [77] [78] performed
electrolysis in high concentrations (18~35 wt%) of zinc chloride with high current

densities (220~250 mA/cm?), obtaining ~ 90% current efficiencies (CE).

The overpotential for a cathode reaction is diminished by a drop in the potential at the
inner Helmholtz plane caused by selective adsorption of chloro-anions at the cathode
[79]. By increasing the polarizability — thereby the absorbability - of the complex ions,
they are more capable to combine with metal ions increases. The depolarization of the
Zn deposition potential observed in the presence of chloride ions is possibly caused
by a this effect based on the formation of weak complexes or reaction intermediates

involving chloride and Zn** ions [73].

As stated by Fukushima and Ishikawa [80], the electrodeposition process of Zn-iron-
group metals involves a multi-step reduction mechanism. These metals do not initiate
deposition at their equilibrium potentials. Instead, they proceed through a transient
intermediate that contains hydroxyl groups. Chloride ions catalyse the deposition of
Zn-iron-group metals as they modify the composition of the intermediate. Chloride
ions act as catalysts to reduce the minimum overpotential of several metals, such as

Ni, Fe, Cu, In and Zn [75] [81] [82].

Hurlen and Fischer [83] studied the kinetics of Zn deposition in acidified potassium
chloride solution. They mentioned that CI activity influences the reactions of the
Zn(Il)/Zn electrode rather than pH (pH = 0,5-5) in the solutions. The charge-transfer
process occurs between ZnCly(H20)y/ZnCl2(H20)y.
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The anode reaction may vary from the chloride evolution reaction (CER) or oxygen

evolution reaction (OER) depending on the pH of the electrolyte:
2CI'= Cla +2e- E%=1.396 V/sue (5.4)
2H,0 = 02 +4H" + 4e E%=1.229 V/sue (5.5)

At high CI" ion concentrations, the evolution of chlorine may occur besides oxygen. at
the anode. However, at elevated pH levels, the CER is impeded due to the increased

stability of the produced hypochlorite ion.

Observing the current efficiency of Zn deposition at 500 A/m? for 6 hours in solutions
containing various amounts of chloride ions, Kashida et al. found that the current
efficiency is increasing as the function of Cl” concentration and ~ 95% CE was reached
with 6000 mg/dm* CI- [73]. The current efficiency improved by 1.1% upon adding
300 mg/ dm? of chloride ions and increased with increasing chloride ion concentration
above 300 mg/dm®. Chloride solutions offer higher rates of zinc deposition on the
cathode surface than sulphate systems. However, the fast reaction and the slow transfer
of the electroactive ions together make it difficult to obtain smooth and compact

deposits.

The ionic diffusion coefficient and mobility determine the ion transport characteristics
in stationary solutions. However, the formation of complexes also affects the ionic
mobility of zinc. It is generally lower in complex form due to the large hydration
shells. The values of the ionic equivalent conductance and diffusion coefficients of
Zn>" in infinite dilution at 25 °C are 53 o’'cm*equivalent and 0.71x10° cm?/s,
respectively, while for CI- these values are 76.34 o’'cm?/equivalent, and the diffusion
coefficient is 2.032x107 [84]. The diffusion coefficient of Zn*" in 0.05M ZnCl, + 1M
KClI solution is 0.89 x 10~ cm?/s [85]. In general, for zinc salt with a cation transport
number smaller than the Cl anion transport number, the transport number of the
central ion will decrease as the concentration increases. As a result, the conductivity
of a zinc salt solution increases significantly with concentration but declines at high
concentrations due to increasing viscosity. The conductivity as a function of zinc

chloride concentration is depicted in Fig. 2.4.
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Fig. 2.4 Conductivity of aqueous zinc chloride [77].

It was reported [77] that conductivity increases to a peak at 3.7 M zinc chloride and
subsequently falls when the concentration of complex ions, such as and ZnCls(H20),*

increases.

The form of the zinc deposit has been found and reported dependent upon several
factors, including the current density, deposition period, and hydrodynamic
circumstances [86]. When the Zn concentration is low, the resulting deposit generally
exhibits a finer surface texture. Kim and Jorne [85] investigated the kinetics, mass
transfer, and surface roughness of the Zn deposit in a chloride solution. The effects
above were observed by consistently maintaining the current at several levels: beyond,
nearby, and below the limiting current. The surface roughness depends upon the
micro-throwing power while operating significantly below the limiting current [85].
However, the roughness of the surface was found to exhibit a direct relationship with
the ratio to the limiting current, and the surface becomes extremely rough when the
limiting current is surpassed. Zinc dendrites are shown to originate at the periphery of
a revolving disc, where the local current density is significantly elevated. Dendritic
development is subject to diffusion limitations and is notably affected by fluid
dynamics, particularly at lower concentrations. The interaction between dendrites and
the flow occurs because the protrusions also have a baffling effect. A detailed study of

the effects exerted by the zinc and HCI concentration, current density and temperature
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on the deposit quality has also been conducted [40] [86]. Fine-grained deposits were
obtained with only 10 g/dm® of Zn in the electrolyte at current densities lower than
300 A m2, while at higher currents, dendritic and sponge-like deposits evolved. In the
highest examined current densities (~1000 A/m?), dense deposits occurred with a
slight acidification (0.5 g/dm*® HCI). The addition of more acid (to 50 g/dm?® HCI)
shifted the dendrite formation to higher current densities [72]. It may be in correlation
with the build-up of highly coordinated, anionic chloro-complex species of Zn. It was
also stated that increasing zinc concentration could produce more compact deposits,

but the actual current efficiencies related to these results were not specified.

Kashida et al. [73] also investigated the impact of different chloride ion concentrations
on the surface morphology of Zn deposits (Fig. 2.5) deposited with a current density
of 500 A/m? for 6 hours. Spherical concavities were found on the surface of deposited
zinc, which can be attributed to the adhering H> gas undergoing evolutionary
processes. The dimensions of the spherical concavities exhibited a positive correlation

with the concentration of chloride ions.

Fig. 2.5 Surface morphology of Zn deposited at 500 A/m’ for 6 hours in solutions containing
chloride ions of (a) 0, (b) 300, (c) 600, (d) 1200, (e) 3000, (f) 6000 mg/dm’) [73].

The observed trend indicates a decrease in hydrogen evolution as the concentration of
chloride ions increases, concurrently with the rise in the current efficiency of Zn
deposition. It corroborates the assumed enhancing effect of the Cl™ ions on the main
charge transfer process, as discussed above. The growth of the concavities indicates a

decline in the ability of H> bubbles to be released from the Zn deposit, probably in
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correlation with the increasing roughness of Zn crystal development as the

concentration of chloride ions increases.

Anderson [87] investigated the formation of long striations and evaluated the kinetic
parameters associated with the zinc chloride system. Deposition was carried out from
a solution of 1M zinc chloride onto several substrates, including glassy carbon,
graphite-loaded polymer, synthetic graphite, and platinum. The exchange-current
density was found to be around 1 mA/cm?. The densities of nodules exhibited a general
rise in correlation with current density, spanning a range of 200 to 1000 nodules per
square millimetre. The potential transient reached its peak within the initial
milliseconds. Furthermore, it was observed that the amplitude of this transient was

inversely proportional to the quantity of nucleation sites present.

2.3.2. The effect impurities on the cathodic process

The presence of iron in the solution may decrease the current efficiency by the
Fe?"/Fe** side-reaction. Iron as a major impurity may promote the reduction of
hydrogen ions at the cathode because the hydrogen overpotential on iron is lower (by
~ 400 mV) than on a pure zinc surface [64]. Besides decreasing the efficiency of Zn
deposition, iron as the main impurity metal, severely impacts the purity and the
morphology of the cathode deposit. By enhancing the HER iron causes an escalation

of the local pH at the cathode.

It has been found in general practice, that zinc electrodeposition might be possible
even at lower potentials. As the optimum value, a -1.75 V cathode potential has even
been proposed, which allowed relatively high current efficiencies [40]. The zinc
deposition rate was found to increase by higher initial pH, yet the re-dissolution of
zinc remained a problem. Oxygen evolution reaction was enhanced over chlorine
evolution by the pH control, and above pH 3, the formation of stable hypochlorite was
found to replace chlorine evolution. Dissolved chlorine gas in the electrolyte may
corrode the electrode material; thus, some experiments applied simple physical
barriers (diaphragms) between the two electrodes to prevent most of the chlorine gas
from reaching the cathode. An ion-exchange membrane can act as a perfect barrier for
the chlorine gas, thus prevents zinc re-dissolution, and it can also retain the generated
hydrogen ions in the anode compartment [88]. However, iron may still co-deposit.

Thus, researchers also tried to apply cation exchange membranes (CEM), like

19



NAFION-117. Zinc passes through the CEM, even preferentially over iron. However,
a higher energy consumption occurred due to a high ohmic drop [88]. Thus the
application of membranes to separate the two compartments were impractical and
disadvantageous to economy. The specific energy consumption strongly increased. On
the other hand, the transport of H" ions generated at the anode could be prevented
efficiently by a proton-blocking membrane separation [63]. The application of both
cationic and anionic membranes and a middle compartment to collect the regenerated
acid [89] would result in even higher potential drops. The high cell voltage could be
successfully reduced by applying a hydrogen diffusion anode instead of the inert
material, offering also the generation of H" ions at the anode [63], however this system
is rather delicate and the application of H» gas for the anode reaction is quite
expensive. Thus the separation of the anodic and cathodic compartments by ion-
exchange membranes, and the application of hydrogen diffusion anodes seem

impractical to economy.

A practical improvement to be applied for diminishing the iron co-deposition is
introducing some initial zinc before the electrochemical deposition, which depresses
iron deposition [90]. It has also been observed that the co-deposition of iron is
accompanied by a pH increase. It can even be put to some use in depressing the iron
concentration in the electrolyte. Inducing iron hydroxide precipitation by increasing
the OH™ concentration may be helpful in avoiding co-deposition. However, a close to

10% iron deposition ratio is still hindered the production of pure zinc deposits [40].

In support of the theory of “anomalous” Zn deposition, some researchers even argued
that zinc undergoes “under-potential” deposition (UDP), in which it occurs at less
negative potentials compared to its equilibrium reduction potential [91] [92]. This may
accompany the inhibition effect of zinc-to-iron deposition discussed above. As a
justification, the voltammograms were reported [39] to be similar to those of iron-free

solutions at low Fe(II)/Zn(II) ratios, as can be seen in Fig. 2.6.
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Fig. 2.6 Cyclic voltammograms obtained with different solutions: a) 0.055M ZnCl; b) 0.125M
FeCly; ¢) 0.11M FeCl; and 0.055M ZnCly; d) 0.495M FeCl» and 0.055M ZnCl, [39].

The inhibition of iron deposition can be seen for the Fe(II)/Zn(Il) ratio of 2:1, where
the cyclic test produces relatively similar graphs to that of iron-free solutions,
confirming the anomalous electrodeposition of zinc. However, if the ratio Fe(I1)/Zn(II)
is strongly increased, the iron deposition can become dominant. Further investigations
have also reported the anomalous preferential deposition of zinc against the iron-group
metals, although with delicate sensitivity to the electrolysis conditions. Decreasing the
relative concentrations of Zn in the chloride solution, the mixed deposition becomes
characteristic [93]. For more negative overpotentials, simultaneous hydrogen
evolution is essential. Consequently, the local pH varies during the deposition and iron
hydroxides can precipitate. This fact explains the shape of the voltammetric curves
recorded when the scan was reversed at more negative limits. Under these conditions,
the positive-going sweep shows a greater difficulty of iron oxidation when hydroxides
are present. A strong decrease in the negative potential limit overcomes this inhibition,
as reflected in the current curve by the appearance of a pure-iron oxidation peak. [94]
The potentiostatic transients recorded under stationary conditions show an initial
monotonic increase in the current, leading to the formation of zinc-rich deposits,

followed by a sudden increase in current, from which iron-rich deposits may form.

A research of a special technology was performed by Diaz et al. [95], also addressing
the co-deposition of zinc and iron in an acid solution. It is reported that the anomalous
co-deposition process does not match any thermodynamic data; instead, it can be

described by a kinetic argument.
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A series of experiments was performed by Mackinnon et al. [72] to assess the effects
of different metallic impurities on the current efficiency of Zn deposition from a
0.15M ZnCl; - HCI electrolyte and tetrabutylammonium chloride additions, utilising
a diaphragm cell equipped with dimensionally stable anodes (DSA) and aluminium
cathodes. The observed maximum current efficiency was ~ 96%, though the co-
deposition of cadmium and lead with zinc was observed. The presence of antimony
and copper has been seen to result in a reduction of polarisation, leading to a drop in
current efficiency of Zn recovery. The introduction of cobalt and iron resulted in a
shift towards a more basally oriented deposition structure, accompanied by a reduction
in current efficiency. The inclusion of germanium resulted in a reduction in the
overpotential associated with zinc deposition. However, it also led to significant
dissolution of the deposited material, resulting in a commensurate fall in current
efficiency. This effect was observed even at relatively low germanium concentrations,
as low as 0.1 mg/l. The adverse effect of contaminants on the current efficiency of zinc

electrowinning might be ranked as Sb > Ge > Cu > Pb > Cd > Ni > Fe > Co.

Some spent pickling liquors may contain other electropositive metals such as Ni, Pb,
Co, Cr, and Cu [11]. The more noble practical impurities (especially Cu and Ni), which
are more likely to be deposited, could significantly threaten the purity. Also, the

promotion of hydrogen evolution may have a disturbing effect [94].

A suitable deposition of Zn at the cathode mainly depends on the composition of the
electrolyte solution, in which the complexing agents (in this case, the abundance of
chloride ions) influence the deposition process. In chloride solutions, it is hard to
obtain a smooth, compact deposit [96] [88]. In a detailed study of the basic effects
[86], it was observed that at 10 g/dm’® Zn concentration, a fine-grained Zn deposit
could arise at current densities lower than 300 A m™, while at higher currents, dendritic
or sponge-like deposits were also formed, however dense deposits could also occur
with a slight acidification (0.5 g/ dm>® HCI). Further, acidification to 50 g/dm?® HCI

produced a honey-combed Zn deposit at the cathode surface.

2.3.3. Iron electrodeposition from pure chloride solutions
On the other hand, FeCl-HCI solutions — modelling the case when Zn had been
removed from the purified SPL — were used in studying the iron deposition under

various conditions by Csicsovszki et al. [63]. Iron could be practically deposited with
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acceptable efficiency from solutions containing more Fe(II) than ~ 60 — 80 g/dm? and
less HCI than ~ 0.1 — 0.2 mol/dm>. Increased temperatures may enhance the iron
deposition but also the unwanted side processes, such as re-dissolution. Thus it is
deemed not beneficial for energy consumption, and finally room temperature was
considered the optimum. These results also indicate the cathodic deposition of Zn,
which element has even a lower electrode standard potential, implying even more
difficulties. The potentiodynamic experiments in the prepared FeCl,-HCI solutions
carried out by the same authors [58] helped the general interpretation of the relevant
cathodic polarization curves obtained. The slopes and the positions of the local peaks
and steps in the plots were associated with the probable partial electrode processes.
The main results referring to the cathodic deposition of iron from solutions of different

original Fe(I) concentrations and 0.08 mol/dm?® HCI content are illustrated in Fig. 2.7.
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Fig. 2.7 Polarization curves measured with copper cathodes for solutions containing different
Fe(ll) concentrations at 0.08 M HCI, 20°C, 5s period and no stirring [87].
The apparent cathodic current densities (referring to the original geometric area of the
electrode) are plotted against the cathode potential. Initially, the Fe(IIl)/Fe(II)
reduction could be detected at lower cathodic (less negative) potentials, while there
was no appreciable current in this range from the blank HCI solution. Subsequently, a
local decrease can be observed in the cathodic current, which is attributable to the

limited supply of Fe(II) ions, regenerated by the aerial contact of the basically Fe(II)
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solution. At higher cathodic potentials, the curves started to rise again, which is
related, to both the evolution of hydrogen and to the deposition of iron by the Fe(II)/Fe
cathodic reaction. According to the tendencies observed, the efficiency of iron
deposition may notably decrease if the Fe(II) content is lower. An iron concentration
of 20 g/dm? still shows the characteristics of Fe(II) reduction, while at 10 g/dm?, the
slope of the polarization curve corresponds to the one of H> evolution. This type of

potentiodynamic examination is a valid purpose to follow in zinc chloride solutions.

It can be seen that even though the purification of the zinc solution is developed to a
comprehensively efficient level, several major issues remain to be tackled. Just to
mention the most important ones: co-deposition of Fe and other impurity metals, Cl
and H» gas evolution, low current efficiencies, and rough — even dendritic - electro-
crystallization instead of compact layers. These major problems currently hinder any

industrial application. Thus, further research must be done to develop this process.

3. The application of anion-exchange to the purification of SPL

3.1. Principles of the planned separation

A novel, highly efficient anion-exchange chromatographic method [37] has been
proposed to produce high purity electrolytes from SPL by relying on the differences
in the formation and sorption characteristics of the main metals contained. The critical
separation factor is the difference in the formation of chloro-complex ions and their
distribution between the solution and resin phases. In chloride-based SPL, many
positively charged ions form complex anions except for alkali, alkaline earth and the
element in the first two rows of the p-block periodic table. These non-complexing
species can be easily removed from the Zn solution while Zn is fixed into a strongly
basic (quaternary ammine functional type) anion-exchange resin. Although there will
be some impurity ions co-sorbed, the separation will be possible by suitably adjusting
the CI" concentrations in subsequently applied rinsing and eluting solutions. Table 3.1
summarizes the classification of the practically important or characteristic impurities

serving as the basis for devising the purification of the SPL.

Table 3.1 Classification of the potential elements in the SPL

Sorbability in strongly basic anion-exchange resins from 0.1 <8 M HCI

Cr(I11), Mn(11), Fe(11), Ni(11), Al(11) Negligible/weak
Fe(I), Fe(lI1), Cu(ll), Pb(ll) Variable
Cd(1D, Zn(11), Cu(l) Strong
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Setting the Cl” ion concentration as required for certain separations, the main
impurities can be separated from Zn [43]. The procedure can be devised according to
the established anion-exchange distribution coefficients (D), most accurately

determined by equilibration in batch experiments:

C. . V., .. |C - —C .
D: e,resin _ solutlon( s,solution e,solutlon) (31)

C V. ...C

resin~e,solution

e,solution

where “e” and “s” at the index level refer to the equilibrium and the starting
concentrations. Equilibrium distribution coefficients of metals in various oxidation
states, determined by this technique [60], are shown as a function of the Cl” ion

concentration in Fig. 3.1.
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Fig. 3.1 Anion exchange distribution functions determined by batch equilibration [60].
According to the differences in the equilibrium distribution functions, Zn(II) can be
separated from either Fe(Ill) or Fe(Il) by means of properly setting the HCI
concentration. An overlay of the most important distribution functions from different
sources is shown in Fig. 3.2, where the cases of Mn and Ni are also marked despite

the negligible/non-existing anion-exchange sorption in their cases.
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Fig. 3.2 Sorption of elements from HCI on strong base anion exchange resins (solid lines
represent batch equilibrium results) [43] [97].

It is quite fortunate that Ni(II) and Mn(II) species do not show any appreciable anion-
exchange sorption in the examined CI” ion concentration range. However, Zn0 and
some other elements are capable of forming negatively charged chloro-complex

species:
pMe"" + pxClI~ < [MepCI px]p(v_x) (3.2)

where v is the valence of the cation, x is the coordination number and p is the degree
of polymerization of the complex structure of p(1-x) resulting charge, which needs to
be negative (v-x = -z) to be exchanged for the chloride counter ions in the resin:

[Me Gl oo P2~ + pz{ CI fe> { [Me , €1 P~ pzci” (3.3)

The former transformation in Eq. (8) is the reason behind the rising section of the
distribution functions in Figs. 2.1 and 2.2, and the decline is caused by the mass action
effect in the exchange process, expressed by the equilibrium constant (K) derived [43]

from Eq. (3.3):

K= a{[MepC| pn]pz_}.aglz_ _ C{[MepC| pn]pz_}, Vi) aCF:JIZ‘
z z
e I T IO

where y=+ is the mean activity coefficient, and the {} braces indicate the resin phase.

The effects can be distinctly seen after a convenient rearrangement:

¢ pz- a.._

logD = log pK[Me‘;:C—Ip"] +Iog[%}—pzlog #‘}
Me + Ccl~

(3.5)

This expression helps understand the characteristic shapes of the determined

distribution functions, with the first tag corresponding to initial steep rise, and the
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decreasing activity coefficient ratio [61] and the increasing CI” ion concentration in
the aqueous phase resulting in the later decline of the distribution coefficient. It has
been shown by Kekesi et al. [61] that this relationship can even be used for the
determination of the average charges of the chloro-complex species [43]. As suggested
by the published equilibrium data, Zn may be retained in the resin bed while a number
of practically important impurities can be removed with the drained solution at a
relatively low concentration of HCl. The behaviour patterns of Fe(IIl) and of Fe(II)
are distinctly different. While Fe(Ill) is gradually sorbed and reaches a high

distribution as the HCI concentration is increased, Fe(Il) remains rejected by the resin.

Ion exchange has also been mentioned by the Joint Research Centre of the EU in 2021
as one of the best techniques for Zn removal from SPL [98]. Anion exchange has also
been examined, pointing out similarly strong retention of Zn in different types of
strongly basic anion exchange resins (e.g. Lewatit MP-500 and Lewatit M504) [99].
They examined the sorption and elution of Zn and Fe(Ill) oxidised by hydrogen
peroxide, pointing out differences in the behaviour patterns. Still, the separation
efficiency achieved with a single anion exchange unit could not be considered
satisfactory for preparing a pure Zn electrolyte. Also, the oxidation of iron to the
trivalent state makes the process more expensive, while the Zn/Fe separation is not
improved. Zinc can be most efficiently separated from Fe, if it is removed in the
reduced Fe(Il) state [26]. Reduction to the Fe(Il) state can be assured by vigorously

stirring iron granules in the solution, to cause the com-proportionation reaction:
2Fe(IIT) + Fe = 3Fe(II) (3.6)

The standard electrode potential of the Fe**/Fe?" couple is + 0.741 V, whereas that for
the Fe?*/Fe is -0.42, which definitely dictates the reaction in Eq. (3.6), however the
chloro-complexation equilibria slightly modify the resulting ratio of the Fe(II)/Fe(III)
species. Applying the ROCC computer software, developed for the simulation of the
relative concentrations (ci) in the chloride solutions [43] and the known constants of
chloro-complex stabilities [100], Fig. 3.3 shows that the predominance of the Fe(Il)
species can be assured even if the solution is in contact not only with the Fe granules,

but also with air.
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Fig. 3.3 The distribution of Fe in HCI solutions in contact with Fe powder (a) or air (b).
The majority of the iron in SPL is contained in the Fe(Il) state in the SPL if it is in
contact with the iron sludge — as in the collecting vessels — also produced in the
pickling process. Stirring in some Fe powder serves the virtually complete reduction

of the Fe(III) species formed by the contact with air.

Fixing Zn primarily in the column (at lower than 4 M HCI) and applying sufficient
rinsing with a blank HCI solution of the same molarity is essential to eliminate the
non-complexing elements such as Ni, Mn, Al in their common oxidation states, and
Fe(I1). Elements of variable distribution characteristics in this HCI range, like Co(ll),
require a careful setting of the initial CI” ion concentration. It is also required for
economic and environmental reasons to considered also how NaCl can substitute free
HCl to supply the needed free CI ions. Figure 3.4 describes the general major step of

SPL purification by chromatographic anion-exchange separation.
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Fig. 3.4 The conceptual scheme of anion exchange purification of a SPL model solution.
Cadmium, which has similar ion exchange distribution functions to Zn, can be treated
by cementation or a pre-deposition step before electrowinning. The remaining
impurity (Sn) can be retained in the resin during Zn elution.

3.2. Experimental investigation of the anion-exchange purification

Commercially available, strongly basic anion-exchange resins (Varion AD, or a
practically corresponding Varion AT660 type Nitrokémia Co., Hungary) were used,
which followed the common international standards (e.g. Dowex-1, DIAION SA10A,
etc.). It was based on a polystyrene matrix, cross-linked with the appropriate amount

of divinylbenzene, and the functional groups were quaternary ammonium attached.
3.2.1. Equilibrium anion-exchange examinations in NaCl solutions

To devise a reliable anion-exchange separation for preparing a pure ZnCl; electrolyte
from SPL, the characteristics of the equilibrium distribution of Zn, Fe and the
practically important impurities must be known as functions of the Cl” concentration.
It is of economic and environmental relevance to apply NaCl in the possible steps of
the procedure instead of HCl. The NaCl background is anyway inevitable in the
purified solution prepared for the electrowinning of Zn, as setting the controlled pH
would require a preliminary hydrolytic precipitation by neutralization, applying
NaOH. The difference in the physico-chemical properties of the salt solution from

those of the HCI background influences the anion-exchange distribution
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characteristics of Zn. It has been suggested by earlier results presented in Figs. 3.2 and
3.3. Although the behaviour patterns were the same, the HCI background provided
appreciably higher anion-exchange sorption as compared to the salt (FeCl,)
background. Therefore, determining the anion-exchange distribution in NaCl
solutions required additional experimentation for the most important cases (Zn and
Fe) in the 0 — 5M NaCl solutions, physically compatible with the anion-exchange
chromatography. Higher salt concentrations would cause difficulties due to the high
density and viscosity of the solution fed into the resin bed. A significant difference is
still expected in Zn and Fe behaviour patterns. The new distribution functions were
determined by using the batch equilibration method, generally accepted as the most
accurate. According to the known distribution functions in HCI (Fig. 3.1) [60] [97],
and the thermodynamic simulation results (Fig. 3.3), Fe(Il) is not capable of forming
anionic chloro-complexes in the practical range of chloride concentration. However,
imperfect preliminary reduction or subsequent oxidation may cause the presence of
ferric species, which would interfere with the separation of Zn devised for Fe(Il) in
HCI solutions. Actually, the contact with air is highly likely to turn the equilibrium in
favour of the Fe(Ill) species, as shown by the thermodynamic simulation results in
Fig. 3.3.h. Therefore, the establishment of the anion-exchange behaviour for Fe(III) in
the NaCl solutions has been of considerable interest. Further, if the presence of Fe(II)
cannot be avoided anyway, a different approach to the Zn/Fe separation would be also
possible with a scheme of separation focusing on the Fe(Ill) state in the solution,
thereby omitting the cumbersome preliminary reduction and the sealing of the system
to exclude ambient air. A procedure under air contact is always more practical. The

scheme previously outlined in Fig. 3.4 allows both approach.

The Zn and Fe chloride salts were dissolved to prepare the stock solution of 2000
mg/dm® Zn and Fe concentrations. A few drops of HCIl were added to avoid hydrolytic
precipitation. Aliquots of 10 cm® from the stock solution were filled up with distilled
water to 100 cm® to prepare 200 mg/dm? concentrations of the examined element, and
crystalline NaCl was added as required to set the required free Cl” ion concentrations
(e.g. 0;0.5; 1; 2; 4; 5 M). Samples of 10 cm? resin and 25 cm? of the prepared solution
were contacted for 1 hour. A horizontal shaking machine was used at the suitable
frequency to thoroughly mix the two phases. After equilibration, the solution was

quickly filtered and diluted for atomic absorption spectrometry (AAS). The
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equilibrium distribution coefficients (D) were computed from the analytical results as

described in Eq. (3.1). Figure 3.5. shows the equipment used for the determination.

Fig. 3.5 The equipment used for the distribution studies with (a) flasks of varied solution
concentrations, (b) mechanical shaker, and (c) AAS instrument.

The fundamental distribution data referring to the practically important elements as
functions of the free HCI concentration, shown in Fig. 1, can be applied for devising
the anion-exchange separation procedures. Further investigation was justified by the
possible difference if the HCl background is changed for NaCl. It may have
importance in the cases where distribution coefficients are not negligible. Therefore,
the anion-exchange distribution of Zn and the major impurity in the Fe(III) state have

been determined as functions of the added NaCl concentration, shown in Fig. 3.6.
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Fig. 3.6 The anion-exchange distribution functions determined for Zn and Fe(Ill) in
NaCl solutions (solid lines) with Varion AT660 resin, and earlier results [60] [97] in
HCl solutions with Diaion SA10A (a) and Dowex-1 (b) resins (dashed lines).
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The results obtained with NaCl are consistent with those obtained in the HCI solutions,
however, the higher activity coefficients in the HCl medium enhances the anion
exchange by promoting the formation of the chloro-complex species. Even though
there is only a weak sorption for Fe(Ill) at the Cl" ion concentration where the Zn
sorption is strong (~ 1.5 M CI), the separation can hardly be perfect. A level of logD
= 0, still means an equal distribution of Fe among the two phases, and the Fe(III)
distribution function rises rapidly with further increasing the CI” concentration. The
conditions of separation can be improved by reducing the iron content to Fe(Il). As
seen in Figs. 3.2 and 3.3, the divalent iron may only start to be sorbed appreciably in
the resin at approximately 8 M Cl” concentration. The reduced state is more suitable
for direct purification of the SPL. However, even as low a distribution as logD of -1,
would mean ~ 10 % of the Fe(Il) still be retained in the resin. Thus, a perfect
separation, allowing the production of a virtually Fe-free solution can only be achieved

by the chromatographic technique.
3.2.2. Determining the actual exchange capacity

The targeted strongly basic anion-exchange was the Hungarian made Varion AT660
type, available also in hour laboratory. The strongly basic (salt-splitting) capacity of
the fresh resin in the chloride form was measured by determining the amount of NaOH
liberated after complete regeneration. The prepared resin of 10 cm?® was fed into the
test ion-exchange column and transformed into the hydroxide form with 750 cm® of
2M NaOH, applying a high flow rate that the column could allow (approx. 30 bed-
volumes/hour — 30 BV/h). The procedure was followed by rinsing with 1000 cm® of
water and 250 cm® of 5% NaCl, from which 250 cm’ effluent was collected.
Subsequently, three times 50 cm?® of the collected eluate was accurately taken to be
titrated with 0.1 M HCI to determine the amount of the eluted OH™ ions. Methyl red
was applied as an indicator. The neutral salt-splitting capacity (NSSC) was then

calculated according to the equation below:

titre of 0.1 N HCI - (factor of HC1) - 0.1 -%

NSSC = m (3.7)

The apparatus set up for this experiment can be seen in Fig. 3.7.
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Fig. 3.7 Simple setup for the determination of the exchange capacity with the AIEX column
(a), measuring flask (b), and the titration tools (c).

The strongly basic exchange capacity (C) of the resin was found as 1.39 mmol/cm?,
referring to the wet volume. To have a desired degree of saturation (S) in the resin bed,

the volume of the starting solution Vs should be:

V= =2 (38)

where ¢, 1s the zinc concentration in the loaded solution, V;. is the volume of the resin
bed, and z is the average charge of the anionic complex species. It can be derived from
the slope analysis of the distribution function of Zn [61]. In the separation
experiments, basically the oxidized conditions determined by the air contact and the
stable Fe(III) state was applied. The reduced Fe(II) state would mean a more efficient

Zn/Fe separation, but also a technically more complicated system to use.
3.2.3. The first scheme of anion-exchange chromatographic separation

In order to examine a practical separation by anion-exchange chromatography, a
model solution containing 300 mg/dm? of the studied metals Fe, Zn, Sn each in 2.5 M
NaCl was applied, where a strong sorption of Zn is expected. The solution was slightly
acidified to avoid any danger of hydrolytic precipitation. The necessary amount of a
strongly basic anion-exchange resin was first physically purified and then conditioned
to assure the chloride form. A portion of this resin was used for the actual

determination of the fundamental anion exchange capacity, as described above.

The prepared resin in the chloride form was fed into the glass column with an inner
diameter of 2.5 cm to a height of approx. 25 cm, thus providing a resin bed of ~ 110
cm?® of volume. The chromatographic setup of continuous procedure is shown in Fig.

3.8.a, as opposed to a simple mixed reactor in Fig. 3.8.b, used for batch operation.
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Fig. 3.8 The anion-exchange equipment used for chromatographic method (a), as compared to
a simple batch (b) arrangement.

All the air was forced out from the part of the column below the glass frit filter serving
as the bottom of the bed. After a short backwash, the column was gently tapped to
assist in the formation of a stable, densely packed resin bed. The flow rate was set
lower than the practically applied 1-3 bed volumes per hour (BV) speed to achieve
better separation but still technically acceptable productivity. The preferred value was
~ 1.7 BV during the most delicate phases of the procedure, and at the latter parts of
the rinsing steps, it was raised to 2 ~ 2.5 BV.

The procedure was started by loading 250 cm?® blank solution of pH 1, and 2.25 M
NaCl to the column to set the chloride ion concentration to the starting value in the
void fraction of the bed and equilibrate the conditions of the resin. It was followed by
loading the prepared solution (250 cm?) of the same NaCl concentration but containing
the examined metals, too. The subsequent rinsing step was divided into two segments,
Rinsing-I and rinsing-I1. First, 150 cm?® of 2.25 NaCl was used to finish the removal
of Fe(Il) from the column. It was followed by feeding 150 cm® of 0.75 HCI
consecutively. The second rinsing served checking purposes, showing if any Fe(IIl)
had been in the resin retarded by the previously applied relatively high chloride

concentrations. To remove Zn, elution-I was carried out with 250 cm? of 0.05 HCI,
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followed by elution-II with 150 cm? of 2 NaOH. The second elution was included for
checking if zinc and tin remained in the resin after the relatively short first elution
step. The rinsing with NaOH, as the final step, also served to condition the resin, after
which the column can be used again for another batch of the SPL to be purified.
Effluent solution samples (10 cm? each) were collected regularly at set intervals to be

analysed by AAS. Figure 3.9 shows the flow chart of the anion exchange process.
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Fig. 3.9 The basic anion exchange separation in the SPL with NaCI-HCI solutions effecting
the separation of Fe and the practically important minor impurities.

Iron, being in the oxidised Fe(Ill) state was not completely removed in this first
approach before zinc was eluted, and the Zn-elution was inefficient, offering a
relatively low recovery and leaving too much of the targeted element behind for the
conditioning step. Therefore, the procedure needed improvement, and nickel had to be
included in the model solution, to represent, on the one hand a practical impurity and,
on the other, an element of reliably rejected by the resin at this low Cl- ion

concentration in the background.
3.2.4. The second scheme of anion-exchange chromatographic separation

The resin was physically purified and then conditioned in the chloride form, then fed
into the glass column as described above and the procedure started according to the
scheme shown in Fig. 3.10. The flow rate was set at 1.5 ~ 1.7 bed volumes per hour
(BV), lower than the 3 BV usually applied value in practice, to enhance separation but

still allow a technically acceptable productivity.
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Fig. 3.10 A possible method for the anion exchange purification of Zn in HCI solutions
effecting the separation of Fe and the practically important minor impurities.

As a major difference, the loading solution in this case contained HCI to provide the
free Cl” ions for the necessary chloro-complexes of Zn to be formed. The preliminary
treatment of the fresh resin was also carried out with the corresponding HCI solution.
After the delicate steps, the rinsing flow rate was raised to ~ 3 BV. Effluent samples

(10 cm? each) were collected regularly during the procedure.
3.2.5. The experimental setup of chromatographic separations

The liquid level in the chromatographic columns — of the dimensions given above -
was kept at approx. 3 cm higher than the resin bed. It prevented any disturbance of the
top layer as the influent solution was fed drop-by-drop from the overhead vessel,
avoiding also any accidental inclusion of air bubbles. Glass beads were placed on the
top of the resin, separated by a layer of glass wool to prevent the floating of the resin

when denser solutions were fed. Operating conditions can be seen in Fig. 3.11.

Resin bed

Fig. 3.11 The loading (a) and the rinsing (b) stages of a chromatographic separation process,
and the arrangement of the upper part of the resin bed in the column(c).
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During the critical phases of the procedure, the flow was can be set lower than usually
applied to achieve a better separation but still maintain a technically acceptable
productivity. The lowest value was ~ 1 BV/h during the most delicate phases of some
experiments, but even then, it was raised to the normal ~ 3 BV/h for the later parts of
the rinsing steps. The composition of model solutions containing Zn, Fe, and other

impurity elements was as specified in Table 3.2.

Table 3.2 Composition of the loaded solutions

cl- Zn Fe(Il) Other impurity elements (mg/dm?)
(M) (g/dm?)  (@/dm?) M Ni Sn Cu Al Pb Co
65 25 140 ~500 ~500 ~500 ~500 ~500 ~500 ~500

The procedure was started by loading 100 cm®, 2 M HCl blank solution to the column
to set the CI” ion concentration to the starting value in the void fraction of the bed. It
was followed by loading the prepared solution (100 cm?) of the same free Cl ion
concentration but containing the metals too. In the rinsing step, 200 cm?® 2M of NaCl
was applied to remove all the Fe(II) from the column. Elution of Zn was carried out
by slightly acidified solutions, containing low concentration (0.05 — 0.2 M) HCI. The
conditioning step was devised to remove the residual strongly sorbed elements with
300 cm® of 2M NaOH. Effluent solution samples (10 cm?® each) were collected

regularly at fixed intervals to be analysed by AAS.
3.2.6. The experimental setup of the batch anion-exchange separation

In order to simplify the procedure and to avoid the intermittent waste solutions of
transient compositions, the batch anion exchange technique has also been examined.
The process was carried out in a 250 cm® glass beaker and with the same loading
solution but here only of 100 cm?® volume as used in the chromatographic approach.
The prepared resin batch was of 75 cm®, and the stirring speed was adjusted to
homogenize the slurry, but not breaking the resin beads. The five consecutive process
steps used in the chromatographic procedure were also included in the batch process.
In the loading and Elution-I stage, 1 cm® of solution samples were taken every 10
minutes and diluted with 10 ml distilled water prepared for the AAS test. After each
process step, the resin was decanted and rinsed. The first rinsing process was
completed with 2 M HCI after one-hour loading, followed by elution with 0.02 HCl
and distilled water rinsing process consecutively. In the final stage, 2M NaOH was

added to the decanted resin to check the remaining metals in the resin.
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3.2.7 Examining the breakthrough volumes in the chromatographic setup

Since the main objective was to obtain a pure Zn electrolyte with an efficient recovery
rate, the determination of the breakthrough volume (BTV) was essential. It shows the
maximum volume of the influent solution with which the resin bed can still retain the
specific ions. It essentially depends on the capacity of the resin bed and the average
charge of the sorbed species. However, the flow rate of the solution should allow
sufficient time for the exchange reaction to take place. The BTV for the non-sorbed
Fe(Il) species may occur when the effluent volume reaches the sum of the void space
in the resin bed (usually ~ 40%) and the - ideally negligible - extra “dome volume”
under the bottom of the bed. In this case it indicates an efficient rejection by the resin
bed. The practical break-through properties have been determined with various CI°
concentrations and flow rates (BV/h) of the loaded solution. the results can be used
for adjusting the practical parameters of the purification process. The model SPL
solution was prepared by dissolving the relevant chlorides in water and adding some
HCI for hydrolytic stability. Further, NaCl was added to set the CI” ion concentration
in the loaded solution. The added Fe was reduced to the Fe(II) state to provide a wider
gap relative to the distribution function of Zn. The composition of the basic model

solution containing Zn, Fe, and some minor impurities are specified in Table 3.3.

Table 3.3 Composition of the stock solution used for the break-through experiments.

Cr Zn Fe Other contaminants (mg/dm?)
(M) (g/dm?) (g/dm3®)  Mn Ni Sn Cu Al Pb
7 30 150 ~500 ~500 ~500 ~500 ~500 ~500

The resin in the chloride form was filled into the column used for all the
chromatographic separation experiments. A test solution of 100 cm® volume and pH
0.24 M was loaded into the column continuously. After every 10 cm® outflow, 1 cm?
of effluent was collected periodically for analysis. This procedure was repeated for the
solution with an extra 2M HCI included or neutralized. The same method was applied
for various flow rates (2, 4, 8 BV/h) and Zn concentrations of 40 and 80 g/dm?>. Table
3.4. summarized the examined variable during the determination of breakthrough

volume.
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Table 3.4 The settings for the determination of breakthrough volumes

Loaded volumes Composition modifications BV/h
- 1
neutralized 1
+2 M HCI 1
- 2
- 4
40 g/dm® Zn 1
100 dm? L
2
80 g/dm? Zn 4
6
8
6
20 g/dm? Zn g
500 dm? 40 g/dm® Zn 411

4. The optimization of the SPL purification by anion-exchange
4.1. The results of separating Zn and Fe by anion-exchange
4.1.1. Basic separation by chromatography

The anion-exchange procedure designed according to the equilibrium distribution
functions could practically separate Zn and Fe directly at the loading stage. The
method and the results of this purification process are shown in Fig. 4.1.

250 1 | M 1

Fig. 4.1 The separation of Fe and Zn by anion exchange chromatography (3 BV/h).
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This initial chromatographic experiment was carried out with only NaCl applied as
the source of the free Cl™ ions. The loaded solution contained only the main elements
(Zn and Fe), both at very low concentrations, so as to see the clear elution peaks
certainly corresponding to the clean effects of the differences in the equilibrium
distribution properties, not interfered by the practical effects f saturating the capacity

of the resin bed.

Zinc was completely fixed in the resin from the 2.25 M NaCl-loaded solution. No
leakage could be observed during the loading and neither during the subsequent
rinsing steps, which continued with the same NaCl background. It indicated that this
CI" ion concentration — provided by the NaCl background — was safely enough to
stabilize the negatively charged chloro-complex zinc species, and not too high to cause
a competition of the still free Cl” ions for the active sites of the anion-exchange resin.
Even a relatively high flow rate, as here and afterwards generally kept at ~3 bed
volumes/hour (BV/h) could be applied for a visibly clean separation. The resin
practically rejects iron in its divalent form at the Cl” concentration applied. However,
some tailing of the main Fe elution peak could be seen during the rinsing with the
relatively high NaCl concentration in the influent. Therefore, a small portion of Fe
was only removed from the column in the subsequent stages, causing a slight
contamination of the Zn effluent. As suggested by the different distribution curves of
iron in the different oxidation states (Fig. 3.3), this iron portion might be trivalent,
which had not been fully reduced before the loading step or inadvertently oxidized

during the solution preparation.

In case of a special need to eliminate the — still almost negligible - Fe-contamination,
the preliminary reduction should be more complete and the first two stages of the
separation should be carried out under a protective atmosphere (Nz) to exclude the
formation of any Fe(IIl) species. Also, the first rinsing step can be extended. As no
leakage of Zn was observed during the first two steps, applying a slightly lower initial
CI" concentration may also be beneficial in this respect. An arrangement of a sealed
anion-exchange chromatographic system excluding ambient air is schematically

presented in Fig. 4.2.
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Fig. 4.2 A chromatographic system providing reduced conditions for the separations.

The elution of Zn was carried out by a solution of 0.05 HCI fed into the column. It
could be expected by the relevant distribution curves plotted in Fig. 3.2 and 3.7 to be
efficient in decomposing the chloro-complex anions of Zn. The addition of 0.05 M
HCI served just to maintain a slight acidity thereby avoiding any hydrolytic
precipitation. Although the elution peak of Zn appeared sharp, a significant tailing also
occurred, and the removal was incomplete with applied eluent. Much of the zinc was
probably still locked in the column because of still strong chloro-complexation or

some starting hydrolytic precipitation in the resin bed.
4.1.2. Extended separations by chromatography

In a further separation experiment, high concentrations of the main elements (Zn and
Fe) were used, and Mn, Ni were added as minor, but practical impurities. Also Pb was
added to test the behaviour of a practically negligible impurity that has a similar anion-
exchange tendency as Zn. Due to the almost missing formation of chloro-complex
anions of Mn and Ni [100], these impurities are confirmed to be separated from Zn
together with Fe during the loading and rinsing steps. The corresponding concentration
points of these two minor impurities coincide in Fig. 4.3. On the other hand, due to
the analogous anion-exchange distribution functions (Figs. 3.3), Pb cannot be
separated from Zn by this method, despite the different maxima of the distribution
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functions. The separation of Pb impurity — if ever it exists beyond the usually
negligible level - would require different techniques, such as selective precipitation or
selective solvent extraction [95]. Due to the high salt content by the main elements, in

this separation the free Cl” ions were provided by the added HCI instead of NaCl.
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Fig. 4.3 Elution curves of the extended anion exchange chromatographic separation.
Despite decreasing the HCI concentration in the eluent, the elution peak of Zn became
even wider, showing a broad declining section (a long tailing). It indicates the known
preferential retention of HCI by the resin [61], causing a rise in the pH of the aqueous
phase and some partial precipitation in the hydroxide form. Thereby a relatively dilute
eluate can be obtained. Thus the lower HCI concentration in the eluent rather hindered
the elution of Zn. As a confirming step, NaOH was also used to show that the portion
of Zn entrapped physically as fine crystals in the resin bed is removed with the alkaline
influent in the zincate form. The efficiency of a pure Zn elution can be improved by
carefully adjusting the addition of acid (as HCI, to avoid different anions, especially
sulphates for a clean electrowinning afterwards). Higher concentration than the tested
0.05 M level could not be either efficient because of the early start of the formation of
the anionic Zn chloro-complex species (Fig. 3.2). The feasibility of an excellent
cathodic deposition may require a minimum of 10 ~ 15 g/dm? Zn concentration in the
chloride electrolyte [72]. Therefore, if the Zn elution cannot provide this level,

evaporation of the eluate should also be included to provide a suitable electrolyte.
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The chromatographic separations justified the feasibilities of the separation
procedures devised according to the equilibrium distribution functions in solutions of
free CI ions provided by either HCI or NaCl. The distribution functions of Zn and the
practically important impurities offered enough differences. However, the rinsing
procedures produced relatively large partial volumes of effluents, and the elution of
Zn ran into physical difficulties. In order to remedy these practical difficulties, a
version of separation by the batch anion-exchange method has also been carried out.
As a further advantage, the separation could be made simpler and faster. The two
experimental setups can be seen compared in Fig. 3.9. The batch procedure includes
the mixing of the solutions with the resin in a suitable vessel and decantation (or more
precisely) a filtration to separate the two phases after the required time of contact in
each step. It is quite similar to the solvent extraction technique, but in this case the
separation of the aqueous and organic phases is far simpler, faster, and more accurate.
Applying similar settings of free Cl™ ion concentrations — provided by the added HCI
- as used in the optimized chromatographic procedure, Fig. 4.4 shows the
concentration profiles obtained with the batch technique. In this case samples of the
solution were taken periodically, thus the kinetics of the exchange process can be
observed. It is clearly seen that Zn is retained in the resin quickly after the solution is

in contact with the resin in the stirred vessel.
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Fig. 4.4 Solution concentration changes during the batch anion exchange separation.
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It can be seen that almost all the Zn is transferred to the resin from the solution in
approx. 30 minutes. This kinetic condition also needs to be considered in setting the
flow rate through the loading of the anion-exchange chromatographic column. This is
the actual limitation of the production efficiency of the chromatographic, and also the
batch ion-exchange procedures. Generally, the ion-exchange sorption of a species
implies a multi-step process: (i) transport from the bulk solution, (ii) diffusion across
the liquid film around the resin beads, (iii) diffusion in the liquid contained in the resin
pore to the wall, (iv) transfer through the interface, and (v) chemisorption in the resin.
In the case of vigorous mechanical stirring, usually, the first step has negligible
influence on controlling the overall sorption rate. Desorption can follow the reverse
order. As seen in Fig. 4.4, the ratio of sorbed Zn species rises rapidly with contact time.
The decrease in the concentration of the sorbable species in the solution and the
growing occupation of the active sites in the resin phase results in the slowing of the
sorption process until equilibrium is reached. In the case of chromatographic
operation, an early break-through of the sorbed species may appear in the effluent if
this time is not provided for the species to stay in contact with the resin bed in the

column, due to increased flow rates.

At the first glance, it may be surprising to see the iron concentration dropping in the
reduced solution initially. However, it may be justified by the equilibrium distribution
function of Fe(II) in Fig. 3.2, showing that at the applied free HCl concentration, the
logD ~ -1 value implies that the equilibrium iron concentration in the resin may reach
a level of approximately a tenth of that in the solution. This Fe portion may be retained
if the total exchange capacity of the resin allows it. There is no chromatographic effect
of a mobile aqueous phase, displacing the weakly sorbed Fe species by the mobile Zn
species arriving at the same site. In addition, the possible partial re-oxidation of Fe(II)
in the unprotected stirred vessel may increase the total ratio of sorption in the Fe(III)
state. Thus, the separation of iron cannot be so efficient with the batch technique as
with the previously described ion chromatography. The average charge of the zinc
chloro-complex anions can be approximated in the -1 to — 2 range according to
published results [61]. It corresponds to the highest coordination number of 4, with a
tetrahedral arrangement of the ligands. With more Zn in the solution than the capacity
of the resin batch can sorb, the strongly sorbed Zn chloro-complex anions may

displace virtually all the slightly sorbable Fe species. It implies a lower efficiency of
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utilizing the Zn content in the prepared solution batch., but in return, the resin batch
separated from the residual solution will only contain the strongly sorbed Zn species.

After the elution step, a high purity of the Zn eluate can be expected.

In this experiment neutral water was used to rinse the resin after the loading solution
was drained. It is interesting to see the previously sorbed iron quickly released from
the resin, as shown by the first concentration point. Then, the analytical samples
indicate a rapid decrease in its concentration, evidently due to hydrolytic precipitation.
It also indicates that during the stirring in the open vessel, most of the Fe(II) is oxidised
to the Fe(III) stat, which is prone to early hydrolysis. In the same way, however, the
stronger sorbed species of Zn can also suffer precipitation even before being released
from the resin phase. It may have consequences for their capability of eluting. The
elution of Zn under the conditions presented in Fig. 4.4 clearly failed in the batch
process. The sorbed Zn species were not removed by the eluent, acidified to 0.02 M
HCI concentration. It should have initiated thee decomposition of the sorbed chloro-
complex species, but the previous neutral water rinsing possibly converted them into
a hydroxide precipitate even inside the micro-porous resin beads. The in situ
precipitated Zn still in the resin could not react efficiently even to the NaOH solution

applied in the end of the procedure.

This experience explains why the elution peak of the Zn in the chromatographic
procedure showed increasing tailing by strongly decreasing the HCI concentration in
the eluent. As higher HCl concentration would have been inefficient in the
decomposition of the Zn chloro-complexes sorbed in the resin, a special eluent of
different nature can be looked for. The best practice is to change the Zn into a cationic
complex, resisting hydrolytic precipitation, rejected by the anion-exchange resin. It
can be effected by applying another agent, e.g. ammonia [99]. In this case, applying
close to neutral or slightly alkaline solutions would also keep the slight portion of

initially sorbed Fe in the resin physically as a hydroxide precipitate.
4.2. Break-through analysis

The breakthrough volume (BTV) has been examined as a function of various factors
to determine the possible ways of optimization. The Zn species at this free Cl™ ion
concentration may form mostly the highest tetrahedral complex ions of x = 4

coordination [101]:

45



Zn? + xCI- = [ZnCIxX]?* (4.1)

which will result in approximately -2 molar value of the resulting charge. Besides, the
sorption of the additional impurity species may consume some of the capacity. In this
case, only Cd and Sn could be preferentially sorbed by the resin [97] relative to Zn,
but these impurities are present only at negligible concentrations. Thus, they could
occupy just a negligible fraction of the available capacity. The species characterised
by no sorption should appear in the effluent after passing the volume approximately

equal to the void space fraction of the resin bed, which can be approx. 40% [102].

The effect of Zn concentration on the BTV of the SPL model solution is shown in Fig.
4.5. The volume of the examined effluent was equal to that of the loaded solution, as
only the front edges of the developing concentration profiles were targeted. Adding a
100 cm® of the 80 g/dm® (most concentrated) Zn solution of 7 M NaCl, no
breakthrough of Zn appeared within the same volume of the effluent. Due to physical
discrepancies, some erroneous leakage of even the strongly sorbed species can occur.
According to the practically negligible Fe(II) distribution [60] at the CI" concentration
7 M, no iron sorption can interfere with the purification of Zn. The non-sorbed species
appear in the effluent around the expected volume corresponding to the inactive void
space in the resin bed - and below it - in the column. The breakthrough curves of Fe(II)
at different Zn concentrations, however indicate a slight sorption of also Fe(II), which
is displaced by the preferred Zn species. Zinc is efficiently retained in the resin at the
applied low flow rate, which allowed sufficient time for the exchange reaction. Iron
breaks through soon, as expected and it is even slightly pushed forward as the Zn

concentration is higher.
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Fig. 4.5 The breakthrough curves of Zn (a) and Fe(ll) (b) at varied Zn concentrations in the
loaded solution (140 g/dm’ Fe, 1 BV/h, pH 0.25, 7 M NaCl).
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The flow rate of the mobile phase, expressed as bed volumes per hour (BV/h), is one
of the factors affecting the separation process by ion-exchange chromatography. The
flow rate determines the length of time the species in the solution can have a direct
contact with the resin in the column. Some ions are faster, and others are slower
exchanged, even if the equilibrium distribution coefficients are similar. Thus, the flow
rate may affect the virtual exchange capacity and the separation of the elution peaks.
Figure 4.6 shows the effect of various flow rates on the leakage characteristics of

sorbed Zn species and the breakthrough curves of the non-sorbed Fe(II) species.

The internal diffusion in the pores and then in the material of the beads needs time
before the species reach the exchange sites, and so do the Cl” ions, which are liberated
from the resin to the solution. A higher flow rate may spoil the separation, by not
giving the species sufficient time to interact with the stationary resin phase. Higher
flow rates may disperse the Zn sorption more towards the bottom of the column. The
practically most important flow-rate tests were carried out at a relatively high (~ 80
g/dm®) Zn concentration in the loaded solution. In this case, the added ~ 0.6 M HCI
background and the included 2.5 M FeCls salt supplied enough free CI” ions to form
the anionic complex species of Zn, as Fe(Il) is not forming chloride complexes unless
the free Cl” concentration is extremely high. Figure 4.6.a shows the leakage curve is
sharper and appears earlier as the flow rate of the solution through the resin bed is

increased.
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Fig. 4.6 Break-through of Zn and Fe(ll) at varied flow rates (80 g/dm’ Zn, pH 0.25, Fe 140
g/dm’).
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There was no break-through (or leakage) of Zn observed within this effluent range if
the flow rate was set as low as 1 BV/h. The 110 cm® volume of the resin bed of the
confirmed ~ 1.4 mmol/cm® specific exchange capacity, offering 154 mmol total
capacity, could fix ~ 77 mmol Zn species of ~ -2 average charge, corresponding to 5
g Zn. This amount is carried by 63 cm® volume of the concentrated solution holding
80 g/dm? Zn. With the total inactive volume shown by the non-sorbed Fe(II) species
of ~45 cm®, shown in Fig. 4.7.5, the BTV of Zn could be expected only after collecting
more than 100 cm? effluent. It could be so with the slowest (1 BV/h) flow rate, but, as
shown in Fig. 4.7.a, the Zn leakage appeared earlier and sharper as higher flow rates
were applied. Thus for a complete retention of the Zn during the loading step, the
capacity of the resin and the average charge of the Zn species need to be respected, as
shown above, and the flow rate should not be significantly higher than 1 BV/h. Higher
flow rates would reduce the efficiency of Zn recovery, although, as suggested by Fig.

4.6.b, may enhance the removing of the practically non-sorbable impurities.

In some cases, the SPL does not contain more than 20 g/dm? Zn, which can be applied
directly for the chromatographic anion-exchange purification. Figure 4.8 shows the
breakthrough/leakage curves of Zn and Fe(Il) obtained from experiments carried out

with such a practical setting.
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Fig. 4.7 The breakthrough/leakage of Zn (a) and of (Fe(ll) (b) at different flow rates (20 g/dm’
Zn, 140 g/dm(’ Fe(Il), pH 0.25).

The lower Zn concentration allows better Zn retention even at higher flow rates of
loading. The actual capacity for Zn retention compared to the loaded amount of Zn

was in large excess.
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4.3. The optimised separation procedure and the complete results of separations

The model solution of the SPL loaded into the column was specified in Table 3.2. The

major process steps, the fed influent solutions are described in Table 3.
4.3.1. The separation scheme

The most common concentration of Zn in the SPL can be used as the sampling
concentration as well as the pH of common SPL. Figures 4.8 and 4.9 show the Zn and

the impurities separation elution curves.
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Fig. 4.8 The main elution curves of the SPL purification procedure (3 BV/h).
As also shown by the results of the initial chromatographic experiment, the loaded Zn
was fully fixed in the resin from the loaded solution of 2M free NaCl. No leakage
could be observed either during the subsequent rinsing step, continued with the same
NacCl background. It indicated that this CI” ion concentration — provided by the NaCl
background — was enough to stabilise the negatively charged chloro-complex zinc
species. Meanwhile, virtually all the Fe passed through the column. The resin rejects
iron in its divalent form in the relatively low CI" concentration applied. The elution
process removed Zn by adding 0.05 HCI with more volume fraction. It could be

expected to be efficient in decomposing the chloro-complex anions of Zn by the
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distribution curve plotted in Fig. 3.7. Although a sharp elution peak of Zn appeared
with the applied 0.05 M HCI eluent, a significant tailing also occurred, and the
recovery — in the pure section of the eluate — needed some enhancement. Much zinc
remained still locked in the column because of — probably - still strong chloro-
complexation or some starting hydrolytic precipitation in situ. The broad peak of the
elution curve for Zn inferred that a relatively dilute eluate could be obtained.
Therefore, a second step of elution with 0.001 M HCI was added to push out the
remaining Zn from the resin. Again, a sharp secondary peak followed by a broad tail
curve, indicating that the reason of strong tailing in the first peak was the incomplete
decomposition of the sorbable Zn chloro-complex species. Practically all the Zn can
be removed with this enhanced elution step. The procedure was repeated by adding
also the minor impurities in the loaded solution. Figure 4.9 shows the complete
separation characteristics by the multiple elution peaks. The logarithmic scale of the

concentration axis allows to see even the minor peaks clearly.
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Fig. 4.9 Elution curves of complete SPL purification to produce pure Zn electrolyte.
According to the distribution functions of several practical or characteristic elements,
a large number of potential impurities, like Al, Ni, showing no anion-exchange

capability can be separated directly. The same applies to Fe(Il), Co(I) and Mn(II),
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which may form anionic chloro-complexes at very high CI" concentration (> 8 M). All
the impurities mentioned above are out of the column before the elution of Zn occurs.
Just a few impurities — of negligible importance — may have similar distribution
functions to that of Zn. In the first elution curve, Pb(II) and Cu(II) appear in the eluate
along with the Zn. Lead contamination, however, is almost excluded by the modern
European standards of hot dip galvanising. Similar may be true for cadmium.
Cadmium leakage could only be observed at the second elution step, and only at the
last tail of the Zn elution curve, so this fraction can also be discarded. On the other
hand, those impurities which remain strongly fixed in the resin during the elution of
Zn, like Sn, will cause no contamination, eluted only at the subsequent conditioning

step with — in this case - NaOH.

The conditioning step with NaOH was also used to confirm that there was no
appreciable portion of Zn retaining in the resin, neither by possible hydrolytic
precipitation. However, the produced dilute Zn solution might pose some challenge

for a direct electrodeposition.

The feasibility of an efficient cathodic deposition may require a minimum of 10 ~ 15
g/dm® Zn concentration in the chloride electrolyte [72]. To reach even higher Zn
concentrations, we tested the hydrolytic precipitation from the purified low-HCI eluate
by slightly increasing the pH value, then re-dissolving the separated crystals at the
lowest possible level of HCI added (approximately at pH 4~5). In this way, the
concentration of the solution can be increased without the necessity of an energy-

intensive and time consuming evaporation treatment.
4.3.2. Derived efficiency characteristics of the separation process

Separation efficiency can be expressed by the elimination ratio (R) [102]:
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Where V4, is the total effluent volume at the starting point of eluate collection and V,

is at the endpoint. While mj33¢ is the total mass of the loaded and m&Y is the eluted

amount of the examined metal, referring to the collected central fraction of the eluate.
The analysed concentration (e.g. mg/dm?) is denoted by ¢z, and cme, respectively. The

standard value of the elimination ratio refers to the fraction of the effluent that

51



comprises the central section of the main elution peak of zinc, extending from the

point at the half-height on the front (rinsing) side to that of the tail (declining) side.

As another efficiency indicator, the relative amount (mz,) of Zn recovered in the
collected fraction of the eluate from the loaded mass can be expressed by the zinc

elution ratio (or zinc yield):
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The standard efficiency parameters referring to the elution peaks in Fig. 4.10 are given
in Table 4.1. The results were obtained by applying a computer program of smoothing
the elution peaks by the running average method, followed by numerical integration
of the concentration curves. The non-sorbable impurities are not included as their
removal is considered complete. Most of the practically considerable (or possible)
impurities (Al, Co, Ni, Mn, Fe, Cd) of SPL have an overall elimination ratio higher
than 1000. This indicates an efficient separation process, producing a pure Zn solution.
In contrast, some minor — and practically negligible - impurities (Pb, Cu) characterised
by anion exchange distribution functions similar to that of zinc have low elimination
ratios, but they are not expected to arise in modern HDG technologies. However,
cementation or precipitation techniques can remove these impurities from the purified

solution, in other cases.

Table 4.1 Characteristics of the Zn anion-exchange purification procedure shown in Fig. 4.9

Standard elimination ratio, Rg¢4

Zn effluent fractions Standard Zn R4 > 1000 for Al, Co, Ni, Mn and Fe
(cmd) Yield, E
n Fe Cd
1. (380-880) 0.91 > 1000 > 1000
I1. (500-880) 0.47 > 1000 > 1000

* The conditioning step is not considered (Sn was fully eluted in the conditioning step)

The section of the effluent in the 380 to 880 cm® range can be preferably used directly
for electrowinning implying ~ 4 times dilution relative to the loading solution.
However, the precipitation and re-dissolution treatment can be easily applied for

concentration, even holding some potential for additional purification.
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5. The examination of the electrode processes of zinc deposition

5.1 The effects of the electrolyte composition

In order to find feasible conditions in a simple open electrolysis system to produce
pure Zn at high efficiency and in an acceptable physical state, the kinetic properties of
the process of Zn deposition needs further investigations. As it has been discussed
above, due to the inherent electrochemical properties, the occurrence of the hydrogen
evolution cannot be excluded. It does not only decrease the current efficiency, but it is
also associated with the generation of OH™ ions at the cathode through the breakdown
of H>O [70]. This may cause the precipitation of hydroxides in the immediate vicinity.
The relevant conditions are described in the E-pCl diagram, also showing the effect of
pH (Fig. 5.1.a) and the usual E-pH (Pourbaix) diagram of Fig. 5.1.5. Both diagrams
have been constructed by applying the available equilibrium data [100].
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Fig. 5.1 The E-pCl diagram in the Zn-CI (a) and the E-pH diagram in the Zn-H>;O (b)
computed from the stability constants for the aqueous systems (25 °C).

Increasing the pH in ZnCl: solutions the hydrolytic processes may generate more even
complex compounds (as has been shown in Fig. 2.3), blocking the surface and shifting

the cathodic process towards excessive Hz evolution.

A serious challenge in the electrodeposition of pure Zn is the interference of the
cathodic process caused by the side reactions with the iron species. The redox
potentials of the Fe**/Fe and the Fe**/Fe*" couples are -0,44 and +0,74 V, respectively
[64]. These potentials directly indicate the stability of the Fe?" oxidation state if
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metallic iron is present in the system, and oxidation by a strong agent (like oxygen in
the ambient air) can be excluded. With its more negative standard electrode potential
of the Zn*/Zn couple, zinc will also directly reduce the Fe(III) species if present.
However, the oxidation by air or also by the anode can always generate the ferric
species, which — in contact with the deposited metal — may cause cathode corrosion

by a partial or complete reduction:
2Fe’" + Zn = Zn*" + 2Fe*" (5.1)
Fe?" + Zn = Zn*" + Fe (5.2)

The latter step, results in contamination of the Zn cathode by the cementation of Fe. It

1s an indirect route beside the direct electrochemical reduction.
Although the formation of the respective chloro-complex species [64]:
Me?" + xCl = [MeClx]** (5.3)

may influence the Me(Z)/Me formal potentials, where z is the charge of the aqua-ions
and Z is the valence of the oxidation state, and x is the coordination number of the

chloride ions in the complex species formed [87] [64].

The relative concentrations of the electroactive cations and the chloro-complex
species in equilibrium with them can be represented by the results based on the
computation applying the stability constants in the database of the ROCC [87] [64]
software (developed for this purpose in the laboratory). An example of the system is

given in Fig. 5.2. for the relative concentrations Zn species in equilibrium.
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Fig. 5.2 Distribution of Zn among its species in chloride solutions in contact with air.
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The computed distribution suggests that various chloro-complex species of Zn may
dominate the equilibrium, with the anionic complexes becoming dominant above 1.5
M HCI concentrations. Similar relative concentrations have been computed as shown
in Fig. 5.3 for the Fe(0), Fe(Il) and Fe(IIl) species. The cementation of iron with
metallic zinc by reaction (5.1) is thermodynamically driven throughout the whole CI°

concentration range. It is even enhanced at higher concentrations of the Cl ions.
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Fig. 5.3 Distribution of the total Fe among its species in chloride solutions in contact with
metallic zinc (c).

However, the oxidation of the Fe(Il) species by air, as described by the computed
equilibrium distribution in Fig. 3.4.b, will continuously regenerate the Fe(IIl) species.

The re-oxidation is even enhanced by applying stirring.
5.2. Potentiodynamic investigation

Despite the high equilibrium potential of 2H"/H» reaction, even at low acid
concentration (pH ~ 2), Zn can be electrodeposited from HCI solutions, as the
overpotential of the H" reduction on Zn hinders this harmful side-reaction. The
cathodic reduction of zinc is characterised by a high exchange current density (jo > 1.8
—8.8 A/dm?) [103]. In addition, chloride ions may exert a virtual depolarization effect
[86] [104] [105]. Chloride solutions offer higher rates of zinc deposition on the

cathode surface than sulphate systems. It is practically hard to obtain smooth and
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compact deposits. The kinetic processes are to be revealed by the analysis of

polarization curves from the potentiodynamic technique.
5.2.1. The experimental setup and method of potentiodynamic examinations

An electrolysis cell with the dimensions of 50x50x50 mm made of glass was used,
giving 85 cm® volume of the electrolyte. The saturated calomel reference electrode
(SCE) was connected to the surface of the cathode (working electrode) through a
bridge tube ending in a Lugging-capillary tip (of ~ 1 mm diameter) and filled with the
given electrolyte solution. The initial cathode was a copper plate with an active surface
area of 2 cm?, surrounded by polyethylene masking. The potentiodynamic set-up is
shown in Fig. 5.4. A thin layer of Zn was pre-deposited on the active cathode surface,
then polished with SiC sandpaper of 800 grit, rinsed with distilled water and acetone,

and finally dried to create a uniform surface before installation into the cell.

pH
clectroda B

IC < conerol wnd
data provesiing

Fig. 5.4 Potentiodynamic experimental set-up (a — the test cell, b — electrode arrangement, ¢ —
removed cathode, d —the schematic of the electrode surface, e- potentiostat).

Avoiding changes in the conditions of the electrolyte, a pure Zn anode was used as the
counter electrode in repeated cycles of the main experiments. However, to an inert
anode made of graphite was used in the case of electrodeposition from the Ni, Fe, Zn-
Fe, and Zn-Ni solutions. A magnetic stirrer and a rotating rod of 2 cm length at the

bottom of the cell were used with rotation speeds from 0 to 800 r.p.m.

The cell was connected to a computer-controlled potentiostat, developed at our
laboratory. It was capable of producing rapid increments of the current to investigate
the cathodic processes under increasing surface of the working electrode caused by
irregular zinc deposition. Due to the remarkable changes of the surface structure, the

uncertain actual current densities could not be expressed. Therefore, the actual current
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readings were recorded and plotted, without dividing with the initial (geometric)
surface area. Because the potentiostat can only produce a total voltage of 10 V, the
voltage drops necessary to drive the current through the main cell from the counter
electrode (anode) to the work electrode may limit the polarization runs. If the
resistivity of the complete electric circuit is high, the polarization curve can span only
a limited current range. The specially developed software controlled the potentiostat
and recorded the results using the NI LabView platform. The surface structures were
photographed through the glass walls during the polarization process. The solutions
were kept at room temperature with 40 mV/s continuous polarization speed — giving

the broadest range of clear results - and with a 10/s potential sampling rate.

The model electrolyte solutions were prepared from analytical grade ZnCl: chlorides

dissolved in slightly acidified water. The compositions are given in Table 5.1.

Table 5.1 Electrolyte compositions applied in the Potentiodynamic experiments

Pure Zn electrolyte

Zn concentration, g/dm?® pH Added impurity, g/dm®  Agitation, rpm
30, 60, 90, 120, 150 15;2;3; 0 0, 50, 200,
4.5 350, 500

Zn + Fe electrolyte

Zn Concentration pH Fe concentration, g/dm®  Agitation, rpm
0.1,0.25,0.5, 0.75, 1,
90 g/dm? 1~2  25,5,5, 15, 30, 45, 60, oégg, ggg'
90, and 120 ’

Zn + Ni electrolyte

Zn Concentration pH Ni concentration, g/dm®  Agitation, rpm
0.9, 0.45, 0.3, 0.225 0, 50, 200
3 - I ] I ] I ] ]
90 g/dm 1~2 0.18, 0.09, 0.009 500, 800

The total mass of the deposit was determined by weighing the rinsed and dried cathode
before and after the potentiodynamic runs. Then, these electrodes were immersed into
1 M HCI + cc. HNO3 to dissolve the deposit on its surface, followed by atomic
adsorption spectrometric (AAS) analysis (Fig. 5.5). The reduction of the H" ions was
also studied at various levels of acidity (pH 2 - 5) with blank HCI and the prepared

model solutions. Results referring to the same pH were compared.
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Fig. 5.5 The AAS analytical instrument.

5.2.2. Potentiodynamic characteristics of Zn deposition from chloride media

In the first series of experiments, the goal was to identify the dominant cathodic
process in different ranges of the examined parameters. Zn deposition was investigated
from pure Zn chloride solutions. The deposits were observed to form irregular growths

of dendrites and loose crystals, as seen in Fig. 5.6.

Growing dendrits

General deposit growth pattern:

. In the solution

Fig. 5.6 The changes in the cathode surfaces during potentiodynamic runs showing (a) the Cu
starting surface, (b) a uniform dense deposition, (c) a black spongy deposit and (d) a dendritic
growth pattern. (1 min runs at 40 mV/s polarization speed).

The electrodeposition of Zn started with the uniform nucleation of Zn metal on the
pre-Zn deposited cathode surface, inferring a uniform current distribution over the
electrode surfaces. The deposit was visually observed to grow layer by layer over time
and seemed uniform at the beginning of the electrodeposition. While after several
seconds, the edge growth became apparent, confirming the general expectations
discussed above. The protrusion growth - which then continues as dendrites - changed

the electrical field distribution of the overall surface. Although overpotential may shift
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the hydrogen reduction potential to be less noble, the co-existence of Zn deposition
and hydrogen evolution is observed from the beginning. Furthermore, a local Zn

concentration drop facilitates this side-reaction.

Regarding the development of the deposits at different pH levels, the photographs of
the cathodes are compiled in Fig. 5.7, showing the surface structures developing in

potentiodynamic runs applying 60 g/dm* Zn concentration in a stationary electrolyte.

pH Surface condition

14

23

438

Fig. 5.7 Cathode surfaces during polarization at the indicated pH values of the stationary
solution (60 g/dm’ Zn) taken every 15 s at 40 mV/s polarization speed.

It is seen that in the pH range lower than 2, the hydrogen evolution constituted most
of the cathodic reaction. However, zinc deposition started to take dominance as the pH
was raised. With pH values higher than 2, the initial stage of zinc deposition formed a
uniform zinc coating on the surface, followed by black spongy deposits, which later
propagated the growth of dendrites at the edges of the active cathode surface. The
appearance of the zinc deposits obtained from the electrolytes with a pH lower than 2
and those from the higher pH solutions are markedly different. Hydrogen evolution

started early in the lowest pH range. At first, bubbles just accumulated, partially
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blocking the active surface before being evolved. The process is reflected in the
development of the current as the cathode is polarized. Since the actual surface of the
working electrode may change during the run, the polarization curves are constructed
with the directly measured current values. The initial (geometric) area can be used to
calculate apparent current densities. The accumulation of the H> bubbles may even
create a virtual limiting current for H evolution while zinc may continue to deposit.
To better interpret the observed phenomena, the surface photographs are fit into the
cathodic polarization diagram of Fig. 5.8 referring to a low and a high pH setting in
the electrolyte. At pH 1.5, there are enough H" ions present; therefore, H> evolution
could develop easily at the cathode. The ratio of the two parallel currents of the main
and the side reactions - belonging to either Zn>" or H" reduction - expresses different

tendencies at the two extreme pH settings.

0.0

T

FpHA

125 2.0 15 1.0 05 0.0
Overpotential (V)

Fig. 5.8 Polarization curves of Zn (60 g/dm’) electrodeposition from chloride media of
different acid concentrations (pH 1.5 and 4.5).

Starting from the equilibrium (0 V overpotential) in the cathodic direction, the current
plots lose their steady slope around -0.7 V, where a temporary limiting current density
plateau appeared. The incomplete formation of a limiting current infers the beginning
of a mixed mechanism. In the electrolyte of the higher H" concentration, the initial
rise of the current plot can be dominated by the H* reduction, which, after the virtual
limiting section changed for a more dominant Zn?** reduction induced by the

roughening of the deposit structure. The virtual plateau is mostly caused by the
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blocking of the active surface, as the initially formed H> bubbles are still attached
before growing to the size to be released. Thus the local overpotential is increased
while the recorded current is not growing significantly. The series of the photographs
on the left, next to this plot show the obvious formation and accumulation of the Ha
bubbles. On the other hand, the diagram and the series of photographs belonging to
the conditions of pH 4.5 show hardly any effect of H> evolution. In this case the
reduction of the Zn>" ions is dominant all over the polarization range. Further on, the
surface of the electrode gradually turned rougher. At the higher ranges of polarization

Zn deposition could remain the dominant electrode process.

As the overpotential became more negative than -1 V, branchy fern-like dendrites were
formed, increasing the actual surface area, thus allowing a faster current increase.
Towards the final section of the polarization curve, the surface grew excessively,
decreasing the real current density sharply. More current could be generated by even
decreasing overpotentials. This “back-drop” in the potential occurs as the development
of the dendritic structure explodes. Actually, the apparatus lost its ability to keep the
current increasing as fast as to incur the voltage set by the program. The total current
is increased while the actual current density drops, thus the overpotential is also
dropping under such conditions. Actually the circuitry of the potentiostat cannot
increase the current in such a pace as the surface gets rougher. The contribution of the
tips of both primary and secondary dendrite branches to the electrodeposition process

becomes pronounced as they protrude out from the limits of the diffusion layer.

Agitation helps homogenize the electrolyte by enhancing the ion transport to the active
surface. The main results of applying various rotation speeds are shown in Fig. 5.9.
Applying agitation in the 90 g/dm® Zn electrolyte could not eliminate the backdrop in
the polarization curve (Fig. 5.9.a) at the extremely high overpotentials required from
the potentiostat. The stronger increase of the current in the stationary electrolyte is
caused by a more intensive H' reduction and a coincidentally rougher electrode
surface. As the electrolyte is agitated the ion transport is faster, more compact cathode
deposits arise. Therefore, the actual current density is higher, resulting in lower
currents at a certain overpotential. However, it does not avoid the extra deposition at

the electrode edges.
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Fig. 5.9 Polarization curves as the functions of agitation intensity in chloride solutions of pH
2.5 and 90 g/dm’ Zn concentration (a) and the final deposits (b).

Stirring minimizes the concentration gradient at the electrolyte-electrode interface,
virtually increasing the effective concentration of the electroactive Zn species.
Thereby it provides a more uniform deposition. In general, agitation is also related to
the more efficient removal of hydrogen bubbles, liberating more active sites for Zn

ions to be deposited with better current distribution.

It is also practically important to consider the effects of Zn concentration on the
cathodic processes. At higher levels of Zn in the stationary electrolyte, the polarization
curves showed more constant slopes, and the effects of the hydrogen side-reaction
seemed to diminish. This phenomenon is demonstrated by the results shown in Fig.
5.10. The beneficial effect of increased Zn concentration was also confirmed by the
visual observation of less hydrogen gas evolution. The steeper the slope, the more
hydrogen reduction occurs. It is evident from the relevant surface photographs (Fig.
5.10.b) that the more concentrated Zn is in the solution, the more uniform is the metal
deposit and less dendrites are grown at the cathode edges. Therefore, the mass transfer
and concentration gradient play essential roles in the deposit macro-morphology. Also
the hydrogen evolution reaction has a significant impact on the growth of the

dendrites.
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Fig. 5.10 Polarization curves obtained at different concentrations (a) and the photographs of
the obtained final deposits (b) in stationary electrolytes.

The final irregularity in the polarization curves expressed by the reversed tendency in
the potential are shorter at higher Zn concentrations, and the obtained currents are of
smaller absolute value at the same cathodic overpotentials. This indicates a later and
reduced extent of dendrite formation. Similar effect was caused by increasing the
agitation intensity at a constant Zn concentration in the electrolyte. If the stirring speed
is further increased, the final irregularity is eliminated from the polarization curves,
and the dendrites almost disappear from the cathode. The deposits were thicker at the

edges, and a few less developed dendrites appeared sporadically at the bottom edge.
5.2.3. The effect of Fe impurity on Zn deposition from chloride media

A) High additional Fe concentrations

Theoretically, the preferential Zn electrodeposition from electrolytes contaminated
with transition metals is considered anomalous co-deposition. The deposition
tendency is governed by the type and the concentration of the ion, as described by the
well-known Nernst equation. This may allow a pure recovery of Zn from the
preliminary purified SPL, since the concentrations of Fe and other potential
contaminants (Ni, Co or Mn) can be depressed to very low (mg/dm?) levels by the

anion-exchanged procedure introduced in Chapter 4, or by other methods of similar
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nature [11]. Nevertheless, it is important to clarify the effects of the major practical
impurities, which would dictate the degree of the required preliminary purification of

the SPL before the treated solution can be applied for Zn electrodeposition.

At first, visual observation of deposits was carried out in the potentiodynamic
experiments run on electrolytes contaminated with different levels of iron. The surface
images of the final deposits can be seen in Fig. 5.11. The growth pattern of the deposits
is the same as in the previous series where the iron-free solutions were tested.
However, the dendrite formation decreases and hydrogen evolution increases with the
presence of Fe. Initially, the deposition was hindered by the growing hydrogen
bubbles, fully covering the cathode surface. Effective deposition may occur after more
bubbles are released, which dominantly happens at the area near the edges. Adding

iron promotes H> evolution due to the lower overpotential of hydrogen on Fe sites.

Stirring Zn90 |+Fe5 +Fal5 +Fe30 + Fed5 +Fe60+Fe90 +Fe120 | Fe90
rp.m. gldm' | g/dm' g/dm’ gfdm’ g/dm' gfdm® g/dm' g/dm’ 3

™
o.
3

200

800

Fig. 5.11 The final structure of the cathodes obtained from the potentiodynamic experiments
with different Fe(Ill) concentrations in the ZnCl; solution. (1 min runs at 40 mV/s).

Stirring still positively affects the process. The obtained structure tends to be denser

with increasing agitation. Stirring enhances the transport toward the cathode surface
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and can also remove the bubbles. Nonetheless, hydrogen reduction is still dominant in
the Zn-Fe chloride solution. As a result, porous metal deposits occur even at the
highest stirring speeds. Analysis of the final deposit is also needed to confirm the ratio

of the two metal in the deposition process.

Applying a pure iron chloride solution showed powdery deposition where the
deposited iron could be easily removed from the cathode surface, probably related to
the concurrent H> evolution. The electrolyte solutions got darker because of the
dispersion of the detached iron powder. The iron deposit appears darker than that of

zinc. The obtained deposit surfaces can be seen closer in Fig. 5.12.

90 g/dm3 Zn + Fe < L
90 g/dm3
Fe

Fe 90
gfdm’

Fig. 5.12 The closer look of the final deposits obtained in the potentiodynamic experiments
with 90 g/dm’ Zn contaminated with different iron concentrations and with 90 g/dm’ Fe
solution, respectively (stirring: 800 r.p.m.). (1 min runs at 40 mV/s).

Further potentiodynamic experiments were carried out same Zn-Fe solutions with
copper substrates as starting cathodes of carefully measured masses. The starting and
the produced cathodes were weighed. Careful rinsing and drying. After the weighing,
the deposit was completely dissolved in 1 M HCI from the copper substrate, and
finally, the iron mass was calculated from the analysed concentration. The amount of
deposited zinc was determined by subtracting the calculated iron mass from the total
mass of the deposit. The highest ratio of zinc was obtained in the range of 45 to 60
g/dm® Fe in the solution. The acceleration of Zn electrodeposition by the Fe

concentration is shown by the results in Fig. 5.13.
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Fig. 5.13 Deposit (Zn — curves, Fe - bars) composition obtained from solutions of 90 g/dm’ Zn
with various concentrations of Fe added (1 min runs at 40 mV/s).

As the bars in Fig. 5.13 show, the amount of iron deposited from the mixed solution
increases quickly as the Fe concentration increases beyond 30 g/dm’. However, zinc
deposition is concomitantly enhanced. It is also seen in the plotted curves that the
stirring intensity strongly affects the rate of zinc deposition. However, stirring at the
highest iron concentration seems to lose its relative importance. Comparing the
positions of the Zn-curves and the Fe-bars, it is seen that from stirred solutions of 90
g/dm? Zn, the purest Zn deposit can be obtained at the lowest iron concentrations. If,
however, the solution is stationary and there is little iron in it, the deposit is too small

1n mass to make accurate measurements.

With increasing contamination of Fe in the electrolyte solution, hydrogen evolution
will increase because of its lower overpotential to Fe. The generated gas bubbles give
an extra stirring at the cathode surface, enhancing also the transport of zinc ions. It
may increase the rate of Zn deposition, as seen in the 30 — 60 g/dm’ range of iron
concentration. With even more iron in the electrolyte, the mechanical effect of
hydrogen evolution is outweighed by the chemical effect of the increasing local pH. It
may trigger a local formation of hydroxide particles. Thus, an inhibiting layer can be
formed, hindering the deposition of the less noble zinc. Therefore, in the 30 — 60 g/dm?
Fe range, where Zn deposition is enhanced, the increased rate of iron deposition results

in more contaminated zinc deposits. This is especially true if the solution is not stirred
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intensively. At higher iron concentrations, even more contaminated zinc deposits can
be obtained. Therefore, to get pure zinc from the SPL, it is necessary to apply the
planned preliminary purification of the solution, removing iron as much as possible.
Stirring can detach H> bubbles from the surface and by enhancing ion transport,

promotes more compact structures.

The hydrogen evolution from the iron solution was seen as more intensive than from
the Zn solutions. As shown in Fig. 5.14.a for Zn and 5.14.h for iron, no limiting
currents are identified in the polarisation curves of either 90 g/dm® Zn or 90 g/dm? Fe
pure solutions. This means that hydrogen evolution was also present from the early
stages. The Zn graph is steeper and shows a significant change at a point, implying
that less polarization may induce higher currents. This condition is attributable to a
looser deposit of higher specific surface. At the end of the curve, the unusual backdrop
of the potential with further increasing current is caused by the rapidly growing actual

surface of formed dendrites, arising in the pure zinc solution but not in that of iron.
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Fig. 5.14 The effect of stirring speed on zinc (a) and iron (b) deposition from 90 g/dm’
solutions, respectively.

In the case of Zn, stirring can eliminate the accumulation of the hydrogen bubbles and
promotes denser deposits, which can become easily removed at intensive levels of
agitation. These effects are reflected in the slightly lower maximum currents at the
highest speed of agitation. However, the deposition of iron from the pure solution was
hardly affected by the applied stirring, and according to the visual observations, the
active surface remained quite constant. It indicated that the competition of hydrogen
reduction was strong, and even it could become dominant. Similar differences can be

observed if iron is added to the basically Zn chloride solution, as shown in Fig. 5.15.
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Fig. 5.15 The effect of stirring speed on the deposition of Zn from solutions of 90 g/dm’ Zn
containing (a) 0 g/dm’ or (b) 30 g/dm’ Fe.

The stirring in the pure Zn electrolyte depressed the irregular growth at the cathode. It
can be inferred from the gentler the slopes at higher stirring speeds, confirmed by the
photographs in Fig. 5.12. In the case of solution containing also iron, H> evolution is
more intensive, and the denser structure of lower specific surface requires higher
overpotentials to reach the same currents. Stirring in this case definitely increases the
total current, promoting also metal deposition as it detaches the evolved H> bubbles
from the cathode surface. This tendency is continued with further increased Fe

concentrations in the Zn chloride electrolyte, as shown in Fig. 5.16.
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Fig. 5. 16 The effect of stirring speed on zinc deposition from solutions of 90 g/dm’ Zn
containing (a) 45 g/dm’, (b) 90 g/dm’ iron.

Introducing the iron concentration to the stationary solution caused a stronger decrease
in the obtained current, as also seen in Figs. 5.15 and 5.16. Hydrogen bubbles were
slowly and just periodically released, hindering metal deposition. With approximately

2.5 V cathode potential in the stationary and iron free solution 2.7 A current could be
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attained, while with the same settings but with 30 — 90 g/dm? Fe in the solution, about
1 A was reached. At the extremely high (120 g/dm?) iron concentrations, mostly
powdery iron deposits are produced under any conditions, and the metal particles are
easily detached, therefore the surfaces are smoother but the solution becomes turbid
with the dark iron powder mixed in. The backdrop potentials were also shifted to more
negative values, confirming that less metal could be deposited at lower polarizations
without agitation because of the hydrogen blocking. It also proves that iron in the
solution promotes hydrogen evolution at the cathode. If iron is added to the solution,
the slope virtually remained constant. This is contrary to the that suggested by the
Buttler-Volmer-Erdey relationship [64]. Again, this can be explained by the blocking
effect of the evolved hydrogen bubbles adhering for some considerable time to the
cathode surface. Thus the more constant the slope of the polarization curve is the more
dominant the hydrogen reduction can be. It can be seen in the case of the highest

concentrations of iron in the electrolyte.

B) Low additional Fe concentrations

The principle changes caused by the addition of large amounts of iron to the zinc
chloride electrolyte could reveal the nature of the effects. However, much lower Fe
concentrations may refer to the practical case of the purified SPL. It can be seen in Fig
5.17 that Fe contamination in the <1 g/dm® range may still have a significant — and
here quite monotonous - effect on the cathodic deposition during the potentiodynamic
runs of 75 s time with the 400 mV/s polarization speed. In this low range of the iron
concentration, H> evolution was relatively lower and the rate of Zn deposition was
higher as compared to that of previous experiments with much higher Fe
concentrations in the Zn electrolyte. Nevertheless, increasing the Fe-concentration
from 0 to 1 g/dm’ can decrease the mass of deposited Zn by half. Enhancing the ion
transport by stirring does not cause a significant difference for the Zn deposition, but

it has an effect on the deposition of iron, depending in strength on the Fe concentration.
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Fig. 5. 17 Deposited masses from solutions of 90 g/dm’ Zn with various concentrations of Fe
(pH 1.8, 75 s, 40 mV/s cathodic polarization speed).

The lowest (0.1 g/dm®) concentration of Fe in the ZnCl, electrolyte was found to cause
little contamination (~ 0,02/50, that is 0.04 %) in the cathode, as the availability of Fe
ions near the cathode surface was limited. The highest level of contamination occurred
with the 0,25 g/dm? Fe addition (~0,7 % in the stationary electrolyte and 0,07 % with
500 r.p.m. stirring applied). It shows the importance of the transfer for the Zinc species
to the cathode surface. It is however surprising that with increasing agitation, the ratio
of iron deposition decreases at a given Fe concentration in the solution, while agitation
had relatively slight effect on the rate of Fe deposition from pure or highly
concentrated iron chloride solutions, as shown above. It infers that the side-reaction at
the sites of deposited Fe atoms, mostly the H" reduction is intensified with agitation.
By further increasing the Fe concentration in this low range, the intensity of H:

evolution is higher, thus the Fe deposition is effectively supressed.

The observed currents result from both metal deposition and hydrogen evolution. In
general, it is clearly seen that the agitation increases the current. The set of curves in
the agitated solutions show almost no back-turn pattern, indicating that fewer

dendrites are formed on the edges of the cathode.

According to Fig. 5.17, increasing the Fe concentration depresses the rate of zinc
deposition during the set potentiodynamic run in the low (< 1 g/dm?) range. Thus more
current in the pertaining polarization curves should be related to hydrogen reduction.

The evolution of the gas also changes the morphology of the —basically — zinc deposit.
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It is seen in Fig. 5.18 that with more Fe added to the solution less dendrites are

growing.

— Fe concentration (0.1 — 1 g/dm’® Fe)

Fig. 5.18 Microphotographs of Zn deposits obtained from zinc chloride solutions (90 g/dm’
Zn) of varied Fe concentrations.

As the iron contamination is increased in this low range, the dendrites observed at the
edges of the cathode are getting not just fewer but also shorter. It is related to the effect
of iron enhancing hydrogen evolution by the lower hydrogen overpotential. The
evolved hydrogen stirs the solution layer adjacent to the cathode surface and promotes
the Zn-ion supply, while developing H» bubbles are faster released. Some bubbles can
still be trapped which is are, however, efficiently released by more vigorous

mechanical (magnetic) agitation. This is shown in Fig. 5.19.

— higher agitation speed (0 — 500 rp.m.)

Fig. 5.19 Microphotograph of Zn deposits obtained from zinc chloride solutions (90
g/dm’ Zn) at varied agitation speeds.

In stationary electrolytes more pits occur on the cathode surface, especially close to
the cathode edge. These pits/craters in the deposit are the results of trapped hydrogen
bubbles, which were not big enough to be released prior to the metal deposition

surrounding them.
5.2.4. The effect of Ni impurity on Zn deposition from chloride media

The processes at the Zn cathode depend on the main electrolysis parameters and the
composition of the electrolyte. It has been shown that the major impurity, iron also has

a strong influence on the main characteristics. Although the preliminary purification
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of the SPL by the devised anion-exchange procedure may provide a pure ZnCl»
solution, the economical aspects may set a goal of less perfect purification. Even small
residual concentrations of the main impurity, Fe, has been seen to impact the
performance of the Zn electrodeposition heavily. Another practical impurity, although
at a lower concentration, may be Ni, whose behaviour and effects may be also

considered. As it was with iron, the high-Ni solutions should be studied at first.

Nickel electrodeposition from chloride media containing 90 g/dm? Ni started with the
generation of hydrogen bubbles, entirely blocking the cathode surface. As shown in
Fig. 5.20, there is just a slight current development observed until the polarization
potential ~ -0.8 V. Magnification of the scale also showed that the polarization curve
fluctuated initially, indicating the periodical evolution of H> bubbles. In acidic
electrolytes the deposition of fresh nickel crystals is always followed by subsequent
reduction of H" to Hads, which firmly adheres to the electrode surface until it forms
recombined hydrogen molecules which are then released as bubbles [106]. After the
bubbles get detached, further metal deposition can take place at the same site. At
higher overpotentials the hydrogen reduction is accelerated so much that it covers the

entire cathode surface.
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Fig. 5.20 Polarization curves obtained with agitated electrolytes of 90 g/dm’ Ni.
Instead of increasing, agitation depressed the slopes. It is most likely caused by the
refinement of the Ni crystals deposited, resulting in a smoother cathode surfaces and
higher actual current densities with the same currents. The required overpotential is
proportional to the actual current density. The excessive production of hydrogen

bubbles during the deposition of the metal also results in flaky deposits easily detached
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from the cathode surface. It is also observed that during the electrodeposition, the
solution pH is increased from 4 to 13.5 corresponding to an excessive reduction of

hydrogen ions.

With a blank pH 4.3 solution, there was almost no current observed even at higher
cathodic polarizations. With 1 g/dm?® Ni added to the solution, slight cathodic currents
occurred, indicating that at this pH Ni deposition can be the initial process and
hydrogen evolution can develop when the nickel coverage is almost complete, as seen
in Fig. 5.19 referring to high-Ni electrolyte solutions The enhancement of Hz evolution
indicates how nickel deposition may contribute to the loss of useful current in the

process of Zn electrodeposition.

Hydrogen evolution and metal deposition was studied in comparison with chloride
solutions containing 90 g/dm? Zn, 90 g/dm® Ni, 90 g/dm?® Zn + 1 g/dm’ Ni, and only
1 g/dm? Ni. These results are shown together in Fig. 5.21. In the mixed solution, the
initial small bubbles accumulated at the cathode surface more than in the pure Zn
solution. The bubbles formed contribute to the total current on the one hand, but on

the other, they may partly block the active sites as they accumulate.
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Fig. 5.21 Cathodic polarization curves of Zn, Ni and mixed solutions of pH 4.3 (1 min runs at
40 mV/s polarization speed).

According to the findings presented in Fig. 5.21, no appreciable deposition of any
species was observed on the prepared copper cathode surface from the 1 g/dm® Ni —
pH 4.3 electrolyte. With the concentrated (90 g/dm®) nickel solution, some nickel

initially deposited on the copper cathode, followed by excessive hydrogen reduction

73



beyond approx. —1 V polarization. It could be observed at the initial stage that the
cathode surface was entirely covered with hydrogen bubbles. As the deposition occurs,
it continuously grows with a uniform pattern, implying the co-deposition of nickel and
hydrogen. At the end of the polarization cycle, some dendrites were observed in the
90 g/dm? nickel electrolyte. The fine outgrowths were formed at the edges of the active
cathode surface where a better nickel ion supply could be produced. Dendrite
formation also occurs from the zinc solution of high (90 g/dm®) concentration, but
nickel dendrites tend to grow with more extended tips, reaching further into the
solution and appearing in a relatively uniform pattern at the cathode edge. However,
Zn dendrites develop more branches and side-arms, as demonstrated by the first two

photos in Fig. 5.22.
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90 pidm*Zn Y0 gdm'Ni ™
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Fig. 5.22. The final potentiodynamic deposits from the 90 g/dm’ zinc, 90 g/dm’ nickel and
from the mixed 90 g/dm’ zinc + 1 g/dm’ nickel solutions.

This dendrite formation is the reason for the back-turns (hooks) at the relevant
polarization curves especially seen in the concentrated stationary solutions. However,
stirring the electrolyte enhances the supply of ions over the entire cathode surface,
thus fewer and smaller dendrites can develop. In this way more polarisation can be

reached. Beside the ion transfer, it helps the hydrogen bubble removal.

In the mixed solution, 1 g/dm® nickel addition to the 90 g/dm® Zn exerts an inhibiting
effect of metal deposition, by enhancing the evolution of hydrogen. This is supported
also by the visual observations. The current increases while less deposit formation can
be observed visually. Since the hydrogen reduction on the cathode surface was
unavoidable, some loose powdery deposition was also observed. Stirring of the
electrolytes generally helped reach higher cathodic polarizations with less hydrogen

evolved. The slopes of the polarization curves are decreased as the dendrite formation
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is strongly depressed. However, intensive stirring techniques are difficult to put into

practice in the conventional electrolytic cell arrangements.

Although in the actual application of the electrowinning process, an inert anode is
used, for the latter experiments the laboratory cell was set up with a zinc anode, to
compensate for the larger amounts of zinc deposited from the electrolyte and to avoid
excessive gas evolution. Figure 5.23 shows the polarization curve development

tendencies as the anode material was fundamentally changed.

0.—0 L 1 ' | [ . [ | ' L 1#" {ll:: i | I 1 i 1 " | I 1 I b
A’Ejjﬁ Prﬂ' B.@J’
0¥ ey }j‘f I A5 :ﬁﬂjf‘gﬁ,ﬂg
o g2
< A « R
Y l . 1 __H.E A i
e 1.0 ,z:'& A F <-10 ey -
E },ﬁ u /ﬂﬁ f.; ; a¥ I%"&ﬂ
= A o * ]
~ 13| & F(J ! & Dipt G-ls # U nm
/_;[ G{ B M rpm B 5 :pm
) %@ &,@ # SO0 1pin 2 # 200 il
G%e% () Zo Anode (&) Graphite Anode
-2 5’ ' T v T v v T v T ' -.2”5 M 1 ' 1 M 1 1 ' 1 '
S0 2y 20 -1y -lb AF 0.0 A0 25 20 -1y 10 43 11t
Overpolentisl, ¥V Overpalentinl, ¥V

Fig. 5.23 Polarization curves of the mixed model solution (90 g/dm’ Zn + 1 g/dm’ Ni ) with
soluble (a) and inert (b) anode materials.

With the soluble Zn anode, the current reached during the experiment tends to be
higher than that of graphite anode. However, the difference is not caused by the
relatively negligible amount of the dissolved zinc supplied by the anodic process to
the very high (90 g/dm®) Zn concentration in the basic electrolyte. Rather the physical
conditions are changed in the electrolyte when the soluble and the indifferent anodes
are exchanged. This remarkable change in the polarization characteristics is caused by
the introduction of the strong agitating effect of the gas stream generated at the anode.
It is an efficient contribution to the mechanical stirring. Therefore, significantly denser
and smoother cathodic deposits are produced with a strongly enhanced supply of metal
ions. Hydrogen evolution was also mitigated. This helped produce denser cathodes
resulting in generally lower cathodic currents with the inert anode, and weaker effects
of increased stirring rate. Whereas in the case of the soluble anode, the agitating effect
of the gas stream evolved at the anode is missing. In the stationary or mildly agitated

electrolyte, the surface of the cathode developed rougher structures under this
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condition, therefore less polarization was necessary for generating higher currents.
The hook appearing at the end of the polarization curves indicates even severe dendrite
formation. As the rate of stirring was increased the total cathodic current dropped and
the polarization curves became shallower. This is the result of the finer crystal

structure and the smoother surface assured by the better ion supply.

Nickel has been found to affect Zn electrodeposition from chloride solutions rather
remarkably and detrimentally. Fortunately, nickel can be present in real SPL at a
relatively low (not higher than 0.8 g/dm®) level [11], and it can be definitely even lower
after solution purification. Therefore, after having studied the major effects on the
cathodic process above, further experiments needed to be carried out with less than 1
g/dm® Ni concentration in the 90 g/dm® Zn chloride solution. These results are

summarized in Fig. 5.24.
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Fig. 5.24 Polarization curves in stationary solutions of 90 g/dm’ Zn with slightly increased Ni
concentrations.

Nickel addition made the polarization curves steeper. The increased current, however,
mostly reflect stronger hydrogen evolution. However, as another possible effect, the
sharp hooks at the ends of the polarization curves indicate some drastic — even
dendritic — roughening of the deposit. It also contributes to the development of higher
total currents because of the decreasing actual current densities. The relative
importance of the two detrimental effects can be assessed by measuring the deposited
mass, as demonstrated below. When agitation of the electrolyte was introduced, the

cathodic current got strongly depressed, indicating a better supply of the metal ions,
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thereby depressing the evolution of hydrogen and producing smoother deposit

structures. The deposition of metals on the cathode surface can be seen in Fig. 5.25.

Fig. 5.25 The final deposits of mixed solutions with a) 0.009 g/dm’ ; b) 0.09 g/dm’ ; c) 0.9
g/dm’ Ni in the 90 g/dm’® Zn solutions of pH 4.3.

Nickel addition of 0.9 g/dm? could eliminate the excessive dendrites from the final
deposit surface during the potentiodynamic runs under the applied conditions. In
contrast, the other two solutions of lower Ni concentration showed more dendrites at
the final deposit, but their brighter colours (characteristic of Ni co-deposition) proved
the contamination of zinc deposit even with the low Ni concentrations in the
electrolyte. With the higher magnification in Fig. 5.26, it is shown that the deposit

obtained with the higher Ni concentration in the solution has a looser structure.

Fig. 5.26 Higher magnification of surface segments of the final deposit obtained with the
solution of 0.9 g/dm’ Ni in the 90 g/dm’ Zn (pH 4.3).

The polarization experiments were carried out with copper substrates as starting
cathodes of carefully measured masses. The cathodes were weighed after rinsing with
distilled water and drying. It was followed by a complete dissolution of the deposit
from the copper substrate in 1 M HCI with the addition of a few drops of HNOs.
Finally, the nickel and zinc mass was calculated from the analytical results. Figure
5.27 demonstrates the effect of nickel addition on the purity of Zn deposit obtained

from the mixed electrolytes.
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Fig. 5.27 The effect of nickel concentration in the 90 g/dm® Zn (pH 4.3) electrolyte on the
masses of zinc and nickel deposited in the potentiodynamic runs.

The bars in Fig. 5.27 show that the mass of nickel deposited from the mixed solutions
significantly increases as the Ni concentration is increased in the electrolyte, while the
masses of deposited zinc (points) are practically unchanged. It means that the purity
of the produced Zn is appreciably higher — with respect to Ni — if nickel is efficiently
eliminated from the solution before electrowinning. Increasing the stirring intensity
beyond 200 r.p.m. did not result in increased efficiencies of Zn deposition. In contrast,
the deposited mass of nickel slightly decreases with more vigorous stirring. It is an

indirect effect of the smoother Zn deposits produced.

6. Efficient electrowinning of Zn from chloride media

Although the potentiodynamic study has revealed some important characteristics of
the cathodic process, actual deposit production by galvanostatic electrowinning
experiments were considered necessary to reveal the practical efficiency and
morphology characteristics. Galvanostatic studies of Zn electrodeposition was
conducted with applied initial current densities ranging from 150 to 4800 mA. Table
6.1 shows the compositions of the electrolytes filled in an electrochemical cell

containing 50 cm? of starting electrolyte, and the set current densities (c.d.) referring
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to the starting geometric surface are of the cathode. The actual current densities may
become lower as the deposition of Zn produces irregular outgrowths and rough crystal
structures. However, this change in the specific surface area is not known numerically,

therefore the geometric current densities are named “apparent”.

Table 6.1 Electrolyte composition and applied parameters of the experiment

Zn Concentration pH NaCl Concentration Current Density

6, 12.5, 25, 50,
and 100 g/dm?®

~ 150, 300, 600, 1200,

. 1.9. 3
0125 0.1,2,4,6g/dm 2400 and 4800 A/m?

The testing setup, shown in Fig. 6.1, was based on the regulated analogue current
supplies linked to the electrolysis cell and the multimetOer by alligator clamps. The

electrode potential, cell voltage, and pH were monitored during the electrowinning.

Fig. 6.1 Galvanostatic power supplies (a) and the experimental cell (b).

The cathode potential was measured vs. a saturated calomel reference electrode (SCE)
connected to the surface of the 1 cm? cathode shown in Fig. 6.2. A dimensionally stable
anode (DSA) was placed at the opposite side. The cathode mass was measured before

and after each experiment to calculate the current efficiency.

In general, the zinc deposit starts to grow in a quasi-uniform pattern on the cathode
surface, showing a quasi-homogenous electric field and a uniform current distribution
initially. However, the deposition is getting gradually thicker at the edges of the
cathode. It is commonly known as the edge effect. The preferred deposition at the
protrusions of the edge concentrates also the further metal deposition mostly in these
regions. The investigation has also shown the transition from the dendritic crystal

growth into the globular bulb development.
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Fig. 6.2 The cathode (left) and the anode (vight) used for electrowinning.

Samples of the electrolyte (1 cm®) were taken from the cell and diluted to evaluate the
Zn concentration using atomic absorption spectrophotometry (AAS). The cathode
surface was photographed using an optical microscope to examine the changes in the

macrostructures of the deposit.
6.1. Efficiency and quality characteristics of the electrowinning process

Primarily, the effects of the initially set pH and the apparent (geometric) current
density were targeted in various concentration ranges. The current efficiency was

calculated by the expression:

nFAm

6. = ——— 1
C.e.= (6.1)

where Am is the change in the cathode mass, 7 is the valence of the metal deposited,

F is Faraday’s constant, 7 is the time of electrolysis, and / is the applied current.

As shown by comparing the diagrams in Fig. 6.3, there is a definite dependence of the
c.e. on the Zn concentration in the stationary electrolyte. So, as to obtain
commensurate deposit masses in all the experimental runs, the same amounts of
electric charge (864 As) were supplied to the electrolytic cell. For example, the
electrolysis time was 2 h with the 300 A/m? setting of the geometric (initial) current
density (c.d.). Due to the irregularly growing crystals, the actual current density value

cannot be determined numerically, therefore the “apparent” c.d. values are used.
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Fig. 6.3 The current efficiency as the function of the initial pH and the apparent current
density with a) 100 g/dn?’, b) 50 g/dm’, ¢) 25 g/dm’, d) 12.5 g/dm’, Zn in the stationary
solution. (charge supplied: 864 As).

Decreasing Zn concentration in the examined wide range decreases the current
efficiency by allowing the secondary cathode reaction of H» evolution. it is clearly
seen by comparing the average results in Figs. 6.3.a through d. Except for the highest
Zn concentration (Fig. 6.3.a), decreasing the initial pH could also significantly
deteriorate the conditions by increasing the ratio of hydrogen evolution in the cathodic
current. The electrodeposition from the electrolyte of the highest examined Zn
concentration offered an average c.e. of ~ 90%, and the maximum of 99% was reached
with pH 5 and 2400 A/m? c.d. settings (Fig. 6.3.a). On the other hand, at the lowest

examined Zn concentration (Fig. 6.3.d), the relevant average was about 20 % lower.

As the pH values were found decreasing during the experiments with the starting
solution of pH 5, a significant oxygen evolution occurred at the inert anode. In
contrast, with the higher initial acid concentration (pH 1), there was an increase in the
pH values, inferring a surplus of hydrogen evolution at the cathode. For the balance
of the transferred charge, the anode reaction must have included a higher ratio of
chlorine evolution in this case. Especially with the high (100 g/dm?) Zn concentration

in the chloride electrolyte, the chlorine evolution from the anodic reaction could be
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smelled. Dissolved Cl» transported to the cathode may cause corrosion, deteriorating
the c.e. However, as the c.e. values were significantly higher at the highest Zn
concentration and increased with higher initial pH settings, the main effect is attributed
to the hydrogen evolution. Referring to the results obtained with the highest initial pH
setting and sufficiently high Zn concentration, increasing the c.d. can increase the
current efficiency by outweighing chemical cathode corrosion. This effect can be
clearly noticed in Figs. 6.3.a and b. The main tendencies continue as the Zn
concentration is decreased until 12.5 g/dm?® (Figs. 6.3. c-d). However, if the Zn
concentration is further reduced, hydrogen evolution becomes dominant and hardly
any appreciable efficiency is obtained. The examined main parameters also affect the

morphology of the obtained deposit, as shown in Fig. 6.4.
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Fig. 6.4 The morphologies of the deposits obtained with different apparent current densities
from electrolytes of different Zn concentrations (initial pH 5).

Protrusions of the deposit developed at the edges of the cathodes generally because of
the uneven current distribution caused by the uneven electron density in the metal and
the preferential ion supply from the surrounding electrolyte. Dendrites could cover the

entire surface at lower Zn-concentrations combined with high current densities. Due
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to the depletion of the electrolyte in the electroactive Zn species in the vicinity of the
cathode, the dendrites tended to grow further out from the base surface in the

stationary solution.

The morphology of the cathodic deposit is influenced by the shape of the individual
nuclei and the orientation of the developing crystals. The characteristic radii of
spherical nuclei formed in a homogeneous nucleation can be approximated as [107]

YVm
Fiin’

r=2 (6.2)

where vy is the surface energy, Vi is the molar volume of Zn, F is the Faraday constant,
and 7, is the nucleation overpotential. The radius, 7 is inversely proportional to the
overpotential (), if no diffusion effect is involved. Thus, higher current densities
should imply finer crystals, however the shortage of the ion supply causes the

development of dendrites growing out from the surface.

The structures obtained with different initial pH settings can be observed in Fig. 6.5.
Despite the missing agitation, the tendency of crystal structures with the c.d. can be
seen as suggested by Eq. (6.2). However, with the higher pH, the hydroxide
precipitation appeared at higher c.d. Due to the reduction of H' ions, the local pH may

rise, especially at the irregularities, where the white precipitation appears stronger.
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Fig. 6.5 Surface structures observed on the cathodic deposit from 50 g/dm’ Zn chloride
electrolytes of pH 2 and pH 5 at various apparent current densities.
The H> bubble formation can cause discontinued crystal nucleation, which may
develop into pits at the surface. At lower current densities they may get arranged in

lines, by the enhancing effect of micro-cavities becoming available as the bubbles get
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rising. However, at higher current densities the free streaming of the gas creates more

homogeneous conditions.
6.2. The effects of adding NaCl to the electrolyte

It is observed that additional chloride ions affect the amount and the structure of the
Zn deposited. Figure 6.6 shows the determined dependence of the c.e. values on the
NaCl concentration added to the slightly acidic (pH 3) ZnCl; solutions of the set Zn
concentrations. If rough surfaces were obtained, the c.e. was determined from the

analysed difference in the final and the starting Zn concentrations in the solution.
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Fig. 6.6 The current efficiencies as functions of the added NaCl concentration at varied
current densities in Zn electrolytes of 10 g/dm’ (a) and 50 g/dm’ (b) (pH 3).

In the electrolyte of the lower (10 g/dm®) Zn concentration (Fig. 6.6.a), the c.e.
dropped as the Cl" ion concentration was increased, and this drop was stronger as the
c.d. was increased. The lowest value of ~15% resulted with 4M NaCl addition and the
highest 2400 — 4800 A/m?* apparent current densities. The low Zn concentration (10
g/dm?) of the chloride electrolyte generally provided only loose and spongy deposits,
just weakly adhering to the substrate, and the addition of NaCl made the conditions
even worse. However, further increasing the NaCl concentration beyond 4 mol/dm?
resulted in slightly increased current efficiencies, which can be attributed to the
rougher crystal structure of higher actual surface area. In general, this low (10 g/dm?)

Zn concentration falls short of practical interest.
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On the other hand, in the case of the higher (50 g/dm?) Zn concentration (Fig. 6.6.b),
the c.e. value continuously increased with the added NaCl in the lower range. The
beneficial effect can be attributed to the Na* ions, which are more likely to aggregate
at the protrusions, acting as an electrostatic shield, thus minimizing the tip effect of an
initial dendrite root [108]. However, the tendency changes at higher NaCl
concentrations. The drop of the obtained c.e. occurs from lower NaCl additions if the
c.d. is higher. This pattern suggests that the high salt concentration increases the
viscosity and decreases the transport of the electroactive species to maintain the
required current. The final cathode surfaces obtained in the electrolyte of 50 g/dm? Zn
concentration are shown in Fig. 6.7 by the array of stereo microscopic photographs of

the cathodes referring to different NaCl additions.

Apparent c.d., A/m?

NaCl, M

300 600

0

Fig. 6.7 Comparison of the stereo microscopic pictures of the cathodes obtained with different
apparent current densities and NaCl concentrations (50 g/dm’ Zn).

The virtual current efficiency results obtained with the electrolytes of the relatively
high (50 g/dm?®) Zn concentration in the higher ranges of (2-4 mol/dm?) NaCl

concentrations and the lower (300-1200 A/m?) apparent current densities appeared
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even surpassing the 100% level. It is associated with the local increase in the pH
caused by an intensive reduction of the H' ions, causing precipitation. The white
coverage of the metallic structure appears at the corresponding surface photographs.
The highest (2400 and 4800 A/m?) apparent current densities combined with the
highest (4 and 6 M) NaCl additions have developed loose and spongy deposits easily
detached from the surface. The increased resistivity of such deposits was indicated by
the increasing cell voltages. Also the evolution of hydrogen is facilitated by this ragged
morphology, which is in line with the obtained low current efficiencies (Fig. 6.6.5). In
these cases, the intensive hydrogen evolution could increase the pH considerably also
in the bulk electrolyte. The strongly increasing bulk pH curves in Fig. 6.8 almost

exactly mirror the dropping c.e. curves in Fig. 6.6.b.
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Fig. 6.8 The final pH values measured in the bulk electrolyte (starting pH 3).
The increased pH in the bulk electrolyte indicates that the side reaction at the cathode
associated with the reduction of the H" ions (H; evolution) can surpass the rate of the
regular anodic reaction of oxygen evolution. The balance is made up by the evolution
of Clz. In this case, the transport of dissolved chlorine to the cathode may cause

corrosion of the deposited metal, further decreasing the current efficiency.

The comparison of the corresponding surface photographs suggests that a moderate
addition (1 —2 M) of NaCl while setting lower current densities (< 600 A/m?) enhances
a denser Zn deposition and suppresses dendrite formation. However, further increasing
the c.d. at high levels of NaCl addition would divert the deposition strongly towards

the edges, resulting in extreme edge thickening and surface roughness. For practical
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applications, the ranges of higher than 600 A/m? c.d. and more than 4 M NaCl
concentration should be avoided. Actually, the preliminary anion-exchange
purification and electrolyte preparation can offer the required Zn and NaCl
concentration of the solution, which corresponds to the model solutions found suitable

for the most efficient electrodeposition.

Li et al. [109] concluded that zinc deposition initially takes place in a regularly
arranged crystal structure. The hexagonal closed-packed Zn crystals tend to expose
the (002) base plane — parallel to the substrate - thereby minimizing the energy
associated with atomic migration. However, as shown in the time series of the pictures
in Fig. 6.9, a heterogeneous growth pattern is developed gradually. With the mass of

the deposit tending to appear in rough globular forms over the entire surface.

Fig. 6.9 Observed structures of Zn developed after 5 min (a), 15 min (b), 25 min (c), and 30
min (d) of the electrodeposition (pH 3, 1200 A/m2, 50 g/dm3 Zn, 1 M NaCl).

The hexagonally ordered initial growth turns into a non-epitaxial propagation of the
crystals, also incurring a subsequent change in the current distribution. Finally, a non-
uniform bulbous surface is produced. At the same time, hydrogen bubbles start
forming at the roots of the produced crystals. It causes the weak adherence of the
deposit observed when applying the examined highest apparent current densities. The
side-reaction of H' ion reduction can become intensive if high c.d. is applied, in
combination with high NaCl concentrations in the high (50 g/dm®) Zn containing
electrolyte, or in the electrolyte of low (10 g/dm?) Zn concentration even at moderate
(>300 A/m?) apparent current densities. The intensive evolution of hydrogen is also
associated with a considerable local increase in the pH and the formation of the
Zn(OH),-type precipitate at the roots of growing crystals may enhance the detachment
and re-dissolution of some Zn metal. The hydroxide precipitation can become
abundant at the roots and also around the tips of the crystal protrusions. The pictures

of the wet and dried precipitates are compared in Fig. 6.10.
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Fig. 6.10 The precipitates formed at 10 g/dm’ Zn concentrations in wet (a) and dried (b) states
(1200 A/m’, 2 M NaCl, initial pH 3).

While the highest value of pH 6.6 was reached in the bulk electrolyte, the local pH at
the surface may have become even higher. According to the Pourbaix-diagram in Fig.
5.1.b, the actual compositions of the precipitates formed at the outer tips and at the

roots may differ according to the local pH.
Conclusions

A novel method to recover pure Zn from SPL has been devised by combining an
efficient anion exchange separation, electrolyte preparation and a suitable
electrowinning in a simple open cell. Iron and all the practically important other
impurities can be eliminated from the chloride solution containing also NaCl, followed

by de efficient electrodeposition of pure Zn.

Recovery of metal from spent pickling liquor coming from the galvanizing industry is
widely investigated, but preparing a pure metal from this waste liquor has been out of
the conventional topics. The previous research in the Laboratory of Chemical
Metallurgy, University of Miskolc was experimenting the recovery of pure iron from
SPL without further processing of the Zn fraction. Furthermore, the SPL coming from
the stripping bath has not been treated separately. The proposed technique offers
minimizing the environmental issue caused by SPL, while adding extra value to the

recovered metal. It also fulfils the BAT requirements of SPL regeneration method.

Synopsis

Based on the various tendencies of chloro-complex formation, the metals dissolved in

the SPL, a comprehensive purification procedure has been devised. Iron, as the major
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impurity, can be removed directly upon the loading and the first rinsing of the
chromatographic column holding the strongly basic anion-exchange resin together
with the impurities incapable of forming stable anionic chloro-complex species (Al,
Mn, Ni and Co). Even though most of the Fe is in the reduced Fe(Il) form in the SPL
— reacted with the iron surface and the sludge particles — the process still includes a
reducing pre-treatment by inducing com-proportionation to assure the uniform ferrous
state. Among the practical impurities the separation of only Pb is incomplete, but it
can no longer exist in the industrial stream of galvanizing industries in the EU.
Although, minor quantities of Cu and Fe may still remain in the final solution, a
cementation or pre-deposition technique may eliminate the residues of these more

noble contaminants.

The equilibrium studies of the anion-exchange distribution in NaCl solutions showed
similar tendencies to those already known in HCI media. The anion-exchange
chromatographic separation was devised — with the finer tuning of the parameters —
according to the specific equilibrium and kinetic experimental results. The effects
influencing the practical breakthrough volumes were also taken into consideration for
the optimization of the separation procedure. The best practical loading volume was
found close to the gross volume of the resin bed if higher flow rates (3 — 4 BV/h) are
to be applied. Besides the extremely high elimination ratios of the important
impurities, about 97% of Zn can be obtained in the main eluate by applying the

optimized sequence.

To attain a satisfactory cathodic deposition of zinc from the purified chloride solution,
it is essential to appropriately adjust the main parameters. The provide a sufficient
concentration of Zn, the accurate control of pH, and the selection of the correct range
of current density are indispensable requirements in an open cell, while the main
impurity, iron can change the conditions by intensifying the evolution of hydrogen
even at less than 1 g/dm? concentrations. Similar effects of minor Ni contamination
were pointed out. The role of these practical parameters and that of the application of
electrolyte agitation on the cathodic process could be revealed by the potentiodynamic

experiments.

The long-term electrolysis was efficient with Zn concentrations higher than 50 g/dm?
with relatively high (600 — 1200 A/m?) apparent (geometric) current densities and ~

pH 3 applied. At as low as 10 g/dm® Zn-concentration, no conditions were found
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suitable to produce acceptable morphologies of the deposit. At higher apparent current
densities than 1000 A/m?, the reduction of the H' ions also resulted in strong
increasing pH values leading to considerable hydroxide precipitations. The addition
of NaCl could result in complex effects. While the Na* ions could mitigate the rough
crystal structures, the increasing salt concentration inhibited the transport process and

enhanced dendritic crystal growth.

New scientific results

C1. Claims on Zn electrolyte purification by AIEX

C1.1. The replacement of HCI by NaCl provides similar anion-exchange tendencies
of zinc and iron, by just slightly decreasing the maximum distribution coefficient
of Zn occurring at 2-2.25 M free CI concentration. Any type of strongly basic
quaternary amine anion-exchange resin can be used. The new equilibrium

distribution functions are presented in the figure below.
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The anion-exchange distribution functions determined for Zn and Fe(Ill) in NaCl
solutions (solid lines) with Varion AT660 resin, and earlier results [60] [97] in HCI
solutions with Diaion SA10A4 (a) and Dowex-1 (b) resins (dashed lines).

C1.2. Iron, as the main impurity, is hard to separate from Zn in the trivalent state.

Therefore, the process is effective after reducing the contained Fe(III) to Fe(Il) by

the com-proportionation reaction, using powdered or granulated iron (mild steel).
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After this pre-treatment, any appreciable anion-exchange sorption of iron is

avoided at the free Cl” concentration where Zn is strongly sorbed.

C1.3. The loading of the SPL and the first rinsing step can be carried out with ~2 M
NaCl solutions, but the elution of Zn should be carried out with a ~ 0.05 M HCI
eluent. Further reducing the HCI concentration to 0.001 M can improve the Zn
elution and still avoids hydrolytic precipitation, but any Cd impurity is also
released from the resin. A 1 - 2 bed volumes/hour (BV/h) flow rate should be

generally applied, and lower flow rates can produce better separations.

C1.4. The optimised anion-exchange purification procedure is shown below.
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The optimised anion-exchange separation procedure.

This procedure can offer close to 1000 standard purification ratios for Zn in the SPL
referring to the main impurities of Fe, Al, Ni, Co, Cd, Mn, and Sn while the yield of
Zn is higher than 90 %. The purification ratios of Pb and Cu are however just around
3 — 4. These elements are practically negligible in the SPL, or they can be eliminated

by cementation, if required.
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C2. Claims on characteristics of Zn electrodeposition from chloride media

C2.1. In the stationary solution corresponding to the purified SPL (~ 50 g/dm? Zn,
pH~2) cathodic polarization develops first a limiting current plateau around -0.7 -
-1 V. The initial rise of the current is dominated by the H" reduction. The current
plateau is caused by the blocking of the active surface, as the initially formed H»
bubbles are still attached before growing to the size to be released, it is followed
by a more dominant Zn?* reduction induced by the roughening of the deposit. The

interlinked phenomena are demonstrated in the figure below.
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Polarization curves of Zn (60 g/dm’) electrodeposition from chloride media of different
acid concentrations (pH 1.5 and 4.5).

C2.2. Increasing the Zn concentration (even beyond 60 g/dm?) depresses the Ha
evolution significantly. The electrode surface is less blocked by gas bubbles, thus
the effective current density is reduced, while the Zn supply to the surface by the
natural diffusion is also increased. This combined effect results in a more uniform
zinc deposit and less dendrites grown at the cathode edges. The supply of the
electroactive zinc species at the electrode interface plays a decisive role in the

deposit macro-morphology.

C2.3. Contaminating the SPL electrolyte with Fe and Ni in the (~ 1 g/dm® range),
hydrogen evolution will increase because of its lower overpotential to both
elements. However, the generated gas bubbles — until released — block the actual
site, inhibiting the further preferential deposition and allowing zinc of higher

hydrogen overpotential to continue depositing. This kinetic phenomenon is behind
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the “anomalous” electrodeposition from a mixed solution. At increased
concentrations of these impurities, the dendrites at the edges of the cathode are
getting not just fewer but also shorter.

C2.4. In high ranges of Fe concentration (30 — 60 g/dm?), the intensive generation of
hydrogen bubbles agitates the electrolyte solution in the vicinity of the cathode
surface. This agitating effect promotes Zn deposition but later it is outweighed by
the chemical effect of the increasing local pH. It may trigger a local formation of
hydroxide particles, hindering the deposition of the less noble zinc. Iron deposition

results in more contaminated zinc deposits.

C3. Claims on the efficiency of Zn electrowinning from purified chloride solution
C3.1. The electrodeposition from the electrolyte of the highest examined Zn
concentration (100 g/dm?) offers an average current efficiency ~ 90% in the pH 1
— 5 and the current density of 300 — 4800 A/m? range. The maximum of ~ 99% can
be reached with pH 5 and 1200 - 2400 A/m? settings. On the other hand, at the
lowest examined Zn concentration (12.5 g/dm?), the corresponding average is
about 20 % lower. The reduction of H" ions at higher current densities can raise
the local pH, especially at the irregularities, where hydroxide precipitation

appears. The characteristics are graphically shown below.

100

Current efficiency, %
Current efficiency, %

Current efficiency, %
Current efficiency, %

The current efficiency as the function of the initial pH and the apparent current density
with a) 100 g/dm’, b) 50 g/dm’, c) 25 g/dm’, d) 12.5 g/dm’, Zn in the stationary solution.
(charge supplied: 864 As).
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C3.2. Dendrite formation is promoted by higher current densities and lower Zn-
concentrations in the bulk electrolyte. Due to the depletion of electroactive Zn
species in the vicinity of the cathode surface, dendrites grow further out from the
base surface. The protrusions mostly develop at the edges of the cathode because
of the uneven current distribution, due to the skin effect of the electron density in
the metal and the preferential ion supply around the edges of the electrode in a

stationary solution.

C3.3. Due to the oxygen evolution at the inert anode, the initial pH 5 values decrease
in the practically high Zn-containing electrolyte. However, with significant initial
acid concentration (pH 1), this tendency is reversed by the surplus of hydrogen
evolution at the cathode. In this case the anode reaction includes a sensible ratio

of chlorine evolution. This is the second reason why the pH must be controlled.

C3.4. Inthe practically feasible 50 g/dm? Zn — pH3 stationary electrolyte, the current
efficiency increases with the additional Cl™ ions in the 0 — 4 M NaCl range,
especially with moderate (< ~ 1000 A/m?) current densities. The beneficial effect
is attributed to the Na® ions, which are more likely to aggregate around the
protrusions. However, this effect is reversed if further NaCl is added, caused by
the high salt concentration, which increases the viscosity and decreases the
transport of the electroactive species to maintain the required current. The virtual
current efficiency may appear beyond 100% in the medium range, which is
associated with the local increase in the pH caused by an intensive reduction of
the H" ions, causing precipitation. On the other hand, in the electrolyte of critically
low (~ 10 g/dm?) Zn concentration, the current efficiency drops sharply as the CI
ion concentration is increased. Under these conditions, only loose and spongy

deposits, just weakly adhering to the substrate, arise.
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