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Abstract

The performance of a one and two-compartment electrochemical reactor under
galvanostatic control for zinc recovery present in the spent pickling solutions is studied
in this paper. These solutions, which mainly contain ZnCl, and FeCl, in aqueous HCI
media, come from the hot dip galvanizing industry. The effect of the anion-exchange

membrane (AEM) on the figures of merit of the electrochemical reactor is analyzed.

In the absence of iron in solution, as the current value was shifted towards more

negative values, the zinc fractional conversion increased because of the increase in the
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zinc reduction rate. However, the increase in current values made current efficiency
decrease due to the hydrogen-reduction side reaction, which caused an increment in the
specific energy consumption. The presence of iron in synthetic solutions led to a
decrease in current efficiency associated with the reverse redox Fe**/Fe** system and to
the enhancement of the HER, which also induced increments in the local pH and the
subsequent zinc redissolution. These adverse effects related to the presence of iron
could be minimized by the interposition of an AEM. In this case, the zinc redissolution
was eliminated which enabled zinc conversion values close to 100% together with
higher current efficiencies as the consumption of current by the system Fe®*/Fe** was

diminished.



1- Introduction

Hot dip galvanizing processes offer a simple and effective way for corrosion protection
of steel parts. This protection is based on covering the steel with a thin layer of metallic
zinc that protects steel from corrosion by two ways: surface coating and sacrificial
anode as zinc is lees noble than iron. This process consists of the following steps:
alkaline or acidic degreasing, rinsing with water, pickling with dilute hydrochloric or
sulphuric acid, rinsing with water, fluxing in aqueous ZnCl,/NH4ClI baths, drying and

dipping into molten zinc at temperatures of about 450 °C for a defined period [1].

The pickling step, previous to the galvanization process, generates a succession of
effluents containing, among other substances, high concentrations of ZnCl,, FeCl, and
HCI. This gives rise to an environmental problem that has to be solved due to the
hazardous nature of the effluents [2, 3]. In addition, the decrease of natural reserves of
non-ferrous metals and the requirement of environmental protection make zinc
electrowinning from spent pickling solutions an interesting alternative [4, 5]. Moreover,
the electrolytic recovery of zinc present in the spent pickling baths is a suitable
technique because zinc electrowinning has been practiced for many years [6]. In fact,

80% of world zinc production is obtained by electrowinning [1].

In our previous paper [7], the potentiostatic recovery of zinc present in the spent
pickling bath using an electrochemical reactor was studied. The major interfering
reaction during zinc electrodeposition on the cathode surface was the hydrogen
evolution reaction (HER), although iron presence also diminished the current efficiency.

It was also observed that during the last instants of electrolysis, zinc concentration at the



electrochemical reactor increased again due to local pH increases near the cathode

surface.

In the potentiostatic operation, a constant potential on the working electrode with
respect to the reference electrode is established, and the electrode potential determines
which electron transfer reaction can occur and its absolute rate. Only species with a
lower negative redox potential than the applied one will be reduced in the electrode,
therefore a little amount of current is wasted. On the other hand, in the galvanostatic
operation a constant current is passed through the electrochemical reactor, and the
electrode potential varies with time. When the concentration of the reactant finally
drops to zero a sharp rise in potential takes place until a new electrode reaction begins

[8, 9].

The potentiostatic way of operation is easy to put into practice on a laboratory scale by
using a standard potentiostat. However, its industrial application is more difficult
because of the high cost of a high-power potentiostats. Another drawback of the
potentiostatic mode in industrial applications is the requirement of reliable reference
electrodes. Then, for most industrial electrochemical processes, constant current control

is the most useful operating approach from both a practical and theoretical stand-point.

[9].

The purpose of this work is to analyze the behavior of an electrochemical reactor
working in galvanostatic mode for the zinc recovery present in the spent pickling baths.

The use of an anion-exchange membrane (AEM) between the anodic and cathodic



compartments has also been evaluated in order to reduce the zinc redissolution in the

cathodic compartment.

2- Experimental

The undivided electrochemical reactor used in this work was adequately described in
our previous paper [7] and consists of a Pyrex glass of 100 ml with two graphite
electrodes acting as working and counter electrodes and a standard Ag/AgCl saturated

KCI electrode acting as reference electrode.

A schematic diagram of the two-compartment electrochemical reactor is presented in
Fig. 1. The two-compartment reactor containing the anionic exchange membrane is
made of two Pyrex glass chambers attached by means of four screws on their sides with
an IONICS AR-204-SZRA-412 anion-exchange membrane placed between them. An
equal volume (250 cm®) of anolyte and catholyte is poured in their respective chamber
after cell assembly. The anodic compartment is filled with the HCI solution, whereas the
Zn(11)/Fe(1) mixture in HCI media is placed in the cathodic compartment. The
electrodes are totally immersed in the solution and both cathode and anode, are

symmetrically separated from the membrane surface.

For the two reactors, the anode and cathode are made of two cylindrical graphite bars
with an effective area of 14.15 cm?® Experiments are performed at different applied
currents, which ranged from -150 to -700 mA. The electrolysis experiments are

controlled using an AutolabPGSTAT20 potentiostat/galvanostat.



Samples are taken from the electrochemical reactor every 30 min, and potential, current,
cell voltage, pH and metal concentrations are recorded during the electrolysis. The
determination of zinc is performed by atomic absorption spectrophotometry (AAS) on a
Perkin-Elmer model Analyst 100 atomic absorption spectrophotometer using a zinc
hollow cathode lamp at 213.9 nm wavelength, 0.7 nm spectral bandwidth and an
operating current of 5 mA. To measure iron concentration it is used the same equipment
changing the Zn hollow lamp for a Fe hollow lamp, the wavelength used is 248.3 nm,

the applied operating current is 5 mA and the spectral bandwidth is 0.2 nm.

All solutions are prepared using analytical grade reagents and distilled water.
Electrolytes containing ZnCl, and FeCl, have a concentration value of 0.055 M and
0.035 M, respectively. These values are similar to those present in the spent pickling
baths. The HCI concentration is 0.1 M. All the experiments were performed at room

temperature.

3- Results and discussion

3.1- Synthetic solutions

Initially, the electrolysis of synthetic solutions in absence of iron has been studied, and,
afterwards the iron effect over zinc electrodeposition has been evaluated. Fig. 2 shows
the variation of zinc ion concentration as a function of time at different applied current
values for an electrolyte composed of 0.055 M ZnCl; and 0.1 M HCI. For the lowest
cathodic current (-150 mA), the current density is low and the zinc concentration value

remains practically constant. For intermediate current values (-300 and -450 mA), zinc



concentration initially diminishes with time following a linear tendency because the
applied current is lower than the limiting value. When the limiting current value is
surpassed an exponentially decrease is obtained as observed for the most cathodic
current value (-700 mA), where zinc concentration diminishes exponentially from the
beginning of the experiment. For a given time value, as current is made more negative
zinc becomes depleted from the solution faster and, consequently, the amount of zinc in

solution is lower.

As in potentiostatic mode [7], a previous study of the iron effect on zinc
electrodeposition is necessary in order to understand the behavior of the real sample.
For this purpose, a synthetic solution with the same zinc and HCI concentrations as the
previous one, and the same iron/zinc ratio as that present in the real sample (0.055 M
ZnCl; and 0.035 M FeCl;, in 0.1 M HCI) is prepared. Fig. 3 shows the comparison of the
zinc concentration evolution in the presence and absence of iron for the current values
of -300 and -700 mA. For the current value of -300 mA, initially the rate of zinc
depletion is slightly higher in the presence of iron but zinc redissolution appears at time
values higher than 50 min. The chlorine gas formed as a consequence of the CI
oxidation in the anode, along with iron promote the corrosion and the consequent
redissolution of the metallic zinc deposit on the cathode surface [10, 11]. For the current
value of -700 mA, in presence of iron, the zinc reduction rate becomes negligible during
the first steps of electrolysis, due to the iron and chlorine presence, that causes greater
zinc redissolution [10-12]. For time values higher than 210 min, zinc concentration
begins to decrease although the zinc reduction rate is still low compared to that in the
absence of iron. It is noteworthy to mention that the potential values obtained in the

presence of iron were more cathodic than those obtained without iron, which indicates



the enhancement of the HER process in the presence of iron [13, 14]. Iron concentration
was also measured and resulted invariable for all the current values under study. This
fact may be related to the high acidity of the bulk solution and to the presence of zinc

that could inhibit iron deposition [7].

The current efficiency of zinc deposition (¢) is greatly influenced by the presence of
free chlorine dissolved in the electrolyte in conjunction with the presence of iron as can
be observed in Fig 4, where the current efficiency of zinc deposition at -300 and -700
mA with and without iron is compared. The oxidation of the chloride ion present in
solution to chlorine gas, promotes the chemical oxidation reaction of Fe** to Fe**. The
ferric iron competes with the Zn** ion for its reduction in the cathode lowering the
current efficiency of the zinc reduction process. This effect was also observed by other
authors [10, 11]. The decrease in current efficiency observed in the presence of iron for
both current values, is also associated with the enhancement of the HER process [13-15,

17], which also competes with zinc electrodeposition.

In general, the presence of iron in synthetic samples produces worse effects in
galvanostatic mode in terms of zinc fractional conversion and current efficiency than in
potentiostatic operation [7]. This is explained by the fact that in galvanostatic mode is
only possible to control the global reaction rate, which makes impossible select the

reaction of interest as occurs in potentiostatic mode.

In order to eliminate the adverse effects due to the combined presence of chlorine gas
and iron when treating the real spent pickling solutions, the performance of the

electrochemical reactor in the presence of an anionic exchange membrane is also



evaluated. The use of an anion-exchange membrane between the anodic and the
cathodic compartment allows the passage of electricity by means of the flow of CI ions
towards the anodic compartment. On the other hand, the AEM also avoids the presence
of chlorine in the catholyte which could reoxidize the ferrous iron to the ferric state [10,

11].

3.2- Electrolysis of real spent pickling solutions

In this section, the behavior of the electrochemical reactor in the presence and absence
of the anionic exchange membrane when processing real spent pickling solutions is
studied. The selected current values were the same to those used in point 3.1. when
processing the synthetic sample for a better comparison of all data. Iron concentration

was also measured for all the applied currents under study.

Fig. 5 represents the zinc concentration evolution with time in the undivided reactor for
for a 1:50 diluted real sample. In this case, the zinc redissolution behavior is practically
observed for all the applied current values. For the lowest cathodic current values, -150
and -300 mA, the zinc concentration initially diminishes and after a following increase,
it remains practically constant. For the most cathodic current values, -450 and -700 mA,
a great decrease in zinc concentration is previously observed beyond which zinc
concentration starts to increase due to the zinc redissolution phenomenon. The
redissolution of zinc was also observed in potentiostatic mode for all the potential
values under study [7]. Evaluating both operating modes, it is inferred that zinc
redissolution phenomenon is always present when treating the real spent pickling baths

due to the effect of iron together with the dissolved chlorine. According to the work of



O. Caldwell-Ralston [10], although most of the chlorine formed passes away as gas, it is
soluble in the zinc chloride solution to some extent, and if this solution gets in contact
with the cathode, corrosion takes place. If the electrolysis is free from iron, it is possible
to deposit zinc with fair efficiency in the presence of a chlorine saturated solution, but
when ferric iron is present serious redissolution sets in. It is therefore necessary to use
membranes between the anode and cathode to trap most of the chlorine allowing little
chlorine-bearing solution to diffuse into the vicinity of the cathode. In this context, the
performance of a two-compartment batch electrochemical reactor separated by an

anion-exchange membrane (AEM) has been evaluated in the present point.

Fig. 6 shows the conversion of zinc (Xz,) in the presence and absence of the anion-
exchange membrane (AEM) for two different values of applied current (-300 and -700
mA). For both values of applied current, zinc redissolution is practically negligible in
the presence of the AEM. It is noteworthy to point out, that the divided reactor has a
volume reactor of 250 ml whereas that of the undivided reactor is 100 ml, in spite of
this fact, the rate of zinc conversion is much better in the presence of the AEM since it

reaches a 100% of zinc conversion at lower time values.

Fig. 7 presents the current efficiency of zinc deposition in the presence and absence of
the anion-exchange membrane (AEM) for the two different values of applied current.
As mentioned previously, the current efficiency of zinc deposition is greatly affected by
the presence of free chlorine dissolved in the electrolyte. For both applied currents in
the absence of the AEM, the chlorine formed in the anode can reoxidize the ferrous iron
to the undesirable ferric state. This latter species competes with Zn®* for its reduction in

the cathode consuming high amounts of energy, which is reflected by current efficiency

10



values lower than 3% at the final steps of the electrolysis. However, when the AEM is
present, the presence of chlorine in the cathodic compartment is minimized and higher
values of current efficiency are reached in both cases. It is worth to mention that the
zinc deposition in chloride medium is always accompanied by the evolution of
hydrogen from the initial stages. This fact explains the relatively low values of current
efficiencies reached for all the experimental conditions, especially, at -700 mA, since
although the AEM blocks the passage of chlorine to the catholyte, the amount of
hydrogen formed in the cathode surface is excessive at this high cathodic current. The
lower values of ¢ observed at high electrolysis times are explained by the zinc depletion

and the beginning of the secondary reactions.

As mentioned above, if the AEM is present, the dissolved chlorine near the cathode is
minimized which facilitates the hydrogen evolution reaction [10] and the consequent
local pH increase of the cathode. This local pH increase in conjunction with the zinc
depletion facilitates the iron deposition as shown in Fig. 8 for the applied currents
values of - 300 and -700 mA in the presence of the AEM. In this case, the average iron
conversion for both applied currents is around 90%. The iron deposition in the presence
of the AEM for both applied current under study is also reflected by the electrode

potential evolution observed in Fig. 9.

Because the galvanostatic operation corresponds to an imposed global reaction rate, the
electrode potential (E) and the cell voltage (U) change with time as can be observed in
Fig. 9 at -300 and -700 mA. For both applied currents, as a consequence of the electrode
activation and the decrease of the electrode overvoltage due to zinc deposition, the cell

voltage initially decreases until a minimum value. Afterwards, the cell voltage increases

11



sharply because of the decrease of the electrolyte conductivity caused by the removal of

zinc and iron from solution, which inevitably introduces an ohmic drop.

In relation to the electrode potential for both applied currents, initially, is very cathodic
(between -2 and -2.5V) because the resistance of the electrode to zinc electrodeposition
Is very high. As zinc is depleted from solution, the iron deposition starts as was
previously observed in Fig. 8. This fact is reflected by the codeposition of both species
on the graphite electrode. The deposition of the zinc-iron alloy takes place at potential
values more similar to those obtained for the zinc species, and E remains practically
constant. For an applied current of -300mA and once zinc and iron are depleted from
solution (around 200 sec.), the electrode potential moves to more cathodic values
corresponding to the hydrogen evolution reaction. However, in the case of an applied
current of -700mA, when zinc is completely removed from solution (around 100
seconds), there is still some iron species remaining in solution, which contributes to the
shift of E to less cathodic values, as iron deposition process at more positive values [7].
Finally, E decreases to values close to the hydrogen evolution reaction zone. The
evolution of E observed in Fig. 9 is consistent with the anomalous co-deposition theory.
The electrodeposition of zinc alloys with the eight group metals (Ni, Co and Fe) is
classified as anomalous co-deposition, according to the Brenner definition [18-20],
because the less noble metal deposits preferentially on the cathode with respect to the
nobler one. In our case, when zinc is electroplated from an acidic electrolyte containing
an iron group element, the less noble zinc is most often deposited preferentially. A
model initially proposed by Dahms et al [21] suggests that the formation of an
intermediate metal hydroxide closely adjacent to the cathode surface inhibits the

deposition of the more noble metal ion in the electrolyte. The metal hydroxide is

12



believed to form due to local increase in pH at the substrate surface during
electrodeposition caused by the high overpotential for reduction of hydrogen ions when
the substrate is polarized cathodically. The following factors have found to affect the
anomalous co-deposition mechanism: cathodic current density, electrolyte pH, agitation

rate and chloride content in the plating electrolyte [22].

The effect of the applied current on the zinc fractional conversion (Xz,), current
efficiency (¢), space-time yield (v) and energy consumption (Es) when the AEM is
present is represented in Figs. 10-13, respectively. The evolution of the zinc fractional
conversion in the two-compartment electrochemical reactor is shown in Fig. 10. It can
be observed that Xz, increases with increasing both electrolysis time and current. When
the applied current is less cathodic than -700 mA, the zinc fractional conversion
increases linearly with time since, initially, the applied current is lower than the limiting
value. After a certain time, the applied current becomes equal to or greater than the
limiting current, and the zinc fractional conversion increases more slowly with time
following an exponential tendency. For the lowest cathodic current value of -150 mA,
the electrolysis time was too short to reach the limiting current conditions and this fact
explains the lack of exponential tendency. It is noteworthy to mention that at this low
applied current, the zinc fractional conversion was negligible in the absence of the
AEM. On the other hand, for very cathodic conditions (-700mA) since the applied
current is initially greater than the limiting value, the conversion increase with time

follows an exponential tendency from the beginning of the experiments.

As shown in Fig. 11, in general, ¢ decreases with increasing the applied current due to

the significant extent of secondary reactions. Since the hydrogen evolution is present

13



from the initial steps of the electrolysis, the current efficiency never reaches a 100%
even though presents considerably high values especially for the lowest applied currents
(between 50 and 60%). For a given value of applied current, ¢ is initially very low due
to the resistance of the cathode to zinc deposition. As the electrode becomes covered
with zinc, current efficiency increases up to a maximum value. Finally, ¢ decreases
exponentially with time because at this point the applied current is greater than the
limiting current, zinc concentration drops and other secondary reactions such as

hydrogen evolution and iron deposition become dominant.

Fig. 12 shows the evolution of the space-time yield with time for the different applied
currents. In general, the space-time yield increase over the initial period can be
attributed to the nucleation of zinc onto the graphite electrode that causes a decrease in
the electrode resistance for the deposition of zinc. Then, the space-time yield decreases
slowly with time due to the removal of zinc from the solution and similar values are
reached for the different applied currents at the end of the electrolysis since a 100% of

zinc is recovered for every value of current.

The effect of the applied current on the evolution of the specific energy consumption
with time is shown in Fig. 13. The increase of Es with the applied current can be
attributed to the decrease in current efficiency because of the onset of the hydrogen
evolution. For applied currents ranging from -150 to -450 mA, since they are initially
lower than the limiting current, Es keeps practically constant in a relatively low value up
to a critical time beyond which, the hydrogen evolution is very important, and

consequently, the energy consumed is increased. At -700 mA the energy consumed
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practically increases continuously with time because the applied current is always

higher than the limiting current.

As studied in potentiostatic mode, in order to compare the performance of the
electrochemical reactor for the different applied currents, the time (tioo) at which a
100% zinc fractional conversion is reached, assuming a current efficiency of 100%, has
been determined. In galvanostatic operation, tjoo can be calculated from the following

equation [23]:

nFvC
o= | g (1)

where tigo represents the time when the charge passed through the reactor corresponds
to the stoichiometric value. For this time value, the four figures of merit, Xz,, ¢, n and
Es, have been calculated and are summarized in Tables 1 and 2 for the divided and

undivided electrochemical reactor, respectively.

In both tables, tioo decreases as the current is shifted towards more cathodic values as
predicted by Eq. (1). The values of tigo presented in Table 1 are higher than those of
Table 2 because the higher volume of the cathodic compartment of the two-
compartment reactor (250 ml) in comparison to that of the one-compartment reactor

(100 ml) requires higher times values for zinc depletion.

Comparing the data presented in these tables it is inferred that the presence of the anion-
exchange membrane gives better values in terms of zinc conversion rate, current

efficiency and space-time yield. On the other hand, the energy consumed in the

15



presence of the AEM presents slightly higher values than those obtained in the one
compartment reactor (Table 2), in spite of the fact that the cell potential is about 6 times
higher in the divided reactor. The higher values of zinc conversion and current
efficiency presented in Table 1 are related to the minimization of the presence of
chlorine in the cathodic compartment which, together with iron, is responsible for the
zinc redissolution and the waste of energy in secondary reactions. Regarding with the
data presented in Table 1, the applied current of -700 mA may be selected as the
optimum since the conversion, current efficiency and space-time yield are relatively
high whereas the consumption of energy is moderate. Moreover, at this high cathodic

current the zinc is recovered at lower time values.
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4- Conclusions

A two-compartment electrochemical reactor in galvanostatic mode was used to recover
zinc from the spent pickling solutions coming from the hot dip galvanizing industry.
These solutions mainly contain ZnCl, and FeCl, in aqueous HCI media. The different
figures of merit were calculated in order to compare the behavior of the reactor in the
presence and absence of the anion-exchange membrane and to select the best conditions

for zinc recovery.

In the absence of iron in solution, as the current value was shifted towards more
negative values, zinc fractional conversion increased because of the increase in the zinc
reduction rate. However, the increase in current values makes current efficiency
decrease due to the hydrogen-reduction side reaction, which causes an increment in the
specific energy consumption. In the absence of the AEM, even though iron deposition
does not take place for any experimental conditions under study, its presence in
synthetic Zn/Fe solutions led to a decrease in current efficiency associated with the

reverse redox Fe?*/Fe** system and to the enhancement of the HER.

If the values of the zinc fractional conversion and current efficiency are compared, it is
inferred that the presence of the anion-exchange membrane avoids the adverse effects of
the combined presence of chlorine and iron. In this case, the zinc redissolution is
eliminated which enables zinc conversion values close to 100% for all the experimental
conditions together with higher current efficiencies as the consumption of current by the

system Fe?*/Fe** is diminished. The applied current of -700 mA is considered to be

17



optimal from the viewpoint of zinc recovery present in the spent pickling baths since

relatively high values of fractional conversional and current efficiency are obtained.
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Figures and Tables
Fig. 1: Schematic diagram of the two-compartment electrochemical reactor.

Fig. 2: Evolution of zinc concentration vs. time as a function of the applied current.
[ZnCl,]o = 0.055 M, [HCI]o = 0.1 M.

Fig. 3: Evolution of zinc concentration vs. time as a function of the applied current.
[ZnCl,]o = 0.055 M, [FeCly]o = 0.035 M, [HCI]o = 0.1 M.

Fig. 4. Evolution of current efficiency vs. time as a function of the applied current.
[ZnCl,]o = 0.055 M, [FeCl,]o = 0.035 M, [HCI]o = 0.1 M.

Fig. 5: Evolution of zinc concentration vs. time as a function of the applied current. 1:50
diluted real sample.

Fig. 6: Evolution of zinc conversion vs. time as a function of the applied current in the
presence and absence of the AEM. 1:50 diluted real sample.

Fig. 7: Evolution of current efficiency vs. time as a function of the applied current in the
presence and absence of the AEM. 1:50 diluted real sample.

Fig. 8: Evolution of zinc and iron concentration vs. time as a function of the applied
current in the presence of the AEM. 1:50 diluted real sample

Fig. 9: Evolution of the electrode and cell potential vs. time as a function of the applied
current in the presence of the AEM. 1:50 diluted real sample

Fig. 10: Evolution of zinc conversion vs. time as a function of the applied current in the
presence of the AEM. 1:50 diluted real sample.

Fig. 11: Evolution of zinc current efficiency vs. time as a function of the applied current
in the presence of the AEM. 1:50 diluted real sample.

Fig. 12: Evolution of zinc space-time yield vs. time as a function of the applied current

in the presence of the AEM. 1:50 diluted real sample.
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Fig. 13: Energy consumption of zinc vs. time as a function of the applied current in the

presence of the AEM. 1:50 diluted real sample.

Table 1. Figures of merit for the electrochemical recovery of zinc corresponding to tigo
for a 1:50 diluted real sample in the presence of the AEM.
Table 2. Figures of merit for the electrochemical recovery of zinc corresponding to tigo

for a 1:50 diluted real sample.
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Fig. 1: Schematic diagram of the two-compartment electrochemical reactor.
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Fig. 3: Evolution of zinc concentration vs. time as a function of the applied current.
[ZnCl;]o = 0.055 M, [FeCl]o = 0.035 M, [HCI], = 0.1 M.
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Fig. 4: Evolution of current efficiency vs. time as a function of the applied current.
[ZnCl,]o = 0.055 M, [FeCl;]o = 0.035 M, [HCI]o = 0.1 M.
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Fig. 5: Evolution of zinc concentration vs. time as a function of the applied current.
1:50 diluted real sample.
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Fig. 6: Evolution of zinc conversion vs. time as a function of the applied current in the
presence and absence of the AEM. 1:50 diluted real sample.
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Fig. 7: Evolution of current efficiency vs. time as a function of the applied current in the
presence and absence of the AEM. 1:50 diluted real sample.
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Fig. 8: Evolution of zinc and iron concentration vs. time as a function of the applied
current in the presence of the AEM. 1:50 diluted real sample
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Fig. 9: Evolution of the electrode and cell potential vs. time as a function of the applied
current in the presence of the AEM. 1:50 diluted real sample
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Fig. 10: Evolution of zinc conversion vs. time as a function of the applied current in the
presence of the AEM. 1:50 diluted real sample.
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Fig. 11: Evolution of zinc current efficiency vs. time as a function of the applied current
in the presence of the AEM. 1:50 diluted real sample.
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Fig. 12: Evolution of zinc space-time yield vs. time as a function of the applied current
in the presence of the AEM. 1:50 diluted real sample.
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Fig. 13: Energy consumption of zinc vs. time as a function of the applied current in the
presence of the AEM. 1:50 diluted real sample.
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Table 1. Figures of merit for the electrochemical recovery of zinc corresponding to tigo
for a 1:50 diluted real sample in the presence of the AEM.

I (MA) [ tigo (Min) [ Xz0 (%) | @ (%) | n (g T h-") |Es (KW-h-kg™)
-150 178 59.4 57.97 0.43 15.80
-300 97 50.0 44.89 0.67 32.24
-450 71 39.2 38.86 0.86 22.45
-700 47 55.3 44.45 1.53 38.57

Table 2. Figures of merit for the electrochemical recovery of zinc corresponding to tioo
for a 1:50 diluted real sample.

I (MA) | tioo (Min) | Xz (%) | @ (%) | n (g1"h-Y) | Es (kW-h-kg™)
-150 81 20.0 19.04 0.36 16.10
-300 38 22.1 21.86 0.81 21.86
-450 28 23.5 23.33 1.29 23.11
-700 18 27.4 27.22 2.34 20.84

37



