
coating

On application, coating colors penetrate the fiber struc-
ture of base paper. In addition, a dense layer of pigment 

particles, called filtercake, forms at the coating suspension-
paper interface during initial application [1-3]. The structure 
of this filtercake will partly influence the final structure of 
the fully immobilized coating layer. It therefore also deter-
mines the physical and functional properties of the coated 
paper. For example, the absorptive properties of the coating 
layer affect printability, while the distribution of binder will 
influence its strength properties. Filtercake formation also 
contributes to the runnability of a coater.

The accumulation of pigment particles at the base substrate 
has been investigated both empirically and theoretically over 
the years [1, 2, 4-6]. This complex mechanism, being a result 
of pressure-induced penetration or capillary absorption of liq-
uid phase into the base paper, has been the subject of long-
standing disputes within the research community. Several re-
search groups have used modeling and simulation to investigate 
the potential mechanisms that govern the dynamics of the 
layer formation [7-11]. While most studies have focused on the 
accumulation of particles, this work is aimed at studying mech-
anisms that have an influence on the already formed layer, 
thereby characterizing its dynamic behavior and stability. 

Two dominating theories have been proposed to explain 
the mechanism of filtercake formation:
• �Immobilization through filtercake formation assumes a 

sharp solids concentration difference between the filtercake 
and the bulk coating suspension.

• �Immobilization through thickening supports the existence 
of a rather low concentration gradient throughout the filter-
cake structure. 

These mechanisms have been debated in many literature 
sources [4]. Engström [5], for example, observed a filtercake 
concentration gradient in his pilot trials and Lohmander et al. 
[4], as a result of their laboratory scale experiments, reported 
the solids concentration decreases to be nearly linear as func-
tion of distance from the filter medium. Work by Salminen et 
al. [6], however, did not support the existence of this concen-
tration gradient. The theories are of importance in many the-
oretical calculations on filtercake properties. In contrast to 
thickening, the filtercake formation mechanism assumes a 
nearly incompressible filtercake, which is the basis of tradi-
tional permeability calculations based on Darcy’s law.

Varying conclusions reported in the literature can be ex-
plained by the complexity of measurement techniques and 
the differing experimental setups that have been used. Ex-
perimental methods range from destructive scraping tech-
niques to magnetic resonance imaging [4-6]. All exhibit short-
comings that potentially influence the results. The application 
of numerical simulation in investigating mechanisms that gov-
ern pigment particle behavior on the colloidal level has prov-
en to be promising in many ways [12-14]. Computer simula-
tion of coating particles enables direct observation and 
identification of potential behavioral mechanisms and esti-
mates of properties that are difficult or impossible to deter-
mine empirically. 

The model used in this work uses a modified Stokesian 
dynamics simulation technique. It describes the microscopic 
movement of particles and the constitution of particle systems 
by calculating interparticle hydrodynamic and DLVO-type 
(Derjaguin-Landau-Verwey-Overbeek) colloidal interactions. 
In this work, we assume that the structure and stability of the 
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ABSTRACT: The stability of a paper coating filtercake and the influence of Brownian motion relative to absorp-
tion flow can be described using a particle dynamics model. For such a study, we assumed that the stability of a fil-
tercake depends on the interrelation between particle diffusion and the hydrodynamic drag force caused by the 
absorption flow of liquid. We simulated particle diffusion using a Brownian motion model. Our investigation includ-
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thicknesses of the filtercake. We concluded that particle diffusion disrupted the filtercake if the size of the particles 
was small or the temperature high. For dewatering rates typical of paper coating processes, the simulations show 
that only particles less than 0.2 µm are able to diffuse sufficiently to result in a solids density gradient over the thick-
ness of the filtercake. In the polydisperse system, small particles can migrate within the filtercake at low dewatering 
rates. The solids concentration gradient observed in some cases appeared to be the result of filtercake surface 
roughness, partly caused by a size segregation effect rather than of the proposed thickening mechanism. 
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coating filtercakes. Results help to further our insight into fundamental physical phenomena related to pigmented 
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filtercake will be determined by the abil-
ity of particles to diffuse against an ab-
sorption flow of liquid.    

METHODOLOGY
The filtercake stability investigations 
were performed using the particle dy-
namics code PD3D developed by Toi-
vakka and Nopola at Åbo Akademi Uni-
versity [15, 16]. The simulation technique 
is based on Stokesian dynamics [17, 18], 
which is capable of predicting the mo-
tion of particles suspended or dispersed 
in a liquid medium, making it suitable 
for simulating the behavior of coating 
colors. The technique is, however, com-
putationally intensive and without mod-
ifications limited to small systems of a 
maximum of a few hundred particles. 
Several alterations have been made by 
different research groups to the original 
Stokesian dynamics method to increase 
computational effectiveness. These in-
clude the lubrication approximation, in-
troduced by Bousfield, which estimates 
interparticle hydrodynamic interactions 
by near-field lubrication forces and a 
Stokes drag contribution from the bulk 
flow field [19]. The lubrication approxi-
mation was later modified by Toivakka 
[15]. The applicability of the approxima-
tion is confined to concentrated suspen-
sions, but for coating colors with typi-
cally high solids volume concentrations 
this is not a limitation. Further modifica-
tions include the sparse matrix and 
neighbor list techniques, which have 

earlier been reported by Toivakka (1997) 
and Nopola (2004) [15, 16].

For this work, the existing simula-
tion software was modified by includ-
ing a novel Brownian motion model 
based on the Einstein diffusion equa-
tion [20]. That provided a means to 
study diffusion and particle redistribu-
tion phenomena caused by thermal vi-
bration of particles, random collisions 
with molecules of the suspending me-
dium, other particles and system bound-
aries. Although being of relevance for 
all suspended particles of a coating 
color, including pigment particles and 
polymeric material, the influence of dif-
fusion is thought to be of importance 
mainly for small coating particles and 
additives, particularly binders (100-300 
nm) and thickeners (5-10 nm). 

The main functional principle of the 
Brownian motion model is to apply a 
force of random direction to each par-
ticle at each time step. The R250 ran-
dom number generator [21] was used in 
generating a randomly directed 3-D 
unit vector (e.g., the trigonometric algo-
rithm described by Allen and Tildesley 
[22]) to represent the direction of the 
force. The model was tested and showed 
good compliance with analytical sourc-
es [20, 23]. Details of the model can be 
found in Appendix I. The base substrate 
is approximated as a completely planar 
and smooth surface with uniform dewa-
tering rates, i.e., without any local varia-
tions in absorption or roughness. A 

mechanism that has also been proposed 
for settling or consolidating systems 
under shear is a phenomenon termed 
shear-induced particle resuspension 
[24]. This work does not, however, as-
sume any lateral-direction flow of liquid 
across the filter cake. In some applica-
tions, cross-direction flow of liquid has 
been shown to be a probable cause for 
particle migration.  

	
SIMULATION 

CONFIGURATION
Filtercake structural properties and stabil-
ity were studied as a function of base sub-
strate absorption rate, particle size, and 
size distribution. We also examined the 
potential influence of thermal conditions 
by accounting for temperature in the 
Brownian motion model and by adjusting 
liquid phase viscosity accordingly. Unless 
specifically stated, the temperatures of the 
systems were set to 20°C. DLVO-type col-
loidal interactions were not of interest in 
this study, but some electrostatic repulsion 
(double layer thickness, 1/k = 5 nm) was 
applied to avoid excessive particle cluster-
ing effects. Note that the colloidal interac-
tion model parameters used in this work 
do not promote flocculation, which would 
reduce the particle mobility. Flocculation 
would influence filtercake formation, its 
density profile, and possibly particle diffu-
sion away from the filtercake.

Monodisperse and polydisperse sys-
tems of spherical particles, ranging be-
tween 0.2 μm and 2 μm, were the sub-
jects of investigation. Particle sizes were 
chosen so that the smallest particle size 
would correspond to the approximate 
size of binders, while the largest parti-
cles would be roughly the same size as 
relatively large ground calcium carbon-
ate (GCC) pigment particles. For finer 
commercial GCC grades, this size range 
would account for about 80% of the sol-
ids volume. The particle size distribu-
tion of the polydisperse system was con-
sequently adapted to correspond to 
commercial GCC (Hydrocarb™ 90, 
Omya, Switzerland). 

The base substrate was approximat-
ed as a completely planar boundary with 
absorption rates dimensioned to be in 
the scale of 1 g/m2s to 10 g/m2s. This 
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1. Filtercake structures at three different dewatering rates (situation at 280 s). 
Simulation pictures (above) visually illustrate the solidity profiles (below).  
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study does not back couple base substrate absorption rate to 
filtercake permeability properties. In experimental condi-
tions, this could be compared to keeping dewatering rates 
constant by applying external pressure to the system. Since 
the liquid flow caused by base substrate absorption was esti-
mated to dominate, gravitational forces were not included in 
the simulations. 

Filtercakes were formed by allowing an initially high de-
watering rate of 25 g/m2s to force all particles of the simulated 
system to form a dense filtercake. After the initial formation 
of the filtercake, the dewatering rate was reduced to a simula-
tion-specific set value between 1 g/m2s and 10 g/m2s, based 
on empirical experiences [2], whereby the stability of the fil-
tercake could be investigated.

Note that absolute filtercake thickness is not relevant to 
this study, since particle quantity (solids content) and system 
size were tailored only to promote comparability between 
simulations. The solids content and subsequent filtercake 
thickness were, however, selected to roughly correspond to 
that which can be expected in practical coating processes.  

RESULTS & DISCUSSION
Influence of dewatering rate

We investigated several monodisperse systems, focusing on 
the influence of dewatering rate and particle size on filter-
cake stability. The influence of the dewatering rate was stud-

ied in a system containing 500 0.5 μm particles. Figure 1  
illustrates the simulation output at t = 280 s, in which each 
peak of the solidity graphs represents an ordered layer of 
particles. At a dewatering rate of 10 g/m2s, particles were ar-
ranged into a distinct structure of a few monolayers, while 
enabling small structural irregularities to be introduced if the 
dewatering rate was lower. At the lowest dewatering rate, 
single particles or groups of particles were able to complete-
ly diffuse into the bulk liquid phase as shown by the leftmost 
picture in Fig. 1.

 The stability of the filtercake was characterized by com-
paring its initial thickness with the thickness at different sim-
ulation times. Filtercake thickness was defined as the z-direc-
tional height above the absorbing base substrate where there 
would still be a continuous phase of solid material, i.e., com-
pletely diffused individual particles were defined as not being 
part of the filtercake. Figure 2  gives a rough approximation 
of diffusion by comparing initial and final filtercake thickness. 
In fact, a steady-state value of filtercake thickness could be 
located, where either the filtercake was stable or particles of 
the top layer would be able to completely diffuse away from 
the structure. This thickness was found to be intimately re-
lated to the dewatering rate. Keep in mind, however, that in 
the event of particle diffusion into the bulk of the liquid, fil-
tercake thickness would slowly decrease as a result of its grad-
ual deterioration.    

  
Influence of particle size

Monodisperse systems of different particle sizes, ranging be-
tween 0.2 μm and 2 μm, were designed to investigate the 
influence of particle size on the stability of the filtercake. We 
selected three different dewatering rates—1, 5, and 10 g/m2s 
—to study particle diffusion against liquid flow. The particle 
system sizes were planned to achieve equivalent solids con-
centrations and roughly the same filtercake thicknesses, 
given a certain packing ratio. Some artifact effects in the fil-
tercake thickness could be observed in the systems with the 
largest particle diameters, due to the few particle monolayers 
in the filtercake. The number of particles in all systems was 
set to 1000. 

Simulation results, illustrated in Fig. 3, indicate that only 
small particles, i.e., particles with diameters of 0.6 μm or less, 
are sufficiently mobile to diffuse and cause filtercake deterio-
ration in the specified flow fields. Although being less pro-
nounced at high base substrate absorption rates, the diffusion 
capability of the 200 nm particles appeared relatively similar 
at all dewatering rates investigated. This was quite in contrast 
to the somewhat larger (400-600 nm) particles. Their diffusion 
layer (marked grey in Fig. 3), quantitatively defined as the fil-
tercake thickness difference between the initial situation and 
the situation after 280 s, appeared to decrease faster as a func-
tion of the dewatering rate relative to what was the case in the 
200 nm particle system. This observation led to the conclusion 
that the extremely high mobility of small particles makes their 
diffusion capability less dependent on liquid flow rate. The 
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2. Relationship between filtercake thickness and dewatering 
rate (top) in a system of 0.5 μm monodisperse particles. The 
increase in filtercake thickness as function of time (bottom) 
indicates diffusion.  
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mobility of the 400-600 nm particles was consequently found 
to be more dependent on the dewatering rate. 

This phenomenon is illustrated in Fig. 4, in which the 200 
nm and 400 nm particle systems are compared. The system 
with the larger particle size, 600 nm, was omitted from Fig. 4 
because it exhibited enough quantitative uncertainty to pre-
clude any valuable comparison with the other systems. Rela-
tive thickness was defined as the diffusion layer thickness as 
a fraction of that of the 1 g/m2s dewatering rate for the spe-
cific system. Thereby, the thickness curves were made com-
parable by being normalized to 100% at the slowest dewater-
ing rate.  

Polydisperse systems
The polydisperse system was designed to have a particle size 
distribution comparable to commercial GCC. We simulated 
1600 particles, with sizes ranging from 0.2 μm to 2 μm in 0.05 
μm to 0.10 μm increments. Consequently, particles of 26 dif-
ferent sizes were simulated in the same system.

 In contrast to the monodisperse systems, the filtercake 
solidity profile (Fig. 5) appeared fairly static in the polydis-
perse system, regardless of the dewatering rate. This can be 
explained by the low diffusion capability of large pigment 
particles in combination with their distribution in the filter-

cake. Consequently, the presence of large particles appeared 
to impede free movement of otherwise extremely mobile 
small particles within the filtercake, preventing any signifi-
cant diffusion from taking place. The phenomenon of size 
segregation, previously described by Toivakka et al. [14, 15] 
and observed in similar simulations [8-10], was concluded to 
be more pronounced at higher dewatering rates, Fig. 6. 

In this context, however, size segregation could be inter-
preted as the inability of small (200-400 nm) particles to mi-
grate through the filtercake pore structure against any signifi-
cant liquid flow rate. The resulting thickness of the filtercake 
therefore remained relatively constant. With some minor in-
ternal redistribution of fine particles being the only detectable 
mechanism for structural change in the filtercake during the 
time interval investigated, the only external sign of diffusion 
was a slight change in the top layer concentration gradient.

Due to the particle size distribution, no systematic layering 
could be observed, as was the case in the monodisperse sys-
tems. The density remained relatively constant throughout 
the bulk of the filtercake. The densities were somewhat high-
er for filtercakes subjected to a higher dewatering rate. 
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3. Relationship between filtercake thickness and particle size, 
studied at three different dewatering rates. The difference 
between initial thickness and thickness after 280 s indicates 
filtercake deterioration caused by diffusion.

4. Reduction in diffusion layer thickness at increasing dewater-
ing rates. The mobility of smaller particles appears to be less 
restrained by dewatering rate. 

5. Solidity profiles for the polydisperse particle system after 280 
s of simulation time. Filtercake structures were compared at 
three different base substrate absorption rates.
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Influence of temperature
The influence of temperature on particle mo-
bility was studied in a few simulations of 
monodisperse particle systems. The thermal 
influence was taken into account by adjusting 
the temperature parameter in the Brownian 
motion model between 20°C and 80°C. We 
also modified the liquid phase (water) viscos-
ity in accordance with its temperature depen-
dence, both in the Brownian motion and hy-
drodynamic interaction models. Simulations 
were thereafter run with temperature as the 
only changing variable.

We expected to see a significant effect on 
particle diffusion properties, due to the in-
creased tendency for thermal motion along 
with reduced liquid phase viscosity, but ther-
mal conditions appeared to play a less central 
role than initially anticipated. Some compari-
sons of filtercake solidity profiles at different system temper-
atures are shown in Fig. 7. The most extreme case, with the 
smallest particle size and slowest dewatering rate, shows clear 
differences in filtercake structure as a result of the higher sys-
tem temperature. With slightly larger particles and a higher 
dewatering rate, however, this effect is barely observable. By 
adjusting thermal conditions in systems of small particles, it 
is possible to influence the concentration gradient. On the 
other hand, it would be quite interesting to further clarify the 
influence of temperature on the distribution of binders and 
thickeners in the coating layer due to their influence on coat-
ing layer mechanical and optical properties.                

SUMMARY & CONCLUSIONS
At slow dewatering rates, which can be considered typical for 
laboratory scale experiments, diffusion of particles from the 
filtercake promotes the formation of a sometimes close to lin-
ear concentration gradient. This gradient, however, quickly 
becomes steeper at increased dewatering rates, which can be 
explained by the inability of particles to diffuse against the 
liquid flow. At dewatering rates of around 5 g/m2s, the bound-
ary is already fairly sharp for most particle sizes. Consequent-
ly, at coating layer immobilization times typical for pilot and 
full scale coating processes [25], the results of the simulations 
indicate that the filtercake-coating suspension interface can 
be expected to be fairly sharp and that any significant migra-
tion of particles is unlikely. 

In the polydisperse system, apparent size segregation was 
observed as a function of increased dewatering rate. The mi-
gration of small particles within the filtercake was detected by 
small differences in the filtercake solidity profiles. Due to the 
size segregation phenomenon, it appeared relatively restrained 
by the existence of large immobile particles. The concentra-
tion gradient observed in the polydisperse systems resulted 
from filtercake surface roughness rather than any thickening 
or thinning type of formation or degradation mechanism.  
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6. Side (above) and top (below) view of the filtercake structure 
of a polydisperse particle system at absorption rates of 1, 5, and 
10 g/m2s; situation at 280 s of simulation. 

7. Influence of thermal conditions on filtercake solidity profiles 
(situation after 280 s of simulation).
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Although temperature affects the viscosity of the coating 
color and diffusion has been shown to be temperature depen-
dent [20], this study concludes that the influence of thermal 
conditions is fairly negligible in this context. This study does 
not, however, take into account how the absorptive proper-
ties of the base substrate are related to temperature, although 
earlier publications have considered that relationship [1].   

APPENDIX I
A Brownian motion model was included to describe diffusion 
and particle redistribution phenomena caused by thermal vi-
bration of particles, random collisions with molecules of the 
suspending medium, other particles, and system boundaries. 
The influence of diffusion is thought to be of importance 
mainly for small coating particles and additives, e.g. latex (100-
300 nm) and thickeners (5-10 nm), although being relevant 
also for larger particle sizes. Furthermore, a higher system 
temperature promotes diffusion through increased mobility 
of molecules and the reduced viscosity of the liquid phase. 

The model is based on the well-known Einstein equation 
for calculating the mean Brownian displacement, x , of a par-
ticle as function of time, t, as

,

where particle diffusivity, D, is a function of temperature, T, 
viscosity, h, and particle radius, a, according to the equa-
tion   

,

where R is the universal gas constant and N
A
 Avogadro’s con-

stant [20].
The general functional principle of the Brownian motion 

model is to apply a force of random direction to each particle 
at each time step. For simplicity, the force will be constant for 
a specific particle size and system temperature. While increas-
ing computational time and complexity, there would not be 
any particular benefit in calculating a force of both random 
magnitude and direction. Also in an effort to increase compu-
tational efficiency, the R250 random number generator [21] 
was used in the generation of random numbers.

There are several methods of creating a random 3-D unit 
vector to represent the direction of the force [22]. In this 
model, the direction is determined by the trigonometric 
method of generating uniformly distributed points on a unit 
sphere. This takes place according to the following algo-
rithm:

(a)	 Choose z uniformly distributed in [-1, 1].

(b)	 Choose t uniformly distributed in [0, 2p].

(c)	 Let .

(d)	 Let .

(e)	 Let .

When the unit vector 
0a  has been determined by the algo-

rithm, the random force can be calculated as

,

where a  is particle radius and BrownK  is an iteratively deter-
mined, system-specific constant. BrownK  is iteratively deter-
mined from calibration data, relating its value to the desired 
system temperature and liquid phase viscosity of each indi-
vidual simulation. The model was tested and showed good 
compliance with analytical sources. The histogram of n = 
49,900 random displacements of an r = 1.7 μm particle is pre-
sented in Fig. 8 (top), where the model output is compared 
with the analytical distributions. At the bottom in Fig. 8, the 
displacement of an r = 1.0 μm particle is compared with the 
analytical results of the Einstein diffusion equation. 
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8. Comparison between particle displacement distribution gen-
erated by model and the analytical Gaussian and log-Gaussian 
distributions (top) and time-dependent particle displacement 
compared to the analytical Einstein equation (bottom). 
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insights from the authors
The formation and structure of the filtercake in consoli-
dating pigment coatings has been a subject of keen in-
terest for many years. The conclusions of experimental 
and theoretical studies have been ambiguous, suggest-
ing two opposing immobilization mechanisms: filtercake 
formation vs. thickening. We believe that the divergent 
results of the empirical studies on the subject are partly 
due to the different experimental setups and approach-
es used. An interesting conclusion of our work was that 
both mechanisms could be observed, depending on ex-
perimental boundary conditions and particle system 
properties.   
	 This research complements previous work by focus-
ing on the stability of already formed filtercakes at dif-
ferent conditions, instead of studying their formation. 
Numerical simulation constitutes a valuable approach to 
investigating the dynamics of filtercake mechanisms 
without many of the restraints of experimental studies.
	 Despite advances in computer technology, insufficient 
computing resources continue to challenge the numeri-
cal modeling research. Making a simple enough model 
that still portrays the key elements of the phenomena 
under investigation remains an integral part of the mod-
eling scientist’s work.

This study provides input to the understanding of 

coating process mechanisms. Continuous efforts are 
made to develop the models and simulation techniques, 
which will prove to be an increasingly sophisticated tool 
in exploring fundamental aspects of pigment coating 
and guide papermakers in the choice of optimal process 
parameters. 
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