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Sustainability Spotlight Statement 01 101030 e s ohae
Li-ion Batteries are key-enabling technology for transport and stationary applications to meet the
ambitious UN’s CO, goals. Despite their success, LIBs have crucial challenges from a sustainable
perspective, including relying on critical materials (Co, Li, Ni, Mn, P, Al, Cu) and too complex
recycling processes requiring high costs and socio-environmental impacts. There is the need to
develop more sustainable recycling technologies ensuring to recover all the battery components back-
to-use, not only critical materials but also valuable substances (plastics, metal foils, binders,
electrolytes, fluorinated compounds) to the level that causes the lowest sustainability impacts. This

review falls under several UN sustainable goals, including goal 12 (responsible consumption and

production), goal 7 (affordable and clean energy production), goal 13 (climate action).
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Abstract

The Li-ion batteries (LIBs) penetration in the automotive market makes more urgent a zero-waste
vision for the battery recycling. This can play a crucial role in developing a circular economy through
the recovery of critical raw materials (CRMs), as well as non-metallic components back to use. In
recent years, the recycling technologies for LIBs entered in a new stage focused on the development
of 1) advanced pre-treatment processes to separate all the valuable battery components, and i1i) more
sustainable metallurgical approaches. Compared to the common recycling processes, Supercritical
Fluid (SCF) technology has great advantages related to its environmental benignity, chiefly if CO, is
used as the SCF (scCO,), that is an outstanding solvent for green chemistry approaches.

This review aims at providing an overview on the current progresses and the open challenges of
SCF technology for the treatment of End-of-Life LIBs. The fundamentals of SCF technology process
are discussed, providing the reader a brief overview of principles, operation procedures and
instrumentation. Thereafter, the main applications in the field of batteries recycling are reviewed.
Successful methods for the battery electrolyte recovery via scCO, are discussed, together with
pioneering studies on the extraction of critical metals from the cathode that demonstrate promising
recovery rates (>60%) for Li, Co, Mn, and Ni. Finally, a specific focus is given on the huge innovation
potential of scCO, to separate and reuse the fluorinated binder from the electrode. At present, the
binder is burnt in the common recycling processes, leading to hazardous fluorinated gas emissions.

This review aims to emphasize the opportunities of the SCF technology in batteries wastes
treatment as promising approach for resource recovery with significant economy and environmental

perspectives.
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1. Introduction DOI: 10.1039/045000044G

In 2022, a global LIBs manufactured capacity of 1.5 TWh was estimated. This is expected to
increase to 4 TWh by 2025 and reach 6.8 TWh by 2030, with China producing 76% of global capacity
and leading the market, whose total value is projected to increase from 46.2 billion dollars in 2023 to
189.4 billion dollars in 2032.'? These figures do not take into account supply shortages which,
nowadays, are increasingly more likely and have implications not only on the economic level (causing
the increase of LIBs cost of production), but also on the geopolitical one since the majority of
materials sources usually lies under politically unstable countries.

In 2011, the European Commission (EC) made a list of Critical Raw Materials (CRMs), resources
mainly used in energy transition and digital technologies which were defined by Overland as raw
materials for which there are no viable substitutes with current technologies, which most consumer
countries are dependent on importing, and whose supply is dominated by one or a few producers’?
The original list has been updated every three years since it was first drawn up, until, in March 2023,
EC proposed the Critical Raw Material Act which sets benchmarks for the extraction, the processing
and the recycling of CRMs in Europe at 10%, 40% and 15% of EU's annual consumption,
respectively.* Along with the Act, the list of CRMs was updated extending the total number to 37,
including also Al and Cu (widespread in LIBs industry as current collector materials), and Mn and
Ni (two more environmentally and economically sustainable alternatives to Co for cathode

manufacturing).’
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Another relevant issue addressed in the Act concerns the diversification of supplies. In fact ‘/the

EU] will never be self-sufficient in supplying raw materials and will continue to rely on imports for
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a majority of its consumption’;* therefore, the EC has set an import limit of 65% of the EU's annual

consumption of each CRM from a single third country, in order to diversify sources of supply and
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cope with possible shortages due to geopolitical implications. In this respect, for example, the war
between Russia and Ukraine may have a significant impact on the LIB market. Ukraine plays a crucial
role in the global supply chain of CRMs used in battery production. The country is the eighth largest
producer of Manganese (Mn ore 2 Mt) and also possesses considerable deposits of Nickel (containing
estimated reserve of about 215 thousand tons) and of Cobalt (about 8 thousand tons); it also has one
of the largest Li reserves in Europe, although these are currently untapped and probably will be
unavailable for some time due to the Russian-Ukrainian conflict.®’

However, LIBs are complex devices and do not only contain metals and graphite, but also valuable
fluorinated materials. For example, poly(vinylidene fluoride) (PVDF) is the benchmark binder for the
state-of-the-art cathodes, due to its outstanding properties, such as safety, chemical stability, good

adhesion to the current collectors and excellent free-standing performances.® !4 In this specific case,
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8% by 2026, reaching the value of US$ 826 million by 2026.!> Additionally, fluorinated lithium salts
organic solutions (e.g.: 1.0M LiPF4 in EC/DMC) are used as electrolytes.

In addition to the above-mentioned regulations, laws, and reports, the new EU batteries regulation
clearly put into evidence the need to recycle LIBs, which in turn must be done in a safe and sustainable
way. In this regards, some crucial elements of the directive cover the restrictions of substances, the
Carbon footprint reduction of the recycling processes, and increased recycled contents (Cobalt 16%,
Lithium 6% and Nickel 6% by 2031), recycling efficiency targets (70% for LIBs by 2030) and
material recovery targets (95% for Co, Cu, Ni and 80% for Li by 2031).1°

Most of the LIBs are recycled through combined pyro-hydrometallurgic or hydrometallurgic
processes consisting in several energy-consuming approaches (i.e.: pyrolysis, incineration, smelting,
roasting, etc.) that lead to the recovery of only the heavier metals present in the battery (Co, Ni, Fe,
Mn, Cu).!'” In the past years, the lighter metals (Li, Al) were separated as slug used for building
purposes; however, due to the high economic value of Lithium and to the fact that both elements are
critical raw materials, they are currently recovery as product (e.g. Li2CO3) or metallic component
(Al), respectively.!® More recently, also the recycling of electrolytes and binders has been gathering
specific attention with the aim to avoid the loss of economic and technological value, in alignment
with the European Waste Hierarchy.!” In the last few years several papers were published on the
sustainable recycling of LIBs components, mainly focused on soft solvometallurgical processes with
organic acids for the recycling of the Cathode Active Material (CAM), which is the most precious
component of the battery and it is often Co-based.?0-?

Since 1950s, Supercritical Fluids (SCFs) gained the interest of the scientific community for their
solvating properties which can be exploited for extractive or chromatographic purposes. The most
interesting SCF 1s CO,, which is eco-friendly, abundant, cheap, reusable and has critical values that
can be easily reached also at industrial level. This work reviews the use of SCFs (especially CO,)
used in LIBs recycling: the first part revisits the basic properties of SCFs, and the design of the
instruments used in Supercritical Fluid Extraction (SFE). The second part deals with the latest
advances of the SFE technology in the extraction processes of metals, electrolyte, and binders with a

specific focus on PVDF.

2. Supercritical Fluid Extraction

Despite being discovered in 1822 by Charles Cagniard de La Tour and being used for the first

time as extraction solvents in 1879 by Hannay and Hogarth, SCFs were not given much consideration
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until the late 1950s, when numerous papers suggested their use as eluents for chromatographty ifia;,
plethora of applications.30-32

In a few years, the interesting properties of SCFs were studied in depth; in particular, they were
(and still are) studied for their remarkable extractive properties which, nowadays, are applied in a lot
of fields, such as food industry33-3? (e.g., decaffeination of coffee, extraction of essential oils from
spices), petrochemical industry3*-#! (e.g., fractionation of oil) or pharmaceutical industry**** (e.g.,
enantiomeric separation, extraction of drugs from plants, milling). Today, SFE is a relevant industrial
technology spanning from extraction of solids and liquids, to polymer processing, to supercritical
drying and cleaning, to chemical and biochemical reactions.* The reason is that this kind of extraction
has several advantages compared to liquid phase extraction, e.g., greater speed, ease of solvent
removal, the possibility of choosing the compounds to be extracted according to the pressure applied,

and the possibility of using CO, as the solvent, which is: 1) convenient from an operational point of

view; ii) economical and iii) non-toxic.46

2.1 Supercritical Fluids

A SCF is a substance that is beyond its critical point, an invariant equilibrium point characterized
by a critical temperature and a critical pressure: the critical temperature (7,) is defined as the
temperature above which a substance cannot be liquified, regardless of the pressure applied; the

critical pressure (p.) is the pressure required to make a substance liquify at 7. If both 7> T, and p >

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

P a phase transition occurs that leads to a change in the chemical and physical properties of the
substance, which will assume characteristics somewhere between those of a liquid and a gas (Table

1);*7 this state is called supercritical. The dual behavior of SCFs is the reason why, looking at the
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phase diagram of a substance (Figure 1), the liquidus line ends in the critical point, beyond which
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there is only one phase.

Table 1 - Comparison of some properties for gas, liquid and SCF4’

Property Gas SCF Liquid
Density [kg'm?3] 0.6-2 200 - 900 600 — 1000
Dynamic Viscosity [MPa-s] 0.01-0.3 0.1-0.3 02-3
Diffusivity [10® m?-s] 10-40 0.07 0.0002 - 0.002
Surface tension [dyne/cm?] e e 20 - 40
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Figure 1 - Phase diagram of a generic substance. Above the critical temperature it is not possible to obtain a liquid, no
matter how much the gas is compressed; beyond the critical point, a SCF is obtained. (The figure is a free adaptation

from a generic phase diagram)

Critical temperature and pressure not only define the critical point, but also the critical value of
several other variables such as volume, density and compressibility factor: the critical volume (V) is
the unit volume of a substance at its critical point (for CO; is 9.4-10-2 cm*-mol!); from V,, it is possible
to determine the critical compressibility factor (Z.), a pure number which describes the deviation of
a real gas from ideal gas behavior, and the critical density (p.), which can be calculated by means of

the gas laws. Table 2 shows the critical parameter values of some of the most used SCFs.*

Table 2 - Critical parameters of the most common substances used as SCF*

Substance T, [K] P. [Bar] Zc pe [kgrm3]
CO, 304 74 0.274 466
H,0 647 221 0.235 322
C,H, 305 49 0.285 203
C,H, 282 50 0.280 214
C;Hg 370 43 0.281 220
NH; 406 114 0.244 235
N,O 310 72 0.274 457
CHF; 299 49 0.259 516

As the critical point is passed, the meniscus dividing the liquid from the gas disappears and the
system switches from two-phases (liquid + gas) to one-phase (fluid). In addition, the phase manifests
what is known as critical opalescence: as the critical point is reached, the density of the system takes
an intermediate value between that of liquid and that of gas and fluctuate around this value. The
continuous density fluctuations have a length comparable to the wavelength of visible light and act

as a scattering unit causing critical opalescence due to the Tyndall effect.4
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2.2 Principles of SFE View Article Online

DOI: 10.1039/D4SU00044G

As mentioned above, the field in which SCFs are most widely used is SFE. This technique can be
used as a sample preparation step for analytical purposes or, on a larger scale, to remove an unwanted
substance from a product or to isolate a desired substance from a matrix.

Among the parameters influenced by critical pressure, a crucial one is the so called “solvent
strength”, which is related to density. In fact, changes in density are related to changes in solubility
and mass transport, and, in turn, to the solvent selectivity. The solvent strength of a SCF could be
related to the density by the Hildebrand solubility parameter (d), which provides a numerical estimate
of the degree of interaction between materials and is a good indication of solubility. Materials with
similar values of ¢ are likely to be miscible.’® The Hildebrand parameter is defined as the square root
of the cohesive energy density:

AH, — RT

o= v
here AH,, is the heat of vaporization of the compound, V/,, is its molar volume in the condensed phase
and the other symbols have the usual meaning. We stress that the Hildebrand parameter does not
consider the polarizability of the molecule, therefore it is well suited for non-polar or slightly polar
systems, including many polymers and CO,. More complex treatments can be found in the literature,

e.g. the statistical associating fluid theory (SAFT) proposed by Chapman et al.>! The equation relating

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

o to the density of the solvent is:3?

5=1.25-\/z7c(p)

Pliq

Open Access Article. Published on 16 April 2024. Downloaded on 4/22/2024 12:51:05 PM.

(cc)

Where p. is the critical pressure, p is the gas density, pj, is the liquid density. As the critical pressure
is approached, p becomes more and more near to p;;, and the solubility parameter increases. Figure 2
shows the dependence of ¢ for CO, from both temperature and pressure in terms of the Span and
Wagner equation.> At pressure lower than 10 MPa the dependence from temperature is zero or highly
non-linear. For pressure higher than 10-15 MPa the behaviour is nearly linear, and vice-versa. This
is the key feature for SFE: the solvating power of SCFs can be tuned by small changes in pressure

and temperature to favor the dissolution of a target compound.
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Figure 2 - [sothermal curves of the Hildebrand solubility parameter for CO, as a function of pressure (adapted from

[54] with permission of Elsevier)

A competing effect of the density of the solvent is the vapor pressure of the solute, which increases
with temperature; depending on which of the two effect is favoured, solubility can be ultimately
increase or decrease with temperature.”® Given a Lower Crossover Pressure (Pp) and an Upper
Crossover Pressure (Py), both depending on the components of the system and their ratio, a system
shows a positive temperature dependence below Py and above Py (where the vapour pressure effect
of the solid is favoured) and a negative temperature dependence between Py and Py (where the density
effect of the solvent is favoured). Chimowitz and Pennisi defined mathematically the crossover
pressure as the point where the slope of the solubility plot versus temperature changes sign.>® Several
efforts have been made through the years to study this behaviour and elaborate new model to

accurately calculate the crossover pressure.>’-8

2.3 Solvents

The most used SCF is CO,, which has a critical temperature of 304.4 K and a critical pressure of
73.8 bar; however, there are several other solvents that can be used depending on the desired
characteristics, which are gathered in Table 3 for reader’s convenience. Supercritical CO, has a low
polarity, therefore its efficiency to extract polar compounds is limited; this is the reason why SCFs
are often used in combination with co-solvents to improve their extractive properties. Co-solvents,
added to the SCF, modify certain characteristics of the supercritical fluid such as polarity, aromaticity,
chirality, and the ability to complex metal ions. CO, is the substance to which co-solvents are most
frequently added because they allow this solvent to be used even in circumstances where it would not
be the optimal choice; methanol and ethanol are generally added to increase polarity, aliphatic

hydrocarbons to decrease it, toluene to impart aromaticity, [R]-2-butanol to introduce chirality and

Page 8 of 31
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tributyl phosphate (TBP) to improve the solvation of metal complexes. These co-solvents are gsiglty’
present in quantities of 5-10vol.%, but 1:1 mixture can also be used. The effects of co-solvents for
scCO, in Supercritical Fluid Chromatography (SFC) are numerous and were studied in detail by

Page;>® Table 3 shows the most common co-solvents used for CO, and their critical parameters.

Table 3 - Main solvents and CO, co-solvents used for SFE and their critical parameters.

Substance T.[K] P.[Bar] p.[kg'm?] 0. [Bar®S]
CO, 304.4 74 470 153
H,O 374.3 220 322 276

Methanol 238.8 81 272 182

Ethene 283.3 51 200 119

Solvents®? 1-Butene 133.3 36 221 106
1-Pentane 196.7 34 237 104

Hexane 305.6 49 200 119

N,O 309.9 73 460 147

SFs 319.0 38 730 112

Acetone 508 47 268 n.a.

Acetonitrile 546 48 240 n.a.

Acetic Acid 593 58 351 n.a.

Ethanol 241 61 275 n.a.

1-Propanol 537 51 273 n.a.

2-Propanol 508 48 n.a. n.a.

CO; co-solvents60-6! 2-Butanol 536 42 n.a. n.a.
Diethyl Ether 467 36 263 n.a.

DCM 510 63 n.a. n.a.

Chloroform 536 54 516 n.a.

Benzene 562 4.9 305 n.a.

Toluene 592 4.1 292 n.a.

TBP 742 24 n.a. n.a.

*n.a. = not available

The extraction rate of a target component from a matrix can be optimized by studying the best
conditions of flow rate and other parameters, such as extraction time and particle size, depending on
the parameter controlling the kinetics of the process. A lower flow rate allows the solvent to spend
more time around the particles and enhance the rate of extraction in desorption-controlled processes
(meaning that static SFE is the best choice); on the other hand, a higher flow rate provide the sample
with large quantity of fresh solvent and enhance the rate of extraction in solubility-controlled
processes (meaning that dynamic SFE is the best choice). The difference between static and dynamic

extraction will be explained later in this work.

line

4G
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Figure 3 — (a) Extraction curves of fats from potato chips as a function of extraction time and flow rates; extraction

of fluoranthene from (b) a wood treatment facility soil sample and (c) a railroad bed soil sample showing the strong

impact of matrices on the extraction kinetics of the same analyte (adapted from [62] with permission of S.B.

Hawthorne, A.B. Galy, V.O. Schmitt, D.J. Miller, Anal. Chem., 1995, 67, 2723. Copyright 2015

American Chemical Society)

Hawthorne ef al. studied the effects of the flow rate on both desorption-controlled and solubility-

controlled processes.®? The extraction of fats from potato chips is considered an example of solubility-

controlled process; here, desorption kinetics has a little influence, therefore, the extraction rate is

straight until almost 100% of recovery is reached; Figure 3a shows the curves for the extraction of

fat from potato chips at 340 atm and 60°C (recovery % is referred to the total fat content). The slope

of the curves, which is directly linked to the efficiency of extraction, is proportional to the CO, flow

rate and, more precisely, to the total volume of SCF used for the extraction: with a flow rate of 2.6

mL/min for 30 min (a total of 78 mL used) a 86.9wt.% of fat is extracted; with 1.3 mL/min of CO,

for 30 min (39 mL used) the extracted fat is almost exactly the half, 43.8wt.%.%?

In contrast with the behavior of fats in potato chips, several samples show little or no dependence

of extraction rates on the CO, flow rate, and therefore, their kinetics are controlled primarily by the

initial desorption step rather than by the solubility step. Hawthorne et al. discussed, as an example,
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the extraction rates of several PAHs, such as fluoranthene, from a wood treatment facﬂé%?f&%‘é‘%ﬁ@fé%%”é
(a solubility-controlled process, Figure 3b) and a railroad bed soil sample (a desorption-controlled
process, Figure 3c), showing how the SFE of the same substance from two different matrices may
have different behaviors. > Concerning the extraction from the wood treatment facility soil sample,
the process shows a solubility-controlled process, in which the extraction curves show a trend similar
to that found for the extraction of fats from potato chips and even at low flow rates they reach 100%
recovery if extracted for a sufficiently long period of time; as for the extraction from the railroad bed
soil sample, the process is desorption-controlled and the rates decrease smoothly after about 50%
recovery. Extending the extraction time has much less effect on desorption-controlled processes and
even if the samples are extracted for long periods of time, they may not reach 100% recovery. For
these samples, the initial rate of extraction is often fast, followed by a very slow extraction rate for

the remaining analytes (around 75% of PAHs separated from the railroad bed soil is extracted in the

first 10 min).

2.3 Instrumentation

Supercritical fluid extraction systems can be classified, based on their size, into laboratory or
industrial scale. The laboratory scale systems produce milligrams to grams of extract by using reactors
with a volume ranging from 50 to 300 mL; industrial scale systems use reactor with a capacity of

several hundred liters and lead to the production of kilos of extract.®3

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Although SFE laboratory-scale instruments (Figure 4) and industrial plants (Figure 5) differ
substantially in dimensions and components, they have some common elements: a pump, an

extraction vessel and a collecting vessel, and pressure control systems incorporated throughout the
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line (rupture discs, back-pressure regulators, and pressure gauges).

(cc)

The pump transfers the pre-chilled CO, into the extraction vessel and compresses it until it reaches
at least p.. For small-scale applications, reciprocating or syringe pumps are used; for larger-scale
applications, diaphragm pumps are the best choice. Between the pump and the extraction vessel, the
solvent can possibly be mixed with a co-solvent that, as mentioned earlier, improves the extraction
properties.

Extraction vessels must be designed to withstand very high pressures since, as mentioned before,
the selective extraction of substances relies on the density of the solvent, which is a function of
temperature and pressure; so, the actual extraction may require much higher pressures than p.. There
is a heating system in the vessel to heat the solvent to, at least, the critical temperature. The amount
of heat supplied by the heating system must also consider the temperature drops due to the adiabatic

expansion of CO, when pumped into the vessel.
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The collecting vessel of small-scale systems is like the extraction one, but the pressyre is10Wer:
so that the solvent density drops and the extract precipitates. In pilot or industrial systems, collection
of the extracted solutes is done by rapidly reducing the pressure, or increasing the temperature, or
both. Also, traps (e.g., solid trap, liquid trap, cool trap) can be inserted in the collection vessel to

adsorb volatile molecules.
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Figure 4 - Scheme of a lab-scale SFT-120 extractor from Supercritical Fluid Technologies, Inc.
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Figure S - Scheme of an industrial SCF extractor (adapted from [64] with permission from Elsevier)

Concerning the extraction step, samples can be extracted in: 1) static mode, consisting in filling
the vessel with CO, to a chosen pressure, then stopping the flow of gas and keeping the system closed
for a given time (it is the most frequently used extraction mode on small scale plants); ii) dyramic
mode, which consists of bringing the system to a chosen pressure, then continuously flushing the

extract-containing CO, while pumping fresh solvent inside the extraction vessel to keep the pressure
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stable (this method is mainly used on medium and large scale); a combination of both can‘algorben
used.

Industrial scale SFE generally use dynamic mode, with the supercritical solvent flowing through
the solid until the substrate is depleted; liquid samples on industrial scale SFE and laboratory scale

SFE systems, are commonly extracted in static mode.>

3. SFE in LIBs Recycling

Nowadays, robust LIBs recycling processes must be designed that can cope with the enormous
growth in production that these devices will undergo. It is necessary, on the one hand, to gather ideas
about what has been discovered about the recycling of LIBs® and, on the other hand, to blaze new
trails that lead to the recycling of batteries and the production of secondary raw materials comparable
to the primary ones in a more sustainable way, both from an environmental and an economic point of
view.

SCFs are gaining the interest of the scientific community because they can be used to recycle
different components from LIBs. Main applications in this field are the extractions of the electrolyte,

but pioneering studies on the extraction of metals and binder from the cathode can be found.

3.1 Electrolyte

The first proposal for recycling the electrolyte from a LIB with SCF was filed in 2002 by Sloop

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

as a patent application, which was granted in 2007.% The procedure, which was not fully disclosed

in the description of the invention, was intended to be applied to several electrolyte salts (e.g.: LiPF,
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LiAsFg, LiBF,4, LiCIOy, lithium pentafluoro-thio-difluoro-methane sulfonated, lithium bis-perfluoro-

ethane-sulfonimide, lithium bis-trifluoro-sulfonimide, lithium trifluoro-methane-sulfonate, lithium

(cc)

trifluoro-methane-sulfonyl-methide) dissolved in a solvent selected from a group consisting of
dimethoxy ethane (DME), dimethyl carbonate (DMC), diethyl carbonate (DEC), dipropyl carbonate
(DPC), dioxolane, ethyl methyl carbonate (EMC), ethylene carbonate (EC), and propylene carbonate
(PC) or a mixture of them. Despite being the first document about electrolyte recycling with SCF,
Sloop did not give detailed information about the procedure.

The electrolyte extraction via supercritical CO, is at an early stage and the state-of-the-art is still
limited. Some promising results are currently described in literature, as discussed in the following.
However, some discrepancy is found on the recovery rates demonstrated in the available articles,
which is likely due to different operating conditions used in the proposed extraction methods.

In 2014, Griitzke et al. reported an electrolyte extraction procedure using Supercritical Helium

Head Pressure Carbon Dioxide (scHHPCO,) on a separator soaked with LP30 (LiPF4 1M in DMC/EC
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1:1) and LP50 (LiPFs 1M in EMC/EC 1:1) and on a 18650-type LIB.” They concluded that rérovery:
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rates and extract compositions are strongly dependent on the material which the electrolyte is
extracted from and that, if applied to real LIBs, the procedure leads to the recovery of the solvents
only, with traces of LiPFg. In a 2015 article from the same Author, a solubility-controlled process for
the extraction of LIBs electrolyte with scCO, and liquid CO, with addition of co-solvents (e.g.
acetonitrile, ACN, and PC) was developed in order to improve the extraction yields.®® The best results
(89.1wt.%) were achieved by extracting for 30 minutes with liquid subcritical CO, (25°C, 60 bar)
and an ACN/PC 3:1 mixture flow-rate of 0.5 mL/min. Indeed, the addition of co-solvents to the CO,
significantly improved the recovery of LiPF¢. Both the extractions with scHHPCO, (40°C, 120 bar)
and the subcritical CO,/ACN mixture (25°C, 60 bar) were used by Rothermel and Griitzke on a
18650-type LIB anode;® although the experiment led to the separation of the electrolyte from the
electrode, the aim of the work was to purify the anode material, therefore no characterization on the
electrolyte was carried out.

Simultaneously, Liu ef al. reported the extraction of the electrolyte at various conditions: pressure
ranging from 150 to 350 bar, temperature between 40°C and 50°C, static extraction time within 45 to
75 min.”® The optimal conditions for extraction yield were 230 bar, 40°C and 45 min. However, the
analyses conducted on the recovered product suggested the hydrolyzation of LiPF4 during the
extraction process, leading to the formation of several by-products such as POF3, [PO,F,], [POsF]%,
[PO4)*, [HPO4]*, [H,PO4]-, H3PO,4 and a huge amount of dangerous HF.

Concerning the solvents for electrolyte, Liu ef al. studied the composition of the products obtained
by extracting a LIB separator imbibed with a carbonate mixture of EC/DMC/EMC 1:1:1 mimicking
the solvent of one of the most widely deployed electrolytes in LIBs.”! Extractions were conducted
under pressure ranging from 150 to 350 bar, temperature between 30 and 50°C and dynamical
extraction time of 25-65 min. The samples extracted were analyzed with a Gas Chromatography
Flame Ionization Detector (GC-FID) to study the solvent extraction behavior depending on pressure,
temperature, and time. Concerning pressure, most of the extract was obtained in the initial stage when
pressure was low, and it gradually increased with pressure mainly due to an EC extraction yield
enhancement (from 90 wt% to 98 wt%), whereas DMC and EMC extraction yields remained constant.
The trend of overall extraction yield of temperature-resolved experiment was identical to that of the
pressure-resolved ones, except for the behavior of EC, whose extraction decreased when temperature
rose (from 95 wt% to 89 wt%). Finally, overall extraction yields clearly improved by prolonging the
exposed time, although extending the extraction time may cause unwanted loss of extracts from the
collection vessel. Liu ef al. concluded that the extraction of carbonates was determined by the polarity

of the solvent, suggesting the use of polar co-solvents to modify this SCF property.
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In 2017, Liu et al. carried out the first successful extraction of an electrolyte from gualjty.eottiol,
samples of 40Ah Li(NiyMn,Co,)O, (NMC) prismatic cells.”? They dismantled the spent LIBs,
transferred them in the extraction vessel and extracted the electrolyte with a static extraction at 40°C
and 150 bar for 10 min followed by a dynamic extraction with a constant flow rate of 2.0 L/min; the
best achieved yield was about 88wt.%; the product was characterized and showed ionic conductivity
comparable to commercial electrolyte (0.19 mS cm! at 20°C). In a subsequent work, the same
Authors optimized the conditions by also introducing subcritical CO, extraction, which proved to be
a better extraction solvent than scCO, (extraction rates about 95wt.% and 85wt.%, respectively).”?
Data obtained from several experiments were fitted with a proper model and optimal conditions were
found to be 28.86°C temperature, 88.4 bar pressure and 9.77 min extraction time. Later, Mu et al.
combined the electrolyte extraction from spent LIBs using scCO, with the exfoliation of the cathode
material: the optimal conditions for the experiment were found to be 38°C temperature, 100 bar
pressure and 15 min extraction time and led to a delamination efficiency of 99 wt% and a high-purity
electrolyte.’

Finally, Niu et al. suggested to implement the use of scCO, in industrial treatment of LIB by
coupling the extraction of electrolyte with the discharging of the battery.” This could prevent the use
of salt-saturated solutions that can corrode the steel cover of the batteries and cause the leakage of
the electrolyte into the solution. This unfortunate event leads to a loss of recyclable material and,
potentially, to the damaging of the instrumentation due to the evolution of HF from the reaction of
LiPF with water.”> The relevant results obtained in the works mentioned above are summarized in

Table 4.

Table 4 - Summary table of techniques and optimal operating conditions used for the extraction of electrolytes with scCO,

Electrolyte Yield Extracted
Year Co-solvent T [°C] P [bar] T [min] Reference
Salt [wt.%] compounds
LiPF, LiAsFg,
2002 e e Not disclosed ------------------——-——- 66
LiBF,, LiClO4
DMC, EC,
2014* LiPFy - 40 120 90 73.5 ) 67
LiPFg (traces)
DMC, EMC,
VC, EC, 1,11-
2014 LiPFg - 40 230 45 85.1 70
biphenyl, LiPFg
(traces)
DEC, PC, EC,
2015%* LiPF¢ ACN/PC 3:1 25 60 30 89.1 68
LiPFg (traces)
2016* LiPF¢ - 40 120 90 69
2016** LiPFs ACN/PC 3:1 25 60 30 69

44G
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EMC, DEC, View Article Online
DOI: 10.1039/D4SU00044G
2017 1570 S — 40 150 10 85 EC, VC, LiPF, 72
(traces)
PC, EC, EMC,
201 7% *** LiPF¢ - 28.86 88.4 9.77 - DMC, LiPF, 73
(traces)
EMC, VC,
2022 LiPF¢ - 38 100 5 e 74
DEC, EC,

*Experiment was carried out using scHHPCO; technique
**Experiment was carried out using subcritical liquid CO,

***Optimal operating conditions were extrapolated from a model based on the extraction tests conducted

3.2 Metals

The first studies on the extraction of metals with SCFs are attributed to Wai et al., who showed
how scCO, can be used as a solvent to extract elements from both solid and liquid matrices when
fluorine-substituted organic ligands are used, such as bis-trifluoro-ethyl-dithio-carbamate for
transition metals and non-metals, fluorinated B-diketones and TBP for lanthanides and actinides,
triazole-containing crown ethers for heavy metals.’6-%0 Although a huge part of these studies was
focused on the recovery of metals from environmental matrices in aqueous solutions, they introduced
the use of SCFs in metal recovery.

Erkey pointed out the need to develop new ligands to be used as complexing agents in
organometallic catalysts to make them more soluble in SCF and help their recovery by means of SFE,
or to add modifiers to the SCFs to improve their solvation power towards organometallic catalysts.?!
Although some advances in finding best operating conditions and suitable ligands for SFE were
reported by Lin et al., the problem became that of finding non-toxic, non-polluting, high-selective
chelating agents.??

Basing their work on studies conducted on the recovery of precious metals from printed circuit
boards using supercritical water 83-86, Bertuol et al. successfully recovered cobalt from LIBs.87# The
authors performed acid leaching tests and scCO, extraction (75 bar, 75°C), using H,SO, and H,O, as
co-solvents in both cases. The use of SCFs led to an increase in Co extraction efficiency from 87wt.%
to more than 95wt.%, a reduction of the extraction time from 60 to 5 min, and a reduction in the
concentration of H,O, required from 8vol.% to 4vol.%, compared to the acid leaching at atmospheric
pressure.

Although, after 2016, some efforts were made to recover strategic metals from several end-of-life
technological devices with SCF (e.g. rare earth elements from NiMH batteries, NdFeB magnets and

fluorescent lamps, indium from liquid crystal displays and silver from e-wastes),?-3 their application
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to LIBs recycling did not progressed until 2022, when Zhang and Azimi studied a seCQa extraction;
process with TBP—HNO; adducts as a complexing agent to recover Li, Co, Ni, and Mn from EoL
LIBs;** the reducing effect of H,O, was also studied in some tests by adding 4 mL of 30% (w/v) H,O,
to the reactor. The extraction results varied between 60% and 80% among 8 tests and the maximum
extraction efficiencies were 70%, 74%, 76% and 67% for Li, Co, Mn, and Ni, respectively, at 40°C
and 310 bar, 60 min extraction time and a ligand concentration of SmL/g of metal. Zhang and Azimi
concluded that: 1) the SFE method was able to improve the extraction efficiency of Li, Ni, Mn and
Co compared with conventional leaching processes; ii) the consumption of chemicals and the
extraction time were sensibly lower; iii) the reducing agent H,O, can significantly improve the
extraction process by reducing Co, Mn, and Ni to +2 oxidation state, which can form stable complexes

with TBP-HNO; adduct that are soluble in scCO,. The relevant results obtained in the works

mentioned above are summarized in Table 5.

Table 5 — Summary table of techniques and optimal operating conditions used for the extraction of metals from LIBs with scCO,.

Year Author Metal Co-solvent T [°C] P [bar] T [min] Reference
2016 Bertuol et al. Co H,S0,, H,0, 75 75 5 88

. . . TBP-HNO;
2022 Zhang & Azimi Li, Co, Ni, Mn 40 310 60 94

(5 mL/g of metal)

3.3 Polymers

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Nowadays, SCFs are widespread in the field of polymer science because they can be used as a

medium for polymerization in order to speed it up or as a medium for foaming processes to obtain
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products with peculiar morphologies.®>-*° Concerning SFE, this technique can be used for extraction

(cc)

of substances from a polymeric matrix (e.g., plasticizers and dyes) or extraction of a polymer from
organic/inorganic matrices.'%0

Some pioneering studies were conducted on the fractionation of polymers in ‘60s and ‘70s,
however, the process seemed to be most effective for the fractionation of oligomers and for the
removal of low molecular weight species from polymers.'°! In 1999, Merz and Muth reported the
extraction of thermoplastic polymeric binders from injection molded workpieces composed by
60vol.% of solid matrix (metal or ceramic) and 40vol.% of binder.'®? They found that at 50°C
extraction efficiency was very low, while between 60°C and 70°C the extraction was more efficient.
They concluded that, during an isothermal extraction, the variation of pressure had only a small
influence on the extraction rate, whereas the variation of temperature during isobaric extractions led

to great differences in extraction efficiency.
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When dealing with SFE of polymers, the operating conditions and the recovery yigld of polyingrs,
are deeply influenced by the molar mass of the substance to be extracted. Indeed, polymer chains
with higher molar mass tend to be less volatile and less prone to be extracted with a SCF than chains
with lower molar mass. To fully recover a polymer, regardless of its dispersity, it is necessary to use
operating conditions that allows to extract even the longer polymer chains. However, dispersity can
also be used as an advantage to fractionate the polymer and recover fraction of specific molar mass.
This can be done with two different approaches depending on the extraction setup used: isothermal
decreasing pressure profiling (patented by Hunter and Richards in 1945), and isothermal increasing
pressure profiling.!'03-105

Isothermal decreasing pressure profiling consists in a sequential pressure reduction to fractionate
the polymer. A polymer with a broad molecular weight distribution is placed into the extraction vessel
(Figure 6), and the SCF is pumped inside. The extracted phase exiting the vessel contains the polymer
fraction with a molar mass dependent on the solubility characteristics of the polymer chains according
to the operating parameters of the extraction vessel. Based on these operating conditions, the heaviest
fraction of polymer can be left undissolved inside the extraction vessel and recovered after the
extraction. All the chains with a mass below the heaviest chain are pumped in the first separation
vessel, where temperature and pressure are slightly different and cause the second heaviest fraction
of the polymer to precipitate. The remaining solution is then transferred in a second separation vessel
to precipitate the third heaviest fraction, and so on. The polydispersity of each fraction can be reduced
to very low values if small pressure decrements are taken between each pressure level: the smaller is

the decrement, the less the amounts of each fraction recovered (albeit with low polydispersity index).

Pressure
Control
Valves

Extraction
Vessel

Polymer +scCO,

1 Separators

Figure 6 - Schematic setup of an extractor for isothermal decreasing pressure profiling of a polymer (The figure is a

free adaptation from a generic extractor scheme)

Concerning isothermal increasing pressure profiling, the simple lab-scale apparatus shown in
Figure 4 can be used for this purpose. An amount of polymer is charged to the extraction vessel and

the extraction is carried out by increasing pressure stepwise. A low pressure is first used, and the

line

4G
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extraction is continued to the highest pressure until no more polymer fraction is collected. v unitil)'
some maximum operating pressure is reached.

As mentioned before, temperature and pressure define solvent density which is related to
extraction efficiency. Clifford et al. studied the fractionation of polyisobutene and
polydimethylsiloxane both at constant density and with a linear density program.!?® Concerning
polyisobutene, they preliminarily extracted the material at 50°C and 130 bar to get rid of the lower
mass oligomers, then they proceeded by extracting the polymer with a linear density program from
636 kg'm>to 1011 kg-m™ at arate of 6.32 kg':m--min-!. They extracted eight fractions at equal density
intervals of 45 kg'm-3 and with a number-averaged molar mass (calculated as the ratio of the oligomer
molar mass to the monomer unit molar mass) between 342 and 1528 with total yield of 52wt.%.

One of the first uses of SFE for recycling purposes was reported in 2017 by Calgaro ef al., who
successfully experimentally design the extraction of polymers from PCBs using CO, and ethanol.!?’

As expected, the studies showed that temperature and pressure were statistically significant in the

extraction process and the highest extraction percentage (69.5wt.%) was obtained at 70°C and 75 Bar.

3.3.1 Poly(vinylidene fluoride) (PVDF)
Poly(vinylidene fluoride) (PVDF) is a non-reactive thermoplastic fluoropolymer obtained by the
polymerization of 1,1-difluoroethylene (or vinylidene fluoride). It has a plethora of interesting

properties, such as heat resistance (it is stable up to 375°C), resistance to several chemicals (acids,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ionic and salt solutions, halogenated compounds, hydrocarbons, aromatic and aliphatic solvents,
oxidants and weak bases), electrical insulation, piezoelectricity and pyroelectricity (when

appropriately processed) that make it suitable for a lot of applications in electricity and electronics,

Open Access Article. Published on 16 April 2024. Downloaded on 4/22/2024 12:51:05 PM.

biomedicine, architecture, pharmaceutics, petrochemical, oil & gas, food industry and water
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treatment. However, it is sensitive to strong bases, esters, and ketones.

PVDF is commonly used as a binder in cathodes and anodes of LIBs. Its function is to bind
together CAM and carbon black particles and make them adhere to the current collector. Due to the
several applications mentioned before, PVDF is a technologically relevant material, therefore
industries producing this polymer-are becoming more and more interested in recycling it as a part to
transition to circular economy.!3.108,109

In the first study on the solubility of PVDF in scCO,, Rindfleisch et al. reported the insolubility
of the polymer even at 300°C and 2750 bar;!!? the reason for this behavior was found in the high
cross-linking degree of the material and the high molar mass of the sample (Mw = 5.3-10° g-mol!)

due to the polymerization process.
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However, based on several evidences!'!!"!!5 that CO, can actually dissolve fluoropglymers o o2
polymers containing fluorinated groups, Lora et al. re-examined the solubility of PVDF (and
polyvinyl fluoride, PVF) in supercritical CH,F, (or Freon-32™) and scCO,.!'¢ They reported the
dissolution of 5wt.% of PVDF (My, = 2.0-10° g'mol!) in CH,F; at a temperature between 100°C and
225°C and a pressure between 750 bar and 900 bar, while dissolution in CO, required pressures above
1600 bar and temperatures between 130°C and 215°C. They concluded that a polar solvent is needed
to dissolve these polymers, suggesting that this is the reason why the cloud points of PVF and PVDF
are lower in CH,F, than CO, (the PVDF being more soluble than PVF as shown in Figure 7),
supporting the considerations of Kazarian ef al. regarding the donor-acceptor interaction between
polymer and solvent.!!'” In fluoropolymer extraction with SCF, both CH,F, and CO; act as electron-

acceptors but CH,F, is a better acceptor than CO,, so the resulting interaction is stronger and the

cloud point temperature and pressure are lower.
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Figure 7 — (a) Cloud points of PVF in CH,F, (red) and PVDF in CO, (green) and in CH,F, (blue); (b) cloud points of
PVDF in CO, with dimethyl ether, DME (red), ethanol (green) and acetone (blue) as co-solvents. All graphics adapted
with permission of J.S. Lim and M.A. McHugh, J. Phys. Chem. B, 1999, 103, 2818. Copyright (1999) American

Chemical Society.

Since CH,F, does not contain any chlorine atom, it is not dangerous for ozone layer; it is however
a potent greenhouse gas (GWP-20: 2690, GWP-100: 771, GWP-500: 220)!'® and it is extremely
inflammable when mixed with air. This is one of the reasons why it is preferable to add co-solvents
to CO, to improve its polarity, both from the environmental point of view and the safety one. Lora et
al. tested acetone, dimethyl ether, and ethanol as co-solvents in order to improve CO, solvating power

toward PVDF.!'® Among the three investigated co-solvents, they reported the acetone to be the best
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one, capable of lowering the pressure of the cloud point of PVDF in CO, of at leagt one grdet of'
magnitude (Figure 7b).

Dinoia et al. further investigated the solubility of PVDF in several SCFs: CO,, CHF;, CH,F,,
CHCIF,, CCIF;, CH;CHF,, CH,FCF;, CHF,CF3, and CH3CCIF, reporting cloud point temperature
and pressure up to 250°C and 3000 bar, respectively.!!” Concerning scCO,, they concluded that: 1)
the weight of the polymers has a low influence on its solubility; ii) as pointed out by Kazarian et al.,
scCO, forms a weak complex with the fluorine atom in the VDF repeat unit which enhances the
solvent power of CO, (especially at low temperatures);!!'” iii) CO, has a very low polarizability,
therefore it is a poor solvent for PVDF at high temperatures where non-polar dispersion interactions
are predominant with respect to polar interactions. The solubility of PVDF was then compared to that
of the co-polymer P[VDF5-co-HFP,;], which showed lower cloud-point pressures in all solvents.
The introduction of a co-monomer into the polymeric backbone of PVDF dramatically lowers the
cloud point, so that pressures of 400-1000 Bar are sufficient to dissolve P[VDFg-co-HFP,,].12°

Fahmy studied the polymerization and crystallization processes of PVDF in scCO,;!'?! as a side-
result to his work he found out that a low concentration of the relative monomer VDF (< 42wt.%)
can decrease the solubility of PVDF in scCO,, while at higher concentration (> 52wt.%) the situation

is opposite (Figure 8).
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Figure 8 — VDF concentration effect on cloud point pressure at 155°C (green) and 180°C (red) for PVDF (adapted
from S.M. Fahmy, PhD thesis, RWTH Aachen University, 2005
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The studies on the dissolution of PVDF continued in 2021 with Fu ef al., who applied the SFE
with CO, to the extraction of the binder from spent LIBs cathodes.!'?? The experimental conditions
were optimized by extracting pure PVDF in the pressure range 40-90 bar and 40-90°C temperature
range for different extraction times (4-17 min); the results indicated that 98.5wt.% of pure PVDF was

dissolved using a scCO,-DMSO system under the optimal conditions of 70°C temperature, 80 bar

2
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pressure, and 13 min process time. The same conditions were used to recover PVDF fromiattual’
cathodes: Fu et al. characterized by means of TGA, FTIR and SEM the recovered PVDF, which

showed no major difference from the raw PVDF used as reference (Figure 9).

Raw PVDF

100

—— Raw PVDF
—— Recovered PVDF

75 r

Recovered PVDF | |

50

Mass [%]

25 F

Transmittance [arb. un.]

(@)

0 150 350 450 600 750 900 4000 3500 3000 2500 2000 1500 1000 500

Temperature [°C] Wavenumber [cm™]

Figure 9 — Characterization of the PVDF recovered by Fu et al. (red plots) and comparison with a raw PVDF (blue
plots) as reference by means of (a) TGA and (b) FT-IR analyses (adapted from [122] Y. Fu, J. Schuster, M.
Petranikova and B. Ebin, Resour., Conserv. Recycl., 2021, 172, 105666. No permission required. License: CC BY
4.0, Elsevier)

SFE was also successful to delaminate the cathode active materials from the current collector. Mu
et al. used SFE with CO; to exfoliate cathodes, extract the electrolyte and free the CAM.” Mu et al.
evaluated the effect of the single parameters on the exfoliation of the material (Figure 10): both
pressure and extraction time showed a peak in peeling-off efficiency at 100 bar and 15 min,
respectively, while temperature did not show any inflection point, at least in the examined range, and
the efficiency could increase as temperature rises. However, since the purpose of Mu et al. was also
the electrolyte recovery they stopped at 38°C because “/we] had reached a conclusion in our
published study that the recovered ratio of electrolyte decreased with an increase of temperature”.’
They concluded that the separation of cathode material from the Al current collector was the result

of the weakening of the adhesion between the materials of the cathode, which is attributed to the

removal of the organic binder.

line
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Figure 10 — Effect of (a) pressure, (b) temperature and (c) time on the exfoliation efficiency with scCO,. All graphics

adapted from the work of Mu et al.7* with permission from John Wiley and Sons.

In 2022, a patent application on a procedure for purifying PVDF with scCO, was filed.!?* They
claimed a method comprising the washing of a PVDF with a SCF at 100-1000 bar (preferably 200-
600 bar) and 20-200°C (preferably 50-170°C), a flow-rate of SCF of 1-30 kg-h™! per kg of PVDF and
the addition of a co-solvent, if necessary (preferably H,O or EtOH). The whole process takes 1-12 h
(preferably 3-10 h). The relevant data on PVDF extraction are reported in Table 6.

Table 6 - Summary table of techniques and optimal operating conditions used for the extraction of PVDF with SCF

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 16 April 2024. Downloaded on 4/22/2024 12:51:05 PM.

Year SCF Co-solvent T [°C] P [bar] T [min] Reference

1999 co, e 130-215 1600 - 116
1999 CO, Acetone, EtOH 200-250 50-150 - 116
1999 CO, DME 50-300 80-200 - 116
1999 CH,F, e 100-225 750-900 - 116
2021 CO, DMSO 70 80 13 122
2022 co, e 38 100 15 74

- Any Any 20-200 100-1000 60-720

= 20227 (CO,) (H,0 or EtOH) (50-170)  (200-600) (180-600) 123

* Values in brackets are best mode operating conditions

4. Conclusions

The use of CO, as a SCF has significant advantages, such as non-toxicity, non-flammability,
inertness, easiness to handle. Moreover, CO, is cheap, abundant, easily removable from the final
products, and reusable. Its critical values can also be easily reached, and this makes such technology
easily scalable at industrial level. This last aspect is the major advantage with respect, for example,
to H,O, whose supercritical parameters (about 374 C and 22 MPa) are more difficult to implements
at the industrial level. The application of SFE in lithium battery recycling, particularly focusing on
binder extraction, presents a promising avenue for sustainable and efficient processes. This innovative

approach not only addresses environmental concerns associated with traditional methods but also

2
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offers a valuable opportunity to recover and reuse materials. By utilizing SFE, the extragtion of7'

4G
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binders becomes highly effective, ensuring a cleaner and more resource-efficient recycling process.
The removal of the electrolyte increases the safety of the entire recycling process, including the
battery deactivation step, since flammable compounds are removed. Furthermore, the extraction of
both electrolyte and binder leads to a decrease of the fluorine content in the black mass, that is
beneficial in metallurgical treatment of the black mass itself. Embracing this technology not only
contributes to the circular economy but also enhances the viability of lithium batteries as a key

component in future energy storage solutions.
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