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ABSTRACT KEYWORDS
Recovery of manganese as high purity MnSO,4-H,0 from purified Solvent extraction;
NMC111 lithium-ion battery leachate using solvent extraction evaporative crystallization;
and evaporative crystallization was investigated. Bis(2-ethyl- manganese; lithium-ion
hexyl) phosphoric acid (D2EHPA) was used for Mn extraction, ~ Patteries; recycling
Operational parameters for extraction, scrubbing, and stripping

(e.g. pH, number of stages, phases composition) were deter-

mined based on the results of batch equilibrium experiments.

Counter-current extraction in bench-scale mixer settlers

(Vmsu=120 mL) was carried out with 35% v/v (1.05 M) D2EHPA

in Isopar L operated at an average pH of 2.9 and 6 = 1. More than

98% of the Mn was extracted in three counter-current stages

together with 4%, 5% and 3% of Co, Li and Ni respectively. The

distribution of impurities such as Zn, Ca, and Al was monitored

during counter-current operations. Satisfactory removal of Co,

Ni and Li from the loaded organic phase was achieved after

contact with a solution of Mn 4 g/L (70 mM) in two stages at © =

1. A solution with a Mn concentration of 8.7 g/L (160 mM) was

recovered after stripping with 0.5M H,SO, at 6=1 in two

stages. Evaporative crystallization of the product allowed the

recovery of high purity (99.6%) MnSO,4-H,0. A flowsheet for Mn

recovery from LIBs is proposed, and the advantages and chal-

lenges related to it are discussed.

Introduction

The increased awareness of the need for enhancing sustainability for reducing
climate change led to an intensification of electrification in many sectors."
Among such, the electrification of transportation is expected to be the main
driver of a global increase in the demand for lithium-ion batteries (LIBs) in the
next decade.””) According to the McKinsey Battery Insights study carried out in
2022, the value of the entire LIBs value chain is expected to grow by over 30%
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annually, exceeding the value of 400 billion in 2030 with a market size of 4.7
TWh (1 Battery pack = 8-100 kWh, 150-600 kg'™).!"! The need of fulfilling the
intensified LIBs demand by granting a steady supply of both raw materials and
equipment, together with the status of critical raw materials associated to many
elements nowadays employed in the production of LIBs (e.g., Co, Li, Mn, and
Nil*l), led to the development of new regulations (e.g., European Battery
Regulation, 2023"”)) to drive in the development of efficient and reliable recy-
cling processes.!!

Nowadays, the LIBs market is dominated by lithium nickel manganese
cobalt oxide (LiNiyMny,Co; O, NMC) and lithium iron phosphate
(LiFePO,, LFP) cathode chemistries, which accounted for 42% and 47% of
the global demand in 2022.'*! Many of the recycling processes developed focus
on NMC LIBs, due to the high value of the metals that compose the cathode
material. A set of hydrometallurgical, pyrometallurgical, or combined routes
have been proposed, and several reviews summarizing available information
have been published.”>®”! Among these, the hydrometallurgical approach has
been recently widely investigated since it allows to achieve high recovery rates
and high purity of the final products, together with reduced energy consump-
tion and modest greenhouse gases (GHG) emissions. However, upstream
sorting of batteries by chemistry is required and the efficiency of mechanical
pre-treatment plays a decisive role in determining the quality of the
products.!>¢~8!

The first step in the hydrometallurgical recycling route is the leaching of the
black mass, a mixture of cathode, and anode active materials obtained after the
pre-treatment stages. The most widely used reagents are mineral acids (e.g.,
H,S0,, HCI, and HNO3) to which some reducing agents (e.g., H,O,) can be
added to reduce the transition metals present in the cathode, improving their
leachability (e.g. Co®" — Co”*).”) Among the mineral acids, sulfuric acid is
the most widely used due to its cost, effectiveness, and compatibility with the
downstream separation operations.’>®”! The solution produced is referred to
as pregnant leach solution (PLS) and contains Li, Mn, Co, and Ni together
with some Al, Fe, and Cu which are treated as impurities and removed using
precipitation, solvent extraction (SX) or ion-exchange (IX).['*'?! The purified
PLS can be processed to obtain Li, Mn, Co, and Ni in a chemical form that can
be used as cathode material precursors.**"!

Approaches exploiting different unit operations can be used for the
separation and recovery of such metals.””! Separation of Mn, Co, Ni, and
Li by solvent extraction allows high separation efficiencies and high
recovery rates with processes that can be operated close to ambient
temperature and can process large volumes of solutions in short times
due to the fast kinetics of commercially available extractants.' Due to
the selectivity of the available extractants (e.g., D2EHPA, Cyanex 272),
Mn is commonly the first extracted transition metals in SX processes
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applied for LIBs recycling.!"® Avoiding Mn contamination of the Co and
Ni products has been the main driver for Mn recovery from LIBs in the
past. However, in 2023 the European Union added Mn to the list of
critical raw materials due to an increase in its supply risk."*) Most of the
available Mn is indeed mined outside Europe. In 2021, 19.16 Mmt (mil-
lion metric tons) were mined in South Africa, 7.00 Mmt in Gabon, and
6.95 Mmt in China.l'® Moreover, most of the refining is carried out in
China, which also has a dominant role in the production of high-purity
manganese, the material of interest for production of LIBs cathode active
material.'®'”! Therefore, despite the low share of Mn which is globally
devoted to the LIBs market (1% compared to 80-90% used for
steelmaking!'®'*)), its recovery could help lower the risks associated
with its supply and fulfil the recycling goals set by the new European
regulation.

Investigation of the use of SX for recovery of Mn upstream of Co/Ni
separation and Li recovery has been reported in literature.[>'*>2°-24 Bis
(2-ethylhexyl) phosphoric acid (D2EHPA) has previously been investigated
for the extraction of Mn from spent LIBs purified PLS.['>2%22232%] Vigcel
et al.!" report a single-stage efficiency higher than 70% for Mn from
a simulated LIBs leachate when 0.5 M D2EHPA in Isopar L is used at pH
equal to 3.25. The same author® proposed a flowsheet for recovery of MnO,
from LIBs leachate in chloride media using two extraction stages at pH equal
to 2.5, one scrubbing stage, and one stripping stage. Jantunen et al."'* achieved
extraction of 94.2% Mn by 0.8 M D2EHPA from simulated LIBs leachate in
three counter current stages at pH 2.1-2.5.

Downstream solvent extraction process, high-purity Mn can be recovered
in different forms (e.g., oxide or sulfate salt) to be utilized as a cathode active
material precursor. Methods such as coprecipitation and spray pyrolysis are
commercialized and industrially employed for cathode active material
production.’®! The main criteria for the choice of the source of transition
metals for cathode synthesis in wet chemistry method are the type of solvent
and the solubility of the salts used as precursors. Despite the source of
transition metals does not seem to play a major role in determining the
performances of the newly synthetized cathode active material, for methods
which use deionized water, metal sulfate hydrate salts emerged as the most
common choice due to their availability on the market.!**! Production of such
metal salts by evaporative crystallization (EC) of the SX aqueous product is
indicated to be common practice due to the maturity of the technique and the
possibility of achieving high crystal growth rates.!"*!

The purpose of this work is to investigate the production of MnSO,-H,O from
real (industrially pre-treated) NMC111 LIBs purified PLS by solvent extraction
and evaporative crystallization. Furthermore, another objective was to observe
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the behaviour of impurities during counter current operations since their pre-
sence has a crucial impact on the purity of recovered salt.

Materials and methods
Chemicals

Spent EV battery modules were provided by Volvo Cars AB, Sweden.
Dismantling and discharging were carried out by STENA Recycling AB,
Sweden. Battery cells (750 kg) were crushed and underwent mechanical
separation at Akkuser Oy, Finland. The black mass coming from the crushing
process was leached with 2 M H,SO,, solid-to-liquid ratio 200 g/L at 50°C.
Leaching conditions were developed by Aalto University, Finland; while both
the leaching process and the removal of Fe, Al and Cu were carried out by
Metso, Finland. Shortly, Cu was removed by precipitation of CuS through the
addition of a stoichiometric amount of gaseous H,S at 50°C. Al and Fe were
selectively precipitated by addition of NaOH and H,0, at temperatures
between 50°C and 80°C. The composition of the feed solution can be found
in Table 1. The ionic strength of the solution was 6.5 M, the pH was 5.2 + 0.1,
and the redox potential was 235 mV.

The organic phase used for the solvent extraction experiments was prepared
by dissolving Bis(2-ethylhexyl) phosphoric acid (D2EHPA, 97%, Sigma
Aldrich, Germany) in Isopar L (Exxon Mobil, USA). The extractant was
used without further purification. NaOH solutions were produced by dissol-
ving NaOH pellets (>99%, EMSURE) in Milli-Q water and used for pH control
together with concentrated H,SO, (95-98%, Sigma Aldrich, Germany). The
same sulfuric acid solution was diluted in Milli-Q water to prepare the solution
used for stripping of the loaded organic, whereas MnSO4-H,0 (>99%, Sigma
Aldrich, Germany) was dissolved in Milli-Q water to prepare the phase used
for scrubbing.

Batch experiments

Batch experiments for Mn extraction were carried out in 100 mL PP vessels
contacting a total volume of about 30 mL. Phases were mixed at about
1000 rpm for 15 min using a mixer from the mixer settler’s unit. pH

Table 1. Composition of the purified feed solution. Values for which uncertainty is reported
are an average of five ICP-OES measurements. Fe, Cu, and Cd were <LOQ (approximately 0.5,
1 and 0.3 mg/L respectively). F~, CI~, and NOs~ were measured by ion-chromatography. NO3~
was <LOD(5 mg/L).

Li Ni Co Mn Na S0,% F
c (g/L) 416 + 0.09 6.7 +0.2 112+ 03 10.1+0.2 575+ 1.4 603+15 0.
¢ (mM) 600 + 10 115+3 190 + 4 185 + 4 2480 + 60 1879 + 48 56
Al Zn Si Mg Ca P ar

¢ (mg/L) 34+ 4 2+1 8+1 1M£1 15+£5 43+4 25
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adjustment was performed by addition of 10 M NaOH or concentrated H,SO,
solutions. Sampling was performed after satisfactory phase separation was
visually observed. For determining scrubbing and stripping conditions,
when no control of the equilibrium pH was required, the experiments were
carried out in glass vials (3.5mL) using a shaking machine (IKA-Vibrax,
Germany) at 1500 rpm for 20 min. Samples were centrifuged at 5000 rpm
for 5 min to guarantee satisfactory phase separation. In both cases, tempera-
ture was kept constant at 25 + 1°C by using an external thermostat.

Counter current experiments

Continuous counter current experiments were carried out in MEAB Mixer-
settler units (MEAB Metalextraktion AB, Sweden). The active volumes of
mixer and settler were estimated to be 40 and 80 mL, respectively. The aqueous
feed and the organic phase were fed using electromagnetic pumps (EW-
BO8TC-20EPF2, EWN-B11TCER, IWAKI, Japan) with a flow rate of about
5mL/min each (Tyx=4min, 6=1). Mixing at about 1000 rpm was per-
formed. The pH was controlled by feeding 10 M NaOH in the mixing chamber
of each stage using peristaltic pumps (BT103S, Lead Fluid, China). The
counter current extraction, scrubbing, and stripping experiments were carried
out separately to allow testing for the subsequent stage on the real solution. For
instance, after counter current extraction, scrub batch experiments were
performed on the produced loaded organic. All the continuous counter cur-
rent experiments were performed at room temperature (23 £ 2°C). A picture
of the counter-current extraction stages is available in the supplementary
material (Figure S1).

Evaporative crystallization

Crystallization of MnSO4-H,O from the produced stripping solution was
performed in a rotary evaporator (RE150-220, Labfirst Scientific, China), at
50°C and 50 mbar. The obtained crystals were washed multiple times with
ethanol (95%) to remove traces of liquid residues and dried at 50°C before
analysis.

Analytical methods

Metal concentration in liquid samples was analyzed with ICP-OES (Thermo
Fisher Scientific, iCAP™ 6000 Series, USA). The concentration of F~ in the feed
was measured by ion chromatography while an ion selective electrode was
used to measure its concentration in the stripping product. The concentration
of NO; and CI” in the feed and stripping product was measured by ion
chromatography.
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To measure the concentration of metals in the organic phase, back
extraction of the loaded organic with 5 M H,SO, at A:O =5 was performed,
and the H,SO, raffinates were analysed. ICP-MS (Thermo Fisher Scientific,
iCAP Q), was used to determine the content of impurities in the produced
Mn salt. Further characterization of the solid samples was performed using
X-ray diffraction analysis (XRD, Bruker D8 Discover) using a Cu source
with wavelength 1.5406 A, 20 between 10° and 80°, 15 rpm rotation speed,
and generator settings of 40 mA and 40 kV. EVA software (Bruker AXS -
DIFFRAC.EVA.Version 6.0) and JCPDS database (International Centre for
Diffraction Data, ICDD, PDF-5+) were used for analytical interpretation.
Scanning Electron Microscopy coupled with Energy Dispersive X-ray
Spectroscopy (SEM-EDS, FEI Quanta 100 FEG SEM with an Oxford
Instruments X-Max EDS detector) was used to investigate the morphology
of the solid samples and validate the elemental composition of the salts
analysed by ICP techniques.

The pH of the aqueous phases was measured using a pH electrode
(Metrohm 827 pH lab, Metrohm 6.0234.100, Switzerland) calibrated with
pH bulffers 2, 4, and 7 (Merck, Germany). The redox potential was measured
with an ORP electrode (Metrohm 6.0451.100, Switzerland) connected to the
905 Titrando unit (Metrohm, Switzerland). Before use, the electrode was
tested with a reference HgCl, solution of 250 mV (Merck, Germany).

Data treatment

The distribution ratio (D) of the metals was computed using Equation (1).

(M, M~ [M
P, T M M

Where M denotes a generic metal and the overbar indicates that the species is
in the organic phase. The subscript “0” indicates the initial concentration of
the metal, otherwise the equilibrium concentrations must be intended.

The percentage of extraction was calculated using Equation (2).

_100-D M], — [M]
D + 1/9 [M],
Where 0 also indicated as O:A, is the ratio between the volume of the organic
phase (V,,,) and the volume of the aqueous phase (V,,;) and is sometimes

referred to as “phase ratio” in the following text.
The purity of the produced salt was assessed using Equation (3).

%E (2)

WM

D i Wi

Pry =100 - (3)
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Where Py, is the relative purity of the metal M [wt.%], w is either the weight
concentration [g L™'] or the weight fraction [gmeal gsample_l] depending on if
the purity of a liquid solution or of a solid is stated, and i is an index that refers
to all the considered metals. Despite being the most used method for purity
calculations, using weight concentrations/fractions provides results which
neglect the differences in the molar mass of the elements. Values of purity of
the products computed using molarity [mol L™'] and moles content in
a certain mass of sample [moleral gsamplefl] are reported in the supplementary
material (Table S1). Discrepancies in the order of 0.1% were observed.

Results and discussion
Extraction

Effect of pH and extractant concentration on Mn, Co, Ni and Li extraction and
determination of number of extraction stages

Two different concentrations of D2EHPA in Isopar L were contacted with the
feed solution at different equilibrium pH. The extraction of Mn, Co, Ni, and Li
shown in Figure 1 confirms that the selectivity of D2EHPA can be exploited to
separate Mn from Co, Ni, and Li. Moreover, according to Equation (4), which
shows the simplified extraction mechanism characteristic of acidic extractants,
increasing the pH of the aqueous phase favours metal extraction.’””) Mn
extraction above 60% was achieved at pH about 3 with coextraction of Co,
Li, and Ni being, respectively, 3%, 4%, and less than 1% by using D2EHPA
24% v/v (0.7 M) in Isopar L.

100

A A B ‘ﬂ
9 | a
i A
80 |
A o
o P A Mn (24% viv)
i n - A Mn (35% V/v)
60 2 B Co (24% viv)
w
= 50 F /- Co (35% viv)
0 | & i o= o Ni (24% VIV)
* - Ni (35% vIv)
30 | 41 ¢ _
= Li (24% viv)
20 | / B ®
; Li (35% vIv)
10 f I
I A § ¢ ez
i ge P I
0 .. -8 L3 oy .
1 2 3 4 5 6

pH

Figure 1. Extraction efficiency as a function of pH for Mn, Co, Ni and Li extracted by D2EHPA in isopar
L (concentration is reported in parenthesis). 8 = 1, teq=15 min, T= 25 + 1°C, 1000 rpm. Uncertainties
of triplicates are shown. The lines do not represent a fit of the point.
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M+ g (HA), = MA, +vH" (4)
Increasing the concentration of D2EHPA to 35% v/v (1.05 M) enhanced the
extraction of Mn but favoured the coextraction of the other metals as
expected by the increased number of free extractant molecules present in
the system. Coherently with this, a shift in the pHs, was observed. By
graphical interpolation, the pHs, was estimated to be approximately 2.65
for Mn and 4.76 for Co when the initial concentration of extractant was 0.7
M and decreased to approximately 2.13 for Mn and 4.31 for Co when more
concentrated D2EHPA was used. However, good selectivity was achieved at
pH around 3.1 with almost 85% of Mn extracted in a single stage and co-
extraction of Co, Li, and Ni, respectively, equal to 7%, 5%, and less than
2%. The evolution of the logarithm of the distribution ratio as a function of
pH is reported in the supplementary material (Figure S1). Graphical ana-
lysis of the McCabe-Thiele diagram shown in Figure 2 suggests that three
extraction stages are needed to extract 99.9% of the Mn with 6 =1 at pH =
3.2+ 0.1 using 35% v/v D2EHPA in Isopar L at 25 + 1°C. The evolution of
the extraction of Mn, Co, Ni, and Li as a function of the phase ratio is
shown in Figure 3. The results obtained for phase 6 =1 show good agree-
ment with the data obtained in Figure 1 and highlight, as previously
observed, that an increase in the number of available extractant molecules
enhances the extraction of the metals. The co-extraction of metals other
than Co, Ni, and Li was not considered as a criterion in the determination
of the conditions for counter-current extraction, due to their low

14 4
12
10 | ’
any y
387 2
g §2
S0 =
4 b .t
2 /
0 1 1 1 1 1 1 1 1 1 O —
012 3 456 7 8 9 10 11 0 1
(a) [Mnl,q g/L] (b) Mn],q [9/L]

Figure 2. (a) McCabe-Thiele analysis applied to equilibrium distribution of Mn between 35% v/v
D2EHPA in isopar L and purified NMC111 feed solution. T = 25 + 1°C, pH = 3.2 + 0.1, t,q=15min.
Initial [Mn],q = 10.1 g/L (Table 1). (b) Sub-section of the McCabe-Thiele diagram that extends up to
[Mn],q=1 g/L and [Mn],,,=4 g/L. Operating line calculated for extraction of 99.9% of Mn and 6 = 1.
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100 F A 7a x
9 |
80 | o
70 A

60 |

50 | &

%E

40 | O Ni

30

>

20

10

Figure 3. Extraction efficiency of Mn, Co and Li by 35% v/v D2EHPA in isopar L as a function of the
phase ratio at pH = 3.2 £ 0.1, teq=15 min, T = 25 + 1°C, 1000 rpm.

concentration (Table 1) and to the fact that in industrial processes satisfac-
tory removal of impurities is to be achieved before separation of Mn, Co,
Ni, and Li."¥ The distribution of low concentration metals was, however,
monitored during counter-current operations.

Counter-current extraction of Mn

Counter-current extraction operations were initially carried out with the aim of
achieving pH = 3.2 + 0.1 in all three stages. However, despite achieving complete
Mn extraction with such operational conditions, a significant co-extraction of
Co (>15%) was observed. Therefore, the equilibrium pH at which the three
stages were operated was lowered and steady state was achieved at pH =2.9 £ 0.1
in all the stages. According to the conventional theory on residence time
distribution steady state was considered achieved after more than five cascade
volumes were processed.”®! Another viable option for reducing coextraction is
decreasing the flow ratio to increase the crowding of the organic phase.
However, to avoid increasing the complexity of the operation of small-scale
mixer settlers, no adjustment of the flows of the phases was performed. More
than 98% of Mn was extracted in the reported conditions with coextraction of
4%, 5%, and 3% Co, Li, and Ni, respectively. Deviations in the mass balance were
estimated to be below 5% by measuring the concentration of metals in the
organic phase after stripping with 5 M H,SO, and A:O = 5. Despite reducing the
losses of Co due to its coextraction, lowering the operational equilibrium pH
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resulted in an incomplete extraction of Mn which would impact the purity of the
Co product that is generally produced downstream of Mn extraction.*”!

The evolution of the concentrations of Mn, Co, Ni, and Li in the aqueous
and organic phases across the counter-current stages is shown in Figure 4(a).
It is evident that Mn is extracted from the aqueous phase, reaching

14
Aq flow
— B A Mn
| A--- Mnorg
— 10
= —&— Co
8
2 B O Coorg
= —= —
: (SN $
< NN —— Ni
8 ‘ \\i\\\ &~ Niorg
g 2 \E&ﬂow Li
B |
= (o — .. @ Li org
0 1 2 3
(@) Stage
80
=
70 il
%I) 0 Al
'g' 50
S ' & Me
% 40
b 3
3 Si
8 30 I
S A
o 20 N Z o
® 10 R |
= N k Zn
O e
0 1 5 2
(b) Stage

Figure 4. (a) Concentrations evolution of Mn, Co, Ni and Li in the aqueous and organic phases and
(b) concentrations of P, Al, Mg, Si, Ca and Zn in the aqueous phase in a mixer-settler system
composed of three stages operated in steady state at pH= 2.9 + 0.1. 35% v/v D2EHPA in isopar L, 6
= 1, room temperature (23 + 2 °C). Concentration of the feed solution is reported in Table 1, the
concentrations in the aqueous phase are the average of seven samples taken 30 min apart from
each other after achieving steady state. Concentrations in the organic phase are an average of
three samples taken 1 h apart from each other. Number of stages follows the flow of aqueous
phase (left to right).
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a concentration of above 9g/L (~160 mm) in the loaded organic phase
produced. Moreover, a peak of Co, Ni, and Li concentration was observed in
the aqueous raffinate of stage two and in the organic feed of the same stage.
The evolution of Na could not be shown in the plot since NaOH 10 M was
added to the system to control the pH, nevertheless a content of about 250 mg/
L (~11 mM) of Na in the loaded organic phase was measured.

The evolution of the concentration in the aqueous phase of the low concen-
tration elements is shown in Figure 4(b). Complete coextraction of Ca and Zn
was observed in agreement with the known selectivity of D2EHPA in sulfate
systems.”**! Moreover, more than 60% of Al was extracted together with 10% of
Si and Mg. On the other hand, the concentration of P in the aqueous phase was
observed to increase along the stages, suggesting that the extractant, and even-
tually some of its impurities, have been dissolved in the aqueous phase. It is
indeed known that D2EHPA itself has a solubility in aqueous solutions which
depends on the ionic strength, the pH and the temperature.*”*"*? Moreover,
impurities such as alcohols, trialkyl-phosphates, monoalkylphosphorus acids,
and polyphosphorus or pyrophosphorous compounds are sometimes present in
the commercially available D2EHPA. Among such mono-(2-ethylhexyl)phos-
phoric acid (M2EHPA), tri-(2-ethylhexyl)phosphate (T2EHP) and 2-ethylhex-
anol have been reported to be the most common and, in some cases, to have
a higher solubility in aqueous solution compared to D2EHPA.""**] Another
cause of the increased P concentration in the aqueous phase could be entrain-
ment, which could be reduced by optimizing the hydrodynamic of the mixing

process. 271

Scrubbing of impurities

The average content of Mn, Co, Ni, and Li in the loaded organic phase
downstream counter-current extraction was, respectively, about 8.7, 0.43,
0.08, and 0.13g/L (160, 7, 1, and 19 mM). The results differ slightly
from what was observed in Figure 4, possible reasons could be fluctua-
tion in the ICP analysis or most likely a variation in the flow rates
during operation since the extraction was performed on multiple days.
In agreement with what has been previously reported, to obtain high-
purity MnSO,4-H,0 a scrubbing stage is needed to remove the undesired
impurities. Vieceli et al'*®’ and Peng et al.**' report the use of
a solution containing 4 g/L (70 mM) of Mn prepared, respectively,
using MnCl,-4 H,O and MnSO4-H,0. A solution of 4g/L Mn (pH=
5.1+0.1) produced dissolving MnSO,-H,0O in MilliQ H,O was tested.
To avoid losses of Mn, recirculation of the scrubbing product must be
integrated in the process flowsheet by, for instance, reuse in the leaching
stage or in the extraction. Moreover, to reduce the impact of the
recirculation on the process and the chemical consumption, the use of
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Figure 5. McCabe Thiele diagram for scrubbing of the loaded organic phase after extraction using
a solution containing [Mn] = 4 g/L. Initial [Co],q = 430 mg/L. Operating line for 99.9% Co
scrubbing at 8=1, T= 25 + 1°C.

a high 0 in the scrubbing operation is desirable.”””) However, in this

work, a 6 equal to 1 was operated, and no recirculation of the product
was tested.

Equation (5) shows the equilibrium that allows the scrubbing of an unde-
sired metal N by contact with an aqueous solution rich in metal M.

M"" + NA,= MA, + N"* (5)

From the results shown in Figure 5, scrubbing of 99.9% of the co-
extracted Co can be achieved in two counter-current extraction stages
operate at 0 equal to 1, using the above reported conditions. Downstream
of counter-current operations, an average content of Mn equal to 10.4 g/L
(190 mm) was observed in the organic phase, whereas the Co content
decreased below 10 mg/l and Li, Ni and Na were below the respective
LOQs. Analysis of the aqueous raffinate highlighted the presence of
scrubbed Mg, nevertheless no traces of scrubbed Zn and Ca were
observed. Moreover, as noticed during operation of the counter-current
extraction stages, losses of the extractant in the aqueous stream were
highlighted by the higher P concentration of the scrubbing raffinate
compared to the feed. The pH of the scrubbing aqueous raffinate was
measured to be 2.8 £0.1.
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Figure 6. McCabe Thiele diagram for stripping of the loaded organic phase after scrubbing using
a solution of 0.5 M H,50,. Input [Mn],q = 10.4 g/L. Operating line for 99.9% Mn stripping at 0=1,
T=25+1C

Stripping

The scrubbed organic phase was contacted with a solution of 0.5 M H,SO, to
determine the number of stages needed for the stripping operation. The
stripping equilibrium can be observed in Equation (4), and the increased
proton concentration in the aqueous phase favours the back extraction of
the extracted metals by modifying the equilibrium of the system. About 99.9%
of the Mn can be stripped in one counter-current stage with a phase ratio equal
to one, as shown in Figure 6. However, two counter current stages were
operated due to equipment constraints.

The composition of the stripping aqueous product is shown in Table 2 and
a relative purity of the final product equal to 99.5 + 0.5% was predicted.

Approximately 99.5% of the Mn was stripped from the organic phase, which
contained on average a residue of 50 mg/L (I mM) Mn after counter-current
operation. The concentration of Mn in the product was measured to be 8.7 g/L

Table 2. Composition of the aqueous stripping solution obtained after operation of the mixer
settler units. Li, Si, and Mg were found in traces (<1 mg/L), while Al, Cd, Ni, Fe, and Cu were
measured to be below the respective LOQs (0.04, 0.06, 0.1, 0.1, and 0.01 mg/L). Element concen-
tration is reported as an average of three measurements of the aqueous phase. Uncertainty on
purity is computed by propagating the uncertainties on concentration of the single elements. CI~
and NO;~ were measured by ion-chromatography and were both <LOD(1 mg/L). F~ was measured
with an ion selective electrode and were measured to be below LOD (10 mg/L).
Mn Co Na Zn Ca P Relative Purity
¢ (mg/L) 8780 + 30 6+1 11 3+1 16 £ 1 14 +£1 99.5 + 0.5%
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(160 mM), which is lower than what was predicted with mass balance.
Fluctuations in the flow rates were indeed noticed during operation and the
ratio of the final volumes of stripped organic and product resulted to be lower
than one.

Recirculation of a fraction of the final product in the scrubbing stage can be
exploited to increase the efficiency of the process in terms of materials use. The
differences in Mn content and pH between the synthetic scrubbing solution
(pH=5.1+0.1) and the final product (pH =0.7 £0.1) suggest that further
testing is needed to optimize the conditions of the scrubbing operation.
Moreover, investigation of the possible reuse of the organic phase and its
regeneration should be performed.

Evaporative crystallization of MnSO4H,0

Evaporative crystallization of MnSO4-H,O was carried out using the product
generated by solvent extraction at a temperature of about 50°C and 50 mbar.™**!
The product was washed with ethanol, dried at 50°C and manually grinded
before analysis. In Figure 7 the sample XRD pattern of the crystals indicates the
presence of monohydrated MnSO, (PDF car no: 04-010-4027). The composi-
tion (wt%) of the product is shown in Table 3. A relative purity equal to 99.6 +
0.1% was computed using Equation (3) according to the ICP analysis results.
However, quantification of Fe and Si was not possible by ICP analysis due to
matrix interferences. Furthermore, no P was detected when such a technique
was used. Weak signals indicating the presence of traces of P and Si (<0.1 wt%)
were instead given by SEM-EDS spectra (Figure 8). No measurement of the
anionic impurities (F~, NO;~, Cl") in the salt was performed.

Few information regarding purity requirements for battery grade cathode
precursors is available in literature. Moreover, recycling companies do not
easily provide data about the requirements of their products. Nasser et al.*"
collected values indicating requirements for different battery grade salts, and
the data for MnSO,-H,O are included in Table 3. According to such values, the
requirements for Mn content in battery grade MnSO4-H,O were fulfilled by
the salt produced in the current work, together with the requirements on Cu,
Mg, and Cd. On the other hand, the content of Na, Ca, and Zn in the product
exceeds the target values. Presence of Ca and Zn in the product was expected
due to their coextraction since D2EHPA has been proven to be able to extract
both elements at pH lower than Mn. Complete removal of these elements
before entering the solvent extraction circuit must be achieved to reduce their
presence in the produced Mn salt.”**! Investigation on the effect of some
impurities (e.g., Fe, Cu, Al, Ca, and Mg) on the performances of newly
synthetized cathode material is available in the literature. Despite the require-
ments indicated in Table 3, in some cases a beneficial effect due to the presence
of impurities was observed.[**->®!



SOLVENT EXTRACTION AND ION EXCHANGE . 15

—— XRD Pattern

. JWU’UM‘MMMMwwﬁ’wﬂw

PDF 04-010-4027

UM

0 | 20 40
26

I

Figure 7. X-ray diffraction pattern of MnSO,-H,0 product. Comparison is made with PDF 040-010-
4027 for the same compound. Crystalline structure: monoclinic.

Table 3. Comparison between composition (wt%) and purity of the
produced MnSO,4-H,0 and requirements (wt%) for battery grade
MnS0O,-H,0 according to®* uncertainty of the metals wt% is com-
puted from triplicates. Uncertainty of the purity is obtained by uncer-
tainties propagation.

MnSO,4.H,0 Product (wt%) Requirements

Mn 32.39 £ 0.03 >32
Co 0.025 £ 0.001 /

Ni 0.003 £ 0.0001 /

Li 0.001 %+ 0.00001 /

Na 0.016 + 0.006 0.005
Zn 0.010 £ 0.00004 0.001
Mg 0.0021 + 0.00003 0.005
Ca 0.063 + 0.002 0.005
Cu 0.0004 + 0.00002 0.001

Relative Purity 99.6 = 0.1% /
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Figure 8. SEM picture (a) and EDS spectra (b) of MnSO,-H,0 product after ethanol washing, drying,
and grinding.

Filtration and subsequent washing of the crystals was necessary due to the
presence of a liquid residue in the crystallizer (~80 mL from 3.7 L of starting
solution). Analysis of the filtrate highlighted the presence of a high concentra-
tion of sulfur (>7 M), residual Mn (3 g/L, 55 mM), and traces of P (100 mg/L,
3 mM). Losses of Mn in the liquid residue below 1% by weight were estimated
compared to the expected theoretical mass of salt (99.95 g of MnSO,-H,O from
evaporation of 3.7 L of solution).

The presence of highly concentrated sulfur in the filtrate suggests that, during
EC operations, water evaporation promoted the concentration of sulfuric acid.
A concentration of sulfates of 0.48 mol/L was measured in the stripping product,
whereas the total concentration of metals, which can be approximated to be
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Figure 9. Mn solvent extraction and crystallization flowsheet. Dashed lines represent the flow of
organic streams. Dotted lines represent options for streams recirculation.

equal to the concentration of Mn, was found to be 0.16 mol/L. Consequently,
since the molar ratio of Mn** and SO,* in the crystals is equal to 1, an excess of
0.32 mol/L of sulfates can be computed. Such excess acid was concentrated up to
~50% by weight in the non-evaporated liquid.

At last, the liquid crystallization residue also contained P coming from the
dissolution of D2EHPA and eventually some of its impurities in the aqueous
phase, as already discussed in paragraph 3.1.2. Values for the boiling point of
D2EHPA, M2EHPA, T2EHP, and 2-ethylhexanol can be found in the litera-
ture and are, respectively, 393.4 + 25.0°C, 320.6 + 25.0°C (predicted), 215°C,
and 184-185°C.**~*? Such values are all considerably higher than the boiling
temperature of water, meaning that if some losses of extractant in the aqueous
phase occur, they will contribute to the formation of a liquid residue down-
stream of evaporative crystallization.

Based on the obtained results, the flowsheet reported in Figure 9 is proposed
for Mn extraction from purified NMC111 leachate. If direct production of
sulfate salts from the stripping residue of SX is to be performed, minimizing
the excess of sulfates in the aqueous phase could be beneficial for minimizing
the quantity of liquid by-product generated downstream EC, together with
reducing the overall chemical consumption. Moreover, treatment of the strip-
ping residue for removal of the dissolved organic or exploitation of alternative
crystallization techniques (e.g., antisolvent crystallization or precipitation)
could also be considered.!'>*”!
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Conclusions

In this study, the feasibility of Mn recovery as a sulfate monohydrate salt from
purified NMC111 LIBs PLS by solvent extraction and evaporative crystallization
was investigated. Extraction of more than 98% of Mn is achieved in three
counter-current stages operated at an average pH of 2.9, with coextraction of
Co, Li, and Ni equal to 5%, 4%, and 3% respectively. Two scrubbing stages with
a solution of Mn 4 g/L (70 mm) allowed the scrubbing of more than 97% of the
co-extracted Co and 99.5% of the Mn present in the loaded organic was stripped
after two stages using 0.5 M H,SO,. A solution of Mn with a relative purity equal
to 99.5+0.5% was produced and high purity (99.6 +0.1%) MnSO4,H,0 was
crystallized by evaporative crystallization. Further work is needed to optimize
the flowsheet aiming at reducing the chemical consumption, optimizing the
flow ratio, reintegrating the scrubbing raffinate into the extraction or leaching
stage, and testing the recirculation of the stripping product as a scrubbing agent.
Moreover, being solvent extraction a feed-dependent process, careful tuning of
the operational parameters should be performed according to the characteristics
of the initial aqueous phase. Finally, insights on possible factors which could
affect the evaporative crystallization process downstream solvent extraction are
reported and could provide some useful data for the future development of LIBs
recycling processes.
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