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SUMMARY: A Gibbs energy approach to analysis of the
liquid-solid-vapor interaction in capillary imbibition was
developed. The specific change in Gibbs energy when a probe
liquid is imbibed in a porous medium, ∆Gs, was calculated from
the capillary pressure, volume, surface tension, and contact
angle of the liquid. Capillary pore volumes and equivalent pore
diameters of a series of coatings were determined by mercury
porosimetry. It was shown that in the final state ∆Gs was pro-
portional to the total wetted capillary surface area. Comparison
of the ∆Gs for six coating layers on pilot double-coated paper
samples to the kinetics of ink tack rise showed that a value of
∆Gs correlated well with rate of imbibition of ink, as charac-
terized by the development of ink tack. It was also found that
for the pigment systems studied the pigment surface area, pore
diameter and pore volume alone did not correlate with the rate
of ink tack development.

ADDRESSES OF THE AUTHORS: Deqiang Ma,
(dan.ma@huber.com) and R. Douglas Carter: Huber
Engineered Materials, 822 Huber Road, Macon, Georgia 31217,
USA. Janne Laine and Per Stenius (per@stenius.com):
Helsinki University of Technology, Laboratory of Forest
Products Chemistry, P.O. Box 6300, 02015 TKK, Finland.
Corresponding author: Deqiang Ma

The critical parameters of coating structure having an
influence on ink tack build and film split are the nature
of the liquid/solid/vapor interface as well as the capillary
diameter and pore volume distributions. Capillaries of a
given volume with small diameters tend to have a
relatively stronger influence on the ink tack build rate
than capillaries with a larger diameter but a marginally
larger pore volume (Ma et al. 2005). It was therefore felt
that some way of characterizing the pore structure that
correlates better with ink tack than pore diameter or
volume distribution was needed. In this paper we suggest
that the change in Gibbs energy of a liquid associated
with its imbibition into a capillary structure may provide
such a characteristics. We first derive an expression for
this quantity and then proceed to show how it correlates
with the time to reach maximum ink tack for some carbo-
nate-kaolin based paper coatings.

Gibbs’ energy and imbibition into capillaries 

Penetration of ink into coatings
A simple model of the kinetics of imbibition into a
capillary is described by the well-known Lucas-
Washburn (LW) equation (Washburn, 1921). This
equation was derived from the assumptions that the
driving forces (capillary pressure and external pressure)
are balanced by frictional forces in the liquid, that the

movement of the solid/vapor/liquid contact line is
unimpeded (i.e. the capillary wall is smooth and homo-
geneous), that the reservoir of liquid is infinite and that
the flow is described by the Poiseuille equation for
laminar flow in a straight cylindrical tube.

The LW equation has been successfully used in
interpretations of results from studies of systems with
well-defined particle morphology and pore shapes (Rye
et al. 1996). However, several experimental studies have
shown that the applicability of the LW equation to
describe the vehicle removal from ink film into a typical
porous coating is, at best, very limited (Donigian et al,
1996, Preston et al, 2002, Schoelkopf et al. 2003a, Xiang
et al, 2004). Contrary to the prediction by the LW
equation, initial imbibition preferentially takes place into
capillaries with very small diameters, due to the inertia of
the liquid (Bosanquet 1923). Furthermore, imbibition is
slower than predicted, due to the thickening of the ink
that is the source of the liquid (Schoelkopf et al. 2003a,
2003b), and the liquid flows over a rough and heteroge-
neous solid surface. In addition, many liquid-solid-vapor
interface phenomena are involved, such as surface forces,
hydrodynamics, wetting thermodynamics and statistical
physics of pinning of the contact line and wetting
transitions (de Gennes 1988). For spreading liquids or
liquids with very low contact angle, the actual meniscus
may be preceded by a thin liquid film (Derjaguin et al.
1976, Beaglehole 1989), with a thickness varying from
less than a nanometer to several nanometers. Liquid
profiles in the vicinity of the contact line are consistent
with either slip or thin film boundary conditions (Dussan
1991). Hence, the flow at the front edge of the liquid is
very difficult to characterize (Marmur 1992). Local
wetting properties and pore geometry determine the
curvature of the meniscus, resulting in variations in the
local capillary pressure. Taken together, all these factors
make application of LW equation difficult. 

Gibbs’ energy of liquids in a porous structure 
A detailed understanding of the mechanism by which
capillaries are spontaneously filled by liquid is of general
interest, for example, in the development of new coating
materials and formulations. Models describing this
process generally involve several parameters that are not
easily accessible experimentally. On the other hand, for
the routine characterization and comparison of ink
imbibition and development of ink tack on different
coatings one needs some simple characteristics that can
be determined rapidly and with reasonable accuracy. For
this purpose, the BET surface is used as a measure of
pigment specific surface area and mercury porosimetry is
utilized to calculate and the distribution of capillary
diameters and volumes. Interpretation of porosimetry is
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usually based on the simplifying assumption that all
capillaries are more or less cylindrical. However, the
correlation of such data with ink tack, which is an
important phenomenological characteristic of ink setting,
often leaves much to be desired. We will show that the
change in Gibbs energy (∆Gs) of the imbibed ink when it
is subjected to the capillary pressure correlates in a better
way with development of ink tack. ∆Gs is a general
characteristic which is directly related to capillary size
and volume. This approach has the advantage of being
independent of the many details of the time-dependent
processes mentioned above and can be calculated in the
following way. 

The effect of a change in mechanical pressure at con-
stant temperature on the molar Gibbs energy of an incom-
pressible liquid (constant molar volume) is given by

where VL is the molar volume of the liquid and P is the
pressure. 

The pressure drop, ∆P, across a curved interface is
given by the Laplace equation 

where γ is the liquid-vapor surface tension and R1 and R2

are the two radii of the curvature (e.g., Adamson and
Gast, 1997). We make the simplifying assumption that
the capillaries are cylindrical with circular cross-section.
Then, given that a liquid penetrating into a capillary
forms an approximately spherical meniscus with a con-
tact angle θ at the interface, R1 = R2 =D/2cosθ, where D
is the diameter of the capillary, and θ is the contact angle
of the liquid at the capillary wall. Thus Eq 3 can be writ-
ten (Fisher and Israelachvili, 1981)

Substitution into Eq 2 gives

where the negative sign accounts for the fact that penetra-
tion will be spontaneous for a wetting liquid (cosθ > 0).
Eq 4 is valid throughout the whole capillary adsorption
process at any given time and location. In the final state
of a capillary penetration process at equilibrium, for the
imbibition of liquid into a distribution of independent
cylindrical capillaries, the Gibbs energy of any capillary
with diameter Di that is filled with liquid of volume Vi is

For very small capillaries it may be necessary to take into
consideration the volume of liquid in thin films formed
on the capillary walls. However, for want of detailed
knowledge about the surface forces and the fraction of
capillaries that are small enough for the film volume to

be of importance, we will neglect the volume of any
precursor films formed. Then

where hi is the length of the cylinder filled with liquid.
Substitution of Eq 6 into Eq 5 gives

where Ai is the cross-sectional area of the capillary.
Several things may be noted about Eq 7. It is the work

done by the surface tension to  move the liquid along the
wall of a capillary to a length of hi. At a given contact
angle and surface tension the product of diameter and
length determines the change in Gibbs energy when the
liquid is imbibed. For vertical rise of liquid in a capillary
against gravity, hi increases until the capillary force
(πDiγcosθ) equals the total weight of the column of
liquid (Adamson and Gast, 1997). Eq 7 describes
imbibition from an unlimited source of liquid. It may be
extended to describe capillary desorption that usually
balances the advancing capillary sorption when there is a
locally insufficient supply of liquid such as in coating,
painting and printing. However, caution has to be used in
this case, since there is usually a sorption/desorption (or
contact angle) hysteresis. 

For a distribution of independent capillaries in a
porous material, the total change in Gibbs energy ∆Gt can
be calculated by summarizing over all capillaries:

Thus if the surface tension of the liquid and its contact
angle at pore walls is known and the volume size distri-
bution of the capillaries can be determined, the effect of
the change in pressure on the Gibbs energy of the liquid
when imbibed into a porous structure at constant tempe-
rature may be calculated. A “specific” Gibbs energy, ∆Gs

can be calculated as the change in Gibbs’ energy per
mass of dry porous material, m:

Note that this quantity is proportional to the specific
cross sectional area of the pores in the material. 

Experimental
Chemicals
Pigments. Ground calcium carbonates (GCC) with broad
size distribution (BRD GCC) and with narrow size
distribution (NRW GCC) were from Omya AG.
Precipitated calcium carbonate (PCC) with narrow size
distribution (NRW PCC) was from Specialty Minerals.
The fine kaolin was from Huber Engineered Materials.

The particle size distribution and surface area of the
pigments were determined by sedimentation analysis
(Sedigraph) and the specific surface area was determined
by BET analysis (nitrogen) at Huber Laboratories,
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Macon, Georgia, US. Size distributions and BET areas of
the pigments are given in Table 1.

Preparation and properties of coatings
A selection of coatings with different combinations of
pigments, designed to represent a range of coating
compositions with variable porosities, were prepared. The
selection is typical of the current major top coating
pigments of double-coated fine paper. The recipes used
are given in Table 2. The coatings were prepared on a
pilot scale according to the pilot coating facility
procedures.

The coatings were applied on the woodfree base paper
using the state of the art pilot coater in Centre
International de Couchage, Trois-Rivières, PQ, Canada.
The pilot coater was run at 1400 m/min. The Opti-
ConceptTM Jet applicator + blade coating stations from
Metso Paper were used. Moisture and coat weigh profiles
were on-line measured with by infrared and X-ray
analysis but open-loop controlled, i.e. with operator’s
intervention. 

The base paper was precoated with 100% coarse
ground calcium carbonate with 12 parts of latex, and
chemical additives. The coat weight was 12 g/m2 and run
at 66% solids. The precoat formulation and process were
kept constant for all the six coating trial points. The top
coating solids target was 65% with no on-line dilution.
Drying automation was used to control the zone of first
immobilization point and machine-direction temperature
profile. An accurate control of top coat weight control is
essential for reproducible capillary volume calculations
of mercury porosimetry. The low surface roughness
reduces the hysteresis of contact angle measurements.
Coating pilot parameters are given in Table 3.

Coating capillary diameter, volume and surface area 
Coating porosity (incremental volume and cumulative
surface area corresponding to the equivalent diameter
pores) was determined by mercury porosimetry using an
AutoPore IV instrument from Micromeritics. The surface
tension of mercury was assumed to be 485 mJ/m2 and its
contact angle on the pigments was set to 130o according
to the instrument standard. Compressions of mercury and
penetrometer were included in the instrument calibrations
(Webb and Orr, 1997). It should be realized that although
mercury porosimetry is widely used to characterize the
pore size distributions of coatings, mercury lacks some of
the basic fluid properties of coating color, paint and ink;
it does not wet the coating surface and there will be no
changes in coating properties due to solubility of solids,
polymer/liquid interactions and variations in the capillary
diameter caused by absorption. Thus capillary diameter
and volume measured for the coating are more or less in
their initial state.

Surface tension and contact angle
Surface tension was measured using the
ACCUDyneTest™ method (Diversified Enterprises,
Claremont, NH, USA). Time-dependent contact angles of
solution drops on each smoothly coated paper surface
were measured with a Krüss G10 goniometer (Krüss
GMBH, Hamburg, Germany) from t = 0 – 10 s, and
extrapolated t = 0 s. Averages from three measurements
were used. 

Determination of ink tack
It can be assumed that when a thin ink film is applied to
a coating the initial concentration of the finite vehicle
reservoir is the same everywhere on the surface. As the
vehicle is removed by capillary imbibition, a vehicle
concentration gradient is built up in the z direction. The
vehicle concentration then decreases, and ink tack builds
up to a maximum, after which the ink begins to dry and
tack decreases. The kinetics of the ink tack force build-up
may be taken as an indirect indication of the capillary
imbibition process.

This rate of tack build and decline was determined
using a SeGan Ink/Surface Interaction Tester, in the way
described by Gane and Seyler (1994). The same sheet-fed
offset cyan ink (Naturallith II PC, Sun Chemical) was
used in all measurements. 

Results
Contact angles
Contact angles on the different coatings were measured
for a solution of 36.5% of 2-ethoxylethanol and 63.5% of
formamide by volume. The surface tension of this solu-
tion was 40.0 mJ m–2. Contact angles with standard
errors are given in Table 4.

This solution was chosen due to its relative simplicity
and because it was used in other studies of coating-ink
interactions to be reported in forthcoming papers. An oil
based solution such as weak polar linseed vegetable
(35 mJ m–2) or non-polar alphatic mineral oils (Gane et

Pigment BET area Cumulative particle size distribution
m2/g < 5 µm % < 2 µm % < 1 µm % < 0.5 µm % < 0.2 µm %

BRD GCC 12.6 99.6 94.1 70.6 42 20.3
NRW GCC 14.5 99.9 98.4 86.8 51.9 19.6
PCC 14.2 99.8 98.6 93.9 69.9 17.9
Fine Kaolin 21.2 99.1 97.2 93.7 79.7 44.1

Table 1. Particle size distribution and BET area of the pigments. BRD = broad par-
ticle size distribution, NRD = narrow particle size distribution.

Topcoat A B C D E F

Fine kaolin 20 40 20 40 20 40
BRD GCC 80 60
NRW GCC 80 60
PCC 80 60

Table 2. Pigment compositions of coatings, in parts by weight. In addition all coa-
tings contained 0.15 parts PAA (Ciba Chemicals), 12 parts latex (Dow Chemicals)
0.5 parts CMC (CpKelco), 0.7 parts OBA (Bayer), 0.7 parts lubricant (Devden) and
0.3 parts cross linker (Bercen).

Speed Drying Precoat Topcoat Topcoat PPS-10*
weight, g m-2 weight, g m-2 Stdev, g m-2 µm

1400 m/min IR+Hot air 12 12 0.2-0.4 0.6-0.7

*) PPS-10 surface roughness, determined according to TAPPI Standard T555.

Table 3. Coating pilot parameters.
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al. 1999, Rousu et al. 2005) could also have been used.
The offset ink is normally a mixture of such oils with
additives and dissolved or dispersed binder (Leach et al.
1993). Their use would require careful standardization to
achieve relevant contact angle and surface energy
determinations. As shown by the Table 4, the contact
angles were more or less within experimental error the
same for all coatings.

Pore size distributions
Results from determinations of pore
size distributions for pre-coated base
paper, calendered pre-coated base
paper and the six coated paper sam-
ples investigated are given in Fig 1.
The cut-off was 0.5 µm which typi-
cally covers precoat, top coat and
base paper. Peak pore diameters and
volumes are given in Table 5.

Calculation of Gibbs’ energies
The individual pore diameters with
the corresponding incremental speci-
fic pore volumes from mercury
intrusion were used to calculate the increase Gibbs
energy for each incremental volume, using the solution
surface tension (40 mJ m-2) and the contact angles given
in Table 4. A sample calculation for the pores of size
0.125 µm in Sample A is given in Table 6.

These incremental energies were then summarized to
give the total change in Gibbs energy (Eq 8). The results
are given in Table 5.

Ink tack and BET area.
The ink tack force develop-
ment as a function of time is
shown in Fig 2. BET areas
and times to reach maximum
tack force are given in Table 5.

Discussion
Influence of base paper and
precoating
It was endeavored to minimize
the influence of the base paper
and the precoating on the
results by keeping the precoat
formulation and the manufac-
turing process constant. The
pre-coat curve from an unca-
lendered sample in Fig 1
shows that the contribution to
pore volume of the precoat
influence decreases rapidly in
the range below 0.125 µm.
The curve for a calandered
coating overlaps with the pore
distribution curves of all the
coatings at pore sizes from ≈
0.1 down to 0.03 µm which

Sample Contact angle Std. dev.

degrees degrees

A 27.5 0.6
B 28.2 1.9
C 27.1 1.0
D 25.8 1.2
E 25.6 1.0
F 26.9 0.4

Table 4. Average contact angles of solution of 36.5% of 2-ethoxylethanol and
63.5% of formamide on the coated papers.

Sample ID A B C D E F

Pigment composition 20 kaolin+80 40 kaolin+60 20 kaolin+80 40 kaolin+60 20 kaolin+80 40 kaolin+60
BRD GCC BRD GCC NRW GCC NRW GCC PCC PCC

Surface area (m2/g) 2.31 2.55 2.71 2.86 2.92 2.89
∆Gs (mJ/g -411 -452 - 485 -526 -527 -523
BET area (m2/g) 14.3 16.0 15.2 16.7 13.9 15.7
Peak pore diam. (µm) 0.073 0.056 0.080 0.061 0.088 0.080
Peak pore vol. (ml/g) 0.086 0.085 0.118 0.104 0.147 0.123
tmax, (s) 55.3 44.6 36,4 31.4 22.3 23.6

Table 5. Pore surface area, Gibbs energy (∆Gs), specific pigment surface area, peak pore diameter and volume and time
to reach maximum ink tack (tmax) for investigated coatings. ∆Gs) was calculated for pore size range 0.03-0.125 µm. The
pigment surface area was calculated based on the areas of the individual pigments in Table 1 and the pigment ratio.

Fig 1. Pore size distributions for precoated base paper, calendered precoated base paper and for samples A-F determined by
mercury porosimetry.

Pore diameter Incremental pore volume* γ θ ∆Gs,i ∆Gs

µm ml/g mJ/m2 degrees mJ/g mJ/g

0.125 0.00292 40 27.5 -15.3 -411

* The specific incremental pore volume was taken from the intrusion volume of mercury into

an known mass of intact coated paper sample (0.6848 g sample weight for Sample A) multi-

plied by a coat weight factor corresponding to a lab-determined basis weight of the sample

(110.8 g/m2 for Sample A) divided by the (12 + 12) g/m2 constant C2S top coat weights.

Table 6. Gibbs energy calculation for the pore at 0.125 µm of Sample A. Note that
the Gibbs energies are given as specific energies (Eq 9).

Fig 2. Results from ink tack measurements for the six investigated coatings.
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was the cut off in order to avoid extremely high pressure.
These results and also the 0.65 compression ratio of
calendered to uncalendered pre-coat shows that the influ-
ence of any precoat weight variation or, indeed, the base
paper on the results for the total top coating must have
been very limited.

The influence of pigment surface area and coating
structure on ink tack kinetics
For the type of coating formulations shown in Fig 1, the
coating structure is bimodal, with one of the peaks occur-
ring at pore size less than 0.1 µm. Comparison of the
time to maximum ink tack force (tmax) for these coating
(Fig 2) to the pigment BET surface area of the different
pigment blends (Table 5) shows very little correlation
between these quantities (Fig 3).

Fig 4 shows that there was no correlation between the
coating peak pore equivalent diameter and the time to
reach maximum tack force. This implies that despite the
preferential initial imbibitions into small diameter pores,
there are other more important variables influencing the
total capillary imbibitions and thus driving the overall ink
tack build.

There is a very weak correlation, R2= 0.75 (R= - 0.87),
between peak pore volume and time to maximum tack
force as shown in Fig 5. It is important to note that data
represent a rather large range of pore volume. If a smaller
range had been used, a false correlation could have been
observed. 

Gibbs energy and ink tack kinetics
As shown in Fig 6, there is a strong correlation, R2= 0.94
(R= 0.97), between the Gibbs energy calculated from the
pore size range of 0.03 – 0.125 µm and tmax. Table 7
summarizes four correlation coefficients of ink tack to
areas,  diameters, peak pore volumes and Gibbs energy.

A simple argument to explain the correlation to Gibbs
energy would be the following. The surface tension in a
capillary giving rise to the capillary pressure is a driving
force that causes wetting liquids to penetrate spontane-
ously into capillaries. Thermodynamically, this implies
that imbibition will lead to a lowering of the Gibbs
energy. The driving force will be the larger, the larger the
difference in pressure between the source liquid and the
liquid in the capillary, i.e. the larger the gradient in Gibbs
energy. Thus, in the absence of activation energies, which
would strongly impede the flow, a capillary with a given
diameter (or a coating with a given pore size and volume
distribution) will fill faster with a given liquid, the higher
the capillary pressure and the lower the Gibbs’ energy of
the liquid in the capillary (Eqs. 1 and 4). This would
imply that there should be a correlation between the
Gibbs energy calculated in the way described and tmax
and Fig 6 demonstrates such a relationship does exist. 
There are other forces, such as hydrodynamic factors that

also come in play in that rate at which ink vehicle is
taken into the coating and one cannot completely neglect
these forces in a full evaluation. The LW equation
describes the balance of these hydrodynamic forces as
the ink vehicle is absorbed, i.e., the balance between the

Fig 3. Time to reach maximum ink tack, tmax, vs. BET area of pigments.

Fig 4. Correlation of tmax with peak pore diameter.

Fig 5. Correlation of tmax with peak pore volume.

Fig 6. Correlation of tmax with specific Gibbs energy.

BET area Peak pore diameter Peak pore volume Gibbs energy ∆Gs

m2/g µm ml/g mJ/g

R 2 0.01 0.24 0.75 0.94

Table 7. Pigment, coating structure and Gibbs energy correlations to tmax.
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capillary pressure as the driving force for adsorption and
the internal friction (viscosity) as a retarding force. An
evaluation based on LW equation would predict that
penetration will be the faster with larger capillary radii
and with larger the surface tension. As noted in the
introduction, inertial forces will actually qualitatively
turn this prediction around, i.e. initially a capillary will
fill faster, the smaller the cross-sectional area of the
capillary (Bosanquet 1923). However, after an initial
stage, the rate of filling of the capillaries does actually
depend linearly on the square root of time, as qualitative-
ly predicted by the LW equation. Further, the rate of
filling is often much lower than that predicted, due to
thickening of the ink as liquid drains from it (Schoelkopf
et al, 2003a, 2003b). In addition other retarding forces,
such as local transient sticking of the ink vehicle at the
surface asperities or chemical inhomogeneities and
connections between capillaries could affect the total rate
of imbibition. However, none of these factors will affect
the fact that the basic force that drives spontaneous
imbibition is the capillary force/gradient in Gibbs energy.
And so, irrespective of the retarding forces it seems
reasonable that the flow rate should increase when this
force increases. Eq 8 gives a measure of the driving force
(the lowering of the Gibbs energy) over the whole assem-
bly of capillaries in the coatings when all capillaries that
are filled at the maximum pressure used in mercury poro-
simetry.

We therefore propose that ∆Gs, which can be calcula-
ted directly from porosimetry data, liquid surface tension
and contact angle may offer a convenient way to charac-
terize a porous coating structure and can be used to pre-
dict how offset inks will be imbibed into the coating. Of
the other quantities depicted in Figs 3-5, none is directly
connected to the driving force of imbibition in the same
way, which explains that they are not correlated to tmax.

The initial rate of tack rise is often used to characterize
ink setting. As already noted, there will be a strong
influence of inertia on the initial penetration into small
capillaries and conditions will therefore be quite different
from those in liquids mainly driven by the equilibrium
capillary pressure. Hence, there should be little or no
correlation of the initial rate of penetration to the Gibbs’
energy as calculated here, and preliminary investigations
indicated that such was, indeed, the case.

So far, the correlation between ∆Gs, and tmax has been
demonstrated for only a very limited set of coatings and
one ink only. Studies to further corroborate this corre-
lation will be reported in due course.

Conclusions
The coating structure characterized by mercury intrusion
may be used to calculate the total Gibbs energy of
capillary imbibition into a porous material of a given
liquid at the final state. 

The good match between the time needed to reach
maximum tack force (tmax) and the Gibbs energy (∆Gs,)
leads to the conclusion that though many factors affect
the capillary imbibition in the initial state and rate of
access to the final state, the calculation of ∆Gs, from the

coating structure determined by mercury porosimetry
appears to reflect the effect of coating structure and
surface tension on imbibition of ink until maximum tack
is reached better than other charcteristics often used. The
application of Eqs 1-8 to current popular top coating
pigment systems, shows that a larger capillary pore
surface area strongly increases rate of ink setting, as
measured by the reduced tmax, while there is no correlation
between ink tack development and pigment surface area
or peak pore size of the coating. A larger pore volume in
a coating structure tends to reduce tmax, but the correlation
is weak, at least for the coatings used in this study.
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