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ABSTRACT

Although coating and pore structures are commonly discussed in context of paper coating
performance, the actual microscopic geometry of the void space still remains largely unknown.
This paper presents a technique to partition a void space of porous material into unambiguously
defined collection of individual pores. The characterization technique is based on three-
dimensional image analysis and it can be applied to both experimental and model packing data.
The technique produces useful new information of microscopic properties of pore spaces
including distributions of pore size, surface area, pore connectivity, pore surface-to-volume ratio,
throat-to-surface area ratio as well as fractal structural parameters. Additionally, the technique
creates a topological model of the pore space that can be used as a starting point for predictions
of transport processes in porous structures, e.g. short time absorption of printing inks.

Basic ideas and accuracy of the characterization technique are demonstrated by analyzing
ordered lattice packings of cubic and hexagonal arrangements. Pore spaces in random packings
of mono- and polydisperse spherical particles are characterized. The results quantify differences
in pore structures caused by changes in particle size distributions. An understanding of
microscopic pore structures in coating layers enables papermaker to improve and optimize
coating formulations by using, e.g. pigment-blending.

INTRODUCTION

Most physical and functional properties of pigment coated papers are influenced, to a greater or
lesser degree, by the porous structure of coating layer. For example, number and size of micro
voids contribute to macroscopic properties such as brightness, light scattering efficiency and
opacity. The void structure also affects the flow of liquids and gases in a coating. Absorption of
inks and fountain solutions during printing is controlled by the structure of the pore space near
coating surface.
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The porous structure of coating layer depends on coating color formulation, used pigments and
their combinations, chemical additives (e.g. associative thickeners), and coating color application
and drying processes. There is some agreement on the type of coating structure that is desirable
for satisfactory coated paper performance, but a detailed knowledge of existing and optimal
structures is lacking at present time [1]. In the context of coating pigments, particle size
distributions are commonly quoted since they are measurable. However, for the end use
performance a more important aspect is the pore space that is created by the packed pigment
particles. In practice, it is difficult to predict the kind of pore space that is created by a certain
particle size distribution. Macroscopic properties of a pore space such as porosity, specific
surface area and permeability can easily be measured experimentally, but do not provide the
necessary level of detail [2]. Local variations in a pore structure generate physical effects, e.g.
mottle, that cannot be explained with simple macroscopic measurements. It is, therefore, of
fundamental interest to study and understand what type of microscopic pore structures are
advantageous for the papermaker.

If one wants to understand mechanisms of dynamic transport phenomena in paper coatings, a
detailed description of the porous structure is required. Absorption of printing inks and fountain
solutions cannot be predicted by using models based on single parameters such as porosity and
permeability. Therefore, the detailed description must include microscopic information, e.g. pore
size distribution, pore geometry and connectivity.

A common experimental method to obtain pore size distributions of porous media is Mercury
intrusion porosimetry. One limitation of this method is that it does not take into account the real
topology of a pore structure, but is based on a simplified model consisting of parallel capillaries
[2]. The information obtained does not allow one to gain a fundamental understanding of
microscopic mechanisms that control, e.g. ink-setting. Despite the shortcomings, Mercury
intrusion porosimetry remains a useful experimental method to characterize porous structures if
used with discretion.

Pore-Cor is a simulation tool that fits a [10x10x10] pore array model to experimental data
obtained by Mercury porosimetry [3, 4]. The pores in the model are connected to each other with
cylindrical throats and have a maximum connectivity of 6. Although the model is an
improvement over the parallel capillary model and useful information can be extracted with it,
the model still represents a somewhat simplified view of porous media.

Kwiecien et al. and Zhao et al. have used multi-orientation scanning through three-dimensional
digitized samples of real porous media to characterize pore spaces [5, 6]. Their approach sought
to partition a pore space into a collection of pores and necks. The identification of necks was
carried out by finding minima in projected pore radii. For reliable neck identification the search
has to be performed in sufficient number of orientations, which makes the characterization
difficult. Zhao’s application required scannings in a minimum of nine orientations [6].

With recent improvements in magnetic resonance imaging it is now possible to obtain three-
dimensional images of pore spaces [7]. These images can readily be processed with various
image analysis algorithms. Especially morphological erosion, first suggested by Lin and
Cohen [8], has been found to be a useful method to analyze three-dimensional data. The first
implementation was proposed by Thovert et al., who used both morphological thinning and
skeletonization to determine deformation retract of porous media [9]. This provided information
on the connectedness of a void space, while shape, size and surface area information was not
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obtained. Baldwin et al. introduced a more rigorous algorithm to characterize volume images [7].
Their approach partitioned a pore space into a collection of individual pores separated by
volumeless necks. The necks were defined as in Dullien [1] to be the minima in the hydraulic
radius (the ratio of cross-sectional area to wetted perimeter) between two pores. This definition is
substantial, as hydraulic radius is inversely proportional to the pressure required for an interface
between two immiscible fluids to pass through a constriction according to Laplace’s equation of
capillarity [10].

Properties of ordered and random sphere packings have been subject of research for many
decades [11–14]. Although much is known about these packings, the detailed geometry of the
pore space is only known for ordered systems. Eksi and Bousfield generated random packings of
spherical particles with a computer model and characterized the corresponding pore spaces [15].
A limitation of their work was the tetrahedral pore definition, which imposes a connectivity of 4
to all the identified pores.

The present work builds on ideas of [7–9, 15] by identifying and correcting some of the
shortcomings in earlier approaches. The objective is to demonstrate the usefulness of a pore
space characterization technique that is based on three-dimensional image analysis. In the
absence of experimental input data, the technique is applied to computer generated packings of
spherical particles. A related paper [16] focuses on prediction of liquid flow in the topological
model of the pore space obtained with the technique described in this paper.

CHARACTERIZATION TECHNIQUE

The characterization technique partitions a void space into a collection of unambiguously defined
pores. The pore definition is the one proposed by Dullien [10]: a pore is bounded by pore-solid
interfaces and volumeless throats. The latter are defined as local minima in the hydraulic radius
when moving from one pore to an adjacent one. The basic characterization procedure based on
the approaches of [7–9] is outlined below. The shortcomings of previous algorithms are
highlighted and important improvements are proposed. The technique presented here differs
from the previously published ones by eliminating directional erosion, by filtering false local
maxima in the eroded image and by improving calculation of pore statistics. These changes are
significant; without them the number of false pore identifications can be considerable and pore
surface area estimations unreliable.

The pore space characterization involves the following steps.

1. Data input. The starting point for an analysis is a three-dimensional computer representation
of a sample. This can be obtained either experimentally through use of e.g. magnetic
resonance imaging, or through sampling of a mathematical model packing. Unfortunately, at
present time the resolution of computer tomography is extending only to about 1µm, which is
not enough to characterize pigment coating layers. However, the analysis of void spaces in
base sheets should be possible with existing techniques. Due to the lack of experimental
input data, current work analyzes computer generated mathematical model packings.

2. Binary volume image generation. The pore identification procedure starts by dividing the
input data into small three-dimensional cubic unit volumes, voxels (“three-dimensional
pixels”). Then, voxels located in the solid matrix (pigment and latex) are identified and
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labeled to separate them from voxels belonging to the void space. If input data is a gray scale
volume image, e.g. experimental computer tomography data, thresholding of gray values can
be used to generate the initial binary volume image. For a mathematical model packing of
spheres all voxels, whose center-points fall inside any of the spheres in the packing, are
identified as belonging to the solid phase. The initial packed particle structure and a
subsection of the corresponding binary image are illustrated in Figures 1a-c. Two-
dimensional images are used for clarity.

3. Erosion of void space. The characterization continues by applying morphological erosion, a
common image analysis operation, to the pore space of the binary volume image. The erosion
is initialized by first eroding all voxels that are connected to the solid phase. In the second
iteration all voxels connected to the ones eroded initially are eroded. Two voxels are
considered as being connected to each other if they share at least one common corner. The
erosion process is continued layer by layer until all voxels in the pore space have been
eroded. During the erosion voxels are assigned erosion values that correspond to the iteration
that eroded them. Figure 1d illustrates the erosion process. Each successive erosion layer is
drawn in a darkening shade of gray.

Elimination of directional erosion. Erosion algorithms used in earlier works have
shortcomings that are worth investigating. A voxel is surrounded by 26 connected neighbors
that can be classified into three groups. The six nearest neighbors share a common face with
the center voxel corresponding to a voxel center-to-center distance of 1 (made dimensionless
with the voxel size). The twelve secondary nearest neighbors share a common edge with the
center voxel, which corresponds to a voxel center-to-center distance of 2 . The remaining
eight connected neighbors share a common corner with the center voxel and are located at a
voxel center-to-center distance of 3 . Standard erosion algorithms proceed by eroding either
the 6, 18 or all 26 nearest neighbors during each erosion operation. All the three algorithms
lead to a non-uniform erosion; the erosion proceeds at different speeds in different angular
directions in the image. This can have undesired consequences since erosion values of an
eroded pore space do not relate to the true geometry of that pore space. Additionally,
interfaces separating pores will be built preferentially in erosion angles rather than following
the plane that defines the minimum hydraulic radius. The present work eliminates the
directional erosion by using vectors instead of integers as erosion values. Initially, all voxels
belonging to the solid phase are assigned null vectors. In the subsequent erosion of pore
space, each voxel that is eroded is assigned a vector that points to the nearest solid phase
voxel. The erosion still needs to be done in an iterative fashion in order to ensure that the
shortest distance to the solid phase is found for each eroded voxel. If computer-generated
packing of spheres is used as input data into the analysis, an alternative erosion algorithm can
be used. In this case, shortest distances to solid surfaces can be calculated exactly since
sphere center coordinates and radii are known.

4. Identification of pore centers. After the erosion operation a voxel’s erosion value reflects
the shortest distance from that voxel to the solid matrix. Therefore, points that are maximally
distant from the solid phase can be identified as local maxima in the eroded image. These
points are chosen as pore centers for the subsequent void space partitioning. The pore centers
are indicated by black arrows in Figure 1e.

Elimination of false pore centers. Due to digitalization of input data it is possible that a
number of “false local maxima” are created in the eroded image. Two examples are shown in
Figure 1e for a two-dimensional image. The false maxima are indicated with patterned
arrows. If false maxima are not eliminated a number of false pores in narrow passages of the
void space are created. Current work eliminates the problem by applying a filter to the local
neighborhood of a potential pore center. The filtering algorithm makes decisions to keep or
discard a pore center based on the erosion values of the voxels found in the local
neighborhood. A local maximum does not correspond to a true pore center if a voxel with
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higher erosion value than that of the local maximum is found in the immediate neighborhood.
It is worth to note that the problem of non-uniform erosion discussed earlier also complicates
the filtering procedure. False maxima are generated that are difficult to differentiate from
those that should not be eliminated.

5. Partitioning of pore space. After identification of pore centers the pores themselves can be
built up by assigning neighboring erosion layers to each pore center in an iterative fashion.
During partitioning the expanding pores are separated from each other at the points of
minimum hydraulic radius. The separation is an automatic result of the initial erosion
process; voxels in narrow passages of the void space were eroded earlier than their local
neighborhood and, therefore, will be the last ones to be assigned to pores. After all void
space voxels have been processed, the void space has been unambiguously divided into
individual pores. Each pore consists of a collection of connected voxels and is bounded by
solid phase voxels and voxels belonging to neighboring pores. Figure 1f shows the
partitioned pore space. The solid phase is white and the identified pores are shown in
different shades of gray.

a) b) c)

d) e) f)

Figure 1. Pore identification of a two-dimensional packing. (a) Packed structure that is used
as input packing data. White is the solid phase (pigments). (b) Enlargement of a
subarea in (a). (c) Digitized input data. (d) Erosion of pore space. Each successive
erosion layer is drawn in a darkening shade of gray. (e) Pore center pixels that are
maximally distant from the solid phase. Black and patterned arrows indicate
correct and false pore centers, respectively. (f) Partitioned pore space after pore
center expansion.
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6. Calculation of pore space statistics. Knowing the number and positions of voxels defining
each pore in the partitioned void space, it is possible to calculate several measures that
characterize pores. The measures include pore volume, equivalent spherical radius,
equivalent hydraulic radius, internal surface area, throat area (area in contact with other
pores), coordination number (connectivity to neighboring pores) and measures of pore form
and orientation. Since these quantities are known for all the pores the results can also be
expressed as statistical distributions. Additionally, macroscopic, “bulk” properties such as
porosity and total surface area can be calculated. The partitioned pore space can also be used
as a starting point for simulation of fluid flow in the porous structure. For one approach in
this direction see the companion paper [16].

Improving the accuracy of statistics. Although the calculation of pore statistics is relatively
trivial, care has to be taken when calculating pore surface areas from voxel data. A simple
way to calculate surface area adds up all voxel faces that are in contact with the solid phase.
This can, however, greatly overestimate the true surface area. On the other hand, if each
interface voxel is given an area contribution of 1, the total area can be significantly
underestimated. In the current work a more accurate procedure to estimate surface area was
developed. By taking into account the exposed faces of the neighboring voxels of a surface
voxel, an improved estimate of the true surface area contribution can be obtained.

RESULTS AND DISCUSSION

Results of ordered packings

Cubic packing

In the first part of the results we demonstrate the accuracy of the characterization technique by
applying it to well known ordered lattice packings, namely cubic and hexagonal packings of
monodisperse spherical particles.

Figure 2a shows cubic packing of 27 spheres of radius 1.1 with nearest neighbor interparticle
center-to-center separation of 2.0 (particle overlap of 0.2). The pore space corresponding to the
packing as characterized by the proposed technique is shown in Figure 2b. The pores are
represented by collections of small three-dimensional cubic unit volumes, voxels. Voxels of
same color belong to the same pore. Figure 2c shows one pore in detail. In this figure the voxels
that belong to throats, i.e. are in contact with other pores, are highlighted in different colors. In
Figure 2d the connectivity of the pore space is illustrated by drawing the pore centers as large
spheres, pore throats as pairs of small green spheres and connections as red strings of small
spheres. As can be seen in Figure 2b the pore space is correctly partitioned into separate pores at
the points of minimum hydraulic radius when moving from one pore to another.
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Figure 2. Cubic packing (a), its pore space (b), an individual pore with throats (c) and the
connection graph (d). Particle radius is 1.1 and interparticle center-center
separation 2.0 (particle overlap 0.2).

In order to verify correctness and accuracy the characterization technique three cubic packings
were analyzed and results compared with the analytic expressions of pore parameters. The
comparison data is summarized in Table 1. All the calculated statistics agree within 5%
accuracy. Of course, the accuracy is dependent on the sampling resolution (how many voxels are
used per unit length) and it can be improved with the expense of using more computing
resources.

Particle radius in packing
1.0 1.1 1.2

Pore statistic: Model Analytic Model Analytic Model Analytic
  Volume 3.81 3.81 2.62 2.62 1.62 1.62
  Coordination number 6 6 6 6 6 6
  Surface Area 13.07 12.57 11.28 11.06 8.99 9.05
Throat area 5.04 5.15 2.64 2.67 1.26 1.18

Table 1. Comparison of analytic and characterization data for the pore space of cubic
packing. Interparticle nearest neighbor center-to-center separation is 2.0. Sampling
resolution is 20 voxels/unit length.

Hexagonal close packing (HCP)

The other ordered packing that was analyzed was hexagonal close packing shown in Figure 3a.
HCP is the closest ordered packed structure in three dimensions and also one that is common in
nature [11]. In HCP one particle has 12 closest neighbors: 6 in the same plane and 3 above and
below. There are two types of voids, smaller concave-tetrahedrons and larger concave-cubes.
The number of smaller voids is twice that of the larger, which in turn is equal to the number of
particles in the packing. The pore space in the HCP as partitioned by the proposed algorithm is
shown in Figure 3b. The two types of pores are correctly identified and shown in Figure 3c. The
large and small voids have the correct coordination numbers (connectivities) 8 and 4,
respectively. The skeleton illustrating the void connections is shown in Figure 4. In this figure
the void sizes are drawn with large spheres whose volumes are proportional to those of the
corresponding voids. The figure reveals the clearly more complex pore structure of HCP when
compared to the simple cubic packing.



2001 TAPPI JOURNAL PEER REVIEWED PAPER MARCH 20018

a)  b)  c)

Figure 3. Hexagonal close packing (a), its pore space (b) and the two different types of pores
(c). Particle radius is 1.1 and closest neighbor center-to-center separation 2.0
(particle overlap 0.2).

   
Figure 4. Two views of the pore connections in the hexagonal packing shown in Figure 3a.

Table 2 compares the calculated and analytical values of pore statistics for HCP. Again, the
agreement is good. The accuracy is somewhat reduced when compared to the cubic packing,
especially in the throat area calculation. This is caused by the fact that most connections between
pores in HCP are not parallel with the primary x-, y- or z-axis. Therefore, the use of cubic unit
volumes that are aligned with the axis tends to increase the error in area calculations. This is not
a problem since, as noted above, the resolution of the sampling can be increased until consistent
results are obtained. An alternative approach to improve accuracy would be to rotate the input
packing data, then repeat the calculations and average the results.

Particle radius in packing
1.0 1.1

Model Analytic Model Analytic
Pore statistics: Large Small Large Small Large Small Large Small
  Volume 1.04 0.20 1.05 0.21 0.40 0.042 0.40 0.043
  Coordination number 8 4 8 4 8 4 8 4
  Surface Area 8.53 2.30 8.16 2.20 5.19 1.05 4.83 1.04
  Throat area 1.43 0.66 1.29 0.65 0.12 0.061 0.13 0.066

Table 2. Comparison of analytic and characterization data for hexagonal packing. Closest
neighbor center-to-center separation is 2.0. Sampling resolution is 20 voxels/unit
length.
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Results of random packings

Pore space in monodisperse model packing

Eksi and Bousfield have previously developed a computer model that simulates dewatering of
coating layers and generates three-dimensional packed structures of spherical particles [15].
They also report the following statistics for packings: total porosity, porosity and surface
roughness as a function of coating thickness, average pore radius and frequency distribution of
pore radius.

The pore space characterization technique of present work was applied to the model packing
used in the published work of Eksi and Bousfield. The packing structure of monodisperse
spheres with 0.5µm diameter that was used as input data is shown in Figure 5a. The complex
pore structure of the packing is apparent in Figure 5b, which shows a 0.5µm thick slice through
the middle of the analyzed pore space. The complexity is further illustrated in Figure 5c with the
connectivity of the pore space in a 2.5x2.5x2x5µm3 cube taken from the middle of the packing.
Figure 6 compares the frequency distributions from Eksi's and our works. The average pore
sizes (Eksi: 0.133µm, this work: 0.138µm) compare well. However, the distributions have
different forms, having tails extending to opposing directions. The difference is probably a result
of the tetrahedral pore definition in [15]. The definition imposes a connectivity of 4 to all the
pores, which tends to divide large pores into smaller ones. This is well illustrated by the fact that
a single pore in cubic packing (Figure 2c) is represented by 6 tetrahedral pores if the pore
definition of [15] is used. It seems clear that a pore definition that is based on identifying the
minimum in hydraulic radius when moving from one pore to adjacent one, has fewer limitations
than previous approaches.

The characterization technique described in present work readily provides the same statistics as
earlier techniques with the exception of surface roughness data that is related to particle positions
and orientations in the coating top layer rather than the pore space itself. The current analysis
technique improves earlier techniques by providing a number of additional statistics, examples of
which are shown in Figure 7. Figure 7a presents the pore size distribution by volume. This
distribution might be more important than the frequency distribution when transport processes in
a pore space are to be understood. Pores having radius 0.175µm occupy most volume in the
packing. The distribution is wide with a cutoff at pore radius ca. 0.07µm. The surface area
distribution in Figure 7b is similarly broad centering at 0.5µm2. There are some pores with very
large surface areas, which indicates the presence of non-isometric pores, since the equivalent
spherical pore radii calculated for the largest surface areas are larger than largest pores in the
pore size distribution (e.g. Area=1.6µm2 → req ≈0.36µm > 0.32µm).

The distribution of connectivity (coordination number) is shown in Figure 7c. There is a clear
maximum at coordination number 4 with a long tail extending up to 16. Figure 8 shows example
pores having coordination numbers 4 and 9. The pore with the coordination number 4 resembles
a tetrahedral pore in hexagonal packing where as coordination number 9 leads to a more complex
structure of the pore. Figure 7d shows the distribution of coordination number by pore volume.
It is evident that most of the pore volume is occupied by pores having coordination numbers in
range 4-8, which should be taken into account when modeling transport processes in packed
structures such as coating layers. Additional note can be made that there seems to be neither
isolated nor dead-end pores in the structure, i.e. pores with coordination numbers less than 2.
Figure 7e shows the distribution of the connected surface area to the total internal surface area.
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The distribution is symmetric and centered around 0.35. No pores seem to have throat areas that
are less than 15% or more 60% of the internal pore surface area. The large number of pores in
the packing with high connectivities and large throat areas suggest that partial wetting of the pore
surfaces prior to pore filling might be important when predicting the flow into the pore space.
This is further commented in the companion paper [16].

a) b)

c)

Figure 5. Monodisperse random packing of 0.5µµµµm diameter spheres. The dimensions of the
packing are 5x8.5x5µµµµm3 and porosity is 0.40. A slice through the center of the
corresponding pore space (b) and inter-void connections in a 2.5x2.5x2x5µµµµm3 cube
(c) taken from the middle are shown to the right.
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a) b)
Eksi and Bousfield [15] Current work
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Figure 6. Comparison of the pore size distributions in [15] and current work. The data is for
the packing in Figure 5a.
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Figure 7. Pore statistics for the packing in Figure 5a. (a) Pore size distribution. (b) Pore
surface area distribution. (c) Coordination number distribution. (d) Pore volume
associated with each coordination number. (e) Distribution of the ratio [connected
pore surface area]/[internal pore surface area].



2001 TAPPI JOURNAL PEER REVIEWED PAPER MARCH 200112

Figure 8. Example pores from monodisperse random packing. Coordination number is 4 in
(a)  and 9 in (b). Different shades of gray illustrate surfaces in contact with
neighboring pores. Three views from each pore are shown.

Pore space in polydisperse model packing

In order to investigate how a pore space in a packing of polydisperse particles differs from that
of a monodisperse one, a model packing using a particle size distribution based on a commercial
coating pigment (GCC: 90% < 2µm, Figure 9a) was generated and analyzed. The packing
structure shown in Figure 9b was generated with the same model of Eksi and Bousfield [15] as
the monodisperse packing. The porosity of the packing was found to be 0.30, which is in
excellent agreement with the experimental value of 0.287 that was reported for the commercial
pigment of the same particle size distribution as the model [17]. Experimental porosity was
measured for tablets that were compressed with low pressure in dry state. The pore structure of
the model packing was analyzed with resolution of 100 voxels per unit length. The results are
presented in Figure 10.

Figure 9. (a) Particle size distribution for model packing based on a commercial coating
pigment. (b) The packed structure corresponding to (a). The dimensions of the
packing are 5x8x5µµµµM3 and porosity is 0.30.

a) b)

5 10-1 2 5 100 2

Radius (µm)

0

10

20

30

40

50

60

70

80

90

100

C
u
m
u
l
a
t
i
v
e
V
o
l
u
m
e
P
e
r
c
e
n
t



2001 TAPPI JOURNAL PEER REVIEWED PAPER MARCH 200113
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Figure 10. Pore statistics for the polydisperse packing in Figure 9b. (a) Pore size distribution.
(b) Pore surface area distribution. (c) Coordination number distribution. (d) Pore
volume associated with each coordination number. (e) Distribution of the ratio
[connected pore surface area]/[internal pore surface area].

The average pore radius is 0.13µm, which can be contrasted to the smallest particle size in the
distribution, 0.2µm diameter. For the monodisperse packing of 0.5µm particles the average pore
radius was 0.175µm (35% of the diameter). For particles of diameter 0.2µm one expects average
poresize to be ca. 0.07µm. Therefore, the average poresize in the polydisperse model packing is
larger than expected. The large value is probably caused by the fact that small particles cannot
effectively fill all the pore space between the larger particles.

The average pore surface area (Figure 10b) is 0.33µm2 and average throat to total surface area
(Figure 10e) is 0.27. Both distributions are similar to those of the monodisperse packing. The
coordination number distribution (Figure 10c) is also similar to that of the monodisperse case,
most common coordination number being 4 with a long tail extending to higher values. Volume
distribution of coordination number is slightly broader for the polydisperse case. Pores that have
coordination numbers up to 10 and larger occupy a considerable volume of the pore space.

Fractal analysis

The data obtained with the analysis technique presented in this paper allows one to study fractal
characteristics of a pore space. Current work only touches upon this topic to illustrate the
possibilities for future research. For previous work and definitions of fractal analysis related to
paper and paper coatings see e.g. [18–20].
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Fractal dimensions calculated for a pore space can be used to investigate e.g. whether a scaling
relationship to the pore size distribution exists. The relationship exists if surface areas of pores Ai

and corresponding volumes Vi scale as to some characteristic length li:

3/D
i

D
ii VlA ∝∝ ,

where D is the fractal dimension. For an Euclidean space D=2, and for fractal structures 2 < D
<= 3. If surface area of pores is plotted against cube root of corresponding pore volumes on a
log-log scale, the possible fractal nature of a structure can be assessed. Figure 11a shows the
fractal analysis data for the monodisperse packing in Figure 5a. The data shows a linear
relationship with a slope of 2.49. Therefore, we can conclude that the pore structure of
monodisperse randomly packed particles does indeed show fractal characteristics. The
intrepretation of the fractal dimension in present content is that the small and large pores have
different form, i.e. the surface area of the pores increases faster as a function of pore volume than
would be expected for an Euclidean object. The large pores have a more complex surface
structure when compared to the small pores.

The corresponding log-log plot for the polydisperse packing (Figure 9b) is shown in Figure 11b.
Also in this case the pore structure shows fractal characteristics with D=2.19. The smaller fractal
dimension indicates that the small and large pores are more similar in structure in the case of a
polydisperse particle size distribution.
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Figure 11. Fractal analysis of the pore space. (a) Pore surface areas vs. cube root of pore
volumes for the monodisperse packing in Figure 5a. (b) same as (a) for the
polydisperse packing in Figure 9b. The dotted line corresponds the Euclidean
behavior. The equations are linear fits to the data points.

CONCLUDING REMARKS

The characterization technique presented in this paper partitions a pore space in a meaningful
and useful way and is an improvement over earlier methods. The results provide insight into the
microscopic pore structure of paper coatings and help understanding and interpreting properties
and end use performance of coated paper.
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The accuracy of the method was verified by comparing the results with known properties of
ordered mono-sized sphere packings. Computer generated random sphere packings were also
analyzed. Results of monodisperse packings agreed with earlier published results and additional
information of the pore structure was obtained. In polydisperse model packing that was based on
commercial coating pigment the small particles were not able to fill efficiently the pore space
formed by the larger particles. For all the random packings the most common coordination
number was found to be 4, but a long tail extending to higher coordination numbers was also
observed. Pores with coordination numbers in range 4 to 10 occupied most of the volume in the
packings. Fractal dimension was found to be larger for the monodisperse packing than the
polydisperse one indicating that in former the small and large pores are more dissimilar in form
than in latter. Fractal dimensions obtained from the model can be used to identify scaling factors
for pore size distributions, which could provide a way to differentiate particle size distributions
in a useful way in future.

Present work analyzed void spaces in computer generated model packings. Characterization of
real pigment coatings could be possible in future as experimental techniques in computer
imaging keep improving. Application to void spaces in base sheets should already be possible
with existing techniques. Future work will attempt to propose optimal coating structures
consisting of various pigments of varying sizes and forms. Additionally, the topographical model
generated by the technique will be used as a starting point for modeling transport processes in
porous structures.
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