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ARTICLE INFO ABSTRACT

Editor: S. Deng Selective critical metal recovery from black mass leachates (BML) is a great challenge for the Li-ion batteries

recycling sector. This paper shows the potential of nanocellulose products as green adsorbents for a selective

Ke_}"f"or ds: recovery of critical metals through multibatch sorption processes. Cellulose nanocrystals (CNCs) and cellulose
(Sjrmc'al metal recovery nanofibers (CNFs) of 0.4 and 1.5 meq/g cationic demand, respectively, have been produced and used as bio-
orption

sorbents. Metal leaching from non-pyrolyzed black mass with HCl presented the highest critical metal extraction
yield, obtaining up to 10 g/L of Co and more than 1 g/L of Cu, Mn and Ni. The adsorbents were tested under
different dosages and pH conditions for the treatment of both synthetic multimetal solution (MMS), with Mn, Cu,
Co, and Ni, and real BML, through a multiple step batch treatment to increase the selectivity towards each critical
metal. For MMS treatments, the lowest pH (1-2) conditions are favorable for Co separation, reaching 135 g/g,
while higher pH values (4-5) are better to recover Cu and Ni. Selectivity indexes between metals could reached
values above 40 for the optimal conditions. For the treatment of BML, pH around 3 enhanced the selectivity of Al
and pH of 5 of the Li. In this case, metal recoveries were higher than 30 g/g. When CNCs were used, more than 4
g/g of Co was adsorbed, recovering more than 99 % of the Co present in the waste. 99 % of Co purity was
obtained at the optimal Co selective recovery conditions. Although the studied critical metals were strongly
sorbed onto the nanocelluloses, a solution with a concentration of 2.5-5 g/L of these metals could be extracted
from desorption tests.

Black mass leaching
Cellulose nanocrystals
Cellulose nanofibers
Multiple step batch

1. Introduction Circular economy, including material recyclability, minimization of

waste production or revalorization of products in their end-of-life (EOL)

In the last years, a rising interest in the recovery of valuable by-
products from electronic waste has emerged. The recovery of critical
metals through the application of recycling methods is becoming a
priority due to the lack of natural resources. In the case of cities, gov-
ernments are trying to exploit the potential of urban mining to achieve
the goals of circular economy and urban sustainability. This factor is
equally essential for the sustainability of companies that use them as raw
materials, just like the battery, metal plating, or the electronic sectors.

stage has become one of the most relevant tendencies in research during
the last two decades [1]. In the European Union (EU), the Directorate-
General for Internal Market, Industry, Entrepreneurship and SMEs
elaborates a List of Critical Raw Materials (CRMs) every 3 years since
2010. This List of CRMs is ruled by the EU Regulations 168/2013, 2018/
858, 2018/1724 and 2019/1020 [2], and it is the official report which
includes the state-of-the-art about the CRM and the list of new critical
materials established by the European Union for the next period [3]. In

Abbreviations: BML, Black Mass Leachate; CC, Carboxylic Content; CD, Cationic Demand; CNCs, Cellulose Nanocrystals; CNFs, Cellulose Nanofibers; CRMs, Critical
Raw Materials; EOL, End-of-Life; LIBs, Lithium-lon Batteries; MMS, Multimetal Solution; MSB, Multiple Step Batch; NCs, Nanocelluloses; PDADMAC, Poly(dia-
llyldimethylammonium chloride); PesNa, Polyethylenesulfonate; Tc00 nm, Transmittance at A=600 nm.
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2023, this list included several metals, such as cobalt, copper, nickel or
manganese [3]. In the special case of cobalt and manganese, the reliance
of EU on imports (81 % and 96 %, respectively) represents a critical risk
of high relevance since their recycling rate from EOL products is low (22
% and 9 %, respectively) [3]. In the same way, the US Geological Survey
(USGS) has proposed the 2022 List of Critical Minerals, where cobalt,
manganese and nickel are also included [4]. According to the USGS, the
US Government will focus the effort on assuring the maintenance of the
supply chain of these critical metals, together with the rest of the min-
erals in the list [4]. In accordance to the OECD Trade Policy Paper on the
CRM for the Green Transition, one of the main factors promoting the
metal recyclability efforts in government policies is that the top 3 pro-
ducers of the mentioned metals in 2019 reach up to a 50 % of the Cu and
Ni production and reserves, a 55 % of Mn ones and a 75 % of the Co ones
[5]. As an example of the relevance of this matter for certain regions,
neither of those top 3 suppliers are EU members [5]. Thus, the rest of the
zones must adapt their strategies on boosting the recyclability of this
metals.

The recycling process of lithium ion spent batteries (LIBs) is
composed of varied operations. These operations can be sorted as pre-
treatments like dismantling through mechanical treatments, as crushing,
grinding, and sieving [6,7]. The final product obtained from the pre-
treatment is called black mass [6]. These black masses contain a large
concentration of varied critical metals, such as cobalt, manganese or
nickel [8]. In the last years, the interest on the recovery of these critical
metals from spent LIBs has increased exponentially [9]. According to
Google patents, the yearly number of patents dealing with “black mass
metal recovery” has suffered a 9-fold rise between the 1990 s to the
2020 s, reaching around 22,500 patents per year [10]. Between the
different technologies available for the metal recovery, hydrometallur-
gical and pyrometallurgical processes are the most developed and
widely applied at industrial scale [11]. Pyrometallurgy allows the re-
covery of the metals without intense pretreatment, as the metals are
recovered as an alloy which contains the high-added value metals pre-
sent in the initial battery [11]. Although it is a well-known and efficient
technology, this process is energy intensive and supposes a high oper-
ation cost, especially when a high grade of the metals (like copper or
precious metals) is required [12]. Hydrometallurgical processes are a
great alternative to the thermal processes. They are based on the
leaching of the metals by applying solvents to the black mass after the
application of the corresponding pretreatment [12]. Inorganic acids like
HCI or HySO4 have been widely applied for metal extraction [13]. These
acids permit the obtention of high extraction yields from the black
masses, even recovering more than 99 % of several metals [13]. The
optimization of the operating conditions like solid-liquid ratio, acid
selection or the presence of black mass pretreatment, is critical to reach
the highest extraction of the metals [14].

The following step after metals leaching is the separation of the
metals from the black mass leachate (BML) for their recovery. Several
operations are available nowadays with this aim: solvent extraction,
precipitation, ion exchange, electrochemical deposition, electrowinning
or sorption [13,15,16]. Among them, sorption processes are an attrac-
tive choice for the recovery of metals, as they are inexpensive, simple to
manage, and could be applied to several types of metals after an
adequate optimization [15]. Generally, sorbents are applied in the
treatment of effluents with low metal concentrations to comply with the
limits of discharge [17]. In these cases, due to such low metal content,
most of the highest sorption capacities of the metals reported in bibli-
ography vary from dozens to a few hundred of mg of recovered metal per
gram of adsorbent. These levels have been reported for the recovery of
many metals, like cobalt [18,19], nickel [17], copper [17,20], neo-
dymium [21] and gold [17], among others. On the other hand, the
optimization of sorption processes to reach larger sorption capacities
while introducing highly concentrated leachates is yet to be explored. A
deeper investigation in the use of novel nanomaterials is necessary in the
search of more efficient sorbents. Nanocellulose (NC) products have
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recently attracted the interest of researchers due to their promising
behavior. These are nano-sized cellulosic materials which present a high
surface area and a high number of active sites which surface can be
easily modified [22]. There properties are essential to obtain large
sorption capacities, high selectivity and strong binding affinity with the
metals [23]. These NC sorbents can be made of sustainable and cost-
effective lignocellulosic raw materials, whose production process
viability is equally relevant to assess [23]. Two main different NC
products can be produced from cellulosic sources: cellulose nanocrystals
(CNCs) and cellulose nanofibers (CNFs) [24]. In the recent days, most of
the applications of NC for metal sorption are dedicated to wastewater
treatments, with the aim of substituting conventional sorbents like
activated carbons by biosorbents [25,26]. Thus, their application in the
recovery of critical metals from BML could imply a relevant advance for
the further development of NC environmental applications although it
has not been deeply studied yet.

Another important issue dealing with achieving high metal recovery
yields is the selection of the operating conditions of the process.
Commonly, published studies include experiments to adequate param-
eters as pH, sorbent dose or contact times. Nevertheless, the use of single
batch experiments is abundant. Thus, the selection of other types of
operation is usually not performed although it could provide useful data
for a further implementation of the sorption process. With a view on this
fact, one option to promote a larger and selective recovery of the metals
could be a multiple step batch (MSB) operation. This operation has
several advantages for the proposed objective of recovering metals from
BML [27]. Thanks to the sequencing of the process into a certain number
of cycles, it is easier to focus each step on the segregated recovery of the
metals from BML. This would be performed through the application of
the most critical optimized parameters for the sorption of each metal,
like the type of NC, the dosing of sorbent and the operation pH.

The main objective of the present study is to design strategies based
on multiple step batch sorption processes for the selective recovery of
metals from BML by using NC products as sustainable sorbents. Thus,
firstly BML are generated through the application of HCl and H»SO4 and
CNCs and CNFs are synthesized and characterized. Secondly, the bio-
sorbents are tested under different conditions for the removal of Mn, Cu,
Co and Ni and the process is optimized for the selective removal of
metals. Finally, desorption tests from spent CNCs and CNFs with
different reagents are also carried out.

2. Materials and methods
2.1. Reagents and materials

The black masses used in this study were kindly supplied by a
company dealing with Li-ion batteries recycling. There were two
different types of black masses studied for the leaching tests, depending
on the implementation of pyrolysis step to remove graphite from the
black mass prior the acidic leaching.

The cellulosic sources to produce the CNFs and CNCs were bleached
pulp from eucalyptus and commercial cotton linters, respectively, CNFs
is produced by a TEMPO mediated oxidation and CNCs following an acid
hydrolysis synthesis the procedures has been previously described by
Ojembarrena et al. [28,29].

The commercial chemicals and solutions used in the experiments
were: HCl (837 % v/v) and H2SO4 (98 % v/v), purchased from Labkem
(Spain); hydroxylamine hydrochloride, 2,2,6,6-tetramethylpiperidin-1-
yl-oxyl (TEMPO) and AgNOs, purchased from Sigma Aldrich (USA);
NaOH pellets, NaCl, NaBr and NaClO solution (10 % w/v), purchased
from Panreac (Spain); CuCly-2 H30 and CoCly-6 Ho0, purchased from
Fisher Scientific (USA); MnCl,-4 H20 and NiCly-6 Hy0, purchased from
Carlo Erba (Switzerland). The standard solutions of 0.001 N of poly
(diallyldimethylammonium chloride) (PDADMAC) and poly-
ethylenesulfonate (PesNA) used to determine the cationic demand were
purchased from BTG Instruments AB (Sweden). The standard solutions
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of Co, Mn, Cu, Ni, Fe, Zn, Al and Li (1.000 mg/mL) used to prepare the
solutions for the calibration of the ICP device were purchased from
Sigma Aldrich (USA). All the purchased reagents were of analytical
grade. Dialysis membranes (12000-14000 Da weight cut-off) were
necessary to purge the excess of acid during the CNC synthesis. The
water used in all the experimental procedures was ultrapure water.

2.2. Synthesis routes of nanocellulose products

2.2.1. Cellulose nanocrystals synthesis

The synthesis of CNCs was performed as indicated by Campano et al.
(2020) [30]. In summary, the process is composed of a first acid hy-
drolysis of cotton linters and the following purification of the CNCs. The
hydrolysis was carried out under mild heating (45 °C) and 64 % H2SO4
conditions. After 45 min, the slurry was diluted ten times and left
settling overnight. The settled solids, which are the produced nano-
crystals, were separated from the liquid. The purification process began
with several cycles of washing and centrifuge of the samples to separate
the acid excess from the CNCs. The end of this step happened once the
supernatant presented turbidity, indicating that the isoelectric point of
the CNCs was reached. To complete the removal of the excess of acid, the
suspension was introduced into dialysis membranes and these mem-
branes were immersed into water. When the pH descended, the added
water gets replaced by pure water. This step is reproduced until a stable
pH was reached. To finish the purification, the suspension gets ho-
mogenized by ultrasounds.

2.2.2. Cellulose nanofibers synthesis

The CNFs were synthesized following the route established by
Sanchez-Salvador et al. (2021) [31]. At first, a 1 % w/w suspension was
produced by disintegrating the bleached pulp dispersed in water. The
next step was the TEMPO-catalyzed reaction, which took place in a
stirred beaker. The suspension was introduced into the beaker with
TEMPO (0.1 mmol/g), NaBr (1 mmol/g) and a certain dose of NaClO.
The applied doses of NaClO were 5 and 15 mmol/g, giving two different
types of CNFs, called from now CNFs-5 and CNFs-15, respectively. The
reaction lasted up to 120 min and the pH was kept stable at pH 10
through NaOH addition. Once finished, the TEMPO-oxidized CNFs were
separated from the bulk and washed thoroughly to remove the impu-
rities. After washing, the CNFs-5 and CNFs-15 were suspended again
with water up to 1 % of consistency. The last part consisted of a ho-
mogenization process through a high-pressure homogenizer. This
operation was performed in three sequential cycles at 600 bars of
pressure. The homogenized suspensions were kept at 4 °C in the fridge
until use.

2.3. Characterization of the nanocelluloses

The characterization of the synthetized CNF and CNC products was
carried out considering their common properties. The consistency (%) of
the synthetized nanocellulosic suspensions was calculated from the
sample concentration (g/L). This parameter corresponds to the solid
ratio of a nanocellulose suspension after a 24-h drying under 60 °C of
temperature [32]. The cationic demand (CD) was measured through
titration by adding PDADMAC to NCs suspensions of 0.1 % of consis-
tency with an automatic titrator, as indicated by Balea et al. (2017) [33].
The transmittance at 600 nm (T3—go0 nm) of the 1:10 diluted CNFs sus-
pensions through spectrophotometry was performed exactly as estab-
lished by Serra-Parareda et al. (2021) [34]. The carboxylic content (CC)
of the CNFs was determined through the conductimetric titration by
following the procedure of Sanchez-Salvador et al. (2020) [35]. A sus-
pension of 1.25 mg CNFs per mL of water with total of 0.8 mM of NaCl
was titrated. The pH of the solution was firstly adjusted to 2.5-2.8 and
kept in these levels with a NaOH solution 0.05 N during the titration.
Finally, the production yield of the CNCs was evaluated as explained by
Campano et al. (2020) [30].
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2.4. Methodology applied for the acid leaching of pyrolyzed and non-
pyrolyzed black masses

The pyrolyzed and non-pyrolyzed black masses were treated through
hydrometallurgical processes with HCl and H2SO4. A literature survey
was performed to evaluate the most adequate operating conditions for
the acid leaching. The most relevant results are shown in Table S1 of the
supplementary materials. This analysis showed that operating under
solid:liquid ratios (S/L) of around 1:10, contact times between 60 and
180 min and acid dosage equivalent to 2 to 6 M of H' concentrations
were adequate to leachate large concentrations of metals from LIBs
waste. Thus, the selected operating conditions for the hydrometallur-
gical treatment of the black masses were S/L of 1:10, a contact time of
90 min and an acid dosage equivalent to 4 M of H" concentrations. All
the experiments were carried out at room temperature. The experi-
mental procedure was conducted for both pyrolyzed and non-pyrolyzed
black masses as follows. Firstly, a dosage of 1 g of the selected black mass
per 10 mL of acid (S/L equal to 1:10) were added to plastic tubes filled
with 50 mL of volume. After a first quick stirring for some seconds under
vortex agitation, the tubes were then placed onto the roller device. After
90 min of contact time, the content was centrifuged, and the leachate
was separated from the black mass.

The metal content was measured through Inductively Coupled
Plasma couples to optical emission spectrometry (ICP-OES). The
measured samples were initially taken from the supernatant obtained
from the centrifugation and filtered through syringe filters (0.22 pm of
pore size). The filtered samples were then diluted with distilled HNO3 2
% v/v. After that, the tubes with the prepared samples were placed into
the automatic sampler ready to be measured in the spectrometer. They
were analyzed using a Spectrogreen spectrometer (Germany) applying a
quartz nebulizer with a controlled flowrate passing through of 1 mL/
min. This device was previously calibrated using dilutions of the stan-
dard solutions between 100 pg/L up to 50 mg/L. The analyses were
triplicated for each sample.

2.5. Experimental multiple step batch treatment process for individual
metal sorption onto cellulose nanocrystals and nanofibers

The treatment process for the selective metal recovery was designed
based on the results previously obtained by optimizing the sorption of
each metal onto each NC from individual metal solutions. To establish a
comparison, a multiple metal solution (MMS) was prepared with the
same concentration of the four metal cations (Co(II), Mn(II), Cu(I) and
Ni(II)) as the treated BML.

2.5.1. Development of a selective metal recovery process from synthetic
multimetal solution or real black mass leachate

The designed treatment to recover the different metals from MMS or
BML samples is presented in Fig. 1. In this process, a gradual increase of
the pH between steps was performed. The starting pH is extremely low
(approximately —0.6) due to the high concentration of the added HCl or
H3SO4 to extract the metals from the black mass. The pH of the first
treatment was risen to 1 and then increases in steps until reaching a pH
of 5. The strategy of each step is explained below. An explanation on the
selection of the conditions can be observed in Annex 2.

o Step 1: 5-step batches at pH 1 with CNCs (10 mg/L). Target metal: Co
(Im

e Step 2: 3-step batches at pH 2 with CNFs-5 (15 mg/L). Target metal:
Mn(ID)

e Step 3: One-step batches at pH 3 with CNFs-5 (50 mg/L). Target
metal: Cu(Il)

e Step 4: 5-step batches at pH 3 with CNCs (10 mg/L). Target metal: Co
(ID

e Step 5: 3-step batches at pH 4 with CNFs-15 (20 mg/L). Target metal:
Co(II) and Ni(ID)
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STEP 1 (5 BATCHES)

lmin

10 min

BML pH 1 > J .[ Vortex ]—.[ Roller »| Spent CNCs

!

| CNFs-5 15 mg/L |

STEP 2 (3 BATCHES)

1min

25 min

BML pH 2 FH[ Vortex ]—-[ Roller Spent CNFs

!

CNFs-5 50 mg/L

1 min

STEP 3 (1 BATCH)

»| Spent CNFs

;

== = = =

CNCs 10 mg/L

STEP 4 (5 BATCHES)

lmin

10 min

BMLpH3 > J -[Vortex]

.[ Roller ]

»| Spent CNCs

b

|CNFS-15 20 mg/Ll

- 1 min

STEP 5 (3 BATCHES)

BML pH 4 F'HI Vortex I

!

Spent CNFs

CNCs 10 mg/L

STEP 6 (3 BATCHES)

5min

5min

BMLpHS5 > J -[Vortex ]—»[ Roller » Spent CNCs

J

Fig. 1. BML or MMS treatment for selective recovery.

e Step 6: 3-step batches at pH 5 with CNCs (10 mg/L). Target metal: Ni
(In

The scheme of the MSB process also includes the applied stirring
methods and the contact times. To separate the NCs from the liquid, a
centrifugation step of 5 min at 4200 x g was needed, except for the step
3, where 15 min of centrifugation at 4200 x g were required due to the
larger dosing. The total volume of the treated samples was 50 mL, and
the pH was carefully controlled between each step batch with HCl and
NaOH solutions. Small volume samples of the supernatant obtained from
the centrifugation were taken in the end of each batch. The metal con-
tent of those samples was measured by ICP-OES following the procedure
explained before. The metal content between batches was then
measured to evaluate the metal recovery reached by the NCs. To

differentiate the results between the batches, each one was named after
its corresponding step and batch number. As an example, while talking
about the batch number one of the first step, that batch would be named
1.1. This nomenclature will be applied during the whole paper. The
metal recovery in each batch was calculated as indicated in eq. (1) and
(2). Considering the initial concentration at each step and the recovery
of each metal, selectivity was calculated as indicated in eq. (3).

NCrealmass|gdriedNC) = DosedNCmass|gsuspension]A-NCconsistency|%]
(€))

M, ;= [M . L] .
Memlmove,y{mg’"e’al] _ (Metal),,, — [Metal] ) [mg/L]

A- reates L
gNC NCmass|gdriedNC)] Viraeall]
(2)
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(mg sorbed Ml)
mg initial M1

. 1 _ (qi[mg sorbed M1/g]/ Cpi 1 [mg initial M1/L))

L(%)J " (g2[mg sorbed M2/ g]/ Cpin|mg initial M2 /L))
3

In Results and discussion section, the metal recovery yields reached
while applying the MSB treatment to MMS will be discussed at first
(Section 3.3.). Afterwards, BML treatment with NCs will be analyzed
(Section 3.4.).

SMe/aI 1/ Metal 2

2.5.2. Optimization of the process for a maximum recovery of cobalt from
real black mass leachate

Once confirmed that the concentration of cobalt in the BML was
much higher than the rest of the analyzed metals, another process has
been developed to maximize the specific recovery of Co, in all the steps.

Fig. 2 summarizes the experimental conditions of agitation and
contact times applied in each step. As in the previous case, the centri-
fugation under the treatment of smaller sorbent doses (10 mg/L) was
carried out during 5 min at 4200 x g, while at high dosages, a 15 min
centrifugation at 4200 x g was needed to allow a better separation of the
supernatant. The concentration of the metals was measured through
ICP-OES The metal recovery of each batch was calculated according to
eq. (1) and (2).

2.6. Metal desorption experiments

The metal desorption from the spent NC products was tested using
different reagents, according to the state of the art. Diluted nitric and
formic acids, and low-concentrated NaNOj3 solutions were capable to
extract some of the studied metals, like Co(II) or Ni(II) [36-38]. The
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final selected solutions in accordance with the observed results in
bibliography were HNO3 0.05 M; formic acid 0.5 M; and NaNOs 0.25 M.
Ultrapure water was also tested as desorption reagent to allow the
comparison of the results.

To perform these experiments, a batch for high metal recovery was
performed under pH 4 at 10 mg/L of CNFs-15 dose. Then, the obtained
CNFs-15 was divided into tubes filled with 0.2 g of wet spent CNFs-15,
and a volume of 200 pL of each selected desorption reagent was added to
each tube. A first vortex stirring for 5 min was applied to each tube to
mix the suspension and after that, the tubes were placed on the roller for
90 min. After that, 1 mL of ultrapure water was added to each tube. This
addition was necessary for the next step, as it permitted the pass of the
samples through the 0.22 pm syringe filters. The sample was rapidly
sucked and filtered from the tubes. The samples were then analyzed
through ICP-OES. The desorption yield was calculated as indicated by
eq. (4).

mgmetal | A
M0 s 2] AV

Desorptionyield|%] = A-100

Metalrecovery {%ﬁ‘ﬂ] A-DriedNCmass[gNC]
4

where the metal recovery and the dried mass of NC was calculated by
using the eq. (1) and eq. (2).

CNCs 50 mg/L

1min

STEP 1 (1 BATCHES)

10 min

| BMLpH 1 Vortex ]

.[ Roller ]

Spent CNCs

CNFs-5 50 mg/L

1min

STEP 2 (1 BATCH)

25 min

| BML pH 2 Vortex ]

.[ Roller ]

Spent CNFs

1min

| BMLpH3> -[Vortex ]

STEP 3 (1 BATCH)

Spent CNFs

CNCs 10 mg/L

1min

STEP 4 (10 BATCHES)

10 min

| BML pH3> -[Vortex ]_.[ Roller

Spent CNCs

|CNFs—15 10 mg/L

STEP 5 (5 BATCHES)

1 min

| BML pH 4}{ Vortex ]

Spent CNFs

Fig. 2. Process definition for BML treatment for maximized Co recovery.
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3. Results and discussion
3.1. Nanocellulose characterization

The characterization of the applied CNC, and TEMPO-CNFs was fully
described in previous studies [28]. The consistencies of the synthetized
CNCs, CNFs-5 and CNFs-15 corresponded to 0.43 + 0.02 %; 1.11 + 0.01
%; and 1.07 + 0.01 % of dried NCs at 60 °C per mass unit of suspension.
It is remarkable that all the synthetized materials reached high levels of
active sites content, depicted by their high values of cationic demand,
which varied between 0.40 meq/g, obtained in the case of the CNCs, to
1.55 and 1.72 meq/g in the cases of CNFs-5 and CNFs-15. A deep
analysis on the TEMPO-oxidation kinetics of CNFs-5 was performed to
evaluate the level of oxidation of the cellulosic material, which is pro-
portional to the level of active sites revealed by the CD analysis. This
evaluation is presented in Annex 3 of the supplementary material. The
experimental kinetic data were fitted, and a continuous consumption of
hypochlorite was observed until the end of the reaction after 100 min. In
general terms, it can be stated that these materials present adequate
properties to achieve a successful performance in the recovery of critical
metals in extremely complex media, just like MMS or BML.

3.2. Acid leaching tests of black mass

The analyzed metal concentrations of the obtained leachates from
the acid treatment of pyrolyzed (P) and non-pyrolyzed (NP) black
masses can be seen in Fig. 3. Observing Fig. 3, it becomes clear that the
differences between applying pyrolysis to the black mass or adding
different types of acid was minor. In general terms, the order of
magnitude of the concentration of the studied metals was similar with
independence on the conditions. Co content was the highest of the
analyzed metals in all the experiments, in accordance with other studies,
such as Briickner et al. (2020) [39], who indicated that Co content could
reach up to 33 % of total weight of LiPF¢ batteries; Widijatmoko et al.
(2020) [40], who revealed that Co mass concentration was higher than
40 % in the fractions of black mass powder (<4750 pm of particle size);
and Meshram et al. (2015) [41], whose study showed that Co mass
fraction in cathode of LIBs was the highest one among the analyzed
metals and was 3.1-fold larger than Mn, the second largest metal in the
powder. The Co extraction yield was slightly increased when using NP
black mass instead of the pyrolyzed one. The lowest Co content was
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Fig. 3. ICP measurement of metal concentration after the acid leaching treat-
ment of pyrolyzed (P) and non-pyrolyzed (NP) black mass through HCl (4 M)
and H,SO4 (2 M). Operating conditions: 1:10 of S/L ratio, 90 min of contact
time under roller stirring, and 50 mL of acid dosage.
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reached by P BML with HCl (6.74 + 0.24 g/L) and the maximum
recorded concentration was 9.58 + 0.02 g/L, achieved by HCI leaching
of NP black mass. Mn and Li followed Co in the list of metal extraction.
The H3SO4 NP BML reached much lower Mn levels (2.99 + 0.01 g/L)
than the other treatments, which varied from 3.53 + 0.25 g/L to the
3.92 + 0.01 g/L achieved during the NP black mass HCl leaching. Li
content was equal in the case of P BML for both acids (3.95 g/L) but
decreased for NP BML up to a 22 % for HCI and a 37 % for HySO4. Al
concentration varied between NP BML (around 2.2 g/L) and P BML
(between 1.44 + 0.04 g/L to 1.61 + 0.06 g/L) but showed no influence
on the type of acid applied. The concentrations of Ni followed the same
trend as the Mn, reaching similar levels in all the cases (averaging 1.71
+ 0.07 g/L) except for H,SO4 NP black mass treatment. Cu leaching was
lower than Ni, but its content was over 1 g/L in all the cases except the
same case as Mn and Ni, where the extraction was much close to a half.
In general terms, the leaching results of metals for the treatment with
H3SO4 for NP black mass suffered a severe decay except for Co and Al.
The leaching of Fe and Zn was around two orders of magnitude lower
than the rest of the metals.

The high leachability of the Co, Mn and Ni in highly concentrated
HCI (up to 10 M) was recently explained by Balazs and Kekesi [42], who
indicated that the predominant species of Mn and Co under 4 M of HCl
concentration were really soluble, such as Co%*, CoCl', Mn?* and MnCl;
while only 1 % of the present Co and Mn species would be insoluble, like
CoCl; or MnCly. These authors also presented a 1 M Pourbaix diagram of
Ni, Mn and Co speciation against the reduction-oxidation potential (E°
in V) and all of them presented only soluble species under pH values
below zero (up to pH = -2) (Co>*, Ni?* and Mn?") with redox potentials
below 1.25 V [42]. As an idea, the redox potential of the HCI leachate of
NP black mass was 0.95 V and extremely low pH below 0, which would
involve that these divalent cations would be expected as predominant.
In the case of Mn, the lower leaching under HoSO4 conditions while
treating NP black mass could be explained by the results shown by
Partinen et al. (2023) [43]. They reported a decay of Mn leaching while
adding 1 M HSO4 in the absence of chlorides due to the oxidation of
Mn?* to MnO:; at high temperatures and redox potential over 1.2 V [43].
In that case, the process would be favored by the larger amount of
oxidizing reagent instead of the high temperatures. However, operating
with P black mass higher extraction was achieved as the pyrolysis allows
the formation of metal oxides of the transition metals, such as Ni or Mn,
facilitating the acid leaching without further addition of any kind of
aiding or oxidizing reagents [44].

After this experiment, the selected conditions to produce BML during
the rest of the experiments was the application of HCI for NP black mass.
The reason is that the generated BML contained a much larger Co con-
centration, which is important due to its high-added value metal, while
similar levels of the other studied metals were obtained.

3.3. Application of the metal separation process to synthetic multimetal
solution (MMS) treatment

The proposed treatment indicated in Fig. 1 was initially applied to
the MMS sample produced by adding commercial metal chloride salts of
the studied metals in the same level as the one measured in the BML. The
results of mass of metal recovered and the percentage of recovery cor-
responding to each step can be seen in Fig. 4. As well, the total dosed
dried NC and the overall metal recovery per mass unit of dosed NC
achieved in the process could be observed in Table 1. The results indi-
cate that Co recovery was higher than the rest of the metals, reaching
12.3 + 2.1 g/g. Such values suppose an impressive level of recovery
which has not been previously seen in bibliography. Most of the Co was
recovered in the first step (up to 64 % of the total Co recovered). This
MSB treatment with CNCs under pH 1 was also suitable for the recovery
of Mn (67 %) and Ni (55 %). A large Mn uptake level was measured as
well, up to 5.69 + 0.93 g/g. Together with the first step, the step 4
(CNCs-multistep batches at pH 3) played an important role on the
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Fig. 4. Recovery yield per treatment step of Co, Cu, Mn, and Ni from MMS
during the MSB treatment; and total metal recovery (total mg metal).

Table 1
Total dried NC dosed and overall metal recovery of Co, Cu, Mn, and Ni per mass
unit of dosed NC during MSB treatment of MMS.

Total dried NC dosage Recovered Overall metal recovery per mass unit
during MSB (mg NC) metal of dosed NC (g/g) during MSB
12.28 Co 12.30 + 2.09

Cu 1.58 + 0.45

Mn 5.69 + 0.93

Ni 2.38 £0.43

recovery of this metal, reaching up to the 18 % of the overall recovered
Mn. Thus, the use of CNCs under acidic conditions (pH 1-3) seemed to
be adequate for large Mn recoveries. Finally, the total metal recovery
overpassed 1.5 g/g of metal recovery for Cu (1.58 + 0.45 g/g) and Ni
(2.38 4+ 0.43 g/g). Cu could be recovered in similar levels in step 4 (31 %
of the total Cu), step 1 (29 %), and step 6 (22 %). All these treatments
were carried out by adding CNCs, which led to the fact that there is a
good affinity between CNCs and Cu regardless the operating pH.

Considering the levels of metal recoveries, they exceeded the CD
values of the materials in orders of magnitude, which indicates that
other mechanisms must be involved in the removal beyond electrostatic
attraction. In the case of Cu(Il), the average recovery was up to 12 meq/
g, while the CD values of the NC materials moved from 0.4 to 1.5 meq/g.
These other mechanisms which play a considerable role in the metal
separation were also observed and studied in the single metal solution
tests with the NCs.

The evolution of the metal recoveries in every step, considering the
performed batches, is shown in Fig. 5. There is a clear difference be-
tween Co and Mn trends (Fig. 5. a) and b)) and Cu and Ni (Fig. 5. ¢) and
d)). Even though all the materials were mainly recovered in the first part
of the first step treatment, there is a strong reduction in the Co recovery
in the subsequent steps. Co recoveries were found to be up to 135.38 +
7.00 g/g, 64.99 + 5.64 g/g and 10.83 £ 5.20 g/g in the batches 1, 3 and
4 in step 1 (from now 1.1, 1.3 and 1.4, respectively); whereas 16.81 +
6.51 g/g in the batch 2.1 and 10.11 + 3.12 g/g in the batch 4.1 were
achieved. Co supposed the totality of the recovered metal in the batch
2.3; and 81 % of the total metal recovery in the batch 5.1. The trend of
Mn was similar, suffering a decay on the recovery as pH was increased
between steps. Mn recovery became negligible in the fifth and sixth
steps. The maximum recoveries of Mn were reached in the first step:
61.27 + 4.39 g/g (step 1.1) and 43.51 + 4.53 g/g (1.3). After that, only
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two of the batches reached values in the order of 10 g/g, which were 2.1
and 4.2. The 61 g/g Mn recovery value in the first step are higher of the
ones obtained by Silva and Orefice [45] of 50 g/g through castor oil
polyurethane foam containing cellulose-halloysite nanocomposite. The
main difference was that in the case of the step 1.1 conditions, the
concentration of Mn(II), and therefore, the driving force was up to 19-
fold shorter than the applied by the mentioned authors. This shows
the strong performance of the NC surfaces for metal attachment. On the
other hand, Cu and Ni were mainly recovered in the very first batch of
the experiment (1.1), where 7.18 + 2.02 g/g and 21.02 + 0.98 g/g were
obtained. As well, the batch 1.3 was suitable to obtain close to 10 g/g of
Ni uptake, and afterwards, during the steps 4 to 6 for Cu, and 5 to 6 for
Ni, additional uptakes were achieved. This suggests that the attraction of
these metals was enhanced by the increase of the pH to 3 and 4. This is
better seen in the batch 4.2, (7.12 4+ 1.81 g/g of Cu recovered) and in all
the batches of step 6, where the levels of Cu and Ni recovery exceeded 4
and 6 g/g, respectively. Due to their lower concentrations, the purities of
Cu and Ni were lower than the case of Mn and Co. Nevertheless, in the
steps 6.1 and 6.3, a combination of approximately 60 % of Ni and 40 %
of Cu was separated from the matrix.

The selectivity analysis indicated that in some intermediate batches,
the selectivity was maximized towards some of the metals. The most
relevant results of this analysis can be observed in Table S2. Those cases
in which a metal presented a high selectivity did not meant that those
metals reached the highest mass recovered. The high selectivity meant
that such metal recovery was more prioritized than the rest of the metals
even if its concentration was much lower. In any case, the achievement
of extremely high selectivity values, allowing the enlarged recovery of
each metal individually, is crucial. As an example, during the batch 2.3,
it was revealed a maximized recovery of Co (with CNFs-5 at pH 2),
which could be a good first treatment for Co recovery at the beginning of
the process. The calculated selectivity towards Co against Mn were up to
32 recovery and the recoveries of Cu and Ni were not observed. Thus,
98.7 % of total metal recovery during that step corresponded to Co. The
high values of Co recovery under low pH are not commonly seen in
celluloses, mainly due to the low metal concentrations and high S/L
ratios usually applied during the pH tests [46]. Those conditions cause
the proton content to be strongly competitive against Co®* ions to be
sorbed. In the case of step 1 conditions, the Co(II) concentration was up
to 0.14 M, while the H' content was 0.09 M. Thus, the driving forces of
both ions are in the same order of magnitude, reducing the selectivity
towards H*.

Afterwards, operating in batch 4.3 under higher pH conditions (pH
3) and adding CNFs-5, the maximization of the recovery of Mn was
favored. The selectivity values, calculated according to eq. (3), against
Co and Cu were 42.8 and 12.9, respectively, and Ni(II) was not recov-
ered at all. Under the said conditions, up to 92.7 % of the total metal
recovered in this step was Mn. The selectivity index values are in the
order of the Mn(II)-Ni(II) (11) and Mn(ID)-Co(II) (54) selectivities ob-
tained by Silva and Orefice [45].

Cu and Ni were present in smaller concentrations, in the order of 1 g/
L, which is around eight and four times lower than the Co and Mn
contents. This suggests that they present a proportional reduction on the
driving forces from the bulk to the NC surface. In practice, when pH was
increased, the selectivity ratios of Ni and Cu compared to the rest were
also risen, especially the Cu one. The best result was reached in step 6 (at
pH 5 and through CNCs addition), mainly as a mixture 60:40 w/w of Ni
and Cu was obtained, with low impurities of Co and Mn. This similar
behavior of Ni(II) and Cu(II) with cellulosic materials at pH 4-6 was
previously observed by Hokkanen et al., who indicated that Ni(II) was
present as Ni%* while other cationic species from Cu(II) like CuyOH3T,
CusOH3" and CuOH" were present as pH was risen, enhancing their
removal [47].

Compared with bibliographic references, a recent study on the
application of activated carbons with high sorption capacities (around
1.0-1.6 meq/g of active groups, next to the CNFs values) to the
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Fig. 5. Metal recovery evolution during the MSB treatments of MMS of a) Co; b) Mn; ¢) Cu; and d) Ni.

treatment of LIBs leachate revealed that, after applying previously
optimized conditions, this material was only able to recover the mixed
divalent metals (Ni(II), Mn(II) and Co(II)) with high selectivity against
the lithium ion [48]. The authors of this study remarked the difficulty in
the achievement of the separation of those divalent metals which are
close one to another in the periodic table and show similar properties
[48], showing the relevance of the results achieved through MSB.

3.4. Application of the metal separation process to real black mass
leachate (BML)

The BML obtained from HCI applied to NP black mass was used to
assess the metal separation process. The process described on Fig. 1 was
applied in the same way as for the MMS treatment. The results of masses
of metal recoveries sorbed onto the NCs, and the percentage recovered
in each step can be seen in Fig. 6. The results of recovery per unit of
dosed dried NC was calculated. This result could be observed for the
studied metals in Table 2. In general terms, the achieved recoveries of
the metals were high, especially in the case of Co (7.34 & 2.04 g/g). The
Li, Al and Mn were recovered in the order of 2 g/g, while the values for
Cu and Ni were found to be around 1 g/g. The results present a decay

compared to the case of MMS without other competitors which varies
from 41 % of Co to 60 % of Mn. This is caused to the presence of
competing ions which could cover the active sites. This competition
causes that a large amount of Al and Li fixed onto the NCs, in equivalent
levels to the Mn uptake. The work recently performed by Fernando and
Chavan [49] have tested EDTA-modified Zr-MOF-808 adsorbent to
recover Ni2* from real citric acid black mass. The Ni%* recovery decayed
a 50 % from 70 mg/g of Ni?* individual solutions to the treatment of the
synthetic multimetal (Ni2*, Co?*, Mn?* and Li*) solution. These authors
revealed that non-observable recovery of Ni2™ under optimized condi-
tions was observed in the treatment of real BML [49]. Such levels of
reducing efficiency after moving forward to more complex matrices
reveals the relevance of the present study in maintaining large metal
capacities onto the NCs even under treating real BML. Strauss et al.
(2021) [50] also developed the treatment of real BML obtained by
adding the black mass to HySO4 1 M and FeSO4 10 M through the
application of Dowex ion-exchange resins. This method showed a
maximum recovery of Co and Ni of 578 and 267 mg per bed volume
before the column breakthrough was reached, equivalent to 43.13 mg/g
and 19.94 mg/g, respectively [50]. These aforementioned capacities
would confirm that the use of NC allows us the obtention of two orders of
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Fig. 6. Recovery yield per treatment step of Co, Cu, Mn, Ni, Li, and Al from real
BML during the MSB treatment; and total metal recovery (mg metal per g of
dosed NC).

Table 2
Total dried NC dosed and overall metal recovery of Co, Cu, Mn, Ni, Li, and Al per
mass unit of dosed NC during MSB treatment of BML.

Total dried NC dosage Recovered Metal recovery per mass unit of
during MSB (mg NC) metal dosed NC (g/g) during MSB
12.39 Co 7.34 + 2.04

Cu 0.84 + 0.35

Mn 2.27 £0.71

Ni 1.11 £ 0.42

Li 2.06 + 0.80

Al 2.24 +£0.79

magnitude higher values of metal recovery than commonly used sor-
bents and ion-exchangers.

The analysis of the performance of the batches carried out in each
step for each metal could be appreciated in Fig. 7. In the analysis of the
metal recovery from the BML, it could be confirmed that the large metal
recovery values over 10 g/g was only limited to Co recovery. This was
mainly caused by the rise in the number of present ions competing
against the studied ones, as could be observed by the large recoveries of
Al and Li observed during the tests. Co was present in several samples,
due to its high concentration, and this fact reduced the selectivity of
other metals against this one. Most of the metals could be recovered at
some batch in the tested steps, except for the Al in the step 6, whose high
pH led to its precipitation as AI(OH)s, avoiding its recovery regardless
the batches applied. This factor was caused by the pH switch from pH 4,
where the solubility of AI(III) was in the order of 102 M, to the pH 5
conditions, where its solubility decays to the order of 100 M [51]. Thus,
at the AI(III) content (3.7-10'3 M) in this step, the homogeneous pre-
cipitation of AI(III) occurred. The generation of solid AI(OH)3 attracted
many metal ions to the surface, obtaining a precipitate which contained
the 80 % of the Cu(II) present in solution, 22 % of the Ni(II), 20 % of the
Co(Il), and 10 % of the Mn(II), but leaving the soluble Li almost un-
touched. As a result, Li recovery was boosted in the step 6, thanks to the
maintenance in the driving force while most of the recovery levels of
other metals was sensibly lowered.

The results of selectivity were in the same way as for the MMS
treatment. The calculated selectivity indexes are presented in Table S3
in the Supplementary Materials. In many steps it was found that the
selectivity of the analyzed metal in each case was only high towards one
of the other analyzed metals, but not to all of them. In fact, it was
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feasible to reach selectivity values over 2.0 of a single metal against all
the rest studied metals only in the case of Al in the batches 1.3, 4.4 and
5.3. Mn presented high capacities but normally, it showed the lowest
affinity for NC against the rest, in terms of selectivity. This happened
mainly after step 3, when pH values were 3 or above. The competition
against Cu(Il) was the main reason as the gradual generation of cationic
Cu(II) species with lower charge increased their fixation to NCs. The
increase in Cu(OH), supported onto the material surfaces as pH is
increased by surface precipitation and heterogeneous crystallization was
observed in other materials like zeolites [52]. This also happened to Ni
(II), which presented a surface precipitation of Ni onto hydroxyapatite-
bentonite clay-CNCs composite even below the solubility values. This
fact was caused by the presence of phosphates and silicates hydroxy-
apatite and bentonite which promoted the formation of crystals [53].
The Li and NC interaction was only enhanced in step 6 due to the
decrease in the content of other metals caused by the AI(OH)3 precipi-
tation at pH 5. The product obtained during the step 6 could be really
valuable for industry. The batches 6.1, 6.2 and 6.3 contained up to 8.90,
12.38 and 28.64 g/g of the metals of which lithium Manganese Nickel
Cobalt Oxides (also known as LMNCO) batteries are composed of [54].

In the end, there were certain steps where maximum Al selectivity
could be found. Li selectivity was enhanced after pH 5; and Co was
present in most of the obtained samples, preferably in the lowest pH
ones. The Cu and Ni mixtures with high purity obtained in MMS could
not be reproduced in the complex BML due to the high presence of other
metals, and Mn showed a relatively low affinity for the NCs compared to
other soluble metals present in the BML.

3.5. Application of the metal separation process to real black mass
leachate (BML) for maximum cobalt recovery

After the analysis of the results provided by the BML treatment from
the previous experiment, it was clear that the high content of Co would
provoke its presence in most of the analyzed steps. Thus, a last process
involving the maximization of Co recovery was attempted, following the
steps indicated in Fig. 2. The mass of recovered metal during the
analyzed process and the percentage of recovery corresponding to each
step can be observed in Fig. 8. The metal recovery per mass unit is
presented in Table 3. The recovery in the step 1 seemed clearly favorable
to the sorption of Co onto the CNCs at pH 1, rather than the rest of the
metals. The trend in total metal recovery of the rest of the metals looked
in the same manner as the last experiment performed for BML treatment.

A deeper comparison between batches would reveal differences in
the treatment results, where it would be shown that Co recovery could
be enhanced. The analysis of the batches where the Co recovery was
higher than the total recovery of the rest of the metals can be observed in
Fig. 9. The spent NCs obtained after each batch could be observed in
Figure S1. In the batches 1, 3, 4.4 and 4.5, almost all the metal recovery
was associated to Co, and the mass ratio of recovered Co among total
measured metal recovery was 99.2 %, 98.8 %, 93.7 % and 93.9 %,
respectively. The high recovery obtained in these tests (4.34-7.94 g/g of
Co) indicates that the obtained product would be useful for the final
industry of wasted LIBs management. This can be demonstrated by the
final aspect of NC after Co-recovery treatment in Figures S1. Such results
are impressive and could be comparable to the selectivity values and
mass ratios obtained through the use of Dowex ion exchange resins
under optimized conditions applied by Strauss et al. [50]. While
comparing this type of resins with CNCs and CNFs, it is also relevant to
compare the costs. Although Merck indicates that the applied Dowex
M4195 is a discontinued product, the pricing of other Merck cation
exchange products (AmberSep, Dowex or AmberChrom) can be found
around 200-500 US$/kg [55]. NCs materials synthetized in this paper
from inexpensive raw materials, like eucalyptus bleached pulp (around
650 US$/ton in 2023) [56], in the case of CNCs and cotton linters
(around 320 US$/ton in 2017. This data is comparable to the Q4 2023
price, as a similar COTLOOK A index value was observed in both



F.B. Ojembarrena et al.

Co recovery capacity

(mg/g)
3.50x10*
6
2.65x10*
[2]
Q.
5]
= -
5 1.80x10*
£
©
2
'_
9.50x10%
1.00x10%

60%
80%
100%

Evolution of multibatch step (%)

a)
Cu recovery capacity
(mg/g)

2000

Treatment steps

1000

5001
6 -

4000
54
) - - o

0.000

EN
®©

Evolution of multibatch step (%)

20%
40%
80%

100%

c)
Al recovery capacity

)

(mg/g
9000
6 -
7500
6000
4500
3000
1500
0.000

Evolution of multibatch step (%)

Treatment steps

EN
S

20%
40%
60%
80%
100%

e)

Separation and Purification Technology 341 (2024) 126940

Mn recovery capacity
(mg/g)

9000
6
7500
5
23 6000
Q
w4
3 4500
S
w3
<
= 3000
2
1500
1
| : | 0.000
EN N EN X EN X
o o o o o o
N < © © e
Evolution of multibatch step (%)
b)
Ni recovery capacity
(mg/g)
3000
6 -
2400
5
[
Q.
€
[0}
£3
@ 27 1200
o
'_
2 -
600.0
1
] ] 0.000
X X X X X X
o o o o
N < © [=<] ‘9
Evolution of treatment step (%)
d)
Li recovery capacity
(mg/g)
8000
6
5 6000
[
Q
[}
T 4000
1S
%3
o
'_
2 2000
1
! . 0.000
EN N EN N EN EN
o o o o (=] o
N < © @ 9
Evolution of multibatch step (%)

d)

Fig. 7. Metal recovery evolution during the MSB treatments of real BML of a) Co; b) Ni; ¢) Cu; d) Ni; e) Al; and f) Li.

seasons, according to ICAC statistics, which provides similar cotton and
cotton derivatives prices during both seasons) [57,58], in the case of
CNFs. The most consumed chemical in the production of CNCs is HySO4
(64 %), whose recovery in the process through microfiltration (up to 65

10

% of recovery yield) has been demonstrated in pilot scale [59]. Low-cost
NacClO (5-15 mmol/g), and NaOH (around 2 mmol/g for pH control) are
widely used for CNFs synthesis, as well as NaBr and TEMPO (1 and 0.1
mmol/g, respectively) as catalysts. Some authors have reached high
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Fig. 8. Recovery yield per treatment step of Co, Cu, Mn, Ni, Li, and Al; from
real BML during the MSB treatment for maximized Co recovery; and total metal
recovery (mg metal per g of dosed NC).

Table 3
Total dried NC dosed and overall metal recovery of Co, Cu, Mn, Ni, Li, and Al per
mass unit of dosed NC during MSB treatment of maximized recovery of Co.
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efficiency in the recycling of reaction medium by separating it from the
synthetized CNFs through filtration during several cycles [60,61]. These
authors remarked that only a partial replacement of the spent oxidizing
NaClO is needed between cycles, but not the most expensive chemicals
(NaBr and TEMPO). Therefore, thanks to this reduced raw material
costs, the tested CNCs and CNFs may become a real sustainable and
competitive alternative to the nowadays solution of ion exchange resins.
Similar cost-comparison studies between NCs and commercial materials
for metal sorption for other industrial applications have been recently
published [28].

In the step 4.3, almost no recovery of other metals was observed,
except for Al. The selectivity level of Co towards Al was 1.49, which
indicates a larger preference for Co. Nevertheless, the fact that a mixture
of mainly two metals with a high recovery and mass ratio of Co (7.94
mg/g and 82.7 %, respectively) represent a good approach to obtain
high added-value products for the industry. The last batch treatment
with a high amount of Co onto the NC (up to 60 % of the total measured
metal recovery) was batch 4.2. It presented one of the highest recoveries
overall, but Co was mixed with similar amounts of Al, Li, and Mn. This
mixture contains large amounts of valuable metals, although a probable
posterior treatment of purification could be needed to add value to the
final product.

Once observed the high purity obtained of Co in the analyzed stages,
this process could be compared to other multiple step processes, like
counter current solvent extraction. This type of process takes place in
different batches, whose number is established by the equilibrium in
each stage. They can be graphically calculated through McCabe-Thiele
method [62]. This process is extremely efficient, specially under

Total dried NC dosage Recovered Metal recovery per mass unit of controlled conditions with certain solvents like Cyanex 242, D2EHPA or
during MSB (mg NC) metal dosed NC (g/g) during MSB TBP [62-64]. Nevertheless, it shows some differences with the scheme
16.05 Co 9.60 +1.31 of the present study. Firstly, most of the solvent extraction processes for
Cu 1.20 £0.17 Co require some BML treatments, like the pH adjustment above 4, nor-
Mn 3.58 + 0.48 I . -
Ni 141 £0.17 mally 5-7; the saponification of the solvent with NaOH in some cases;
Li 2.95 + 0.78 and the previous recovery of other metals through precipitation or sol-
Al 4.03 + 1.42 vent extraction with other solvents [62-64]. In the presented MSB
process, only NCs and low pH conditions, closer to the ones of the
generated BML, were used to reach high Co recovery. This way of
operation minimizes the operating costs of the MSB through sorption
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Fig. 9. Metal recovery of Co (single column) and other metals (Cu, Mn, Ni, Fe, Li and Al; stacked column) in the maximum Co selectivity steps during the

BML treatment.
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compared to solvent extraction. Other relevant difference is the required
treatment volume. Both solvent extraction and sorption may take place
in batches may be simply divided in BML feed, solvent or sorbent
addition, mixing contact time and final separation of spent solvent (by
phase separation) or sorbent (by settling) under low or inexistent stirring
[63]. A typical organic-to-aqueous phase ratio could be 1:1 to 3:1 in
solvent extraction, during contact times of 5 to 45 min (typically 10-20
min) [62-64]. In the sorption MSB process, the sorbent dosages applied
in the process reach a maximum of 50 mg solid NC/L and the contact
times are just one minute. This mainly involves that solvent extraction
contactors would be much bigger due to the higher flowrates (2 to 4-
times larger than the BML feed, compared to mainly the BML feed and
the small volume of NCs in the sorption processes), and the much longer
contact times. This would also mean a much higher energy cost associ-
ated to mixing and pumping in the case of solvent extraction per unit of
volume of treated BML. As well, the short contact times required for NC
sorption with BML, compared to solvent extraction, would facilitate the
operation in single tanks in which a whole step (MSB and NC feed, one
minute contact, settling, separation of NC, BML ready to receive fresh
NC) may take place. This would reduce the capital costs and simplify the
operation.

3.6. Results of desorption tests

The last test applied to the spent NC was the desorption process. The
result of application of the different desorption solutions (ultrapure
water, diluted HNO3, formic acid or NaNOjs solutions) is shown in
Fig. 10. The presence of large concentrations of Co (4.5-5.1 g/L), Mn
(1.9-2.1 g/L), Li (1.7-1.9 g/L), Ni (around 0.8 g/L) and Cu (around 0.6
g/L) was obtained with independence on the applied desorption reagent.
The results obtained with HNO3, formic acid and NaNO3 were almost
identical to the ones reflected in the application of ultrapure water. As
an idea, the Co, Mn and Li desorbed level values after applying the
desorption reagent in this experiment were three orders of magnitude
above the values of Zn, Cd, Cu and Ni concentrations in HNO3 (1 M)
recovered from succinic acid mercerized nanocellulose [36]. They also
exceeded in two orders of magnitude the desorbed As(V) concentration
obtained in its recovery from polyethyleneimine-glutaraldehyde grafted
CNCs by applying 0.1 M NaOH solution [65]. Compared to the values
found in bibliography, similar results were reached by applying HCl 1 M
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Fig. 10. Concentration of metal desorbed from CNFs-15 present in each
desorption reagent and desorption yield of each metal from the spent CNFs-15
with BML.
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as a desorption reagent to extract Pb, Cu, and Cd from modified-
cellulose from sugarcane bagasse, which reached up to 0.9 g/L [66].
In this last-mentioned paper, the dose of regenerating reagent was lower
than other cases, which coincides with the technique applied in this
study. A remarkable result is that almost none of the attached Al was
recovered, which involves that this process could be a way to increase
the Al content inside the NC.

Another critical factor is the level of reusability of the material. As an
example, Kardam et al. reached noticeable desorption results of Cd(II),
Pb(II), and Ni(II) from CNFs with HNO3 (0.5 M). The CNFs were used as
sorbents for low-concentrated single metal solutions (25 mg/L) [67].
These authors remarked that even when the desorption yield of each
metal was similar in all the four tested cycles (90-99 %), the CNFs
sorption capacity dropped drastically after the fourth desorption cycle.
As well, a severe decay was observed between the first and the second
regeneration cycles with HNO3 (1 M) in the previously mentioned study
where succinic acid mercerized nanocellulose was used to treat Zn(II),
Ni(II), Co(II) and Cd(II) [36]. The metal sorption capacity after two
cycles was 2.8 to 5.4-fold lower than the first one. Ultrasound treatment
of the spent nanocelluloses was necessary to reach the full recyclability
of the materials after the second regeneration cycle. Considering that in
most of the cases, the recyclability and desorption treatments through
acids are applied to simple synthetic solutions in most of the cases, and
the impact of the difference between the initial metal concentrations of
the studies in bibliography and the ones applied in this study, up to
several orders of magnitude. Some authors remarked that this reduction
in the yield may be caused by the large metal coverage of active sites
throughout the NC surface; the continuous degradation of the material
after a certain number of desorption batches under low pH conditions;
and the presence of impurities covering the active sites. All these three
conditions would be expected to play a significant role in the desorption
of metals in the treatment of BML with CNCs and CNFs presented in this
study. Therefore, the results obtained in a single desorption cycle in this
study might be considered as the best ones for metal recovery from spent
NGCs.

The desorption yield was relatively low in all the cases. This fact is
strongly correlated with the metal-NC interaction mechanism described
before, including a first sorption and a posterior surface precipitation. As
observed in previous studies, the metal recoveries exceeded the cationic
demand of the CNFs-15. This means that only the fraction of sorbed
metal attached with weaker interactions (through sorption instead of
surface precipitation), could be easily extracted from the NCs with the
use of the tested solutions. Other studies suggest that the acidic treat-
ment for metal desorption also provides new bonding sites on the spent
NCs, which would replace free active sites present in the raw CNFs
without freeing the spent active sites [36].

4. Conclusions

For the first time, very high selective metal recovery from BML has
been obtained using NC as adsorbents. A MSB treatment process has
been successfully applied for the recovery of critical metals from BML.

Metal leaching from non-pyrolyzed black mass with HCI presented
the highest critical metal extraction yield. Critical metal concentrations
ranging between 1 and 10 g/L were obtained in this process. The
treatment of MMS revealed a higher selectivity towards Co recovery in
batches under pH 1-2 conditions; and larger selectivity for Cu and Ni at
pH 4-5. Metal recoveries of 135 g/g were achieved and the selectivity
indexes between metals reached values above 40. In the treatment of
BML, the metal recoveries were also remarkable, even higher than 30 g/
g.

During the MSB treatment, it was observed that a number of batches
showed higher selectivity recoveries for certain metals. The process
seems to favor Co selectivity over other elements at low pH, but Al (pH
3-4) and Li (CNCs at pH 5) showed the larger selectivity as pH increased.
A process to reinforce the Co recovery from BML was successfully tested.
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In some steps, where CNC were used, more than 4 g/g of Co could be
achieved, achieving more than 99 % total metal recovery.

In the desorption tests, up to 5 g/L of metal could be extracted using
any of the tested desorption reagents, which is much higher than pre-
viously published results. More than 85 % of the metals recovered
remained associated to the CNFs-15. This could be associated with both
the low concentration of the desorption reagents (HNOs, formic acid and
NaNOs3) for the high metal content onto the CNFs-15, and the surface
precipitation mechanism.

The results reported in this paper show the significant potential of
the implementation of NC materials as an environmentally friendly so-
lution for metal recovery from spent LIBs.
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