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Abstract

Pyrometallurgy is a popular industrial method that is employed in the recovery of valuable elements from black mass (BM),
which is produced by pretreatment of Li-ion batteries. This method struggles with some downsides, such as the incinera-
tion of graphite and high energy consumption. In this study, the goal is to utilize graphite in the BM to produce a master
alloy in an attempt to decrease the energy input requirement. To achieve this, metal oxides (Fe,O; and CuO) are added to
the BM to produce an Fe/Cu-based alloy containing Co/Ni as alloying elements. Mechanical activation is also employed to
decrease the energy requirement and to increase the amount of metal oxide that can be reduced by the graphite in the BM.
The results revealed that it is possible to produce the aforementioned alloys, the efficiency of which can be improved by
applying mechanical activation. After 1 h of milling, the required heat flow for producing Fe- and Cu-based alloys is lowered
for ~10 and ~25 kWh, respectively. Plus, the direct CO, emission decreases for 13—17% in the iron system and 43-46% in
the copper system.
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Abbreviations

LIB Li-ion battery

EU European Union

BM Black mass

MeO Metal oxide

LiMeO, Li metal oxide

LCO A type of battery consisting of LiCoO, as the
cathode material and graphite as the anode
material

NMC A type of battery consisting of LiNi,Mn,Co,0,
(in this study: x=y=2z=0.33) as the cathode
material and graphite as the anode material

TGA Thermogravimetric analysis

PSD Particle size distribution

XRD X-ray diffraction

Introduction

“Lithium-ion batteries have indeed become the critical pillar
for building a fossil fuel-free economy” [1]. The consump-
tion of fossil fuels has led to global warming. This issue drag
the public attention to renewable energies, which are not
applicable unless by using rechargeable batteries, especially
LIBs [2]. The production technologies for manufacturing
batteries have been developed significantly in the recent
years; New battery chemistries have been introduced, new
manufacturing methods have been developed, and scale of
manufacturing has increased. These have led to a price drop
(almost 90% since 2010) in the LIBs for electric vehicles
[3]. This drop in the manufacturing costs make the recycling
seem costly. Moreover, the global recycling rate of LIBs is
already low today, with less than 5% of LIBs being recy-
cled in 2020 [1]. Hence, if efficient and economical recy-
cling methods are developed, the recovery of LIB elements
would replace the extraction of these elements from primary
resources. It will have a direct effect on the economic and
resource issues in this sector. The importance of recycling
and its positive outcome has also been asserted by the EU
Battery Directive (2006/66/EC) [4]. Co, graphite, and Li
(key elements in a broad range of portable batteries and elec-
tric vehicles) are known as critical raw materials in the EU
due to limitations in their geological availability, geopolitics,
and market [5, 6].

The recycling methods mostly begin with a pretreatment
step that can be mechanical, chemical, or thermal. During
pretreatment step, the LIB particles are liberated and the
critical and precious elements are concentrated in a fine
fraction, called black mass (BM) [7, 8]. The main process
to recover valuable metals from BM is either hydrometal-
lurgical, pyrometallurgical, or a combination of these two.
In stand-alone hydrometallurgical processes, such as Recu-
pyl and Batrec, special attention is given to pretreatment to

prepare the BM for subsequent leaching and solvent extrac-
tion. While in the pyrometallurgical process, e.g., Inmetco
and Glencore, an alloy consisting of Ni, Co, Cu and Fe is
produced with Al and Li accumulated in a slag phase. There-
after, the produced alloy can be refined in a hydrometallurgi-
cal procedure, as is done in Umicore [9-11].

Compared to hydrometallurgical, the advantages of the
pyrometallurgical methods can be listed as follows: (i) it
is more flexible since the technology does not need to be
specified for different LIB types and some of the current
technologies are capable of recycling all types of batteries,
e.g., Valdi, Glencore, and Dowa; (ii) there are high capacity
available technologies; and (iii) the passivation step is not
necessarily required [7, 12]. However, high energy demand
plus CO, emission limits the implementation of pyromet-
allurgical processes [12, 13]. Since the pyrometallurgical
process is done at elevated temperatures, in an oxidative
atmosphere, graphite can burns out, like what occurs during
incineration [14-16]. If the process would be in a reduc-
tive atmosphere, graphite can be used as a reducing agent,
although the graphite in the BM is more than the required
C for the reduction of LiMeO, in the BM. It can thus be
expected that part of the graphite remains unreacted after
reduction [17-20].

A decrease in working temperature of a pyrometallurgy
process would lower the energy consumption in this method.
To achieve this, mechanical activation can be employed.
Mechanical activation of minerals and mixed oxides through
milling decreases the particle size and increases their energy
state, which leads to an increase in the thermal reactivity
and subsequently a decrease in the required working tem-
perature. Mechanical activation of, for example, hematite
concentrate, galena, and pyrite has been investigated, and
their thermal behaviour was compared to that of nonacti-
vated minerals. The reduction temperature of hematite as
well as thermal decomposition of galena and pyrite was
lowered significantly [21-26]. It has been reported that the
mechanical activation of carbon-containing mixed oxide
systems enhances the carbothermic reduction kinetics [27].
BM is also a material containing C and MeOs, however, the
effect of mechanical activation on its thermal behaviour has
not been studied thus far.

In the known pyrometallurgical recovery methods, the
graphite in the BM is mostly incinerated before or during
melting, which is not a proper method for its utilization.
On the other hand, the process is energy-intensive, where
mechanical activation can be a method for lowering energy
consumption during recovery. In the current study, a pyro-
metallurgy-based method is proposed for recycling of LIB
components. This study aims at taking advantage of the
graphite present in the BM. Two different MeOs (Fe,0;
and CuQO) were added to the BM to utilize its graphite as a
reducing agent. The feasibility of producing a master alloy
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containing Co/Ni (in the BM) as alloying elements was
assessed. Additionally, mechanical activation was employed
as a process for creating disorder and defects in the lattice
structure and increasing the active surface area to increase
the reduction efficiency of the BM or BM/MeO mixture by
changing the required energy and C consumption.

Experimental
Materials

The BMs from LCO and NMC LIBs were provided by Stena
Recycling International AB, Sweden. Samples with a parti-
cle size of 150-700 um were the focus of the present inves-
tigation, and their detailed description was given in an ear-
lier publication [28]. Their composition is listed in Table 1.
Fe,0; (=325 mesh, 98%, Alfa Aesar) and CuO (97.5%,
AnalaR NORMAPUR) were utilized in the alloying trials.

Characterization

A PSD analyzer (Retsch Camsizer XT) was utilized in this
study to determine the size of the BM particles. A PANa-
lytical Empyrean X-ray diffractometer using CuKo radiation
(A=0.154184 nm) was used in a 20 range of 10-90° with
a step size of 0.026°/s. Phase identification was performed
using HighScore Plus software (v4.7, PANalytical B.V.,
Almelo, The Netherlands). To analyze the C content in the
BM, an EA3000 CHNS-O elemental analyzer from Eurovec-
tor Srl was employed (DIN 51,732). Inductively Coupled
Plasma—Mass Spectrometry (ICP-MS) was used to analyze
the chemical composition. The analysis was done according
to SS EN ISO 17294-2:2016 and EPA method 200.8:1994.

Reduction-Alloying Trials

Initially, Fe/Cu oxides were added to the BM to utilize its
excess graphite and to produce Fe/Cu-based alloys. The
MeOs were mixed with BM in such a way that the net C/O
molar ratio was equal to unity. The C content of the BM
was accounted for in this C/O molar ratio. O in the cathode
active material plus O in the added MeO (Fe,O; or CuO)
were considered as the reducible O in the C/O molar ratio.
In this regard, the ratio of added MeOs to the BM is listed
in Table 2. In the following parts of this paper, the prepared
mixtures will be addressed as noted in this table.

Table 2 Description of utilized mixtures

Mixture MeO (g):BM (g)
MixFeLCO 55.0:45.0 Fe,05:LCO
MixFeNMC 60.5:39.5 Fe,O0;:NMC
MixCuLCO 59.5:40.5 CuO:LCO
MixCuNMC 67.0:33.0 CuO:NMC

Second, a Fritsch Pulverisette 7 Planetary micromill
was used to mechanically activate the BM and MeO-BM
mixtures. The 80 ml cups in this ball mill consisted of 10
hardened steel balls with a diameter of 15 mm. To avoid
excessive heat during milling, each 30 min of milling was
followed by 15 min of cooling. The sample-to-balls ratio
and rotating speed were fixed to 20 g of sample and 10 balls
and 700 rpm, respectively, for the predetermined periods.

The prepared BM and MeO-BM mixtures underwent
reduction-alloying experiments utilizing TGA (Netzsch STA
409) with a detection limit of 1 ug and an Ar flow rate of
100 ml/min. ~1 g sample was used in each experiment. In
the trials applied on the BM, the temperature was increased
linearly at a heating rate of 10 °C/min up to 1100 °C. The
heating was followed by linear cooling to 200 °C at a rate of
20 °C/min. In the MeO-BM mixture trials, the samples were
heated linearly up to 1450 °C at a heating rate of 10 °C/min,
held at that temperature for 1 h, and then cooled to 200 °C
at a rate of 20 °C/min.

Thermodynamic Modeling

FactSage 8.0™ software has been utilized as a thermo-
dynamic calculation tool to study the reactions occurring
at high temperature [29]. The Equilib module, employing
FactPS, FToxid, and FTmisc databases, was used in these
calculations. The ideal gas and pure solids as the main spe-
cies along with the solution phases, as listed below, were
considered:

— FToxid-SLAGA;

— FToxid-SPINA;

— FToxid-MeO_A;

— FToxid-NAShB,;

— FToxid-NASIB;

— FTmisc-FelLQ; and

— FTmisc-CuLQ (since Co is not included in this solution
phase, Co(lig) was added as an ideal solution).

Table 1 The chemical

L Sample (wt.%) Li Co
compositions of LCO and NMC
BM (wt. %) [28] LCO BM 4.0 323
NMC BM 3.6 8.0

Ni Mn Al Cu Si P F C
0.0 0.0 0.9 0.6 1.6 0.5 2.6 35.4
7.3 7.6 0.2 1.6 1.0 0.6 6.5 432
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Fig. 1 Input and output flows used in the mass and energy balance

Mass and energy balances were made to estimate the
energy requirements, the exergy loss, as well as CO, emis-
sions of different cases and they were made by means of
HSC Chemistry v. 10.0.7 and the regarded databases. The
key elements during reduction were considered in these cal-
culations, i.e., Co, Ni, Mn, C, Fe, O, and Li. The input and
output flows were designed as demonstrated in Fig. 1. The
output components were selected based on the results from
XRD and FactSage modeling, which will be discussed later
in this manuscript.

Results and Discussion
Effect of Mechanical Activation on BM Reduction

The PSD of the BM before and after milling from the LCO
and NMC is given in Fig. 2. The d10, d50, and d90 val-
ues are also listed in Fig. 2. d10 decreases by 10 times in
both BM types after 1 h of milling, and a further decrease is
not distinguishable with the utilized equipment. The aver-
age particle size (d50) for the LCO BM is 0.29 mm in the
unmilled sample, which decreases drastically to 0.08, 0.05,
and 0.02 mm after 1, 3, and 5 h of milling, respectively. The
lowest effect is on the d90 value, which decreases by 40%
after 1 h of milling and ~60% after 3 and 5 h. In the NMC
BM, d50 and d90 decrease by 96 and 90%, respectively, after
1 h of milling, while longer milling periods do not influence
the particle size considerably.

The effect of milling on thermal reactivity was further
studied using TGA. Figure 3 shows the mass loss as a
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Fig.2 Cumulative PSD of a LCO BM and b NMC BM under four
conditions: unmilled, milled for 1 h, milled for 3 h, and milled for 5 h

function of temperature at different milling times. Mass loss
begins at ~200-300 °C and continues until ~600 °C in both
types of BM. The curves of the mixtures with different mill-
ing times overlap in this period, while after ~600 °C, they do
not follow the same rate, and at a fixed temperature, different
mass losses are observed in these samples. As an example,
in the LCO BM at 800 °C, a mass loss of 16% occurs in the
unmilled samples, which increases to 23% in the samples
milled for 1 and 3 h. The mass loss decreases to 19% after
milling for 5 h. The change in the NMC BM mass loss,
caused by mechanical activation, can be better observed at
~650 °C, where the mass loss is 10% in the unmilled sample
and 13, 13, and 17% in the samples milled for 1, 3, and 5 h,
respectively. Generally, it can be stated that after 1 h of mill-
ing, an increase in the mass loss rate is observed, while 3 h
of milling does not cause any changes to the BM compared
with the BM milled for 1 h. After 5 h of milling, the mass
loss rate in the LCO BM decreases, and in the NMC BM, it
increases slightly.
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Fig.3 Mass loss as a function of temperature during the reduction of
a LCO BM and b NMC BM before and after milling for 1, 3, and 5 h

The TGA graphs reveal that the main effect of mechani-
cal activation on the reaction kinetics of BM is after 600 °C,
which is the temperature at which the cathode material
(LiCo0O, in LCO BM and LiNi, 33Mn, 35Co; 330, in NMC
BM) transforms to simpler oxides [28]. Since the reactions
were triggered when the temperature was not constant and
it was gradually increasing, the reduction reaction shifted
to a lower temperature range. In other words, the increase
in the reduction rate, after 600 °C, lowers the temperature
of the subsequent reduction of produced oxides (Co and Ni
oxides).

Generally, the reduction behaviour of BM with different
periods of mechanical activation shows that milling affects
the reduction temperature of BM after transformation of
the cathode material to its constituent oxides. Regarding
the milling periods, it was seen that milling for 1 and 3 h
has almost the same effect and shift the reduction to a lower
temperature range. Milling for 5 h had an opposite effect in
the LCO BM and a negligible effect in the NMC BM.
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Fig.4 Mass loss as a function of temperature during the reduction of
a MixFeLCO and b MixFeNMC

Reduction Behaviour of MeO-BM Mixture

To maximize the utilization of graphite and produce Fe/Cu-
based alloys, Fe,0; and CuO were added as described in
Table 2.

Iron System

The mass loss during heating of the Fe,0;-BM mixture is
plotted in Fig. 4. Mass losses of 44 and 43% for MixFeLCO
and MixFeNMC are recorded until 1450 °C, respectively.
The mass loss begins at 150-200 °C and continues until
1450 °C for both BMs.

The reduction of Fe,O5 occurs in multiple steps by reduc-
tion to Fe;0,, FeO, and finally Fe, which has been explained
thoroughly in the literature [30, 31]. All these occurring
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reduction reactions result in different slopes in the mass
loss trend; since this is not the concern of this study, the
details will not be investigated in this article. According to
the literature, the reduction of Fe,O; to Fe is complete after
reaching a temperature of ~ 1150 °C [30]. The continuation
of mass loss at temperatures higher than 1200 °C (with a
different mass loss rate) can be attributed to the late reduc-
tion of some oxides. This can also be due to the reaction of
irreducible oxides (by carbon under the present experimental
conditions) such as Li,O and MnO with F, which produces
Li/Mn fluorides and O. O can then react with graphite and
produce CO.

FactSage predicts the phases that are thermodynami-
cally stable at 1450 °C. The results are presented in Fig. 5.
All Fe, O3 is reduced to Fe alloys together with Co (and Ni
in MixFeNMC) in the BM. Almost all Li remains in the
slag phase (in the form of oxide and fluoride), Mn remains
mainly in the oxide form, and the rest forms fluoride. Fur-
thermore, no graphite remains after reduction, which is
mainly related to the fact that thermodynamically CO is
the only gaseous product of reduction of metal oxides at
1450 °C [28]. However, during the experiment, the reduc-
tion begins at lower temperatures where both CO and CO,
are produced. Compared to CO as a reduction product, CO,
production consumes less C. Hence, the C analysis indicates
that graphite remains in the sample after reduction, which is
not in line with the FactSage calculations at 1450 °C.

Copper System

Figure 6 presents the mass loss of the CuO-BM mixture
as a function of temperature during heating in a reductive

®)

FeCo;

N

51%

il siag

Fig.5 a MixFeLCO and b MixFeNMC reduced at 1450 °C, calcu-
lated by FactSage: Phase distribution and slag calculated components
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Fig.6 Mass loss as a function of temperature during the reduction of
a MixCuLCO and b MixCuNMC

atmosphere. 33 and 30% mass losses occur in MixCuLCO
and MixCuNMC, respectively. The mass loss starts at
~250 °C and continues until 1450 °C.

Based on FactSage calculations, in the presence of CuO
and C, Cu is thermodynamically stable at room tempera-
ture. It has been reported that practically, reduction begins
at higher temperatures; for instance, 440 °C was reported in
a study as the starting point of CuO carbothermic reduction
[32]. In general, the reduction starting temperature depends
on kinetic factors, such as the heating rate, the particle
size, and the contact between the reducing agent and CuO.
In the current study, CuO reduction begins at ~300 °C.
The change in the mass loss at ~600 °C can be related to
the transformation of LiCoO,/LiNi, 33Mn 33Co 330, that
has been discussed previously. Thermodynamic modeling
reveals that Cu begins to melt at ~1000 and ~800 °C in
MixCuLCO and MixCuNMC, respectively. The continua-
tion of the mass loss at higher temperatures, as explained
in the iron system, can be due to (i) the late reduction of
the remaining oxides or (ii) the reaction of the irreducible
oxides with F.
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Fig.7 a MixCuLCO and b MixCuNMC reduced at 1450 °C, calcu-
lated by FactSage: Phase distribution and slag calculated components

According to the results obtained from FactSage calcu-
lations at 1450 °C (Fig. 7), Cu-based alloys are the main
products of the reduction. It seems that part of the excess
graphite in MixCuNMC forms Mn carbide. Generally, in
both systems, the slag compositions demonstrate that Li,0,
LiAlO,, and LiF are thermodynamically the Li-containing
compounds at that temperature.

Effect of Mechanical Activation on the Reduction
of MeO-BM Mixture

TGA of the BM in Sect. “Effect of Mechanical Activation
on BM Reduction” showed that milling for 5 h in the LCO
BM is not beneficial, and in the NMC BM, is very insig-
nificant, which makes further milling (5 h) unnecessary
from an energy point of view. On the other hand, it has been
observed that milling for 1 and 3 h has the same effect on the
reduction of BM. Accordingly, 5 h of milling was omitted
for the mixture of Fe,O; and BM, while the condition of 3 h
of milling was kept examining whether it has any significant
influence with the addition of MeO.

Iron System
Figure 8 illustrates the mass loss profile of Fe,0;-BM mix-
tures with different periods of milling. The curves show the

different behaviours in general. To observe this more specifi-
cally, the mass loss of the Fe,05-LCO mixture at 900 °C is
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Fig.8 Mass loss as a function of temperature during the reduction of
a MixFeLCO and b MixFeNMC before and after milling for 1 and
3h

taken into account. A mass loss of 12% is recorded at that
temperature for the unmilled sample, which increases to 18%
after milling for 1 h, and the mass loss difference between
the mixture milled for 1 h and the one milled for 3 h is only
2%. Considering the same temperature in the Fe,0;,-NMC
mixture, the mass loss increases from 14% in the unmilled
mixture to 20 and 22% in the mixtures milled for 1 h and 3 h,
respectively. Generally, a significant effect is observed after
1 h of milling, while the effect of milling for 3 h compared
to 1 h is negligible.

XRD measurements were performed on several sam-
ples with the same composition but different mechanical
activation periods. For simplicity, only one measurement
for each composition is presented. The reduced samples
of mixtures milled for 1 h were selected for XRD meas-
urements. Figure 9 demonstrates the XRD patterns of the
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Fig.9 XRD patterns of reduced a MixFeLCO and b MixFeNMC
milled for 1 h

reduced Fe,0;-BM mixtures milled for 1 h. Peaks attributed
to graphite (represented as Gr in the graphs) and metallics
such as Fe, Co, and Ni are detected in these patterns. The
interaction of the Fe matrix with Cu-tube radiation should
also be taken into consideration. This interaction leads to
fluorescence that increases the background level; hence, it
is not reliable to compare the peak intensities in the pattern
[33].

The chemical composition of unmilled and milled mix-
tures after reduction is listed in Table 3. The main elements

in the BM plus Fe in the added MeO are considered as the
main elements, and the rest are reported as other. The main
effect can be observed for the amount of C remaining in the
reduced mixture, which increases with increasing milling
time. The remaining C is almost constant after 1 and 3 h of
milling.

The results in Fig. 8 show that mechanical activation
affects the reduction rate after ~600 °C, and this effect
continues to the temperature of ~1100 °C. Jung and Yi
[30] stated that the reduction of FeO to Fe is completed at
1147 °C, the temperature at which the milling effect ends
based on Fig. 8 [30].

The XRD patterns in Fig. 9 show that Fe-based alloy and
graphite are both present in the sample. The chemical analy-
sis of unmilled reduced mixtures (Table 3) also shows that
C remains after reduction. It can be perceived that although
Fe,0; was added based on the C:O molar ratio of one, the
graphite in the BM is capable of reducing more oxide. By
increasing the milling time (especially after 1 h) and conse-
quently decreasing the temperature range in which the reduc-
tion takes place, the amount of excess C (remained after
reduction) increases. To explain this matter, the Boudouard
reaction should be taken into account, which discusses the
partial pressure of CO/CO, by changing the temperature in
Eq. 1. Based on this reaction, by decreasing the temperature,
the partial pressure of CO, increases. The production of CO,
in a reduction reaction consumes less C compared to a reac-
tion with CO as a product.

C + CO, = 2CO )

To investigate this further, mass and energy calculations
were performed to study the effect of a longer milling time
on the required heat input for the system. Furthermore, the
CO and CO, contents in the off-gas were calculated using
the final excess carbon as a variable. The calculation results
are shown in Fig. 10. The modeling indicates that by increas-
ing the milling time, there is a decrease in the required input
heat flow, which is accompanied by a decrease in CO and
an increase in CO, content in the off-gas. This is what was
expected from the TGA results (Fig. 4), i.e., by increas-
ing the reduction rate, the reduction takes place in a lower

Table 3 Chemical composition

. . Mixture Milling time Chemical composition
of unmilled and milled
Fe,0;-BM mixtures after Fe Co Mn Ni C Li Other
reduction at 1450 °C
MixFeLCO  Unmilled 63.4+02 269+0.0 0.0 0.0 32+0.0 23+05 42
lh 62.7+0.3 263+0.0 0.0 0.0 6.0+02 15+03 34
3h 61.1+1.0 26.1+04 0.0 0.0 6.8+0.1 2.5+05 35
MixFeNMC Unmilled 689+00 82+0.0 65+00 75+00 3.5+00 25+05 29
lh 70.5+0.5 6.2+0.1 52+00 6.0+0.1 7.6+04 23+05 23
3h 69.5+09 64+0.1 54+01 6.1+0.1 7.7+03 29+06 2.0
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Fig. 10 Energy consumption and CO/CO, production during the » (a)

reduction of a MixFeLLCO and b MixFeNMC at 1450 °C, calculated
by HSC chemistry

temperature range, which requires lower energy input.
In addition, both the experimental and modeling results
show that by increasing the milling time the CO/CO, ratio
decreases and the final excess C increases.

Mass and energy balance simulations were also used to
estimate the effect of milling on the CO, emissions of the
process. The results of this estimation for MixFeLCO and
MixFeNMC systems are presented in Fig. 11, in which the
emissions are shown separately for direct emissions from the
process (i.e., Scope I) and for indirect emissions from the
energy production (i.e., Scope II). For Scope II emissions,
specific CO, emissions of 0.820 kg/kWh, 0.030 kg/kWh and
0.012 kg/kWh were used for energy produced from fossil,
renewable and nuclear sources, respectively [34]. The per-
centage values shown in the Fig. 13 indicate the reduction of
CO, emissions due to milling in different cases.

The calculated exergy balances are depicted in Fig. 12.
During the reduction of unmilled MixFeLCO, exergy emis-
sion is 2.27 x 10° kJ, which decreases to 2.09 x 10° and
2.04x 10° kJ after 1 and 3 h of milling, respectively. This
change in the reduction of MixFeNMC is from 2.40 x 10° kJ
in the unmilled mixture to 2.15x 10° and 2.14 x 10° kJ after
1 and 3 h of milling, respectively.

Copper System

As observed in the previous sections, milling for 3 h, com-
pared to 1 h, does not significantly change the mass loss rate
of the BM and Fe,0;-BM mixture. Therefore, the condition
of 3 h of milling is omitted for the CuO-BM mixtures.

Figure 13 depicts the mass loss of the CuO-BM mixture
during heating until 1450 °C. It can be seen that mass loss
occurs with a higher rate after milling for 1 h. The effect of
mechanical activation is mainly observable in the tempera-
ture range of 300-900 °C. For instance, at 700 °C, the mass
loss increases by 4% and 11% after 1 h of milling in the
LCO-CuO and NMC-CuO mixtures, respectively.

The XRD patterns of the reduced mixtures are presented
in Fig. 14. Similar to what was observed in the iron sys-
tem, in addition to graphite peaks, they are peaks of metal-
lic phases, including Cu, Co, and Ni (particularly in Mix-
CuNMCO). The peak intensities in the iron and copper system
are not comparable, because of different components, dif-
ferent grindability of materials and the fluorescence effect
(even by using monochromator for suppressing the fluores-
cence) [33].

The chemical composition of the Cu-containing mix-
tures after reduction is listed in Table 4. The results of
the unmilled and milled samples show that mechanical

@ Springer

Heat flow input (kWh)

100

90

80 1

96.2

88.0

83.6

R

unmilled

1 h milled

3 h milled

CO, CO, (vol. %)

27 %
CO2

47 %
CO2

54 %
CO2

unmilled

1 h milled

3 h milled

Ball milling (kWh)

(b)

Heat flow input (kWh)

100 1

90

100.5

80 -

88.8

— |

86.2

unmilled

1 h milled

3 h milled

CO, CO, (vol. %)

14 %

40 %
CO2

41 %
CO2

unmilled

1 h milled

3 h milled

Ball milling (kWh)



Journal of Sustainable Metallurgy (2023) 9:522-536

531

3.0

(@

(S
o

CO2-emissions (kg/kg-product)
- - X
<) A

e
n

0.0

Unmilled (Fossile)
Unmilled (Nuclear)

Milled 1 h (Fossile)
Milled 1 h (Nuclear)

Unmilled (Renewable)
Milled 1 h (Renewable)
Milled 3 h (Fossile)
Milled 3 h (Renewable)
Milled 3 h (Nuclear)

B Scope 1 (Direct) m Scope 2 (Indirect = Energy)

3.0

o
=]

CO2-emissions (kg/kg-product)
5 &

e
n

0.0

Unmilled (Nuclear)

=
)
@
Z
£
=
2
E|
5

Milled 1 h (Fossile)
Milled 1 h (Nuclear)
Milled 3 h (Fossile)
Milled 3 h (Nuclear)

Unmilled (Renewable)
Milled 1 h (Renewable)
Milled 3 h (Renewable)

B Scope 1 (Direct) m Scope 2 (Indirect = Energy)

Fig. 11 Specific CO, emissions during reduction of a MixFeLCO,
and b MixFeNMC at 1450 °C, calculated by HSC chemistry

activation significantly increases the final C that remains in
the sample after reduction.

By comparing the TGA graphs in Fig. 13, it is seen
that the mechanical activation affects the system from
~200-300 °C (beginning of CuO reduction) to ~1000 °C
(MixCuLCO) and ~800 °C (MixCuNMC), where Cu
begins to melt according to FactSage calculations. There
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Fig. 12 Calculated exergy balance of a MixFeLCO, and b
MixFeNMC reduction at 1450 °C

is almost no change after mechanical activation at higher
temperatures. Generally, mechanical activation changes
the surface properties of solid particles. When the system’s
main component melts, there is no other solid surface, and
thus mechanical activation no longer affects the reaction
kinetics.

Figure 15 demonstrates the results from mass and
energy balance calculations. Similar to what was dis-
cussed in Iron system, milling of the CuO-BM mixture
leads to higher reaction rates, which shifts the reduction
occur to a lower temperature range; thus, less energy
input is required. This also results in a lower CO/CO,
ratio that increases the final amount of excess C after
reduction.

According to what has been discussed for the MeO-
BM mixtures, it can be stated that by applying mechanical
activation and increasing the reduction rate, the efficiency
of the reduction process can be increased. The C in the
BM can be used to reduce more MeO, and then a lower
temperature is required for the reduction.
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Mass and energy balance simulations were also used to
estimate the effect of milling on the CO, emissions of the
process. The results of this estimation for MixCuLCO and
MixCuNMC systems are presented in Fig. 16, in which the
emissions are shown separately for direct emissions from
the process (i.e. Scope I) and for indirect emissions from
the energy production (i.e. Scope II). For Scope II emis-
sions, specific CO, emissions of 0.820 kg/kWh, 0.030 kg/
kWh and 0.012 kg/kWh were used for energy produced
from fossil, renewable and nuclear sources, respectively

10 20 30 40 50 60 70 80 90
26 (%)

Fig. 14 XRD patterns of reduced a MixCuLCO and b MixCuNMC
milled for 1 h

[34]. The percentage values shown in the Fig. 16 indicate
the reduction of CO, emissions due to milling in different
cases.

Exergy balance has been calculated in the Cu mixtures.
As shown in Fig. 17, the exergy emission is 1.23 x 10° kJ
for the reduction of unmilled MixCuLCO, which
decreases to 0.67 x 10° kJ after an hour of milling. In the

Table 4 Chemical composition

. . Mixture Milling time Chemical composition
of unmilled and milled
CuO-BM mixtures after Cu Co Mn Ni C Li Other
reduction at 1450 °C
MixCuLCO  Unmilled 70.5+0.2 25.0+0.0 0.1+0.0 0.1+0.0 09+0.1 14+04 2.0
1h 70.5+0.1 17.0+0.1 0.0 0.0 8.9+00 19+0.6 1.8
MixCuNMC Unmilled 849+08 44+00 32+00 35+00 2.0+07 13+04 0.7
1h 76.4+03 37+0.0 32+0.0 34+0.0 105+03 1.6+05 09

@ Springer
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Fig. 15 Energy consumption and CO/CO, production during the »

reduction of a MixCuLCO and b MixCuNMC at 1450 °C, calculated
by HSC chemistry

MixCuNMC, an hour of milling changes the exergy loss
from 1.06 x 10° to 0.46 X 10° kJ.

Comparing to the iron system (Fig. 10), it has been
seen in the copper system that mechanical activation has
a more significant effect on lowering the required input
energy. To explain, thermodynamics and kinetics of the
reactions should be both taken into account. From the
thermodynamic point of view, the reduction of CuO to
metallic Cu is feasible at room temperature, while reduc-
tion of Fe,O; requires elevated temperatures. Hence, the
only factor that postpones the reduction of CuO to higher
temperatures is kinetics of the reaction. Because of that,
changing the kinetic parameters (decreasing the particle
size) has a more significant effect on the copper system
comparing to the iron system. By increasing the reduc-
tion rate, reduction shifts to a lower temperature range,
which increases the CO,/CO ratio. This results in con-
sumption of a lower amount of C that equals to consump-
tion of lower chemical energy, and consequently saving
more energy.

Conclusions

In this research, it was attempted to address some of the
major downsides of pyrometallurgical methods in recov-
ering metallic elements from LIB BM: graphite loss, high
energy consumption, and CO, emission. To avoid graph-
ite loss, the feasibility of alloy making using BM was
investigated by the addition of Fe,O5 and CuO to two
types of BM (LCO and NMC). Regarding high energy
consumption and CO, emission, mechanical activation
was proposed as a solution. The experimental work
showed that by adding MeO to BM (with a total C/O
ratio of one), the added MeO was completely reduced to
the metallic form, where Co (and Ni in NMC BM) would
also be reduced. It was observed that mechanical activa-
tion increases the reduction rate; accordingly, the reduc-
tion reactions shift to a lower temperature range, and
consequently, less energy is required for the reduction
of BM and MeO-BM mixture. Another consequence of
mechanical activation is that by lowering the temperature
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Fig. 16 Specific CO, emissions during reduction of a MixCuLCO,
and b MixCuNMC at 1450 °C, calculated by HSC chemistry

range that reduction takes place, the ratio of CO,/CO (as
reduction products) increases, which leads to consump-
tion of lower amount of C and lower total CO, emission.
This effect increases the C remaining in the system. In
general, mechanical activation enables the reduction of
more MeO by the BM and decreases the energy consump-
tion and CO, emission.

@ Springer

Fig. 17 Calculated exergy balance of a MixCuLCO, and b Mix-
CuNMC reduction at 1450 °C
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