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Abstract: Developing efficient recycling processes with high recycling quotas for the recovery of
graphite and other critical raw materials contained in LIBs is essential and prudent. This action
holds the potential to substantially diminish the supply risk of raw materials for LIBs and enhance
the sustainability of their production. An essential processing step in LIB recycling involves the
thermal treatment of black mass to degrade the binder. This step is crucial as it enhances the recycling
efficiency in subsequent processes, such as flotation and leaching-based processing. Therefore,
this paper introduces a Representative Black Mass Model (RBMM) and develops a computational
framework for the simulation of the thermal degradation of polymer-based binders in black mass
(BM). The models utilize the discrete element method (DEM) with a coarse-graining (CG) scheme and
the isoconversional method to predict binder degradation and the required heat. Thermogravimetric
analysis (TGA) of the binder polyvinylidene fluoride (PVDF) is utilized to determine the model
parameters. The model simulates a specific thermal treatment case on a laboratory scale and investigates
the relationship between the scale factor and heating rate. The findings reveal that, for a particular BM
system, a scaling factor of 100 regarding the particle diameter is applicable within a heating rate range
of 2 to 22 K/min.

Keywords: spent lithium-ion battery; LIB recycling; binder degradation; isoconversional method;
discrete element method (DEM); thermal treatment

1. Introduction

The demand for lithium-ion batteries (LIBs) has risen significantly in recent years
and is anticipated to persist for decades to come, as indicated by a study conducted by
the Fraunhofer Institute for Systems and Innovation Research (ISI) [1] in 2022. However,
with the global demand for LIBs on the rise, the demand for their essential components is
also increasing. This scenario could result in a shortage of the necessary supplies required
for the production of LIBs.

The EU has compiled a list of critical raw materials [2]. In particular, one critical raw
material on this EU list is graphite, which is a major component in LIBs, with approximately
20 wt.% [2,3].

Therefore, it is of crucial interest that spent LIBs are recycled with high efficiency [4,5].
This action can significantly reduce the raw material supply risk for LIBs and increase the
sustainability of their production. It is therefore important and prudent to develop efficient
recycling processes with high recycling quotas to recover also graphite and other critical
raw materials contained in LIBs. One possible schematized recycling route for spent LIBs
is shown in Figure 1.
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Figure 1. A possible schematized recycling route for spent LIBs based on [6–8].

After discharging and then dismantling the spent LIBs from their protecting casing,
the LIBs are crushed and treated with heat, typically under a vacuum, to release the volatile
components, such as the electrolyte solvents [8]. The tailored release of the electrolyte
solvents seems particularly important, which makes the understanding of vapor–liquid
equilibrium (VLE) under representative process conditions necessary [9]. After these first
crushing- and drying-based processing steps, the crushed and dried mass can be separated
into coarse and fine fractions by mechanical processing [8]. The coarse fractions typically
consist of iron, plastic, aluminum and copper [8]. The fine fraction is typically called black
mass (BM) and consists mainly of the active material, such as graphite or lithium metal
oxide (LMO) [8]. The BM also contains the binder material and may contain the remaining
low-volatility electrolyte solvents [8]. To release the remaining low-volatility solvents and
degrade the polymer-based binder, a second heat treatment of the BM can be applied [8].
The tailored degradation of the binder material enhances the purity and recycling effi-
ciency of the graphite and LMOs in downstream processing [10], such as forthcoming
flotation-based [7], leaching-based [11,12], and other possible recycling steps [13]. Van-
derbruggen et al. [7] showed that, with a thermal treatment decomposing the binder and
releasing the agglomerates of the active material, flotation achieved graphite recovery of
approximately 95% and LMO recovery of nearly 90%. Compared to this, pure mechanical
pre-treatment could achieve graphite and LMO recovery of approximately 65% [7].

Therefore, binder degradation seems to be an important processing step to increase
the recycling efficiency of LIBs. Among other possible binder materials in the BM, such as
carboxymethyl cellulose (CMC) and styrene butadiene rubber (SBR), the binder polyvinyli-
dene fluoride (PVDF) is a common binder material for the active material in LIBs due to its
exceptional thermal stability. Therefore, a typical BM composition obtained from recycling
processes is likely to contain PVDF, which is one reason that we have considered PVDF
in this work. The challenge is that, on the one hand, the binder should be degraded by
thermal treatment in a certain amount of processing time and, on the other hand, other
valuable components should not be decomposed [8]. Furthermore, the thermal treatment
of the BM can release toxic gases such as hydrogen fluoride (HF), which can cause the
corrosion of equipment and air pollution by decomposing the fluoride-containing compo-
nents in spent LIBs, such as the binder PVDF, which must be considered in experimental
security management [6]. Moreover, two common thermal processes are used to degrade
the binder, calcination and pyrolysis, and an overview of industrial recycling routes can be
found in [14]. Pyrolysis is more effective than calcination in preventing undesired graphite
decomposition due to the absence of oxygen in the atmosphere [6,15–18], which is one
particular reason for our focus on pyrolysis conditions in this work. In order to tailor the
binder degradation during the thermal treatment of black mass, efficient computational
methods are necessary to optimize future thermal treatment processes and adapt flexibly
to changing feeds in the recycling route.

Therefore, the goal of this work is to develop the first computational model framework
capable of simulating the degradation of polymer-based binders in black mass under
an inert atmosphere, which is encountered in thermal processes, where heat transfer
phenomena and the time and space fields of the temperature and black mass motion
is considered. To achieve this goal, herein, an isoconversional kinetics approach [19] is
directly coupled with the discrete element method (DEM). One challenge thereby is that BM
particles typically have a mean particle size of approximately 10 µm, as shown in the work
by Vanderbruggen et al. [20]. Therefore, a coarse-graining approach is additionally applied



Batteries 2024, 10, 63 3 of 22

in connection with a representative black mass composition to allow scaling, termed the
Representative Black Mass Model (RBMM). Therefore, with lower computational costs, the
physical thermal treatment times can be calculated.

Principal isoconversional approaches are described in Vyazovkin et al.’s guidance [19].
This guidance explains how to determine kinetic parameters from thermogravimetric anal-
ysis (TGA) and perform isoconversional calculations [19]. To perform these calculations,
methods such as model-free and model fitting are used [19]. There are several model-free
methods for the determination of activation energy from reactions without assuming any
form of reaction model, including the Friedman [21], Ozawa–Flynn–Wall (OFW) [22,23],
Kissinger–Akahira–Sunose (KAS) [24], and Vyazovkin methods [25–27]. The isoconver-
sional approach allows the determination of the overall kinetics of a physical property
change, such as the degradation of a polymer-based binder, without requiring knowledge
of the species-specific reactions of molecules [19]. In this work, the OFW method is used
and coupled with DEM.

DEM is a numerical technique used to calculate the movement, acting forces, and heat
transfer phenomena of discrete elements within CAD geometries [28]. Its main application
is to investigate and predict the behavior of bulk materials in a specific geometry [28].
To simulate bulk materials with small particle diameters, such as powders, a coarse-graining
(CG) scheme can be used to reduce the number of particles and increase the computational
efficiency [29]. An example of a CG scheme is the one proposed by Bierwisch et al. [29],
which is also the scaling concept used in this work to develop the RBMM.

With the developed computational framework, the first survey of thermal treatment
cases in a lab-scale environment is established, where the focus is on understanding the
scale parameters and heat transfer on the lab scale and performing model validation.

2. Materials and Methods
2.1. Materials

The binder material under investigation was a powder of polyvinylidene fluoride
(PVDF-CAS No.: 24937-79-9), purchased from Sigma-Aldrich (Saint Louis, USA). The char-
acterized properties, i.e., average molar mass Mw, density ρ, melting temperature Tm, glass
transition temperature Tg, and degradation temperature Tdeg, are listed in Table 1.

Table 1. Physical properties of the investigated PVDF powder according to Ref. [30].

Property Value

formula (C2H2F2)x-
Mw ∼534,000 by GPC

ρ 1.74 g/mL at 25 ◦C
Tm 165 ◦C
Tg −38 ◦C

Tdeg >315 ◦C

2.2. Experimental Procedure

Thermogravimetric analysis (TGA) was performed using a modified high-pressure
simultaneous thermal analysis device (HP STA) from Linseis GmbH. The initial sample
mass of the investigated PVDF was approximately 10 mg. The sample atmosphere was N2
at a gas flow rate of 0.9 L/min. The degradation of the PVDF powder was investigated
at three heating rates (HR) of 2.0 K/min, 10.7 K/min, and 22.8 K/min in the temperature
range of 20 ◦C to 600 ◦C.

2.3. Computational Methods

In order to describe the degradation of a binder on a larger scale while also considering
motion during the thermal treatment process, a Representative Black Mass Model (RBMM)
is developed and treated in a thermal process to degrade the binder by coupling the binder
thermal degradation kinetics with DEM and by applying a coarse-graining scheme.
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2.3.1. Thermal Degradation Kinetics

The Ozawa–Flynn–Wall (OFW) method, developed independently by Ozawa [22],
Flynn, and Wall [23], is used to calculate the activation energy Ea as a function of its extent
of conversion α from TGA data at constant heating rates. Therefore, the TGA data are
converted to the extent of conversion α [19]:

α(t) =
m0 − m(t)
m0 − m f

(1)

where m0 is the initial mass, m f is the final mass, and m(t) is the current mass at time t. The
extent of conversion α is a scalar variable and describes the state of the degraded sample in
a range from 0, i.e., no degradation occurring, to 1, i.e., degradation completed [19].

To calculate the kinetics, the following differential equation is given to evaluate the
extent of conversion α over time [19]:

dα

dt
= β

dα

dT
= k(T) f (α) (2)

where dα/dt is the conversion rate, β is the heating rate (HR), k(T) is the reaction rate, and
f (α) is the reaction model.

The reaction rate k(T) is described by the Arrhenius equation [19]:

k(T) = Ae−
Ea
RT (3)

where A is the pre-exponential factor and R is the universal gas constant.
From Equation (2) and the constant HR (β = const), the OFW method yields the

following equation [19]:

ln(β) = ln
(

AEa

g(α)R

)
− 5.331 − 1.052

Ea

RT
(4)

where g(α) is the integral form of the reaction model f (α) [19]:

g(α) =
∫ α

0

dα

f (α)
(5)

In a linear plot of ln(β) over 1/T, the activation energy Ea can be determined by
calculating the slope −1.052 Ea

R for the same extent of conversion α [19]. The pre-exponential

factor A can be calculated from the intercept ln
(

AEa
g(α)R

)
− 5.331 [19]. To calculate the

intercept, a proper reaction model f (α) must be applied and the parameters must be
determined [19]. Vyazovkin et al. [19] recommend that at least 3–5 TGA measurements
at different heating rates are required to determine the activation energy Ea. A suitable
reaction model, which is applied in this work, is the reaction order model according to
Ref. [19]:

f (α) = (1 − α)n (6)

where n is the reaction order and the parameter to be determined.

2.3.2. Discrete Element Method (DEM)

DEM is a numerical method based on Newton’s equations of motion [28]. In general,
the DEM approach treats particles as rigid bodies that have six degrees of freedom, the three
translational degrees and the three rotational degrees around their center of mass [28].
A comprehensive overview of the DEM approach and its applications is presented in the
work of Yeom et al. [28]. In addition to describing particle motion, models are also available
to calculate the heat transfer mechanism using the DEM approach [28]. One powerful DEM
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solver that provides these models is the open-source DEM solver LIGGGHTS-PFM [31],
which is also used in this work.

Stability of DEM Simulations

To achieve a stable and accurate DEM simulation, it is recommended to select a time
step ∆t that is 20% of the maximum time step ∆tmax [28]. The maximum time step ∆tmax
can be estimated using the following equation, which is based on the Rayleigh wave [28]:

∆tmax =
π R

√
ρ/G

0.1631ν + 0.8766
(7)

where ρ is the particle density, R is the particle radius, G is the shear modulus, and ν is the
Poisson’s ratio of the material properties of the DEM particle.

Thermophysical Descriptions

LIGGGHTS-PFM has a linear heat transfer model implemented, which is based on
Chaudhuri et al. [32]. This model describes linear heat transfer through conduction, where
heat flux occurs between particle i and geometry j or particle j as Q̇c

i,j [32]:

Q̇c
i,j = Hc(Tj − Ti) (8)

where Ti is the temperature of the particle i, Tj is the temperature of a geometry j or particle
j, and Hc is the heat transfer coefficient. Furthermore, this model assumes a homogeneous
temperature distribution within a particle [32]. The heat transfer coefficient Hc is given by
the following equation [33]:

Hc =
4 ki k j

ki + k j

√
Acontact,i,j

π
(9)

where ki and k j are the thermal conductivities of particle i and particle j or geometry j,
respectively, and Acontact,i,j is the contact area between these two objects. Depending on the
model selected, the contact area Acontact,i,j can be chosen from three modes [33].

1. Mode: Calculation according to the overlapping area of objects.
2. Mode: Constant by user-defined overlap area.
3. Mode: Calculation by projection area Aproj.,i,j, where Aproj.,i,j = r2

min π and rmin is the
radius of the smaller object.

Additionally, LIGGGHTS-PFM has a radiation model between particles to simulate
radiative heat transfer according to Stefan–Boltzmann’s law [33]. Currently, LIGGGHTS-
PFM does not support radiative heat transfer between a geometry and a particle [33].
Therefore, herein, this heat transfer mechanism is newly implemented and it is based on
the already implemented radiation model between particles by

Q̇r
i,j = Aproj.,i ϵi σ (T4

j − T4
i ) (10)

where Q̇r
i,j is the radiative heat flux between geometry j and particle i, Aproj.,i is the projected

area of particle i, ϵi is the emissivity of particle i, σ is the Stefan–Boltzmann constant, and
Tj and Ti are the temperature of geometry j and the temperature of particle i.

The evolution of the temperature of the particle i is given by the following equation [33]:

dQi
dt

= mi(t) cp,i(T)
dTi
dt

=
N

∑
k=1

Q̇k (11)

where mi(t) is the current mass, cp,i(T) is the specific heat capacity, and Q̇k is the heat flux
into the particle, with k heat fluxes involving particle i.
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Coarse-Graining (CG) Scheme

One sophisticated coarse-graining (CG) scheme is the approach of Bierwisch et al. [29].
This CG scheme scales the original particle radius R to a scaled up particle radius Rs [29].
The ratio of the scaled radius Rs to the original radius R is defined as the scaling factor
Scg [29]. Using this method, the number of particles can be reduced to ∼S3

cg and the time
step ∆t can be increased by ∼Scg [29].

The main idea of this approach is to use the same energy density for the scaled particles
and the original system, and this can be achieved by the following conditions [29]:

ρo = ρs (12)

where ρo is the density of the original particle and ρs is the density of the scaled particle.
Moreover, the condition of the volume fraction φ is [29]

φo = φs (13)

where φo is the volume fraction of the original system and φs is the volume fraction of the
scaled system.

2.3.3. Representative Black Mass Model (RBMM)

BM is mixed waste, and various compositions can occur depending on the LIB input
mixtures. Therefore, in this work, a Representative BM Model (RBMM) is introduced to
take into account, on the one hand, the variety of compositions in BM and, on the other
hand, the scaling of the particles, such that they become treatable in terms of computational
costs for future thermal processing simulations. Regarding the composition, it is carried
out for one particular example. This section describes the model assumptions of the RBMM,
combining the isoconversional kinetics and DEM with the coarse-graining scheme.

Figure 2 illustrates the concept of the RBMM. Figure 2a shows a sample of BM as bulk
material. The BM consists of numerous fine particles of active material from spent LIBs,
including the polymer-based binder. These fine particles are agglomerated based on the
coarse-graining approach to a scaled particle, which is denoted as RBMM in Figure 2a. For these
coarse-grained spherical particles, homogeneous but time-dependent characteristics, i.e., the
temperature T(t) and extent of conversion α(t), are mapped following Equations (2) and (11).
Therefore, the degradation of the polymer-based binder within the BM, due to thermal treat-
ment, can be described in a scaled up particle such that the computational cost for DEM
decreases. The coarse-graining approach applied to the BM is displayed in Figure 2b.

(a) (b)
Figure 2. Coarse-graining of BM to generate RBMM. (a) Real BM with the coarse-graining approach.
(b) Discretized RBMM particles for higher-scale simulations.

These RBMM particles result in a field of properties in space and time that interact
with each other in the DEM environment. Interactions involve the movement of the RBMM
particles as well as the respective heat transfer.
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As introduced above, herein, the approach of Bierwisch et al. [29] is applied:

ρ0,RBMM = ρBM (14)

where ρ0,RBMM is the initial density of the RBMM particle and ρBM is the density of the BM.
Therefore, the initial mass of the RBMM m0,RBMM is calculated by

m0,RBMM =
(π

6
d3

RBMM

)
ρ0,RBMM (15)

where dRBMM is the diameter of the scaled RBMM particle and the term in the parentheses
is the volume of the RBMM particle.

To account for the mass reduction in the RBMM due to the degradation kinetics of the
BM, there are two possible approaches. The first approach is to adjust the diameter dRBMM
and the second is to adjust the density ρRBMM to the current mass mRBMM(α). In this work,
the second approach is chosen, according to numerical advantages such as the stability of a
DEM simulation with respect to the maximum time step (Equation (7)).

This results in the following equations:

mRBMM(α) = m0,RBMM

[
1 − (1 − wt f ,RBMM) α

]
(16)

ρRBMM(α) =
mRBMM(α)

π
6 d3

RBMM
(17)

where wt f ,RBMM is the residual weight fraction of the treated BM:

wt f ,RBMM =
m f ,BM

m0,BM
(18)

where m f ,BM is the final mass and m0,BM represents the initial mass from a TGA measure-
ment of the BM to be modelled.

To describe the thermal transfer of the RBMM particles, three heat transfer mechanisms
are considered and illustrated in Figure 3.

(a) (b) (c)
Figure 3. Considered heat transfer mechanisms for the RBMM particle. (a) EHT: PP; (b) EHT: PW;
(c) Radiation: PW.

The first and second heat transfer mechanisms are considered as effective heat transfer
(EHT) between a particle i and another particle j (as shown in Figure 3a, particle–particle
(PP)) or a wall element j (as shown in Figure 3b, particle–wall (PW)). The EHTs are cal-
culated using Equations (8) and (9), where, in Equation (9), the thermal conductivity ki is
considered as an effective heat transfer coefficient hRBMM,e f f . To calculate the contact area
Acontact,i,j, the projection area Aproj,i,j is chosen as the mode. This mode considers the size
of RBMM particles and the distance between the objects in contact, represented by i and j,
as illustrated by the red rectangular dotted lines in Figure 3a,b. This mode ensures that the
effective heat transfer is independent of the particle diameter. The third mechanism of heat
transfer is radiation, as illustrated in Figure 3c. Emission is treated as normal from a wall
element j. The heat flux is calculated using Equation (10). The implemented heat transfer
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model for radiation also utilizes the projection area of the RBMM particle to determine
the area that participates in heat transfer. By using the projection area, the hull surface of
the bulk material is considered, which participates in the radiation heat transfer. Table 2
summarizes the RBMM parameters.

Table 2. The uniform and homogeneous model properties of the RBMM.

Uniform RBMM Property Symbol

Variable Temperature T(t)
Extent of conversion α(t)

Parameter

Diameter dRBMM
Initial density ρ0,RBMM
Initial mass m0,RBMM
Current density ρRBMM(α)
Effective heat transfer coefficient hRBMM,e f f (T)
Emissivity ϵRBMM(T)
Specific heat capacity cp,RBMM(T)
Activation energy Ea,RBMM(α)
Pre-exponential factor ARBMM(α)
Reaction order nRBMM
Final weight fraction wt f ,RBMM

2.3.4. Specific RBMM (sRBMM) for LIBs with a Particular Composition

To simplify and reduce the number of measurements required for the RBMM, a Specific
RBMM (sRBMM) is introduced. Therefore, the BM is divided into components that behave
inertly in the thermal treatment and only the polymer-based binder is treated as active and
can degrade. This leads to

msRBMM(α) = mbinder(α) +
Ninert

∑
i=1

m0,i (19)

where mbinder(α) is the current mass of the binder, and m0,i is the initial mass of the inert
component i. The mbinder(α) can be expressed using the mass Equation (18) from the RBMM,
but, instead of the initial and final masses of the RBMM, the initial and final masses of the
binder are used.

The initial mass of the inert component i is expressed by

m0,i = m0,RBMM wt0,i (20)

where wt0,i is the initial weight fraction of the inert component i of the BM.
For the sRBMM, the equation for the specific heat capacity cp,RBMM must be adapted

to the sRBMM assumption and leads to the following equation:

cp,sRBMM(T, α) =
1

msRBMM(α)

[
mbinder(α) cp,binder(T) +

Ninert

∑
i=1

m0,i cp,i(T)

]
(21)

To take into account the enthalpy of fusion ∆H f usion,i, a common method is to use the
approximated Delta Dirac function D(T) as used by Bouzennada et al. [34]:

cp,i, f usion(T) = cp,i(T) + ∆H f usion,i D(T) (22)

where cp,i, f usion(T) is the specific heat capacity of a component i with the latent amount of
heat ∆H f usion,i. The approximated Delta Dirac function D(T) is expressed by [34]

D(T) =
exp

[
−(T − Tm,i)

2/∆T2]
∆T

√
π

(23)
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where Tm,i is the melting temperature of the component i and ∆T is the Dirac Delta, which
describes the width of the approximated Dirac function.

3. Results and Discussion

This section investigates the PVDF binder degradation on a single particle state of the
described sRBMM and further provides the first model calculations and tests for the fully
coupled isoconversional kinetics and DEM with the coarse-graining approach, including
also the newly implemented complex heat transfer model.

3.1. Determining Model Parameters for the sRBMM

The particular composition of BM is a result of the spent LIB type and the applied
recycling process. Assuming that all volatile components are released and the active
material is separated from the non-active material, the resulting BM consists of the cathode
active material, the anode active material, and the binder.

Mossali et al. [3] determined the possible compositions of spent LIBs. By considering
only the components previously assumed, the following composition presented in Table 3
arises. The cathode active material is lithium metal oxide (LMO) and the anode active
material is predominantly graphite. According to Mossali et al. [3], the most commonly
used binder is PVDF, which is also applied herein.

Table 3. Particular compositions for sRBMM mapping.

Component Range Min.–Max./wt.% Chosen Initial Composition for the sRBMM/wt.%

Binder 6–10 8 (PVDF)
LMO 49–53 51 (NMC)

Graphite 41–42 41

The initial composition of the sRBMM is 8 wt.% for the PVDF, 51 wt.% for the NMC,
and 41 wt.% for the graphite. These initial compositions are used to further determine the
parameters for the sRBMM, as described in the following section.

3.1.1. Determination and Validation of the Kinetic Model Parameters for PVDF Degradation

The degradation kinetic model parameters for the sRBMM were determined from TGA
measurements on samples of PVDF at three different heating rates. Using Equations (1) and (4),
the conversion rate α and the activation energy Eα were calculated from these measurements.
The results are presented in Figure 4, where the TGA measurements are visualized in the
ln(β)-1/T-plot. For each point of the TGA measurement, the temperature, the heating
rate (corresponding to ln(β)), and the extent of conversion α are displayed, with the latter
being assigned a specific color. The color “red” indicates α = 10%, i.e., the conversion has
already started, and the color “blue” corresponds to α = 90%, i.e., the conversion is almost
finished. By determining the slope for the same extent of conversion α for each heating rate,
the activation energy Ea can be calculated. These slopes are shown in Figure 4 via lines in the
appropriate color. The calculated activation energies Ea are listed in Table 4. Furthermore,
the pre-exponential factor A is calculated with a reaction order parameter of n = 3, where the
parameter n = 3 shows the best accuracy for degradation predictions for this particular case.
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Figure 4. ln(β)-1/T-plot to determine the activation energy Ea from the TGA measurements of the
PVDF binder degradation.

Table 4. Determined degradation kinetic model parameters for the binder PVDF.

wt f ,PV DF /% n /− α /% Ea / kJ
mol A / 1

s

30.0 3

10 328.621 1.318 × 1022

20 328.422 1.256 × 1022

30 326.429 6.550 × 1021

40 330.896 2.002 × 1022

50 367.166 6.581 × 1024

60 357.248 1.526 × 1024

70 267.864 3.289 × 1017

80 149.319 1.751 × 109

90 120.012 2.779 × 106

The kinetic parameters for the binder degradation model are now available. With this
set of parameters, the TGA measurements can be reproduced by using Equation (2). The cal-
culations are shown in Figure 5 and compared with the experimental data. Figure 5 shows
the normalized mass mnorm. of the curves over the temperature. Equal heating rates are
shown in one color, where blue corresponds to a heating rate of 2.0 K/min, green to
10.7 K/min, and red to 22.8 K/min. The symbols (colored squares) represent the TGA
measurements of PVDF, and the lines represent the calculations with the isoconversional
degradation model. The results show the suitable description of the PVDF’s degradation
with the kinetic model, showing a coefficient of determination R2 > 99%.

The combination of the OFW method and the third-order reaction model results in a
highly accurate kinetic description, where the heating rate can be considered accurately.
An activation energy of Ea(α = 10%) = 330 kJ/mol is determined using the OFW method.
Comparing this result with the literature data, it is found that a similar activation energy is
achieved by Xu et al. [35], with a value of Ea(α = 10%) = 260 kJ/mol.
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Figure 5. TGA measurements (symbols) and degradation kinetics model (lines) of PVDF at different
heating rates. Model accuracy: R2 > 99%.

3.1.2. Determining the Parameters for the Mass and the Heat Transfer

The remaining model parameters of the sRBMM are the model parameters related
to Table 2. The remaining parameters are determined based on the literature data. They
are presented in Table 5. The scale parameter is the diameter dRBMM of the RBMM. This
parameter can be principally adjusted to the particular case. Herein, the scale parameter
influence is evaluated on the single particle stage. This choice of diameter allows the scaling
of the resolution of the simulation in relation to the simulation time required.

Table 5. Selected mass and heat transfer parameters of the sRBMM.

Property Value/Function References

Diameter dRBMM {1.0, 10.0} mm
Density ρRBMM 3200 kg/m3

Density ρgraphite 2260 kg/m3 [36]
Density ρNMC 4740 kg/m3 [37]
Porosity φbulk,BM 45% [37]

Effective heat transfer hRBMM,e f f . 0.30 W/(m.K) [38]
Emissivity ϵRBMM 75% [39,40]

Initial composition vector w̄0

PVDF: 8 wt.%
Table 3NMC: 51 wt.%

Graphite: 41 wt.%

Specific heat capacity cp,RBMM

PVDF: cp,PVDF(T) [41]
5 ◦C to 330 ◦C

NMC: cp,NMC(T) [42]
40 ◦C to 750 ◦C

Graphite: cp,Graphite(T) [43]
25 ◦C to 1200 ◦C

Enthalpy of fusion ∆h f ,PVDF 40 kJ/kg [44]
Melting temperature Tm,PVDF 165 ◦C [45]

Dirac Delta ∆Tm,PVDF 4 ◦C
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The chosen density of the sRBMM particle is estimated by considering the literature
data with the density of its main components and the possible porosity ϕbulk,BM = 45% of
BM. This results in a density for the sRBMM of ρRBMM = 3200 kg/m3.

The effective heat transfer hRBMM,e f f . is assumed to be constant over temperature in
the currently chosen temperature window. In the paper by Gotcu [46], the results when
measuring the effective heat transfer within the bulk material of the active material showed
no significant changes in the temperature range from 25 ◦C to approximately 300 ◦C, which
underpins this assumption.

The emissivity ϵRBMM of the bulk material is estimated from the studies of Mo-
hanty et al. [39] and Ho et al. [40]. The first study shows that the emissivity of the bulk
material, NMC, has emissivity of approximately 65%, by referring to the emissivity of alu-
minum foil of approximately 5% [47], and the study by Ho et al. [40] shows the measured
emissivity of the bulk material, graphite, to be 81%. Therefore, the emissivity of the sRBMM
is assumed to be in this range and is set to ϵ = 75%.

For each assumed component in the sRBMM, the specific heat capacity cp,i(T) is a func-
tion of temperature T. Furthermore, the used specific heat capacity equation cp,PVDF(T) of
the PVDF component does not include the enthalpy of fusion ∆h f ,PVDF. Therefore, the en-
thalpy of fusion ∆h f ,PVDF is additionally taken into account by applying Equation (22).

Figure 6 shows the specific heat capacity cp,i for the components PVDF (red), graphite
(green), and NMC (blue) and the resulting specific heat capacity cp,sRBMM for the sRBMM
(black) as a function of temperature T. The specific heat capacity cp,sRBMM is calculated
using Equation (21) and its course lies between its main components, graphite and NMC.
At 165 ◦C, the melting peak of PVDF is modelled with an area of 3.2 kJ/kg, which corre-
sponds to 8% of the enthalpy of fusion ∆h f ,PVDF. This value corresponds to the chosen
initial weight fraction of the binder w0,PVDF = 8% in the sRBMM. This graph shows that
the specific heat capacity of all components increases by a factor of approximately 2 in
the temperature range from 0 ◦C to 600 ◦C. This increase in specific heat capacity demon-
strates the importance of considering this effect when designing and optimizing a thermal
treatment process.

0 100 200 300 400 500 600 700
0,5

1,0

1,5

2,0

2,5

3,0

c p
 / 

J / g.
K

T / °C

NMC

graphite

PVDF

sRBMM

Figure 6. Calculated specific heat capacities cp,i(T) versus the temperature of the main components
in the sRBMM and the resulting specific heat capacity cp,sRBMM.

3.2. DEM Simulations: Investigation and Validation of the sRBMM

The DEM simulations are performed for the sRBMM.
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The sRBMM calculations are performed in a heated crucible with a scaled sRBMM
particle, where the wall temperature Tw of the crucible is set at a defined heating rate. Figure 7
shows the simulation case with the CAD geometry of the crucible and the sRBMM particle.
The calculations are performed for two diameters of the sRBMM particle and for three heating
rates of 2.0 K/min, 10.7 K/min, and 22.8 K/min; a total of six calculations are performed and
the results are presented. The two diameters considered are d1 = 1 mm and dRBMM = 10 mm.
In both calculations for the different diameters, the ratio of the crucible Dc to the particle
diameter dRBMM is the same at Dc/dRBMM = 10. An overview of the parameters chosen for
these calculations is given in Table 6.

Figure 7. Simulation case for one sRBMM to investigate the coupled isoconversional kinetics with
DEM by applying coarse-graining.

Table 6. Selected boundary conditions (BC), initial conditions (IR), and parameters for the calculations.

Condition Values

Variation Diameter of RBMM particle: dRBMM {1, 10} mm
Heating rate HR {2.0, 10.7, 22.8} K/min

IC
Initial temperature T0 20 ◦C

Initial content of conversion α0 0%
Initial composition vector w̄0 Table 5

Initial density ρ0,RBMM Table 5

BC Wall temperature Tw(t) T0 + (HR/60)t
Final wall temperature Tf 600 ◦C

Time step ∆t 10−4 s

Resulting simulation time t f

For HR = 2.0 K/min: ∼290 min
For HR = 10.7 K/min: ∼55 min
For HR = 22.8 K/min: ∼25 min

Considered
effects

Degradation of binder α Table 4
Radiation (wall–particle) Q̇r

i,j Table 5
EHT Q̇c

i,j Table 5

Figure 8 displays the simulation results for the scaling case with a diameter of
dRBMM = 1 mm and a heating rate of 10.7 K/min. Figure 8 is divided into four sec-
tions, with each section showing the results at a certain time. In each sub-figure, the wall
temperature Tw of the heated crucible is shown in the cross-section, while the current state
of the variable extent of conversion α is represented by the color of the particle. The color
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scheme is shown at the bottom of the figure, with blue indicating a wall temperature of
20 ◦C and red indicating 600 ◦C. The color of the particle changes from black at α = 0% to
white at α = 100%.

For instance, Figure 8b illustrates that the wall temperature Tw has reached 440 ◦C,
and the degradation process has started. This can be observed from the extent of conversion
α, where the value has increased by 25%. Referring to Figure 8c, the wall temperature Tw
increased by approximately 40 ◦C while the extent of conversion increased by 50%. This large
increase in the variable α is due to the degradation kinetics of the binder PVDF, where the peak
temperature for this heating is around 440 ◦C and therefore the degradation process occurs
very rapidly. This effect is also present in the TGA measurements shown in Figure 5. Figure 8d
shows that the wall temperature Tw increases by 120 ◦C, reaching a final value of 600 ◦C, while
the extent of conversion α increases by 20%. This behavior maps to the degradation kinetics
of the binder PVDF. The kinetics slows down after reaching the maximum. The simulated
physical time in this simulation case was approximately 55 min.

(a) (b)

(c) (d)

Figure 8. Calculation results for binder degradation in sRBMM for the diameter dRBMM = 1 mm
and for the heating rate of 10.7 K/min. (a) Temperature Tw = 200 ◦C, extent of conversion α = 0%;
(b) temperature Tw = 440 ◦C, extent of conversion α = 25%; (c) temperature Tw = 480 ◦C, extent of
conversion α = 71%; (d) temperature wall Tw = 600 ◦C, extent of conversion α = 89%.

Figure 9 shows the TGA results for six calculations, where the diameters dRBMM
and heating rates HR are varied. Each calculation with the same heating rate HR is
represented by a color (2.0 K/min as blue, 10.7 K/min as green, 22.8 K/min as red),
and each calculation with the same diameter dRBMM is represented by a particular line
type. The dotted line represents the calculation with a diameter of dRBMM = 1 mm, while
the straight line represents the calculation with a diameter of dRBMM = 10 mm. Figure 9a
displays the normalized mass mnorm. over wall temperature Tw. It can be observed that
the normalized mass mnorm. in all cases decreases by approximately 5%. The maximum
normalized mass that can be converted for these defined parameters is 5.5%. Furthermore,
it can be observed that increasing the heating rate HR or the diameter dRBMM results in
a decrease in the amount of converted mass. In the calculation with a smaller RBMM
diameter of dRBMM = 1 mm and a lower heating rate HR = 2 K/min, the converted mass
reached its maximum of 5.5%. In comparison, the calculation with a larger RBMM diameter
of dRBMM = 10 mm and a heating rate of HR = 22.8 K/min resulted in a converted mass



Batteries 2024, 10, 63 15 of 22

of 4.5%, a difference of 1% from the normalized mass mnorm.. Additionally, the figure
illustrates the temperature differences between different diameters dRBMM at the same
heating rate HR. The temperature gap for HR = 2 K/min is approximately 8 ◦C; for
HR = 10.7 K/min, it is approximately 40 ◦C; and for HR = 22.8 K/min, it reaches 80 ◦C.
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Figure 9. Calculation results from the sRBMM with the diameters dRBMM = 1 mm and dRBMM =

10 mm at the heating rates 2.0 K/min, 10.7 K/min, and 22.8 K/min for investigation of scaling
dependence on the applied heating in thermal treatment. (a) Normalized mass mnorm.. (b) Extent of
conversion α.

Figure 9b displays the extent of conversion α of the binder PVDF over the temperature.
To compare the calculated degradation of the binder PVDF with the measurements, the TGA
measurements are plotted as squares in this graph. The colors of the squares correspond to
the heating rate HR.

The PVDF measurements are accurately predicted by the scaling with a diameter
dRBMM = 1 mm, while the calculations for the diameter dRBMM = 10 mm show a tempera-
ture delay, which does not represent the current case. For larger particle diameters than
1 mm and higher heating rates, there is a delay in the degradation curve and a deviation
from the measurement. This delay is due to the larger temperature difference between the
particle and crucible, as shown in the following figures. Therefore, the scaling parameter
is strongly dependent on the heating rate, which means that, to determine the maximum
diameter of the RBMM particle, the heating rate of the particular thermal treatment case
should be considered.

In addition, to evaluate the success of the thermal treatment, the extent of conversion
α of the binder is more significant, rather than the normalized mass mnorm.. The normalized
mass mnorm. differs by only 1% in all calculations, whereas the extent of conversion α
shows a difference of approximately 15%. Additionally, the difference in the normalized
mass mnorm. becomes less significant as the initial weight fraction of the binder in the BM
decreases, while the difference in the extent of conversion remains constant and comparable.

In Figure 10, the results of the calculated heat fluxes Q̇ for the sRBMM are shown.
Figure 10a shows the results for the smaller diameter, and Figure 10b shows the results for
the larger diameter. In these plots, the heat flux Q̇ for the heating rate HR = 2.0 K/min
is shown in blue, for HR = 10.7 K/min in green, and for HR = 22.8 K/min in red.
Furthermore, for the heating rate HR = 22.8 K/min, the heat transfer mechanisms are
divided into EHT and radiation. Additionally, the ratio of EHT to radiation is the same for
the smaller heating rates and for the same RBMM diameter.

The black curves are the analytically calculated heat fluxes using the temperatures of
the RBMM particle and the wall to validate the calculated heat fluxes with the DEM solver.
These curves show also good agreement and validate the newly implemented radiation
model in LIGGGHTS-PFM.
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Figure 10. Heat flux Q̇ between the wall and the particle over the wall temperature T. Calculation
results from the sRBMM at the heating rates 2.0 K/min, 10.7 K/min, and 22.8 K/min. (a) Diameter
dRBMM = 1 mm. (b) Diameter dRBMM = 10 mm.

For the smaller RBMM diameter, EHT is more important than radiative heat transfer.
For the larger RBMM particles, a different relationship between the heat transfer mecha-
nisms is shown. As expected, at lower temperatures, the EHT is more pronounced than
the radiation, and at higher temperatures, the radiation reaches the same amount of heat
flux as the EHT for this case. Increasing the diameter of the RBMM by a factor of 10 results
in a 1000-fold increase in the total heat capacity (=VRBMM ρRBMM cp,RBMM), while the
projected heat transfer area within the bulk material only increases by a factor of 10 and
the projected heat transfer area by radiation increases by a factor of 100. These scaling
effects lead to a lower ratio of heat transfer area to heat capacity for larger RBMM particles.
These results demonstrate the expected behavior of the RBMM particle model. A larger
RBMM diameter dRBMM includes and homogenizes more BM particles in the representative
volume, resulting in a greater mass and smaller heat transfer area. Additionally, a larger
RBMM particle volume leads to the larger spatial averaging of this representative volume
due to larger discretization in space and can be compensated for by the respective effective
heat transfer parameters associated with the particular case.

Figure 10 shows that, for smaller diameters, peaks can be observed at the defined
melting temperature Tm,PVDF at around 165 ◦C. For the larger RBMM diameter, the melting
temperature Tm,PVDF occurs later and the peaks are more characterized as a jump in the
heat flux Q̇. The second effect is that the heat flux Q̇ increases with temperature in all
curves until binder degradation begins. After this event, the heat flux changes its slope.
The increase in heat flux Q̇ is due to the increase in the specific heat capacity of the RBMM
particle with temperature. This means that more heat is required to heat the RBMM particle.
Mass loss occurs as the binder in the RBMM particle degrades. This results in less heat
being required to increase the temperature of the RBMM particle, leading to this change in
slope. This also demonstrates a marker for the loss of representativeness.

In Figure 11, the temperature difference ∆T between the RBMM particles and the wall
temperature Tw over time is shown. Figure 11a shows the temperature difference ∆T of
the smaller diameter and Figure 11b shows the temperature difference ∆T of the larger
diameter. Comparing these plots, it can be observed that the temperature difference ∆T is
smaller for the smaller RBMM diameter compared to the large diameter. For the smaller
RBMM diameter, the smaller temperature difference indicates that the RBMM temperature
is close to the defined wall temperature Tw, which explains the well-predicted extent of
conversion α. Figure 11b shows the greater temperature differences resulting in the delay
in binder degradation in Figure 9a,b.
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Figure 11. Temperature difference ∆T between the wall temperature Tw and the particle temperature
Tp over time. Calculation results from the sRBMM at the heating rates 2.0 K/min, 10.7 K/min, and
22.8 K/min (a) Diameter dRBMM = 1 mm. (b) Diameter dRBMM = 10 mm.

Figures 12 and 13 show the heat fluxes Q̇ into the RBMM particle over time for the six
calculations, examining also the enthalpy of fusion ∆h f ,RBMM. Figure 12 shows the heat
fluxes for the smaller diameter and Figure 13 shows the heat fluxes for the larger diameter.
The color blue corresponds to the heating rate HR = 2.0 K/min, green to HR = 10.7 K/min,
and red to HR = 22.8 K/min. Each peak is also analyzed and its maximum and width
are shown in the graphs, where the rotated numbers are the time in seconds for the start,
maximum, and end of the peak. The summarized results of the analysis of the peaks are
given in Table 7.
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Figure 12. Heat flux Q̇ into the RBMM particle with diameter dRBMM = 1 mm over the time.
Calculation results from the sRBMM at the heating rates 2.0 K/min, 10.7 K/min, and 22.8 K/min.
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Figure 13. Heat flux Q̇ into the RBMM particle with diameter dRBMM = 10 mm over the time.
Calculation results from the sRBMM at the heating rates 2.0 K/min, 10.7 K/min, and 22.8 K/min.
(a) Without knowledge of exact baseline. (b) With exact baseline.

Table 7. Peak analysis of the heat flux Q̇ into the RBMM particle.

Heating Rate/ Peak Temperature/ Heat/ Heat of Fusion/

K/min
◦C mJ kJ/kg

dRBMM dRBMM
1 mm 10 mm 1 mm 10 mm 1 mm 10 mm

2.0 165.3 179.4 5.29 5360.46 (5423.33) 39.99 39.88 (40.36)
10.7 166.6 219.2 5.31 5363.00 (4462.96) 39.61 39.90 (34.80)
22.8 168.2 262.4 5.36 5258.25 (2949.26) 39.47 39.12 (21.94)

In this table, the analyzed peak temperature, the amount of heat for the peak area,
and the heat of fusion ∆h f ,PVDF, related to 100% PVDF, are listed. For the smaller diameter
dRBMM, the peak temperatures agree very well with the defined melting temperature of
165◦C and increase slightly with higher heating rates. For the larger diameter dRBMM,
this effect can also be observed, but with a greater lag to the melting temperature. These
differences in melting temperature correspond to the peaks in the temperature difference
shown in Figure 11. By measuring the amount of heat for each peak, it is found that the peak
area for the smaller RBMM diameter is approximately 5.3 mJ for all heating rates, and
converting this amount of heat into the corresponding binder of 8% leads to the defined
heat of fusion of the binder PVDF of 40 kJ/kg.

The analysis of the peaks for the larger RBMM diameters without referring to the
baseline is shown in Figure 13a. It appears that this results in a lower heat of fusion
∆h f ,PVDF as the heating rate increases. This is because of the superposition of two effects.
The first effect is the higher ratio of inert mass to heat transfer area, which leads to a
larger temperature difference dT compared to the smaller RBMM diameter dRBMM (see
Figure 11). This leads to a larger temperature change for the larger RBMM diameter
dRBMM, which is reflected in a broader peak. The second effect is that the slope of the
heat flux changes the mass loss due to binder degradation. When these two effects occur
simultaneously, a reduced peak area is calculated, resulting in an apparently reduced heat
of fusion ∆h f ,PVDF. This reduced heat of fusion ∆h f ,PVDF is given in brackets in Table 7,
which lists the peaks without knowledge of the exact baseline. By repeating the calculations
with the larger diameter and without considering the heat of fusion ∆h f ,PVDF for the binder,
the baseline is obtained. By correcting the results shown in Figure 13a, the correct peak
can be analyzed, as shown in Figure 13b. Comparing these two peaks, it can be seen that
the start and maximum of the same peaks give similar results regardless of whether the
baseline is known. However, comparing the end time of the peaks reveals a superposition
effect. By evaluating these peaks, the expected heat of fusion ∆h f ,PVDF of about 40 kJ/kg is
calculated, as listed in the table.
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4. Conclusions

Here, a Representative Black Mass Model (RBMM) is developed based on varying
BM compositions and a coarse-graining approach in a DEM environment. By coupling
isoconversional kinetics (OFW method) with DEM and implementing radiative heat transfer
between particles and walls in LIGGGHTS-PFM, along with a coarse-graining approach
proposed by Bierwisch et al. [29], it becomes possible to simulate the thermal treatment
of black mass obtained from spent LIBs, taking into account the degradation of polymer-
based binders.

This approach enables the simulation and monitoring of binder degradation at the
level of BM particles throughout the entire physical treatment duration. The developed
model framework is applied to an artificial but representative BM composition, utilizing
kinetic data for the binder PVDF obtained from TGA measurements and applied to the
Specific RBMM (sRBMM), where catalytic reactions are not considered. Additionally,
the model allows the analysis of sample size effects in TG measurements, which is generally
an important issue in TGA measurements (Zimmermann et al. [48]) and could be applied
in this context in the future for different specific black mass compositions. Additionally,
degradation simulations are carried out with two different RBMM particle sizes and various
heating rates to examine the relationship between the scaling factor and the heating rate
in a quasi-resting BM system. The results indicate that at low heating rates (2 K/min),
the particle size can be increased to 10 mm for the studied BM without a significant impact
on the conversion. However, this changes when the heating rate increases by about an order
of magnitude to approximately 22 K/min. At this point, the diameter must be reduced
by approximately one order of magnitude to 1 mm while still matching the experimental
conversion data. These findings demonstrate a strong relationship between the scaling
factor and the heating rate. Nevertheless, until the diameter reaches 1 mm, the influence of
the heating rate is not significant, allowing for accurate predictions.

Furthermore, the required heat consumption for the particular BM to degrade the
binder was calculated. Using this framework and the analyzed BM in conjunction with
the scaling factor, future studies can focus on investigating BM binder degradation in
specific apparatuses.
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Abbreviations
The following abbreviations are used in this manuscript:

BM Black mass
BC Boundary condition
CAD Computer-aided design
CMC Carboxymethyl cellulose
DEM Discrete element method
DSC Difference scanning calorimetry
EHT Effective heat transfer
HF Hydrogen fluoride
HR Heating rate
IC Initial condition
LMO Lithium metal oxide
NMC Nickel manganese cobalt (the metals in the LMO)
OFW Ozawa–Flynn–Wall
PVDF Polyvinylidene fluoride
RBMM Representative Black Mass Model
SBR Styrene butadiene rubber
sRBMM Specific Representative Black Mass Model
TGA Thermogravimetric analysis
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