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Abstract

Secondary production of steel is proven to significantly decrease CO- emissions of steelmaking, but
only 40 % of steel is produced via recycling, which is made difficult by contamination of scrap resources
with non-ferrous metals and non-metal debris. These contaminants include zinc, which blast furnace
and electric arc systems have a low tolerance towards (< 0.02 wt%). In this work, clean and efficient
recovery of zinc from the surface of steel substrates was investigated using a custom-made low-cost
membrane-free non-flow zinc-bromine battery (ZBB) that enabled rapid and straightforward integration
and removal of steel substrates. The electrical performance of the cell was characterised by charge-
discharge profiles, and zinc removal and recovery onto electrodes was characterised using Scanning
Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). Upon discharging, the cell
efficiently removed > 99.9 wt% zinc from steel surfaces. On recharging the cell, zinc was re-
electroplated onto a carbon foam electrode in an easily recoverable form and with high purity. The
process was repeated over 30 cycles to demonstrate robustness. The work shows the importance of the
cut-off voltage upon discharging: if less than 0.5 V, the cell co-extracted iron into the electrolyte
solution, affecting cell durability and zinc purity. A two-stage process for recovering zinc from scrap
steel is proposed, illustrating how ZBB technology could enable efficient and clean recovery of zinc

from complex scrap steel resources in the steel industry.
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Introduction

Stainless steel is an extremely important and versatile material with applications across many sectors
including construction, manufacturing, healthcare, food and chemicals.lt! It is utilised ubiquitously
throughout society, with steel manufacturing widely used as an indicator of economic growth.i?!
However, primary manufacturing of steel from virgin iron ore and coal is a highly energy intensive
process requiring a cumulative energy input of 15-24 GJ t1.8 The iron and steel industry is a significant
contributor to global warming and accounts for between 4-7 % of global anthropogenic CO; emissions.
In addition to greenhouse gas emissions, primary steel manufacturing processes also yield a range of
complex waste streams and by-products that contribute to well-established public health and
environmental problems. In order for the steel industry to reach net zero targets and be less polluting,
significant technical innovations will be required to enable manufacturing of green steel as well as

effective and efficient processes for recycling and re-using scrap, waste and by-product streams.

Secondary steel production (recycling) involves re-melting of scrap steel and presents an opportunity
to significantly reduce CO; emissions, since it requires less energy with a cumulative energy
consumption of 1.3-6.0 GJ t™.21 At present, only 40 % of steel is produced via secondary methods and
therefore increasing steel recycling rates offers significant scope to decrease CO, emissions.F! The
challenges faced by recycling end-of-life scrap steel mainly relate to contamination with non-steel
metals and non-metal debris, which arises due to imperfect (or non-existent) separation processes. If
present, impurities may produce a melt with an unsuitable composition and they must either be removed
by improved separation, or (more commonly) the scrap is diluted with primary pig iron until impurities
fall within acceptable levels. The latter ensures recycling but in effect decreases the rate of secondary
steel production. Increasing the utilisation of end-of-life scrap steel whilst avoiding dependence on
primary pig iron will require effective, efficient and clean separation of materials and alloys to be

developed and deployed.®!

Many types of steel are galvanised by coating with a thin layer of zinc via hot-dip coating processes.

Zinc provides a protective barrier towards corrosive elements and, amongst other things, prevents
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rusting.>®1 Upon re-melting galvanised steel in a blast furnace, zinc-containing materials are firstly
reduced to metallic zinc, which has a relatively low boiling point (907 °C) compared with blast furnace
operating temperatures (1600-1650 °C). The zinc evaporates and then condenses upon cooling, with
some zinc depositing on the walls of the furnace and the rest forming a component of dust effluents
collected during flue gas cleaning processes.l’! In order to prevent technical difficulties caused by zinc
deposits, the zinc content of the melt is typically limited to 0.012-0.020 wt% for most blast furnace
operations.®° The concentration of zinc in the dust effluent is around 2-30 wt% for electric arc furnaces
and 0.4-2.8 wt% for blast furnaces, which is too high for remelting. In the case of blast furnaces, the
concentration of zinc is too low for economical recovery, whilst levels of electrical arc furnace dust are
more favourable.' Despite these challenges, recovery of zinc from steel has wider importance, since
it is estimated that without improvements to the recovery rate of secondary zinc, proven reserves will

be exhausted as early as 2050.14

Presently deployed methods for recovering zinc from dust waste include the Waelz process, which is a
pyrometallurgical process involving heat treatment of zinc wastes using a carbon-based fuel at
temperatures in excess of 1,000 °C in a rotating kiln. The zinc compounds are reduced, evaporated and
re-oxidised in the gas phase, separating zinc from ferrous materials.[! These methods are very efficient
(with zinc removal rates of approx. 90 %),1*? but are also energy intensive and yield hazardous residues
which are problematic to dispose of. In addition, the Waelz process is not economically viable when
the zinc loading is below 10 wt%. Other zinc recovery methods include hydrometallurgical processes
such as alkaline leaching, which are typically used for recovering zinc from the dust effluents produced
by electric arc furnaces.*®! Like pyrometallurgical processes, these processes are best suited to high
zinc loadings and also yield problematic by-product streams.'! In general, pyrometallurgical and
hydrometallurgical zinc recovery processes are more applicable to electrical arc furnace dusts and

neither are capable of economic extraction of zinc from blast furnace dust.[":**!

In this work, the recovery of zinc from end-of-life scrap was investigated by using a membrane-free
non-flow zinc-bromine battery (ZBB) to recover zinc from steel substrates. Recovery of zinc directly

from steel was investigated because upstream removal avoids subsequent damage to blast furnaces and
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the need to recover zinc from dusts, either by diluting in pig iron or through complex extraction
processes. This paper includes a brief literature review of ZBB technology, which was chosen because
the fundamental chemistry of these devices theoretically enables the recovery of zinc from metal
structures and substrates without production of harmful or problematic by-products. A non-flow battery
design with an aqueous liquid electrolyte was chosen due to the low-cost materials and low balance-of-
plant costs this gives. The architecture and design of the battery were customised in order to produce a
robust system that potentially enables fast and automated dipping of steel substrates and waste streams
without modifications to or disassembly of the cell. The electrochemical performance of the cell was
characterised by measurement of charge-discharge profiles and the removal and recovery of zinc was

characterised by scanning electron microscopy and energy dispersive spectroscopy.

Redox flow zinc-bromine batteries

A zinc-bromine battery (ZBB) is a rechargeable electrochemical cell that operates according to
reactions (1-3). Zinc-bromine batteries have been more widely studied and developed with a redox flow
battery design, in which high surface area carbon plastic electrodes are placed inside two electrolyte
compartments separated by an ion-conducting membrane typically made with a microporous polyolefin
(see Fig. 1).128 Cells have an electrolyte solution composed of aqueous zinc bromide (ZnBr,) which is
pumped continuously through the electrolyte compartments from external storage tanks. When
charging, aqueous zinc ions are conducted through the membrane to the anode/anolyte side of the cell
and converted into metallic zinc according to reaction (1). The metallic zinc is heterogeneously
deposited from the liquid to the solid phase onto a carbon-based electrode. At the cathode/catholyte side
of the cell, aqueous bromine ions are converted into bromine liquid as described by reaction (2),12 to

complete the overall reaction (3).
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Figure 1. Schematic showing the operation of a zinc-bromine redox flow battery.

Zn2+(aq) +2e > Zn (s) (Eo =-0.76 V) (1)
2Br (ag) <> Bragy + 2 (E°=1.08 V) (2)
Overall reaction: Zn?" g + 2Br~ (aq) <> Br2gy + Zn 5 (E°=1.84 V) 3)

A bromine complexing agent (such as N-ethyl-N-methyl-pyrrolidinium bromide) is also present on the
catholyte side for the purposes of bromine storage; the complexing agent forms a heavy oil which sinks
to the bottom of the external storage tank. Once fully charged, an open circuit voltage of approx.
1.84 V is achieved. When discharging, all processes take place in reverse, yielding electrical power and

restoring the electrolyte solutions to aqueous zinc bromide.

Zinc-bromine flow batteries have attracted increasing interest in recent decades due to their high
voltage, high energy density and high current density compared with other redox flow batteries (such
as vanadium-based and lead-acid flow batteries), making them potentially very attractive systems for
stationary energy storage applications.*321 They are scalable, require low-cost, non-hazardous and
clean materials, and are made with well-understood and easily serviceable components such as pumps.

As such, they are potentially very robust systems that can achieve a cost-effective and long operational
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life.'"-221 Challenges of zinc-bromine flow battery deployment relate to their low specific power, energy
density and electrical efficiencies compared with lithium-ion batteries. There is also the risk of self-
discharge, which may occur due to excessive accumulation of bromine or zinc at the electrodes.
Furthermore, whilst ancillary components such as pumps are widely available and well understood,
they drastically increase the overall cost of a cell,?*?“ meaning the balance-of-plant costs outweigh the
low costs of the active materials. These factors mean that the cost of power from ZBB technology is
much higher compared with state-of-the-art battery technology, and the high system capital costs are a

significant barrier to the commercialisation and deployment of redox flow ZBB technology.[*82%2%]

A comprehensive review of ZBBs was conducted by Xu et al.!®®! in which electrode materials, cell
design, electrolytes and membranes were described comprehensively. Carbon-based materials are the
most widely used type of electrode because they have a large surface area, high electrical conductivity,
high catalytic activity towards the electrochemical reactions as well as good chemical stability. They
are also widely available, relatively low cost and can be made in various forms and shapes (carbon felt,
vitreous carbon and carbon foam). Alternatively, metallic electrodes can be used such as titanium.
Metallic electrodes typically have faster kinetics, lower charge transfer resistance and higher electrical
conductivity than carbon-based materials and generally result in superior overall cell performance. 2728
However, they are more expensive and prone to degradation mechanisms such as corrosion, affecting

the long-term durability of the cell.[?%

The primary electrochemically active electrolyte component in ZBB flow batteries is aqueous zinc
bromide, which is usually present in concentrations ranging between 1-4 M.E% In addition to zinc
bromide, the electrolyte solution often contains supporting electrolyte salts in order to enhance ionic
conductivity and reduce internal resistance.® Commonly used salts such as sodium chloride and
potassium chloride (2 M) are suitable due to their lack of interference with bromine reduction.F?
However, over long time periods, chlorides can negatively impact cell performance due to the

susceptibility of zinc to corrosion from chloride-based species.
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The membrane is a key component of the cell which physically separates the anolyte and catholyte
solutions whilst allowing selective transfer of zinc and bromine ions. It is the most expensive single
component of ZBB cell, accounting for approximately 22-40% of the cost.[*®l Microporous membranes
(for example, SF-600 and Daramic®) and ion-exchange membranes (such as Nafion) are the most
widely used.**1 Microporous membranes typically have a thickness of several hundred microns in
order to ensure bromine separation; this is thicker than ion-exchange membranes and therefore they
have greater internal resistances.*®! However, if not complexed or stored correctly, high concentrations
of bromine may accumulate and more easily diffuse through microporous membranes. In addition,
operation over long time periods can lead to the growth of zinc dendrites on the anode, which have a
high mechanical strength and can puncture microporous membranes.*”! Nafion membranes give up to
15 % higher coulombic efficiencies than microporous membranes and have a dense structure which
increases their mechanical strength and therefore their resilience towards zinc dendrites and ability to
physically separate electrolyte liquids.*”) However, Nafion membranes yield a lower voltage efficiency
by 12 % due to higher ohmic resistances. Zinc dendrite growth can be alleviated by fully discharging

the cell periodically to bring excessive zinc growth back into the aqueous electrolyte phase.

Zinc-bromine flow batteries require a bromine complexing agent in order to prevent bromine gas
formation under charging.% BCAs decrease the reaction kinetics but overall have a positive impact on
cell performance for zinc electro-deposition and zinc electro-dissolution, resulting in higher redox
reaction reversibility and activity. Typically, a quaternary ammonium bromide salt is used such as N-
Methyl-N-Ethyl Pyrrolidinium Bromide.“%#2 When in solution, these substances form a complex with
bromine as a polybromide phase, which has low electrochemical activity and is a higher density oil
which sinks to the bottom of the external catholyte storage tank,“®! thereby managing the bromine. In
addition to increasing the costs of the cell, complexing agents also decrease the rate of bromine

reduction, causing increased voltage losses.[*4]
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Non-flow zinc-bromine batteries

Non-flow (static) ZBBs are less well-studied than redox flow ZBBs but have key advantages due to
their simpler design, which removes the need for ancillary components so that there are no moving parts
or pumps, and the balance-of-plant costs are reduced. There is no forced convection and zinc dendrites
are allowed to form freely. They also have slightly higher energy densities compared with flow batteries,
being capable of operating at 142 Wh kg compared with 135 Wh kg* for flow systems.!*>4¢ They have
higher coulombic efficiencies of up to 99.9 % and energy efficiencies of up to 94.0 %, compared
with coulombic efficiencies of 95.0 % and energy efficiencies of 75 % for flow batteries.*®! Within
non-flow systems there are liquid- and gel-based batteries, where gel batteries still utilise a membrane
but remove other ancillary components. Whilst this does reduce the overall cost, the membrane is still

the most expensive component of ZBBs.

A non-flow membrane-free ZBB was initially developed and studied by Biswas et al.[*! This cell was
composed of a single electrolyte chamber containing an aqueous zinc bromide electrolyte solution, a
carbon cloth zinc electrode and a hydrophobic carbon foam bromine electrode, composed of graphite
and carbon black (see Fig 2). Under charging, aqueous zinc ions were reduced to form metallic zinc
which plated onto the carbon cloth anode. Bromine ions were oxidised to form bromine liquid, which
displaced the electrolyte within the pores of the carbon foam electrode. With continued charging, excess
bromine liquid spilled out from the pores of the electrode and accumulated within the bottom of the cell
due to the higher density of bromine liquid (3.1 g mL™) compared with the electrolyte solution
(1.5 g mL™). Separation of the bromine and zinc was thus achieved by a physical method in which the
zinc electrode was positioned at the top of the cell and the bromine remained at the bottom of the cell
due to it's higher density and low miscibility with water. Under charging, zinc dendrites formed and
grew downwards towards the bromine liquid and carbon foam electrode. Upon reaching the carbon
foam surface, the metallic zinc reacted with the bromine liquid to regenerate aqueous dissolved zinc
and bromine ions, thereby preventing short-circuiting of the cell since this process had a faster rate than
zinc deposition for charging currents of less than 50 mA. This spontaneous mechanism was key to the

operation of the cell because it enabled protection from cell shorting (a well-established challenge of
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redox flow ZBBs) without the need for an expensive membrane. Some zinc corrosion was observed to
take place due to reaction with Br® and higher bromine complexes, but this did not contribute
significantly to cell operation. This design removed the requirement to pump solutions around the cell,
potentially minimising the balance-of-plant costs by removing auxiliary components found in redox
flow ZBBs. In addition, this mechanism ensured there would be no irreversible damage to the cell in
the event of self-discharge due to zinc corrosion. Under charging, some hydrogen was also generated
at the zinc electrode due to the acidic conditions within the cell. However, when using low currents, the
amount of hydrogen produced was not significant (< 0.03 % of cell capacity per cycle). It is possible
this could be controlled by adapting the cell design and composition to promote hydrogen recapture by
reaction with bromine liquid to form hydrobromic acid. In the present design however, this limited the
battery to currents of 20 mA cm2 and energy densities of 50 Wh L. Discharging the cell was shown

to reverse the processes described above, returning the cell to its original state and appearance. 245461

(a) (b)

(T

| Carbon Cloth

Discharged
State
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Zn Charged
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Br~
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Br, electrode

Carbon Foam = Graphite + C-Black + PVDF

Figure 2. Setup and components of non-flow zinc-bromine battery cell. (taken from 1)

In this work, we have developed and studied a membrane-free non-flow zinc-bromine battery for the
purposes of recovering zinc from steel surfaces. The cell was based on the design shown above due to
the ease of assembly and simplicity of design which potentially enables clean and efficient recovery of
zinc from scrap and waste resources. The design enabled dipping of steel substrates directly into the
electrolyte solution without disassembly of the battery housing. In addition, the design involves the use
of low-cost materials and reagents and offers low balance-of-plant costs.

10
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Results and Discussion

Steel anode discharge characterisation

Fig. 3 shows photographs of the assembled experimental ZBB cell before and after charging. Before
charging (see Fig. 3a), the electrolyte was clear and the carbon foam electrodes were seen clearly, with
the bromine electrode (cathode) located at the bottom of the cell and the zinc electrode (anode) dipped
into the electrolyte at the top of the cell and held in place using crocodile clips. The cell charged
according to the mechanism described by Biswas et al.[4’! (see Fig. 3b). The electrolyte solution was
initially clear and developed a deep orange colour towards the bottom of the cell that was characteristic
of concentrated liquid bromine produced due to electrolytic oxidation of bromine ions (see reaction 3).
The bromine formed towards the bottom of the electrolyte chamber since it was denser than the
electrolyte solution and was accommodated within the pore structure of the carbon foam cathode. The
electrolyte solution retained a clear appearance at the top of the cell. Zinc was plated onto the anode
and throughout charging, metallic zinc dendrites crystals had grown downwards towards the bromine
liquid phase (reaction 3). Upon reaching this interface, the dendrites did not grow further, indicating
the presence of zinc corrosion by reaction with bromine liquid to regenerate dissolved aqueous zinc and
bromine ions. This enabled the cell to maintain a stable OCV of 1.82 V. Discharging the cell was found
to almost fully reverse these observations, returning the cell very closely to the original appearance in

Fig. 3a.

11
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Figure 3. Photographs showing the assembled ZBB experimental cell: (a) before charging, and (b) after

charging. (c) shows the cell after discharging with a steel zinc electrode.

The cell was subsequently recharged, and the carbon foam anode was replaced with a 25 x 25 x 2.5 mm
piece of galvanised steel. Upon inserting the steel into the cell, the OCV decreased from 1.82 V to
1.70 V. The decrease of OCV is suggested to be due to the presence of non-zinc metals such as iron in
the steel. When the cell was discharged, the electrolyte developed an opaque brown/orange colour rather
than returning to a transparent appearance. This suggests that in addition to metallic zinc, discharging
with steel also extracted some iron into the electrolyte and that discharging was not 100 % selective

towards zinc.

Fig. 4 shows discharge profiles measured for separate ZBB cells, with one cell discharged using a
carbon foam anode, and the second cell discharged using a galvanised steel anode. Both cells were
charged under identical conditions and discharged using a cut-off voltage of 0.2 V. For the carbon
anode, there was an initial conditioning period for approx. 5 minutes where the cell potential decreased
non-linearly. Following this transient, the cell potential decreased linearly until approx. 25-30 minutes
when the cell potential again decreased non-linearly, falling sharply and reaching the cut-off voltage
rapidly to complete cell discharge. In conducting this work, the coulombic efficiency was typically

measured in the range 55-60 %.

12
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Figure 4. Discharge profiles of separate ZBB cells, where one cell was discharged using a conventional

carbon foam anode and the second cell discharged using a galvanised steel anode. Discharge was

measured after identical charging regimes. The profiles were measured galvanostatically by applying +

100 mA of current load to the cell and using cut-off voltages of 2.2 V under charging and 0.2 V under

discharging.

The discharge profile measured for the steel anode was markedly different, with a two-stage discharge
process observed. Unlike the carbon foam anode, the discharge profile proceeded immediately with a
pseudo-linear decrease of cell potential, suggesting no cell conditioning took place. The linear decrease
of cell potential continued for approx. 10 minutes, after which time non-linear behaviour was observed,
and the cell potential fell more rapidly for approx. 5 minutes until reaching approx. 0.46 V. After this
first phase of discharge, the cell potential decreased more erratically, eventually reaching the cut-off

voltage after 35-40 minutes.

A mass balance profile was measured to show how the mass of the steel anode changed during
discharge. This was measured by stopping the discharge process every minute, and then removing,
drying (air drying at room temperature) and weighing the steel electrode, before replacing it back into

the cell and restarting the discharge. This was repeated until no mass loss was measured in order to

13
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build up a picture of mass loss from the steel throughout the discharging process. The mass loss profile
is shown in Fig. 5, with approx. 0.004-0.008 g of material lost during every minute of discharge
(incremental mass removal). The cumulative mass loss indicated that removal of mass proceeded in a
pseudo-linear manner for 21 minutes, after which time no more material was removed. The majority of
mass loss coincided with the first phase of discharge observed in Fig. 4, which was complete within
approx. 15 minutes. Some loss of mass from the steel anode continued during the second phase but was

not observed for the whole duration of this second phase.
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Figure 5. Incremental and cumulative removal of mass from steel during cell discharge.

Following discharge, each steel anode studied in this work was removed from the cell and allowed to
air dry at room temperature, with a representative photograph shown in Fig. 6a. Each steel electrode
was not dipped fully into the electrolyte solution in order to allow comparison of the steel before and
after discharge. The area of steel not dipped into the electrolyte solution had a lighter silver-grey
appearance, whereas the steel that was dipped into the electrolyte exhibited two types of corrosion. The
development of a dark brown/orange rust formed most of the observed corrosion, but there were also
areas with a grey appearance darker than the original silver/grey appearance of galvanised steel. Both

forms of corrosion did not take place uniformly over the surface of the steel and sometimes took several

14
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days after discharge and drying to develop. This is attributed to imperfect surface coating of zinc during

the galvanisation process, with minute differences in zinc layer thicknesses present across steel surfaces.

SEM HV: 20.0 kV WD: 15.00 mm MIRA3 TESCAN SEM HV: 20.0 kV wo:1500mm | MIRA3 TESCAN
View field: 2.01 mm Det: SE View field: 2.01 mm Det: SE 500 ym
SEM MAG: 138 x  Date(m/dly): 08/11/21 University of South Wales SEM MAG: 138 x  Date(m/dly): 08/11/21 University of South Wales
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Figure 6. (a) Representative photograph of steel anode after cell discharge, removal from the cell and
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drying. (b) and (c) are SEM secondary electron images taken at the positions indicated in part (2). (d-g)
show SEM-EDS elemental mapping spectra of the steel after discharge for all elements (d) and then
separately for oxygen, iron and zinc in (e), (f) and (g) respectively. (h) shows an SEM-EDS elemental

line spectrum of the steel.

SEM secondary electron images of the steel were measured following discharge and are shown in Figs.
6b and 6¢c. Fig. 6b compares the dark-grey corrosion with the initial steel surface and revealed this
corrosion yielded a smoother surface. Fig. 6¢ shows rusting also gave a smooth surface but with powder-

like deposits scattered across the top. The presence of elements on the surface of the steel anode was

15
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analysed using SEM-EDS, with mapping spectra shown in Figs. 6d-g and a line spectrum shown in Fig.
6h. Fig. 6g shows the initial steel surface was composed entirely of zinc, with zinc clearly present on
the steel not exposed to the electrolyte solution (at the bottom of the image), and with no zinc detected
anywhere else. This demonstrates the cell was very effective in removing zinc from steel surfaces, with
more than 99.9 % removal achieved and with less zinc remaining on the surface than the lower detection
limit of the EDS detector. Figs. 6d-f show that following removal of zinc, the steel surface was
composed mostly of iron with lower levels of oxygen present, suggesting the surface was composed of
a mixture of metallic iron and iron oxide. The is corroborated by line spectrum in Fig. 6h, which shows
that after removal of zinc, the presence of iron and oxygen increased as the distance from the electrolyte

surface increased.

The discharge profile measured with a standard carbon foam anode agreed with observations from
previous work[® 451 and reflects the depletion of metallic zinc and bromine liquid reactants. However,
the results and observations in Figs. 3-6 strongly suggest that a two-stage discharge process took place
with the steel anode and that this was due to the removal of zinc in the first stage, followed by removal
of iron in the second stage. Fig. 5 shows that almost all of the mass removal from the steel took place
within the first stage of discharge, with most of this mass likely to be zinc, since zinc was the only
element initially exposed on the steel surface (as confirmed by the SEM-EDS measurements) and would
have faster desorption kinetics in this type of cell than metallic iron. Following zinc removal, metallic
iron was exposed to the electrolyte solution and it is proposed that the cell then extracted iron into the
aqueous phase, resulting in a second phase of discharge. This agrees with the physical observations of
the battery appearance shown in Fig. 3, where the electrolyte had a dark brown and opaque appearance,
resembling aqueous iron, rather than the transparent deep orange and yellow colours characteristic of
bromine liquid and its complexes. In addition, at the start of the second discharge phase, the cell
potential was approx. 0.46 V, which is close to the magnitude of the standard electrode potential of Fe?*
of 0.44 V. The slow decline of cell potential during the second phase of discharge reflects the slow
kinetics of iron desorption into the electrolyte. Fig. 4 shows discharge with steel took place for longer

than 35 minutes, suggesting therefore that the removal of mass (iron) also continued for this length of

16
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time. However, mass removal was not measured after 21 minutes of discharge (see Fig. 5) and it is
suggested that mass removal could not be measured for the whole duration of this phase since the
incremental mass removed within a minute of operation was too low. Further work is required to
determine the mechanism of iron extraction and the interaction of aqueous iron ions with the electrodes

and metallic zinc present within the cell.

Multi-cycle characterisation

Multi-cycle measurements were conducted in order to gain insight into the durability of the cell as well
as the capability of the cell to recover zinc. Fig. 7 shows the profiles of 25 charge-discharge cycles for
the cell measured using a carbon foam anode under charging and then discharging with galvanised steel
anodes with a cut-off voltage of 0.2 V. The average coulombic efficiency was 61 % with a relative
standard deviation 21.9%. The charging voltage was variable and averaged between 1.7-2.0 V,
sometimes maintaining a stable value throughout charging, although in the majority of cycles the
charging voltage was transient and sometimes erratic. In some cases, the voltage initially jumped to a
very high value (> 3.0 V), or a slightly lower value (~ 1.5 V) before rapidly going to 1.7-2.0 V. In many
cycles, the voltage decreased slowly during charging, and in a few cycles the voltage remained constant.
After cycle 25, it was not possible to start another charging cycle because the voltage rapidly increased

above the limit of the potentiostat (> 9 V), indicating the cell had undergone irreversible degradation.

17
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Figure 7. Charge-discharge profile of the ZBB cell over 25 cycles. The cell was charged at 100 mA
(14.15 mA cm?) using a carbon foam anode. The carbon anode was then replaced with galvanised steel

for discharge at 100 mA. A cut-off voltage of 0.2 V was used when discharging.

After measuring these charge-discharge profiles, the carbon foam anode and cathode were removed
from the cell and air dried at room temperature. SEM secondary electron images of the electrodes were
measured with a corresponding EDS elemental map (see Fig. 8). In Figs. 8a and 8b, the carbon foam
fibres were observed as strands of dark material across the image and were embedded within a porous
and roughly textured material. The elemental analysis confirmed the solid material was mainly
composed of zinc, although crucially there was a clear presence of iron (~ 5 wt%), confirming that
under discharge, the cell removed iron from the steel anodes as well as zinc and that this iron ultimately
became adsorbed onto the surface of carbon foam electrodes. It is likely the iron was a major cause of
the irreversible cell degradation observed after cycle 25. Some bromine was detected, which was
expected since the work was conducted with a membrane-free (static) design where the bromine was
able to flow freely between the electrodes. However, SEM-EDS is a surface analysis technique and the
amount of bromine present within the bulk of the electrode and crystals was likely to be very low.

Oxygen was present, although the form it was present in is not clear from these measurements alone.
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Figure 8. (a) SEM secondary electron image and (b) elemental map of the carbon foam anode after 25
cycles of charge-discharge using a 0.2 V cut-off voltage. (c) SEM secondary electron image and (d)
elemental map of the carbon foam anode after 30 cycles of charge-discharge using a 0.5 V cut-off

voltage.

Figs. 9a and 9b show SEM images and data of the carbon foam cathode of the cell after 25 cycles with
a 0.2 V cut-off voltage. Fig. 9a shows the carbon fibres were lightly coated with residue, rather than
being embedded within a solid structure. In many instances, the fibres had become clumped together
by the residue within the electrode. The EDS mapping analysis shows the residue mainly consisted of
bromine, although again there was a clear presence of iron observed, confirming that iron extracted
from the steel was distributed completely through the electrolyte solution, with some deposited onto the
cathode as well as the anode. Zinc was also deposited within the bromine electrode and formed
~ 12 wt% of the surface elemental composition. Like the anode, a small amount of oxygen was present,

but the precise form could not be determined.

19



PUBLIC / CYHOEDDUS

B 2%C
3% O
4% Fe

B 12% 2n

0 49% Br

View field: 1000 ym Det: SE
SEM MAG: 277 x | Date(m/dly): 02124122

@92% C

B3% zZn
5% Br

03 5%

SEM HV: 10.0 kV WD: 15.00 mm MIRA3 TESCAN|

View field: 1000 pm Det: SE 200 pm
SEM MAG: 277 x  Date(m/dly): 02/24/22 University of South Wales

Figure 9. (a) SEM secondary electron image and (b) elemental map of the cathode after 25 cycles of
charge-discharge using a 0.2 V cut-off voltage. (c) SEM secondary electron image and (d) elemental

map of the cathode after 30 cycles of charge-discharge using a 0.5 V cut-off voltage.

These charge-discharge profile measurements confirmed that the extraction of iron posed a significant
problem to the durability and long-term operation of the cell for extracting zinc from steel. For many
of the cycles, the second stage of discharging did not take place until the voltage of the cell had dropped
below 0.5 V. Therefore, in order to limit iron extraction and improve the durability of the cell, the
charge-discharge profile measurements were repeated using a 0.5 V cut-off voltage. Fig. 10 shows no
discharge cycles took place in two-stages. The cell discharged rapidly, with a much lower average
coulombic efficiency of 32.0 % and relative standard deviation of 31.5 % measured. The behaviour of
the cell under charging was less erratic than with a 0.2 V cut-off voltage, and higher average charging
voltages of between 1.9-2.3 V were measured. In general, there was less variation and less erratic
transient behaviour observed when using a 0.5 V cut-off voltage. The average charging voltage

appeared to increase steadily during the last 10 cycles and this is tentatively attributed to over-charging
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of the cell and decreasing reactant concentration in the electrolyte solution. A total of 30 cycles were
measured, which was more than the 0.2 V cut-off profiles, and no significant deactivation of the cell
was observed; it is the expectation that the cell could have operated for many more cycles. However, it
was decided to disassemble the cell in order to analyse the components of the cell after a comparable

number of cycles to that measured for the 0.2 V cut-off voltage measurements.

When analysing the electrodes under SEM/EDS, many of the observations described for the 0.2 V cut-
off voltage electrodes were made using 0.5 V electrodes. The main difference was the level of iron
detected, which was absent from both 0.5 V electrodes. The improved long-term performance and
absence of iron confirm that the two-stage discharge process and the long-term operation problems were
both ultimately attributed to the low 0.2 V cut-off voltage and subsequent extraction of iron. These were
straightforwardly avoided by selecting a cut-off voltage higher than the voltage where the second phase

of discharge (and therefore iron extraction) started.

In addition, the increased cut-off voltage improved the condition of the carbon foam electrodes. The
purity of zinc at the anode was higher and the SEM secondary electron image in Fig. 8c shows the
material was less porous and more crystalline in appearance. There was some bromine detected again,
but this was only likely to be residual levels on the surface and not within the bulk of the material,
thereby forming a negligible fraction of the material as a whole. There was also less accumulation of
material in the cathode, with carbon forming the majority of the material and with less zinc, bromine
and oxygen measured. This suggests the performance of the anode was improved due to the reactants
and products moving into and out of the foam at a faster rate. The iron present in the 0.2 V cut-off
voltage electrodes was likely to have hindered the diffusion of materials through the electrode, and
therefore promoted their accumulation and ultimately made the performance of the cell more erratic

between cycles.
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Figure 10. Charge-discharge profile of a zinc bromine battery over 30 cycles. The cell was charged at
14.15 mA cm using a carbon foam anode. The carbon anode was then replaced with galvanised steel

for discharge at 100 mA. A cut-off voltage of 0.5 V was used when discharging.

Figure 11 shows how the discharge time and zinc removed varied over the charge-discharge profile
cycles when using 0.2 V and 0.5 V cut-off voltages, with further data provided in Table 1. For both cut-
off voltages, there was a strong correlation between discharge time and mass of material removed: if
there was more zinc present, the discharge time was longer, and the mass of material removed was
higher. For the 0.2 V cut-off cycles, the average discharge time (36.58 minutes) and mass removal
(104.8 g m2) was higher due to the second phase of discharge, which increased the time taken for the
battery to reach 0.2 V and therefore the apparent coulombic efficiency increased. The mass of material
removed was also higher, although a greater fraction was composed of iron. When using a 0.5 V cut-
off voltage, the average discharge time (19.68 minutes) and mass removal (62.48 g m2) were lower
since the second phase of discharge was avoided, decreasing the apparent coulombic efficiency.
However, the SEM measurements show zinc was removed selectively from the steel without iron
extraction. The higher purity of zinc obtained accounts for the lower quantity of material removed with

the 0.5 V cut-off voltage (1.39 g) compared with the materials collected with a 0.2 V cut-off voltage
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(2.04 g). The zinc recovery rate was 31.36 % with the 0.5 V cut off voltage and 40.86 % with the 0.2
cut off voltage. Whilst these are lower than the recovery yields of approx. 90 % that can be achieved
with pyrometallurgical processes, there is scope to optimise cells for zinc recovery and there were no
harmful substances produced by the ZBB system, which offers much cleaner zinc recovery. Further
work is required to investigate the mass balances for zinc recovery using ZBBs, before optimising and

scaling up the process for deployment with real scrap steel and zinc-containing waste streams.
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Figure 11. The mass removed and discharge time for each of the charge-discharge profile cycles

measured using 0.5 V and 0.2 V cut-off voltages.

Regardless of the cut-off voltage used, there was clear variation in discharge time and mass removed
between cycles. This is attributed to variation in thickness of the zinc coating of the surface in between
pieces of steel. The manufacturer specification was 100 g of zinc per square metre (total for both sides),
which is 0.005 g cm per side. Due to imperfections in the manufacturing process, variation in the
actual quantity of zinc present is to be expected and accounts for the variation in performance observed
between cycles. The standard deviation of discharge time and mass removal were slightly lower for the

0.5 V cut-off cycles, showing the higher cut-off voltage alleviated variation to a degree.
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Table 1. Mass balance and efficiency data for recovery of zinc from steel using a zinc-bromine battery

cell.
Cut-off Cut-off voltage:

voltage: 0.2 V 05V
Total mass of material removed / g 2.0376 1.3907
Total mass of material recovered / ¢ 0.8325 0.4361
Percentage yield 40.86 % 31.36 %
Average discharge time / mins 36.58 19.68
Discharge time standard deviation / mins 8.00 6.20
Discharge time relative standard deviation 21.86 % 31.52%
Average mass removal / g m 104.8 62.48
Mass removal standard deviation / g m™ 24.32 23.04
Mass removal relative standard deviation 23.20% 36.87 %

Implications for zinc recovery from scrap steel

The results presented in this work show zinc-bromine battery technology could potentially be used to
remove and recover zinc present in waste or scrap steel. This is firstly made possible by the static,
membrane-free design, where the battery has an open top, leaving the electrolyte solution exposed and
enabling electrodes and scrap or steel substrates to be easily dipped into and removed from the battery
system. In theory, the zinc substrate could be any size or shape, provided it is within the dimensions of
the cell housing. Zinc-bromine batteries are scalable devices and could be made to any size appropriate
to the steel substrates as required. Provided the substrate is electronically conductive, they could be
dipped into the top of the battery system and discharged to remove the zinc from the surface of the
substrate and into the electrolyte solution (see Fig. 12). The battery would require charging prior to this
stage in order to generate the liquid bromine in the cell required for the battery to produce zinc bromide

upon discharging. Discharging would also yield electrical power, which could be used for on-site
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industrial processes, exported to the electricity grid or stored and used for the battery charging for

example. Once discharge is complete, the steel substrate would then be removed and re-used or recycled

as required.
1. DISCHARGE 2. CHARGE
Zn scrap / Pure Zn
waste IN ouT
e- | e-
Power D Zn Power D Zn
ouT IN
ZnBr,

Figure 12. Schematic depicting the principle of using ZBB technology to remove and recover pure zinc

from scrap steel.

In order to recover the zinc removed from the steel, the battery would then be recharged by inserting a
conventional carbon foam electrode into the electrolyte solution and applying electrical load to the cell.
This power could be sourced from the electricity grid or renewable source. Under charging, the zinc
bromide would be electrolysed to regenerate the liquid bromine and electroplate the zinc metal onto the
carbon electrode. Once charging is complete, the carbon electrode can be removed, leaving the battery
system ready to discharge the next steel substrate. The carbon electrode could be re-used in subsequent

charging cycles in order to accumulate zinc. It would then be replaced once saturated.

The results presented in this work suggest the ZBB cell is robust and able to operate over many cycles.
In addition, the yield and purity of zinc generated on the carbon electrode is high, and no harmful by-
products or secondary waste streams are produced. The system operates at relatively low concentrations
of bromine and as such, no bromine vapours are released from the battery despite the electrolyte solution
being exposed to the atmosphere. Further work is required to investigate process scale-up and fully

determine the mass balance and energy efficiency of the process.
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Conclusion

In order for the steel industry to achieve net zero targets, technical innovations will be required to enable
green steel manufacturing as well as effective and efficient processes for recycling and re-using scrap,
waste and by-product streams. At present, only 40 % of steel is produced via secondary methods
(recycling), which is proven to decrease CO, emissions compared with primary steelmaking from iron
ore. The difficulties of recycling steel relate to end-of-life scrap which, due to imperfect separation
processes, typically contains a range of alloys and is usually contaminated with non-ferrous metals and
non-metal debris. These contaminants include zinc which is usually present on steel surfaces as a
protective barrier towards corrosion. Blast furnace and electric arc systems have a low tolerance

(< 0.02 wt%) towards zinc, making direct remelt recycling difficult.

In this work, the recovery of zinc from the surface of steel substrates was investigated using a custom-
made membrane-free non-flow zinc-bromine battery (ZBB). The battery was designed in order to allow
fast and easy integration and removal of steel substrates and was made with low-cost materials. The
electrical performance of the cell was characterised by charge-discharge profiles and zinc removal and
recovery onto electrodes was characterised using Scanning Electron Microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS). Upon discharging, the cell efficiently and quickly removed > 99.9 wt%
zinc from steel surfaces. On recharging the cell, zinc was re-electroplated onto a carbon foam electrode
in an easily recoverable form and with high purity. Operation of the cell for this purpose was
demonstrated over 30+ cycles suggesting the cell was robust and durable. The work shows the
importance of the cut-off voltage upon discharging: if less than 0.5 V, the cell co-extracted iron into the

electrolyte solution, affecting cell durability and the purity of zinc recovered.

This work successfully demonstrates that ZBB technology could enable efficient and clean recovery of
zinc from scrap steel and therefore help to increase steel recycling and secondary steel production rates
and make the prospects for green steel production more realistic. With further work and modifications,
the process developed could be used to treat slurries generated from basic oxygen steelmaking

processes, and secondary vent dust from the primary steelmaking off gas streams. A two-stage process
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for recovering zinc from scrap steel has been proposed. Future work should focus on establishing the
mechanisms and mass balance of ZBB operation for zinc recovery, improving the durability of the cell,
improving zinc recovery Yyields as well as exploration into other steel waste products such as dusts and

sludges from blast furnaces.

Experimental Section

Preparation of zinc—bromine battery cell

A schematic of the cell studied in this work with photographs of individual components are shown in
Fig. 13. The housing of the cell and the end-plates were composed of transparent perspex and the
assembly was held together using nylon threaded bars (Falcon workshop supplies, B076492CLJ) fed
through bore holes positioned in the four corners of the housing. The assembly was tightened using
stainless steel butterfly wing nuts and tested for liquid tightness using deionised water. In between the
bottom end-plate and the housing was a nitrile rubber gasket (RS Components, 681-586), a PV-15
bipolar plate (SGL) and 6 mm hydrophobic porous carbon felt cathode for bromine storage (SGL). For
the electrolyte solution, an aqueous solution of 2 M zinc bromide (MERCK, 99 %, CAS 18921-13-6)
was prepared and 25 mL was transferred into the electrolyte chamber of the cell using a 5 mL pipette
(Thermo scientific Finnpipette F2 pipette, CAT: 4642010). At the top of the cell, there was an open-
ended carbon plastic end-plate, enabling a 4.65 mm hydrophilic carbon anode for zinc plating (SGL) to
be dipped into solution. This was attached to a crocodile clip held in position using a clamp stand.
Connections to a potentiostat were made using crocodile clips attached to the bipolar plate (in the case
of the bromine electrode) and directly onto either the carbon foam or steel anode (in the case of the zinc

electrode).
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Figure 13. Construction and assembly of ZBB cell used in this work. (a) shows a schematic of the cell,
(b) shows photographs of individual components (1) nylon threaded bars, (2) open ended carbon plastic
end plate hydrophilic, (3) hydrophobic carbon cathode, (4) closed carbon plastic end plate, (5) PV15
bipolar plate, (6) stainless steel butterfly wing nuts, (7) carbon plastic cell housing, (8) suspended carbon

electrode, (9) rubber seals.

Cell testing and characterisation

Charge-discharge cycles were measured using an Ivium Technologies Iviumstat.h potentiostat in a 2-
electrode configuration with 4-wires. Each cycle consisted of charging the cell for 1 hour at a current
density of 14.15 mA cm, and subsequently discharging until a cut-off voltage of 0.2 VV or 0.5 V was
achieved (depending on the experiment). When discharging using a carbon foam zinc electrode, a
current density of 14.15 mA cm was used. When discharging using a steel substrate zinc electrode, a

current of 100 mA was used. Due to the different sizes of steel substrate used, this corresponded to
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current densities in the range 9-26 mA cm2. When discharging with steel substrates, the carbon anode
was replaced with steel after charging and before discharge was started. All charging and discharging

cycles were carried out using the lviumsoft transients mixed mode tool.

Scanning electron microscopy (Tescan Tima 3/ Mira 3 x64) was used to characterize the microstructure
of the electrodes. Samples were analysed with preparation or sample coating before introduction to the
SEM. Images were taken using the secondary electron detected with a beam voltage in the range 10.0-

20.0 kV. Elemental analysis was performed using energy dispersive spectroscopy (EDS).
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