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The applications of graphite nanoparticle dispersions emerge due to the increasing importance of printed
electronics and microelectronics, lithium-ion batteries, and supercapacitors. Promising technologies are inkjet
printing processes, which are significantly influenced by the dispersion stability. Achieving stability is

SDtIE.l\I;lCl)lty particularly challenging for nanoparticle dispersions due to the strong attractive forces emanating from the large
Zeta potential particle surfaces. Despite the significance attributed to stability, it is predominantly investigated empirically.
Polyvinylpyrrolidone The only existing model to mathematically describe interparticle forces is given by the DLVO theory. This

paper uses the extended DLVO theory to model the stability of aqueous graphite dispersions. Furthermore, the
influences arising from an electrosterically stabilizing dispersant, in this case polyvinylpyrrolidone (PVP), were
incorporated in the model. Experimentally data obtained from sedimentation analyses concur with the DLVO
theory prediction. Due to the universality of the model, it is expected to be applicable to different material and

dispersant systems.

1. Introduction

The ever-increasing demand for small-scale functionalized products
has driven the development of printable nanoparticle dispersions [1].
In particular, with the increasing interest in portable and wearable
devices, the applications of carbon nanoparticle dispersions are bur-
geoning [2, 3]. Dispersions based on graphite and graphene currently
dominate this field due to the inherent high electrical conductivity
and electrochemical potential, respectively. Graphite represents the
predominant anode active material in lithium-ion batteries [4]. Cur-
rently, design-optimized battery concepts are explored, allowing for
performance-optimized batteries with potentials for customization and
flexibility [5]. The applications of graphene range from electronics and
microelectronics incorporating additional smart functions [2] to effi-
cient energy storage devices, such as supercapacitors [6, 7]. Processes
that enable selective material dispensing are predestined for the fab-
rication of these products. However, these technologies place special
demands on the dispersions [8]. This applies in particular to drop-
on-demand inkjet printing processes [9], in which a high-resolution
structure is formed by the dropwise deposition and the coalescence of a
dispersion on a substrate [10, 11]. The dispersions are required to show
a high stability over time, which prevents the particles from coagulation
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and consequently sedimentation [12]. Instable dispersions negatively
affect the drop formation and the risk of nozzle clogging is increased
[13, 14]. Due to the strong attractive forces caused by the large particle
surface, aqueous graphite [15] and graphene [16] nanoparticle disper-
sions are very prone to coagulation. Therefore, dispersants are needed
to stabilize the particles in the medium [17]. In previous empirical stud-
ies [18, 19], we have demonstrated that the use of the electrosterically
stabilizing dispersant polyvinylpyrrolidone (PVP) effectively counter-
acts the strong attractive interactions between the graphite particles,
leading to a homogeneous distribution of the particles in the disper-
sion. The particle size distribution of the primary particles with an
initial diameter in the lower nanometer range was found to be below
the threshold for printing [20] when the suitable particle-dependent
dispersant content is added. Htwe and Mariatti [21] reported that PVP
is also able to efficiently disperse and stabilize graphene particles in
water. The prepared inks were processed via inkjet printing processes,
although the particle size distribution achieved by PVP was not speci-
fied.

Despite the relevance attributed to the dispersion stability in terms
of printability, the effectiveness of dispersants is predominantly inves-
tigated empirically through extensive studies. There are hardly any
theoretical approaches to describe the complex physical phenomena
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driven by the kinetic and thermal interactions that underlie the nature
of nanoparticle dispersions.

To the knowledge of the authors, the only established approach to
mathematically describe the energetic interactions in nanoparticle dis-
persions and thus the stability behavior is given by the DLVO theory
[22]. It was independently developed in the 1940s by Derjaguin and
Landau [23] and Verwey and Overbeek [24].

This theory explains the effect of particle interactions in dispersions by
determining the potential energy between the particles. The total inter-
action energy Vi is a result of the entirety of repulsive and attractive
interactions as a function of the particle distance 4. According to the
theory in its original form, two major forces act on the particles in a dis-
persion, in particular the repulsive electrostatic forces induced by the
electrochemical double layers and the attractive van-der-Waals-London
forces. However, various studies have shown that the consideration of
the forces postulated in the original DLVO theory alone is not sufficient
to obtain a well-founded statement about the stability of all types of
dispersions [25, 15]. Accordingly, extensions of the DLVO theory have
been elaborated over the years. The state-of-the-art extended DLVO the-
ory also takes into account the depletion forces, the steric forces, and
the hydrophobic forces, which are summarized under the term non-
DVLO forces [26].

In the following, the studies on the DLVO theory are summarized in the
context of graphite dispersions and for other applications.

DLVO theory in the context of graphite and graphene dispersions
Liu et al. [27] conducted empirical studies on graphite dispersions.
These ranged from investigations of the zeta potential as a function
of the pH value to wettability and aggregation. Based on their analysis,
they concluded that the classical DLVO theory is sufficient to describe
graphite dispersions due to the low degree of hydration.

In contrast, Yangshuai et al. [15] argued that the stability behavior
of graphite dispersions can be fully described by applying only the
extended DLVO theory. In the extended model presented, the van-
der-Waals-London forces, the electrostatic forces, and the hydrophobic
forces were taken into account. On this basis, the results of the extended
theory were compared with those of the DLVO theory in its original
form.

Wakamatsu and Numata [28] investigated the reuse of graphite from
the steel and iron industries, where graphite is produced in large quan-
tities as a byproduct of fly ash. To further separate impurities, graphite
is recovered by flotation. This process utilizes the selective binding of
fine particles to air bubbles versus the binding to other particles. The
empirical studies demonstrate the pH value dependence of the zeta po-
tential on the associated degree of flotation. The DLVO theory is not
explicitly addressed, but is indirectly considered through the zeta po-
tential.

Gudarzi [29] presented a model based on the classical DLVO theory that
captures the stability of graphene oxide (GO) and reduced graphene ox-
ide (rGO). The predictability of the model was evaluated by determining
the critical coagulation concentration in monovalent salt solutions. This
parameter is defined as the threshold electrolyte concentration, above
which the particles agglomerate rapidly due to the compressed double
layer. Experiments revealed that the experimentally determined CCC
corresponds to the values obtained from the model.

Further applications of the DLVO theory

Mitchell et al. [25] demonstrated a well-founded model of the ex-
tended DLVO theory to describe the phenomena that occur during
the flotation of copper and iron minerals for separation. They consid-
ered the van-der-Waals-London forces, the electrostatic forces, and the
hydrophobic forces. The absolute value of the zeta potential and the de-
pendence on the pH value were measured. The interaction curves were
then calculated from the potentials. Subsequent flotation experiments
demonstrated the accuracy of the calculations by allowing the selective
flotation of the individual minerals in the calculated pH value range.
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Yoon et al. [30] investigated the interaction between the bubbles and
the particles during flotation, with a focus on the hydrophobic inter-
actions. They developed a model to determine the force constant for
the calculation of the hydrophobic forces between the bubbles and the
particles in the medium. Accordingly, they calibrated the model to de-
termine the hydrophobic forces and used the extended DLVO theory to
calculate the total interaction energies.

Zhu et al. [31] created a 3D simulation model to evaluate the coagu-
lation of carbon black and cathode active materials in an N-Methyl-2-
pyrrolidone (NMP) medium containing polyvinylidene fluoride (PVDF)
on the basis of Brownian motion. They used the van-der-Waals-London
forces and the electrostatic forces to calculate the interaction of the par-
ticles as a function of the separation distance. The empirical validation
showed that the model describes quite well the coagulation behavior as
a function of the temperature and the mass fraction of the respective
components.

It follows from the consideration of the state of the art that the
majority of models based on the DLVO theory have been developed
to describe flotation phenomena. In particular, there are hardly any
approaches available to model the stability of graphite and graphene
dispersions. To the knowledge of the authors, the influence of disper-
sants on the particle-particle interactions has not yet been investigated,
although previous studies showed that their use is indispensable to
achieve dispersion stability.

Approach

In this paper, an analytical model on the basis of the extended DLVO
theory is elaborated to describe the stability of aqueous graphite dis-
persions containing the dispersant PVP. Two different PVP derivatives,
namely K-17 and K-30, were used for the empirical studies. The total
interaction energies are calculated using empirical data obtained from
zeta potential measurements and material-specific parameters from the
literature. The model is then compared with sedimentation analyses.

2. Modeling on the basis of the extended DLVO theory

The classical DLVO theory takes into account only the repulsion ef-
fects due to the electrostatic double layer ¥ and the attraction caused
by the van-der-Waals-London forces V4, , resulting in the expression for
the energy V; as follows:

VT = Vel + VVdW' (])

In addition to the energy fractions incorporated in Equation (1), the
extended DLVO theory also accounts for hydrophobic and steric effects
as well as depletion. The summation of the energy fractions gives a
good approximation of the total energy Vi, assuming that they are
independent of each other [26, 32]. Accordingly, the total interaction
energy can be derived as follows:

VT,ex = Vel + Vvdw + Vhyd + Vs + l/dep' (2)

Commonly, the respective interaction energy curves are plotted over
the particle distance [33, 34], as schematically depicted in Fig. 1.

In the following, the formulations describing the respective en-
ergy fractions are outlined and related to the conditions that apply to
graphite dispersions. In addition, the dispersant PVP and the associated
effects are included in the model.

Electrostatic double layer interaction
The energy resulting from the electrostatic double layer interaction V
can be described by the Poisson-Boltzmann equation. This model aims
to determine the distribution of the electrostatic potential in an ionic so-
lution in the direction perpendicular to the charged particle surface. The
model accuracy was reported to be down to particle distances of a few
nanometers [35]. In the original version of the DLVO theory, a constant
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Fig. 1. Schematic depiction of the energy fractions of the extended DLVO theory
as a function of the particle distance h; the total interaction energy V.., results
from the summation of the electrostatic double layer interaction V,,, the van-
der-Waals-London interaction Vg, the hydrophobic interaction V},4, the steric

interaction V;, and the depletion V., (principle modified from Kumar et al. [33]
and Zhang and Zeng [34]).

hyd>

potential is assumed [24, 23]. This assumption was proven to be valid
for surface potentials up to 50 mV [26]. Our previous studies have
shown that this applies for the dispersions which are also considered
in this paper [18].

With this approximation, V,, obeys the following equation:

TEEYA Ay _
0= m[éh//l w,atanh(e™ ")
+ (i + ) In(l —e ). 3

Here, the indices 1 und 2 are used to describe the interaction of two dif-
ferent particles 1 and 2 [26]. a is the radius of the respective particle, y
the surface potential of the particle, e the dielectric constant of the par-
ticle, ¢, the dielectric constant of the medium, & the particle separation
distance, and x the Debye constant. The latter describes the thickness
of the electrostatic double layer and is defined as

1
ey, nizi2 2
K= —mM8— R “4)
eggkgT

where n; represents the ionic strength of the type i in the dispersion
with the valence z;. For water at a temperature of 298.15 K (25°C),
a simplified formulaic relationship of Equation (4) applies. The Debye
constant can be determined as a function of the ionic strength I, leading
to Equation (5) [26]:

K =3.2881 )

Here, x is measured in nm~! and I in mol/L [26].

van-der-Waals-London interaction
The model used to describe the van-der-Waals-London interaction en-
ergy V.4 is based on the theories of Hamaker [36]. Accordingly, the
energy V.4, Of two spherical particles with the radii e, and q, is given
as [37]

V.o _ A 2a,a, +
v 6 | P-(at+a)? rP-(a-a)

2 2
it Cl -V } 6)

2a,a,

rz —(a; —ay)?

where r stands for the inter-center separation distance of the two
spheres and A3, for the Hamaker constant of the dispersion [26].

The Hamaker constant of the dispersion A3, (see Equation (6)) can be
calculated by combining the constants of the individual particles and
the medium [26]. The total expression for A3, follows Equation (7):

Apzp=Ap+A;— A — Ay
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= (VA - VA3 (VA - V43). @

Here, the indices 1 and 2 represent the particles and the index 3 the con-
tinuous phase. Double indices stand for the combination of the Hamaker
constant of mixtures [26].

To account for the electromagnetic retardation on the van-der-Waals-
London forces, the effective Hamaker constant is introduced [38, 39].
In this context, Pailthorpe and Russel [40] demonstrated that the use
of the effective Hamaker constant yields approximately the same result
as the calculation based on the Lifshitz’s continuum theory. Nguyen
and Schulze [26] formulated a simple approximation of the effec-
tive Hamaker constant, where it is divided into a zero frequency part
A?n (see Equation (8)) and a non-zero frequency part A%z (see Equa-
tion (9)).

According to van Guyen et al. [41], for most minerals the zero-

frequency part A?32 can be approximated as follows:

3kgT
0o 2B
Al & - ®

The non-zero frequency part A%z can be expressed as

AC 3hw

132‘@

(B — B3)(B, — B3)

X s
(B, + B3)\/B, + B; + (B, + By)\/B, + B;

where 7 stands for the Planck’s constant divided by 2z, w for the
characteristic relaxation frequency of the ultraviolet spectrum, and B;
for a parameter of the oscillator model. B; can be approximated by the
square of the refractive index of the materials. w is of the order of mag-
nitude 2 - 10' rad/s for most materials [26, 42]. In case of symmetry of
the particles, Equation (9) reduces to Equation (10):

9

3ho (B —By)?
Sho 25
16V2 (B, + By)?

With respect to the electromagnetic retardation effect, the adjusted non-
zero frequency term results in Equation (11) with the partial terms
Equation (12) and Equation (13):

46 3ho (B; — B3)(B, — By)
132_8\/5 (BI_BZ)

I, 1,
X - , a1
VBy,+B; /B +B;

L =1/[1 +(h/4)7"4, 12)

A{

132 (10)

with

and

c 2
b= e 13
! 2w B3(Bi+B3) ( )

Here, h is the particle separation distance and ¢ the speed of light.
q represents a best fit parameter, resulting from a data fitting of the
Hamaker-based approximation to the exact solution given by Lifshitz
[26].

For symmetric systems, Equation (11) can be reduced, leading to Equa-
tion (14):

1
B, + B;)? N
Afzzz 3ho B+ B) 3;2{1+<ﬁ> } " 14
*16v2 (Bt By) / 4
Taking into account the impact of the electrolyte, the total Hamaker
constant A3, follows Equation (15):

Apgy = A%, (1+ 26h)e ™ + A 15)

132°
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Hydrophobic interaction
Various approaches exist to describe the hydrophobic interaction
energy V.. An established model is the one given by Yangshuai
et al. [15], according to which Vigd is defined as

h
Viga =—2.51" 10—3ak/1e(‘7), (16)

where k is a hydrophobic modification coefficient of 0.4167, a the ra-
dius of the particle, and A the decay length with a value of 5.29 nm
[15]. For interactions of different particles, a is replaced by the har-
monic mean of the particle radii [25, 26].

Steric interaction
Due to the complex phenomena underlying the interaction of the poly-
mer and the particles, modeling the steric repulsion V is not trivial. The
following differentiation applies according to Likos et al. [43]:

0o, h<0
Vi =1 func(h), 0<h<2L
0, 2L<h

Here, L stands for the thickness of the layer formed by the polymer
chains.
For h =0, the particle surfaces are in direct contact. Accordingly, V; is
not defined for 4 < 0. When & exceeds 2L, the PVP shells are no longer
in contact and no steric repulsion comes into effect.

A possible approach for func(h) is provided by Nguyen and
Schulze [26], which leads to the following expression:

func(h):MLzs#
L/h\T 1 (h\7 3 h 3
X[§(ﬂ) -5 (31) +§ﬁ_ﬁ]’ a7
with
:i]”“T‘Zj (18)

Here, f stands for the geometric conversion factor of the Derjaguin ap-
proximation and s for the mean distance between the chain attachment
points at the surface [26]. In the case of two equal spheres with the
radii a = a; = a,, Equation (18) simplifies to f = za [42].

From the viscosity measurements of the PVP derivatives K-17 and
K-30 (see Fig. 2) it is evident that the molecules fully adsorb at the
graphite surface up to a content of 30 m% and 20 m%, respectively.
Here, the viscosity values were determined according to the measuring
principle described in Kolb et al. [18]. The measurement data are pro-
vided in the supplementary files. With the total molecular weight M
of the respective PVP derivative, the average number of adsorbed PVP
chains N,y can be determined as follows [43, 44]:

M,

Nygs = 7““‘* Ny (19

ads

In Equation (19), M
gradro constant.

The mean attachment distance s (see Equation (17)) can be calculated
from the specific surface area A of the graphite used, resulting in Equa-
tion (20) (see Table 1) [43, 44]:

is the adsorbed mass of the PVP and N, the Avo-

A
N,

ads

s= (20)
The expansion of the PVP molecular chains in the solvent depends both
on the coverage of the particle surface and the suitability of the solvent
for the polymer. Depending on the conditions, the PVP molecular chain
can be present as a globule (poor conditions), random coil (medium con-
ditions) or expanded coil (good conditions) (see Fig. 3) [42].
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Fig. 2. Viscosity as a function of the PVP content for the PVP derivatives K-17
and K-30.
Good conditions

Poor conditions  Medium conditions

Random coil

Globule

Expanded coil
Fig. 3. Different states of a polymer chain in a medium depending on the condi-

tions; each polymer chain consists of » monomer units of the length / (modified
from Israelachvili [42]).

Table 1. Properties of the used PVP derivatives.

Symbol  Value Unit Reference
M My _y7 = 10000 g/mol  [46]
My _3, = 50000
M, 111 g/mol  [47]
A 195 m?/g [48]
1 0.154 nm [47]

The coverage of the surface is expressed by the radius of gyration
R,, which represents a length scale for an unperturbed coil in an ideal
solvent. It is defined as [42]

I-4/n

Rg = \/—
NG

where / is the length of a PVP monomer segment and » the number of

segments of the PVP molecular chain. » indicates the relation between

the total molar mass M and the molar mass of a monomer segment M,
leading to Equation (22):

, (21)

M

=My (22)

n
For real, non-ideal solvents, the coil size may deviate from R, (see Equa-
tion (21)), which is expressed by the Flory radius Rp = a - R, [42]. While
for polymers in an unsuitable solvent, « is less than 1, Ry for suitable
solvents can be calculated as follows [42]:

wiw

Rexl-n (23)

Due to the good solubility of the investigated PVP derivatives in water
[45], Equation (23) is assumed to be valid for the examined polymer-
medium combinations. In this study, for both the derivatives K-17 and
K-30, s > R, applies, which corresponds to a low coverage. When the
coverage of the polymer on the particle surface is low and a non-ideal
solvent is used, the PVP molecules are present in the medium as ex-
panded coils. The thickness of a coil L is approximated by Equation (24):

L=2-Rg. (24)

Depletion
Depletion is caused by dissolved, non-adsorbing polymer molecules that



C.G. Kolb, M. Lehmann, D. Kulmer et al.

0.09 : ,
O PVPK-17

g b A PVPK-30

S oo} 4

z a 4

o

s i

& 003} A

8 A

£ . H

® 000} k4 4 0 0 8.0 1

0 50 100 150 200
PVP content/ m% —

Fig. 4. Surface tension of the graphite dispersions as a function of the PVP
content (calculated on the basis of Kolb et al. [18]).

restrict the movement of the particles [49]. However, this diffusion in-
hibition comes into effect only at higher polymer concentrations. At
low polymer concentrations, shells, also known as depletion zones, form
around the particles, which promote the formation of agglomerates.
There are several established models to describe the depletion effect
Vgep- A common approach is the one given by Vincent and Jones [50,
511, leading to the following expression for Vj,:

0
Hy—H 2
Vacp=2'””< ! 1)(A+5—q+p—g) . (25)

Uy

Here, A represents the range of the depletion effect, 5 the thickness of
the polymer shell, g the compression of the polymer shell, p the extent of
the overlap of the polymer shells, and (u; — /4(1)) /v, the osmotic pressure.
Depletion in the context of this paper means that the PVP molecules
avoid being absorbed at the graphite surface and prefer the free volume.
In this case, the surface tension increases with a rising PVP content [49].
Pelofsky [52] empirically determined a formulaic relationship between
the surface tension y and the viscosity n of a medium, which obeys the
following expression:

ny=24+ma. (26)
n

Here, A and B are dimensional constants of the specific substrate. A
represents the intercept and B the slope of the curve. Applying Equa-
tion (26) for water, A determines to be 79.10 and B -0.08366 [52].
Taking into account the course of the viscosity of the graphite disper-
sions as a function of the PVP content presented by Kolb et al. [18], a
slight increase in the surface tension is apparent from 30 m% PVP to-
wards higher PVP contents (see Fig. 4). This indicates that up to a PVP
content of 30 m% depletion effects can be disregarded.

Superposition of stabilization mechanisms
From the results of the derivations it follows that effects due to deple-
tion (see Equation (25)) can be ignored for the given application. There-
fore, Equation (2) with the partial terms Equation (3), Equation (6),
Equation (16) and Equation (17) simplifies to:

Viex =Ver + Viaw + Viga + Vs (27)
3. Materials and methods
3.1. Synthesis of the dispersions

Water-based graphite dispersions with a constant graphite content
of 10 m% and a varying PVP content were prepared. For this pur-
pose, high-purity graphite powder (Nanografi, Turkey) suitable for the
production of lithium-ion batteries with a mean diameter of 30 nm
was employed and PVP was added as a dispersant. Therefore, the
PVP derivatives PVP-17 (Luvitec, BASF, Germany) and PVP-30 (Merck,
Darmstadt, Germany) were used. The electrolyte employed was NaCl
(Carl ROTH, Germany) of laboratory quality (p.a., ACS, ISO) with a pu-
rity of > 99.5 %.
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NaCl Deionized water
| |
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Magnetic stirring
Time: 15 min
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Magnetic stirring
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NaCl, water, PVP
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Magnetic stirring
Time: 30 min

!
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NaCl, water, PVP, graphite

l

Ultrasonic dispersing
Power: 1560 W
Frequency: 12 kHz
Dispersing intervals: 20 s
Cooling intervals: 1 min
Time: 10 min

!

Dispersion
NaCl, water, PVP, graphite

Graphite

Fig. 5. Process route for the preparation of the dispersions.

The process route applied for the preparation of the dispersions is de-
picted in Fig. 5. The mixing sequences were carried out at a temperature
of 25 °C and ambient pressure. First, the liquid phases were prepared. A
1-molar solution was prepared from the crystalline NaCl, with the con-
centration adjusted by the mass ratio of salt to water. Subsequently, the
dispersant was mixed with the liquid phase and graphite was added. Af-
ter a stirring period, the dispersions were ultrasonically dispersed using
a homogenizer (FS-300N, Vevor, China).

3.2. Experimental procedure

The stability behavior was studied as a function of the PVP content
for both derivatives at a constant graphite content of 10 m%. The reli-
able measurement of the electrophoretic mobility and thus the accurate
determination of the zeta potential required the measurement at a de-
fined ionic strength of the samples [53]. However, an increasing ionic
strength has a destabilizing effect on the dispersion. To mitigate this in-
fluence, the samples were adjusted to the lowest recommended ionic
strength of 0.1 mmol/L [53].

3.3. Measuring equipment and methods
Model

The model was calibrated to the distance of closest approach, which
states that particles cannot approach closer than 0.4 — 0.6 nm [24].
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and (b) K-30.

The complete displacement of the continuous phase would mean that
the counterions lose their hydrate shell, which is considered unlikely.
This results in a minimum distance from the thickness of two water lay-
ers, which corresponds to twice the distance from the particle surface
to the outer Helmholtz layer.

The surface potential was approximated by the zeta potential, which
represents a common practice in stability studies of low ionic strength
dispersions [30]. The zeta potential was calculated by empirically de-
termining the electrophoretic mobility using a zeta potential analyzer
(Zetasizer Nano ZSP, Malvern Panalytical, Malvern, UK). Accordingly,
the dispersions were diluted to reach the required transmittance of the
dispersion. Three measurements were performed for each dispersion.
Since the measured zeta potential is strongly dependent on the pH value
of the dispersion, the corresponding pH values of the analyzed disper-
sions were measured. They are provided in the supplementary files. The
pH value was determined using a pH measuring instrument (PH-100
ATC, Voltcraft, Switzerland) with an absolute accuracy of 0.2 pH.

Sedimentation analyses
The dispersions were poured into transparent test cuvettes with a
volume of 4 mL. The samples were visually evaluated by a gray scale
analysis. The average gray value was determined using the graphics
program GIMP. The gray value ranged from 0 (black) to 1 (white) and
was normalized to the gray value of the background.

4. Results and discussion

Total interaction energies according to the model
Using the model described in Section 2, the total interaction energies
Vrex (see Equation (27)) were calculated as a function of the particle
distance & for K-17 (see Fig. 6a) and K-30 (see Fig. 6b).

It is apparent that for both PVP derivatives, the total interaction
energy levels rise with an increasing PVP content in the range of
small particle distances. For the dispersions containing 5 m% PVP, no
maximum is present. The dispersions with 10 m% PVP show a weakly
pronounced maximum. From a PVP content of 15 m% upwards, the en-
ergy curves are subject to a major drop, being more distinct with an
increasing PVP content.

The relation between the energy curves and the coagulation is described
by the stability factor W which is defined as [54]

(VT,ex,max)
W@ +a) -k le keT / (28)

where Vg o 0 Stands for the energy barrier that particles have to over-
come to coagulate.

W can be interpreted as the probability of coagulation when two
particles collide. It represents the ratio of the total number of col-
lisions to the number of collisions leading to coagulation [24]. The

J-

Total interaction energy V; ., /
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Table 2. Calculated values for Vi, ... and W of

the graphite dispersions at different PVP contents
for the PVP derivatives K-17 and K-30.

Viexma i kgT W
5 m% PVP K-17 | 15.88 6.2-10°
K-30 | 8.01 1.7-10
10m%PVP  K-17 | 30.31 1.1-101
K-30 | 29.78 49-10"2
15m%PVP  K-17 | 74.81 2.4-10%
K-30 | 71.7 7.8-10%°
20 m% PVP  K-17 | 124.31 7.6-10%
K-30 | 126.49 49.-10%
30m%PVP K17 | 269.65 1.0- 107
K-30 | 267.81 1.2-10'16

higher Vi, max 1S, the higher is W and thus the less likely is the oc-
currence of coagulation (see Equation (28)). Accordingly, a maximum
of V1. represents an energy barrier for the particles, whereas a strong
decrease marks an insurmountable barrier [55]. This demonstrates that
the graphite dispersions exhibit a pronounced energy barrier for both
PVP derivatives above a PVP content of 15 m%. This trend is also re-
flected in the calculated values Vi ¢ .x and W (see Fig. 7 and Table 2).
Varying statements can be found regarding the categorization of the
dispersions into stable and non-stable using these characteristic values.
According to Verwey and Overbeek [24], a stable dispersion can be
expected for a stability factor W > 10°. To ensure stability for all prac-
tical purposes, the stability factor W is required to exceed 1-10°. Here,
it should be noted that the conditions for the practical purposes are
not further defined. According to this rule of thumb, stability can be
expected for the dispersions containing at least 10 m% for both deriva-
tives. However, the sedimentation analyses showed that stability is only
given for dispersions with a minimum of 15 m% PVP.

Sedimentation analyses
Fig. 8 displays the average gray value over time for graphite dispersions
with a varying PVP content of K-17 (see Fig. 8a) and K-30 (see Fig. 8b).
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Fig. 8. Average gray value as a function of the time for graphite dispersions with a varying PVP content of the PVP derivatives (a) K-17 and (b) K-30.

Overall, it is apparent that the gray values of the graphite disper-
sions with K-17 are lower than with K-30 at the same PVP content.
Furthermore, it is evident that the lower the PVP content is, the higher
is the increase in the gray values.

For both PVP derivatives, the dispersions with 5 m% and 10 m% PVP,
respectively, show a significant increase in the gray values within the
first few days. This effect is more pronounced for the dispersions with
10 m% PVP than for the ones with 5 m% PVP. While the average gray
value of the dispersions with 15 m% PVP remains almost constant over
the investigated time duration for K-17, a minor increase in the gray
value can be observed for K-30 after four days. For both K-17 and K-30,
the dispersions containing 20 m% and 30 m% PVP, respectively, remain
almost stable over the investigated duration.

A constant gray value indicates a stable dispersion without consider-
able coagulation, whereas an increase in the gray value implies the
occurrence of coagulation. These observations can be explained by the
prevailing phenomena on the particle level. The behavior of particles
in the nanometer range is dominated by Brownian forces [56]. As a re-
sult, the particles do not settle due to gravity. A reversible equilibrium
structure is established, which prevents the particles from sinking [56].
When the particles coagulate, Brownian motion no longer appears. The
sedimentation behavior due to gravity dominates the motion of the par-
ticles, which can be mathematically described by the Stokes’ law [57].
For a spherical particle, this results in the following equation for the
flow velocity v [12, 56]:

(Pp = p))
p= 20T 2 (29)
9 1

Here, p, and p, are the densities of the particles and the medium. g is the
gravitational field strength, 5 the viscosity, and r the particle radius.

It follows from Equation (29) that the particle radius has a quadratic
influence on the flow velocity and thus on the sedimentation time. Low
PVP contents are not sufficient to significantly weaken the attractive
forces between the particles and thus are not capable of preventing
coagulation [41]. As a result, the coagulated particle formations settle
more quickly. At higher PVP contents, the graphite particle surfaces are
increasingly occupied by PVP molecules, which successively inhibits the
attractive forces due to electrosteric stabilization [41].

Comparison of the data

When comparing the calculated energy levels with the gray value data
in terms of the PVP content, it is obvious that the trend of the energy
levels corresponds well with the trend of the gray value curves. While
the energy levels exhibit higher values with an increasing PVP content,
the gray value curves show an ever smaller increase.

A slight deviation can be recognized in the evaluation of the stability
based on the stability factor W. While the dispersions with 10 m%
appear to be unstable according to the gray value progression, the
stability factor W is higher than the stability threshold of 1 - 10° for
practical purposes. This indicates that this limit defined by Verwey
and Overbeek [24] may slightly deviate depending on the practical

application. Accordingly, the limit value has not yet been subjected
to an application-related and thus time-dependent scale. For the other
dispersion compositions, the behavior observed in the sedimentation
analyses agrees very well with the classification given by the stability
factor W.

Overall, the findings corroborate the assumption of Yangshuai et al. [15]
that a modeling approach based on the extended DLVO theory is suit-
able to reproduce the stability behavior of aqueous graphite dispersions.
In addition, the results demonstrate that it is feasible to incorporate the
effects originating from an electrosteric polymer into the DLVO theory.

5. Conclusions

This paper presents an analytical modeling approach to describe the
stability of water-based graphite dispersions containing the electrostat-
ically stabilizing dispersant PVP on the basis of the extended DLVO
theory. Two different PVP derivatives, K-17 and K-30, were studied. The
model was adapted to capture the boundary conditions that apply to
the investigated dispersion system. The total interaction energies were
calculated using empirical data obtained from zeta potential measure-
ments. The stability behavior was examined by sedimentation analyses.
The findings of this paper can be summarized as follows:

+ The model elaborated on the basis of the extended DLVO theory is
applicable to aqueous graphite dispersions.

+ The incorporation of the dispersant polyvinylpyrrolidone and the
associated effects in the model has proven to be feasible.

+ The sedimentation analyses showed that the trend of the obtained
gray value data can be represented very well by the calculation of
the total interaction energy levels. Therefore, the results corrobo-
rate that the elaborated model is well suited to describe the stability
behavior of water-based graphite dispersions containing PVP.

Further research will be conducted to derive absolute values for the
stability factor W, which allows a time-dependent evaluation of the
dispersion stability depending on the particular application.

Due to the universality of the developed model, it is expected to be
transferable to different material and dispersant systems. Additional ef-
fort is required to prove the transferability on a profound basis. In this
context, the applicability of the model to water-based graphene disper-
sions remains to be validated.
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