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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• A new physical purification method for
graphene has been proposed;

• Eddy current separation shows promise
for purifying mesoscopic graphene;

• Electrodynamic force on high aspect
ratio graphene in a magnetic field
computed;

• Graphene flakes with fewer layers
exhibit higher settling terminal
velocities.
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A B S T R A C T

The exceptional properties of graphene are highly sensitive to impurities, which restrict its applications. Nearly
all large-scale production methods fall short of adequately controlling impurities introduced during
manufacturing. Given the significant differences in electrical conductivity between graphene and non-graphene
impurities, we explore the application of eddy current separation for the purification of graphene. Through
numerical simulations and parametric study, our research investigates the eddy current forces, torques, and
motion dynamics experienced by graphene flakes of different layers in an alternating magnetic field. The findings
demonstrate that eddy current forces can overcome liquid-phase resistance, enabling controlled directional
movement of graphene flakes. At a magnetic field frequency of 45 kHz, graphene flakes with fewer layers show
enhanced settling velocities and quicker response times, suggesting a potential for statistically significant sep-
aration of graphene from impurities under the influence of the alternating magnetic field. This initial study
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supports the feasibility of integrating eddy current separation technology into the graphene purification process,
providing valuable insights for future research in this field.

1. Introduction

Graphene is a two-dimensional crystalline material composed of
carbon atoms, exhibiting numerous unique physical and chemical
properties. Its exceptional electrical conductivity arises from the hon-
eycomb arrangement of carbon atoms, allowing electrons to move freely
within the graphene lattice. As a result, graphene has found extensive
applications in high-performance electronic devices [1]. Furthermore,
graphene has the highest known tensile strength and elastic modulus,
presenting diverse prospects in composite reinforcement, nano-
mechanics, and flexible electronics [2]. The exceptional biocompati-
bility of graphene also highlights its potential in the biomedical field,
enabling applications like biosensors, drug delivery, and tissue engi-
neering [3]. Additionally, graphene exhibits outstanding optical prop-
erties [4], thermal conductivity [5], and chemical stability [6], thus
offering vast potential in optical devices, optoelectronics, thermal
interface materials, thermoelectric devices, chemical sensors, corrosion-
resistant coatings, touch screens, and more [7]. However, the excep-
tional properties of graphene are often dependent on thickness and
considerably decline when the thickness of the flakes increases.

With the increasing number of applications and technological ad-
vancements, the demand for graphene is expected to increase rapidly,
while large-scale production methods often struggle with product
quality control [8,9]. Top-down approaches of graphene production
implement layer separation by disrupting the interlayer structure within
graphite to produce graphene flakes. Liquid-phase exfoliation (LPE) is
among the most common and promising top-down approaches for the
large-scale production of graphene [10]. This technique typically in-
volves dispersing graphene in a solvent, followed by separating it from
the solvent through methods such as centrifugation or filtration [11,12].
However, LPE still faces challenges in solvent selection and the subse-
quent purification of graphene [13], keeping aside the difficulties of
separating the product based on the number of layers. In addition to the
residual solvents, other common impurities associated with graphene
might include carbon-based impurities like oxidised graphene and
amorphous carbon, metal impurities such as Fe, Ni, Co, Cu, and non-
metallic impurities such as silicates and oxides. These impurities as
well as the presence of thick graphene, may potentially exert adverse
effects on the electrical and electrochemical performance [9], affecting
associated industrial applications of graphene [14].

Generally, the removal of impurities, and the separation of laeyered
materials based on their thickness are conducted in two separate stages.
Impurity removal usually occurs through acid washing [15] and organic
solvent leaching processes [16], and might involve some additional
vacuum and heat treatment steps [17,18]. Thickness-based separation of
flakes is primarily based on isopycnic separation in a uniform or density
gradient medium (DGM). The former is known as sedimentation-based
separation (SBS) [19], while the latter is referred to as density
gradient ultracentrifugation (DGU) [20]. SBS separates various particles
based on the differences in sedimentation rates due to centrifugal forces.
Sedimentation-based separation is the most common separation strategy
successfully applied to flakes ranging from several nanometers to a few
micrometres, with concentrations as high as a few mg/ml [21]. Larger
flakes in a higher-viscosity medium experience greater friction, which
reduces their sedimentation coefficient, making them less likely to
settle. In the DGU process, flakes undergo ultracentrifugation until
reaching their respective isopycnic point, where their buoyant density
matches that of the surrounding medium. Additionally, surfactants can
be added to enhance the density differences, where the buoyant density
increases with the number of graphene layers [22]. Alternatively, DGU
method may rely on the differences in sedimentation rates caused by

particle size, shape, and mass variations to achieve separation, known as
rate zonal separation (RZS). For example, larger particles settle at a
faster rate [23].

These purification methods still face several challenges, such as the
balance among efficiency, purity, and yield, as well as the impact of
purification methods on the properties of graphene. The overlap be-
tween the flakes’ thickness and the lateral dimensions raises doubts
about the effectiveness of the isopycnic thickness separation. Non-
contact physical separation methods, including those based on electro-
static forces, are commonly used in the mineral industry for purification
and materials classification [24]. This non-contact approach typically
involves no consumption of reagents and introduces no additional im-
purities. Graphene exhibits significantly higher electrical conductivity
than various impurities, making it feasible to consider non-contact
techniques to remove less conductive impurities. The significant varia-
tion in electrical conductivity among monolayer, bilayer and multilayer
graphene allows techniques based on the difference in the electric
conductivity, such as eddy current separation [25], to separate graphene
flakes according to their number of layers. Since the eddy current sep-
aration is mainly based on the electric conductivity, the thickness sep-
aration should be independent of the flakes’ lateral size. During the
process of eddy current separation, conductive particles experience
additional eddy current forces and torques, causing their trajectories to
differ from those of non-conductive or low-conductivity particles, thus
achieving separation. The crucial roles played by eddy current forces
and torques in eddy current separators have found extensive applica-
tions in various fields, including mineral extraction [26], separation of
fine particles [27], manipulation of space debris [28], eddy current
couplers [29], and eddy current dampers [30]. However, to the best of
our knowledge, no prior research has investigated the potential appli-
cation of eddy current separation in the purification process of
graphene.

Therefore, this study establishes a coupled simulation model of eddy
current separation. Subsequently, we examine the influence of key fac-
tors such as the number of layers, radius and attitude angle of graphene
flakes as well as the magnetic field frequency on eddy current forces and
torques. Finally, we explore the motion of graphene flakes under the
combined influences of gravity, eddy current forces, and liquid resis-
tance, and analyze the shielding effect between two graphene flakes.
The research can provide initial insights into the feasibility of purifying
graphene using eddy current separation.

2. Models and methods

In order to explore the application of eddy current separation in the
purification of graphene flakes, this study combines the finite element
method (FEM) and computational fluid dynamics (CFD) to construct a
coupled simulation model that can simulate the motion of particles. This
section primarily introduces the coupled simulation model, its param-
eters validation, and the parametric study method.

2.1. Coupled simulation model for eddy current separation

Under an alternating magnetic field, graphene flakes in the liquid
medium are subjected to eddy current forces, resistance, and gravity.
The eddy current forces acting on the graphene flakes were obtained
through ANSYS Maxwell, and subsequently, the data of the forces were
imported into ANSYS Fluent. This enables the simulation of the move-
ment of graphene flakes under various forces.

In ANSYS Maxwell, graphene flakes are placed in an alternating
magnetic field, and a three-dimensional transient solver [25,31] was
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used to calculate the eddy current forces acting on the graphene flakes,
as shown in Fig. 1 (a). The vector gradient of the magnetic field [32] in
the simulation model is approximately 6.6× 104 T/m, the magnetic flux
density is about 0.512 T, and the magnetic field frequency can be
adjusted as needed. The graphene flakes were assumed to have a circular
sheet-like shape, with specific geometric and physical parameters set
based on literature [33] and the applicability of the model (see Table 1).
Notably, the electrical conductivity of graphene decreases with an in-
crease in the number of graphene layers. Moreover, the radius and the
attitude angle (α) about the x-axis are also the factors considered in this
study.

The simulation of graphene flake movement in a solution after
loading eddy current force was conducted using Fluent. User-defined
functions (UDF) were employed to load data related to the mass and
eddy current forces, and a six degrees of freedom (6DOF) solver was
utilised to simulate graphene flake movement. The 6DOF solver, based
on the dynamic mesh, can calculate the movement of objects in a liquid/
gas medium under the influence of drag, gravitational, and other forces.
These forces are determined through numerical integration of pressure
and shear stress on the structure surface. Moreover, the 6DOF solver can
apply additional forces to particles, such as jet forces, thrust, and elec-
tromagnetic forces. The control equations for solving the translational
motion of the center of mass in an inertial coordinate system are as
follows:

˙v→˙

G =
1
m
∑

f
→

G (1)

where ˙v→˙
G is the translational acceleration of the center of mass, v→G

represents the translational velocity vector of the moving object,m is the

mass of the rigid body, and f
→

G is the force vector. Utilizing the local
coordinate system of the object itself is more suitable for the rotational
motion of the object:

˙ω→˙

B = L− 1
(∑

M→B − ω→B × Lω→B

)
(2)

where ω̇→˙
B represents the angular acceleration of the center of mass, L is

the inertia tensor of the rigid body, M→B is the torque vector, and ω→B
represents the angular velocity vector of the moving object. Building
upon this foundation, the translational velocity and angular velocity of
the moving object can be determined using a fourth-order Adams-
Moulton equation:

xk+1 = xk +
Δt
24

(9ẋk+1
+19ẋk − 5ẋk− 1

+ ẋk− 2
) (3)

where x represents either ω→B or ˙v→˙
G, and the computed results will

subsequently be incorporated into the process of dynamic meshing [34].
Through this coupled model, our study can conveniently acquire infor-
mation about the eddy current forces, torques, and motion states

experienced by graphene flakes in an alternating magnetic field for
various conditions.

2.2. Verification of model parameters

To ensure that the computational load and accuracy of the numerical
simulations are within reasonable limits, parameters such as time step
and mesh used in the simulation model were determined through in-
dependent verification. The coupled simulation model used in this study
primarily explores the application of eddy current separation in the
purification process of graphene. The simulation cases involve geo-
metric structures with sub-nanometer thickness, posing significant
challenges for the model setup due to the extremely high aspect ratio of
the structures. Thus, an adaptive mesh was used in the coupled simu-
lation model. In this configuration, the adaptive mesh generated by the
magnetostatic solver was imported into the transient solver. Conven-
tional geometric structures typically do not require significant adjust-
ments to preset meshing parameters. However, different preset meshing
parameters were tested for these ultra-thin structures to compare the
changes in eddy current forces over time, as shown in Fig. 2 (a).

The results demonstrated that when the number of elements reached
900,000, the accuracy was comparable to cases with higher element
numbers. Therefore, the preset meshing parameters corresponding to
the magnitude of 900,000 were employed in the model. In the case with
418 k elements, an insufficient number of mesh elements can result in
mesh elements that also have a high aspect ratio. It can lead to inade-
quate resolution or convergence issues, as it fails to accurately capture
the variations in the electromagnetic fields. Similarly, the independence
verification for the time step in the model was also conducted, deter-
mining a time step of 3 ns, as shown in Fig. 2 (b).

2.3. Parametric study method

This study considers four factors: the number of layers, magnetic
field frequency, radius, and attitude angle. Since the number of layers is
a discrete variable, the parametric study focused on the remaining three
factors: magnetic field frequency, radius, and attitude angle. A central
composite design (CCD) with three variables at five levels was imple-
mented using the Design Expert software. The actual and coded values
for the independent variables are listed in Table 2.

Fig. 1. Coupling simulation model of eddy current separation: (a) Three-dimensional transient simulation model in Maxwell; (b) Simulation model in Fluent.

Table 1
Parameters used in the coupling simulation model.

Factors Values

Attitude angle (◦) 0–180
Radius (μm) 0.75–12
Magnetic field frequency 45 kHz-450 GHz
Number of layers 1 2 4 8 10 150
Thickness (nm) 0.34 0.68 1.36 2.72 3.4 51
Conductivity (MS/m) 100 79 39 20 10 1
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It is important to note that simulations involving few-layer graphene
with a radius of 12 μm required significant computational resources. The
extremely high aspect ratio of graphene with a large radius and small
thickness results in a high mesh density requirement for sufficient ac-
curacy, exceeding the capacity of our computational equipment. To
address this, the number of layers in the parametric study was fixed at
150, substantially reducing the computational load and enabling the
simulations to proceed. The experimental design consisted of 13 runs
covering a wide range of parameters, including three repeated experi-
ments at the center of the factor space, as summarized in Table 3.

A second-order polynomial equation was fitted to the simulation
results, and the empirical model derived through multiple regression
analysis were employed to predict the response, namely the average
eddy current force (Feddy), across the entire factor space. To validate the
regression model correlating the response to the variables, statistical
tests were performed, including analysis of variance (ANOVA) and an R2

analysis, which measures the proportion of explained variation relative

to the total variation. Finally, the optimal parameters can be obtained
directly by using response surface analysis.

3. Results and discussion

3.1. Electromagnetic forces on graphene flakes

During the process of eddy current separation, conductive particles
in an alternating magnetic field experience the influence of eddy current
forces and torques, enabling the separation of materials with different
electrical conductivities [35]. Eddy current forces and torques can cause
translational and rotational motion in conductive particles. Therefore,
these forces and torques play a crucial role in determining the feasibility
of separation and purification in eddy current separation processes. In
this section, we examine the impact of factors such as the number of
graphene layers and the magnetic field frequency on the eddy current
forces and torques.

Fig. 3(a) illustrates the variation of the average eddy current force
with respect to the number of graphene layers at different magnetic field
frequencies. It can be seen that the number of graphene layers does not
significantly influence the absolute value of the eddy current forces
acting on graphene flakes. According to our previous research [32], the
eddy current force and torque are the resultant of Lorentz forces
generated by the interaction between a magnetic field and the eddy
currents. Thus, the eddy current force and torque are proportional to the
eddy currents. In addition, the equivalent resistance of a graphene flake
is inversely proportional to its conductivity and thickness. When the
number of graphene layers increases from 1 to 150, the decrease in
conductivity increases the equivalent resistance, while the increase in
thickness reduces it. Consequently, as the number of graphene layers
increases, the electrical conductivity gradually decreases, reducing eddy
current forces. Simultaneously, the increase in thickness can enhance
the magnitude of the eddy current forces. These two mechanisms offset
each other, resulting in the absence of a significant trend in the eddy
current forces as the number of layers varies. Nevertheless, due to the
proportional relationship between the mass of graphene flakes and their
number of layers, the acceleration of average eddy current forces
gradually decreases with an increase in the number of graphene layers,
as illustrated in Fig. 3(b). This indicates that single-layer graphene

Fig. 2. Variation of eddy current force with time under different element
numbers and time step parameters.

Table 2
Actual and coded values in central composite design.

Variable (unit) Symbol Coded values

− 1.41421 − 1 0 1 1.41421

Attitude angle (◦) Х1 0 26.3604 90 153.64 180
Frequency (kHz) X2 45 6.5901E+8 2.25E+9 3.84099E+9 4.5E+9
Radius (μm) X3 0.75 2.39752 6.375 10.3525 12

Table 3
Design and results of the simulation.

Run Factors Responses

X1(◦) X2(kHz) X3(μm) Feddy (pN)

1 153.64 3.84099E+9 2.39752 417,962
2 153.64 6.5901E+8 10.3525 2.49702E+7
3 26.3604 3.84099E+9 10.3525 4.06619E+7
4 26.3604 6.5901E+8 2.39752 105,824
5 0 2.25E+9 6.375 8.24582E+6
6 180 2.25E+9 6.375 8.28216E+6
7 90 45 6.375 0.351839
8 90 4.5E+9 6.375 1.76236E+7
9 90 2.25E+9 0.75 3114.78
10 90 2.25E+9 12 1.39197E+8
11 90 2.25E+9 6.375 1.26658E+7
12 90 2.25E+9 6.375 1.25883E+7
13 90 2.25E+9 6.375 1.26465E+7
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exhibits a superior response rate to eddy current forces compared to the
graphene flakes with more layers.

Fig. 4 depicts the changes in the average eddy current torque (Teddy)
and its angular acceleration with respect to the number of graphene
layers under different magnetic field frequencies. It can be demonstrated
that the eddy current torque and its angular acceleration exhibit patterns
similar to those observed for the eddy current force and the acceleration,
indicating that the mechanisms explaining the variation in the eddy
current force are equally applicable to the eddy current torque. Addi-
tionally, Fig. 3 and Fig. 4 illustrate that the eddy current force and ac-
celeration, along with the eddy current torque and its angular
acceleration, increase as the magnetic field frequency rises. The change
rate of the magnetic field over time can influence the magnitude of eddy
currents, thus affecting both eddy current force and torque. This is
consistent with the findings of our previous research [32]. In practical
applications, adjusting the magnetic field frequency offers a means to
modulate the magnitude of eddy current forces and torque, thereby
enabling control over the rates of separation or purification.

The eddy current forces experienced by graphene flakes during the
rotational motion induced by the eddy current torque were also inves-
tigated. Fig. 5(a) shows the variation of the average eddy current force

on single-layer graphene as a function of attitude angle at a magnetic
field frequency of 4.5 MHz. It reveals that the average eddy current force
exhibit fluctuations with changes in the attitude angle of the graphene
flake, albeit with a relatively small amplitude. This suggests the attitude
angle of graphene flake does not significantly impact the final separation
or purification during the purification process of graphene. Fig. 5(b)
shows the variation in the average eddy current force with the radius of
graphene flake at a magnetic field frequency of 4.5 MHz. The results
demonstrate that the average eddy current forces linearly increase with
increasing the flake’s lateral size. Fig. 5(c) illustrates the variation of the
average eddy current force across magnetic field frequencies ranging
from 45 to 4.5 × 109 kHz. Similar to the influence of radius on the eddy
current force, increasing the magnetic field frequency significantly en-
hances the eddy current force acting on the graphene flake, consistent
with the results shown in Fig. 3. A closer examination of the data reveals
subtle trends not immediately evident in the figure. Within the fre-
quency range of 45 to 4.5× 107 kHz, the eddy current force increases by
approximately 98-fold for every two orders of magnitude increase in
frequency. However, when the frequency rises from 4.5 × 107 to 4.5 ×

109 kHz, the eddy current force increases by only about 65-fold. This
indicates a deceleration in the growth rate of the eddy current force. This
phenomenon may be attributed to the decreasing skin depth, which

Fig. 3. Variation of the average eddy current force (a) and its acceleration (b)
in response to the number of graphene layers under different magnetic field
frequencies.

Fig. 4. Variation of the average eddy current torque (a) and its angular ac-
celeration (b) with respect to the number of graphene layers under different
magnetic field frequencies.
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gradually approaches the thickness of the graphene flake as the mag-
netic field frequency increases, thereby slowing the growth rate of the
eddy current force.

According to Stokes’ law (Fdrag = 6πηυR), the resistance experienced
by particles in a liquid medium is closely related to their particle size.
Consequently, larger graphene flakes experience greater eddy current
forces and resistances. Therefore, employing distinct magnetic field
parameters for graphene flakes within different size ranges is advisable.
The selection of these parameters can be guided by previous research
concerning the influence of particle size on eddy current separation
[25], recommending the use of larger magnetic field gradients and fre-
quencies for smaller particles.

3.2. Parametric study of eddy current force

The eddy current force is a critical technical parameter for this pu-
rification technique; therefore, we conducted a parameter study on it.
Based on the various parameter combinations of the three factors and
the corresponding simulation results presented in Table 3, a reduced
second-order regression model for Feddy was derived using the stepwise
regression method. The resulting model, expressed in terms of the actual
factors, are formulated as follows.

Feddy
0.5

= − 1787.6673+ 1.5041 • 10− 6 • X2 +27.0525 • X3 +1.0310

• 10− 8 • X1 • X2 +1.9119 • X1 • X3 − 0.2002 • X1
2 − 3.7330

• 10− 16 • X2
2 +61.2457 • X2

3

(4)

The analysis of variance (ANOVA), summarized in Table 4, reveals
that the regression model is highly significant, with an F-value of 113.85
and a p-value less than 0.0001. The model’s fitting performance was
assessed using R2 and Adj.R2. The high values of R2 (0.9938) and Adj.R2

(0.9850) demonstrate an excellent fit between the regression model and
the simulation data, indicating that the model effectively accounts for
the majority of the variability in the results. Furthermore, the close
agreement between R2 and Adj.R2 suggests that the likelihood of the
model containing insignificant terms is negligible.

The plot of predicted versus actual values (Fig. 6) demonstrates a
strong consistency between the two, indicating that the regression
models possess robust predictive capabilities. The coefficient of varia-
tion (C.V.), a dimensionless metric representing the standard deviation
as a percentage of the mean, provides a measure of experimental accu-
racy. The C.V. value for the regression model is 11.36 % (Table 4),

Fig. 5. (a) Variation of the Feddy with the attitude angle for a single-layer
graphene flake at 4.5 MHz; (b) Variation of the Feddy with the radius of a
150-layer graphene flake at 4.5 MHz; (c) Variation of the Feddy with the mag-
netic field frequency for a 150-layer graphene flake with a radius of 1.5 μm.

Table 4
Analysis of variance and statistical parameters for the regression model.

Source Sum of
squares

Degrees of
freedom

Mean
square

F-value p-value

Model 1.222E+8 7 1.745E+7 113.85 <

0.0001
X2 8.809E+6 1 8.809E+6 57.46 0.0006
X3 6.894E+7 1 6.894E+7 449.69 <

0.0001
X1X2 4.812E+6 1 4.812E+6 31.39 0.0025
X1X3 2.242E+6 1 2.242E+6 14.63 0.0123
X2
1 1.786E+6 1 1.786E+6 11.65 0.0190

X2
2 5.510E+6 1 5.510E+6 35.94 0.0019

X2
3 6.987E+6 1 6.987E+6 45.58 0.0011

Residual 7.666E+5 5 1.533E+5
Lack of
fit

7.665E+5 3 2.555E+5 7934.83 0.0001

Pure
Error

64.40 2 32.20

Cor Total 1.229E+8 12

R2 = 0.9938 Adj.R2 = 0.9850 C.V. = 11.36 % Adeq Precision = 38.4091.
R2: Coefficient of determination, C.V.: Coefficient of variation.

C. Bin et al. Powder Technology 452 (2025) 120561 

6 



suggesting that the simulation results are reliable and exhibit good
reproducibility. However, this also highlights a limitation in the ade-
quacy of the regression model. Specifically, the lack-of-fit p-value in the
ANOVA analysis is only 0.0001, which may point to insufficient model
adequacy. Similar statistical patterns have been observed in the simu-
lation studies by Wang et al. [36] and Cao et al. [35].

Based on the regression model, the optimal parameter combination
was obtained through response surface analysis: when the attitude angle
is 180◦, the magnetic field frequency is 4.5 × 109 kHz, and the radius is
12 μm, the eddy current force reaches 2.58704 × 108 pN. This result is
consistent with the findings of the single-factor analysis in Fig. 5, indi-
cating that increasing the magnetic field frequency and radius can
enhance the eddy current force.

To further analyze the applicability of the above parameter study to
graphene flakes with different layer numbers, it is necessary to discuss
the interaction effects between the number of layers and the three fac-
tors: radius, magnetic field frequency, and the attitude angle. Among
these factors, the magnetic field frequency is the most likely to interact
with the number of graphene layers due to the skin effect. However, the
results in Figs. 3 and 4 show no significant interaction between magnetic
field frequency and the number of layers. To investigate this further, the
skin depth was calculated. Using the formula for the skin effect, the
calculated skin depths under the maximum frequency of 4.5 × 109 kHz
for graphene layers with 1, 2, 4, 8, 10, and 150 layers are 0.0237,
0.0267, 0.0380, 0.0531, 0.0750, and 0.2373 μm, respectively. These
values are all much larger than the thickness of the corresponding gra-
phene flakes. Therefore, the influence of the skin effect is negligible
under the current operating conditions, which explains the lack of sig-
nificant interaction betweenmagnetic field frequency and the number of
layers. Based on this analysis, the optimized parameters derived for 150-
layer graphene provide valuable guidance for graphene flakes with
other layer numbers as well.

3.3. Feasibility analysis of the purification technology

To further validate whether an alternating magnetic field signifi-
cantly affects the motion state of graphene flakes, it is essential to
investigate whether the eddy current force acting on the graphene flake
can have a noticeable impact on the motion trajectory. Therefore, the
application of eddy current forces to the motion profile of graphene

flakes in Fluent was implemented using UDF.
Fig. 7 illustrates the changes in the position and motion state of a 10-

layer graphene flake after applying eddy current forces. The figure
shows that the eddy current force can overcome the liquid-phase resis-
tance experienced by the graphene flake and drive its motion. Similar
phenomena were observed in simulated cases involving graphene flakes
with different numbers of layers. These results provide theoretical evi-
dence supporting the feasibility of applying eddy current separation
technology to the purification of graphene.

As eddy current forces are applied to graphene flakes, the flakes
initiate an accelerating motion, increasing the velocity. According to
Stokes’ law, the liquid-phase resistance experienced by the particles
increases with their velocity. This suggests the graphene flakes subjected
to the eddy current forces are accelerated, and the acceleration con-
tinues until a point of equilibrium is reached, where the resultant force is
zero. At this equilibrium, the particle’s velocity can be referred to as the
settling terminal velocity. The magnitude of the settling terminal ve-
locity primarily depends on the magnitude of the eddy current force.

Table 5 presents the average eddy current force and the response
time of graphene flakes to travel a distance of 5 μm for different numbers
of layers at a magnetic field frequency of 45 kHz. It shows a significant
variation in the average eddy current forces for graphene flakes with
different numbers of layers. Consequently, these graphene flakes exhibit
notable differences in settling terminal velocities and response times.
Specifically, graphene flakes with fewer layers exhibit higher settling
terminal velocities and faster response rates. This indicates that when
subjected to an alternating magnetic field, graphene flakes with a spe-
cific number of layers have the potential to form higher concentration
enrichments in specific regions, achieving statistically significant sepa-
ration of graphene flakes with different numbers of layers.

In the large-scale preparation of graphene, the solution contains a
large number of graphene flakes. When subjected to an alternating
magnetic field, the graphene flakes may interact with each other,
potentially jeopardizing the feasibility of the purification technology.
Therefore, we investigated a case involving two graphene flakes and
compared the eddy current forces between this case and a single gra-
phene flake case. This comparison allowed us to clarify whether the
presence of other graphene flakes shielding the magnetic field would
significantly affect the eddy current force on the shielded graphene
flake.

Compared to the single graphene flake case, the two-graphene-flake
case involves a single-layer graphene flake and a magnetic field source
with identical parameters, while the shielding graphene flake is posi-
tioned between the magnetic field source and the single-layer graphene
flake, as shown in Fig. 8(a). To thoroughly investigate the shielding
effect of the graphene flake, we conducted simulation cases with
shielding graphene flakes under different radii and layer numbers and
obtained the eddy current force on the shielded graphene flake.

Fig. 8(b) shows the variation of the eddy current force with the
radius of the shielding graphene flake (with 4 layers) under a magnetic
field frequency of 4.5 MHz. Fig. 8(c) illustrates the variation of the eddy
current force with the number of layers of the shielding graphene flake
(with a radius of 1.5 μm) under the same magnetic field frequency. The
red line in the figures represents the case with only one graphene flake,
used for comparison. The results show that when graphene flakes of
different thicknesses and radii are placed between the magnetic field
source and other graphene flakes, they do not significantly affect the
eddy current force on the other graphene flakes. In other words, the
shielding graphene flakes cannot isolate the effect of the magnetic field
source on the graphene flakes located behind them. As mentioned in
Section 3.2, within the parameter range of this study, the thickness of
the graphene flakes is smaller than their skin depth, resulting in a very
limited magnetic shielding effect.

These findings demonstrate the possibility of extending the eddy
current separation technology to purify graphene products. However,
the hardware facilities for experimental validation are currently

Fig. 6. Predicted vs. actual values plot for Feddy
0.5.
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Fig. 7. The motion state of a 10-layer graphene flake at different moments: (a) 5.0 × 10− 6 s; (b) 5.0 × 10− 5 s; (c) 1.0 × 10− 4 s; (d) 1.5 × 10− 4 s; (e) 2.0 × 10− 4 s; (f)
2.5 × 10− 4 s.
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insufficient. It is important to note that the vector gradient of the
magnetic field, the magnetic flux density, and frequency were consid-
ered to be approximately 6.6 × 104 T/m, 0.512 T and 45 kHz, respec-
tively. Themagnetic flux density or magnetic field frequency parameters
are relatively straightforward to achieve, but the high vector gradient of
the magnetic field pose certain technical challenges. Compared to the
traditional eddy current separation, the purification method of graphene
explored in this study is also grounded in exploiting the variations in the
electrical conductivity of materials, utilizing the eddy current forces
induced by an alternating magnetic field to separate different materials.
Hence, both techniques fall under the category of eddy current separa-
tion technology. However, several distinctions set the purification
method apart. Firstly, traditional eddy current separators typically
handle “three-dimensional” particles with substantial thickness, while
graphene flakes are extremely thin and belong to the “two-dimensional”
region. Additionally, traditional eddy current separators are designed
for processing materials in the millimeter range, whereas the graphene
purification method reported here primarily targets materials at the
micrometer scale. Moreover, conventional eddy current separators
usually operate in gaseous mediums for separation, while the graphene
purification method discussed uses liquid-phase mediums. Furthermore,
the magnetic field gradients and frequencies employed in the traditional
eddy current separation are relatively low, whereas the graphene puri-
fication method requires much higher magnetic field gradients and
frequencies. Lastly, traditional eddy current separators are commonly
utilised in the recovery stage of non-ferrous metals from solid wastes,
while the purification method is applied in the preparation stage of
graphene. These distinctions highlight the unique characteristics and
requirements of the purification process of graphene, making it a
tailored application of eddy current separation technology. It is worth
noting that the eddy current forces and torques discussed in this study
not only hold potential applications in the purification process of gra-
phene but also exhibit applicability in the realm of graphene transport or
transfer [22]. The results obtained will be employed to design an eddy
current purification set-up exploring the findings of this article experi-
mentally, and results will be reported in subsequent reports.

4. Conclusions

In this study, we investigated the forces applied to, and the subse-
quent motion of, graphene flakes with varying number of layers in an
alternating magnetic field through numerical simulations and a para-
metric study. The results show that the eddy current forces on the gra-
phene flakes increase with the magnetic field frequency and radius. The
eddy current forces are sufficient to overcome the liquid-phase resis-
tance or gravity, thereby driving the graphene flakes to undergo direc-
tional motion. The results also indicate that the shielding effect between
graphene flakes is limited. The preliminary findings suggest the poten-
tial application of eddy current separation for the purification of gra-
phene. Furthermore, graphene flakes with different number of layers
experience varying magnitudes of eddy current forces at suitable mag-
netic field frequencies. This suggests that the separation of graphene
flakes in an alternating magnetic field based on their number of layers
may be feasible. In short, this study provides valuable possibilities for
further exploration of eddy current force-based purification of 2D ma-
terials, and offers technical guidance for subsequent experimental
investigations.

Table 5
Eddy current force and response time of graphene flakes in an alternating
magnetic field.

Number of graphene
layers

1 2 4 8 10 150

Feddy (N× 10− 15) 30.15 13.38 8.56 7.72 5.10 7.24
Time (s× 10− 5) 4.05 8.90 15.60 23.40 32.00 104.80

Fig. 8. (a) The simulation model containing two graphene flakes; (b) The
average eddy current force of the shielded graphene flake as a function of the
radius of the shielding graphene; (c) The average eddy current force of the
shielded graphene flake as a function of the number of layers of the shield-
ing graphene.
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