
Estimation of Critical Pigment Volume
Concentration in Latex Paint Systems Using

Gas Permeation

Critical pigment volume concentration (CPVC) is a fundamental transition charac-
teristics at which properties of a coating changes significantly. At this point voids
begin to introduce through the film. Many methods have been proposed to deter-

mine the CPVC of indoor latex paints based on the change of a film property. These
methods are mostly time consuming. In this research, a new method has been proposed
based on permeability of coating and it is compared with wet scrub resistance method
which is a mechanical one. Wet scrub test is based on the void contents and the strength
of the interfaces of latex particles existing in the film. In contrast, permeation test is only
based on the void contents through the film and therefore it is more consistent with the
definition of CPVC. It was observed that this new method is several times faster and less
sensitive to aging or annealing. 
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Critical pigment volume concentra-
tion (CPVC) is a major concern in
formulating highly pigmented
paints. Following the early work of
Calbeck [1] on the importance of
volume concentration of pigment
particles in paint systems, in early

1940s, Asbeck and Van Loo [2] put
forth the concept of critical pigment
volume concentration as a funda-
mental physical transition point in a
pigment-binder system at which
properties of an organic paint film
change considerably [3]. Although
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the definition of CPVC is assigned to Asbeck and Van
Loo, Wolff et al. have reported the existence of such a
point. A historical review is prepared by Stieg [4].

Many methods have been proposed to determine
CPVC based on change of coating’s properties such as
density [5], porosity [6], optical properties [7, 8],
mechanical properties [9], scrub resistance [10], trans-
port properties [11], gas permeability [12, 13], magnet-
ic moment [9] and thickness of absorbed polymeric
layer on the pigment surface using thermally stimulat-
ed current depolarization [14]. Stieg [4] and Bierwagen
and Rich [15] have made a good review on these meth-
ods. Despite the fact that CPVC is very important for
paint formulators, but due to cost and/or time-related
problems in measurement in conventional laboratories,
its determination is restricted. Since flat latex coatings
are formulated around CPVC, the importance of CPVC
determination is unarguable [15, 16]. Therefore it is
required to provide a low cost and faster procedure to
find it. In solvent-based paints the measurement and
interpretation of the CPVC is easy and straightforward
[4, 17]. On the other hand, CPVC values of a certain
latex paint system measured by other methods do not
match with each other. In such systems due to complex-
ity of dispersion binder and its heterogeneity in nature,
discrete polymer particles coalesce to form a more or
less continuous body. Therefore, at CPVC, voids affect
the physical and mechanical properties, moreover,
packing and interfacial strength play an important role
as well. The extent of interdiffusion of polymer chains
at interface has a significant effect on mechanical prop-
erties of latex paints. 

Packing characteristics of the coating formulation
have an effect on CPVC. The effect of the presence of
aggregates and agglomerates on the degree of system
dispersion implies that CPVC is not a unique character-
istics of pigmentation. The global theory of void forma-
tion does not consider the fluctuation of volume frac-
tion of pigment particles and density throughout the
film. Therefore it is expected that when pigment vol-
ume concentration exceeds CPVC value we can see an
abrupt change. In contrast, experiments demonstrate a
gradual transformation in coating properties starting
below CPVC. 

An ideal approach to CPVC assumes that at this
point, pigment particles are arranged in a close-packed
lattice and the amount of binder is enough to fill all the

interstitial regions between them. But in practice, the
value of real (actual) CPVC is always less than that of
ideal, because: (1) the actual spatial arrangement of
pigment particles is randomly-packed and therefore the
volume fraction of the interstitial regions between par-
ticles is more than that of a close-packed lattice and (2)
the absorbed layer of polymeric material (binder and/or
dispersant) prevents direct contact between particles
and always there is a gap between them depending on
the thickness of absorbed layer. Therefore a real CPVC
is a point at which all available absorption sites on the
surface of pigment are occupied by the adsorbate [14].
These reasons imply that CPVC depends on the charac-
teristics of pigment particles and some other parame-
ters as well, such as binder characteristics, pigment-
binder interactions, and film formation conditions [18].
Based on the pigment binder system, the thickness of
immobilized polymer molecules may change from
approximately 0.5 micron to 1.5 microns [19, 20]. It is
expected that the chain mobility reduction in the vicin-
ity of the surface is due to the crowding of chains, local
ordering of chains, loss of configurational entropy of
the polymer segments near the solid surface [21].

Particle packing and spatial configuration of pig-
ment-binder particles, depends on the deformability of
latex particles and their capability of spreading over
pigment surface during the film formation process [22].
Pigment particles having active surfaces at the time of
interaction with polymer chains lose their mobility and
produce rigid layers around them. The quantity of these
pigment particles in a paint system determines the
mobility of the binder molecules. It is observed that
increase in the concentration of active surface pigments
in paint systems may lead to high Tg together with the
peak for the Tg of bulk polymer. Increase in the quanti-
ty of mobilized chains adjacent to pigment surface is a
case of this phenomenon [21, 23]. Therefore in paint
systems with relatively high interactions between poly-
mer and pigment surface, an increase in pigment vol-
ume concentration leads to decrease in the mobility of
polymer chains especially at high PVCs where the
binder can just act as small droplets that stick individ-
ual pigment particles together. At these levels of pig-
ment loading, binder molecules are strongly affected by
pigment surface characteristics.

Generally, estimating CPVC end-point is affected
by pigment packing, PVC and polymer binder interac-



tion (first order CPVC effects) while pigment floccula-
tion and aggregation, incomplete coalescence of latex
particle and film formation (second order effects) are
useful for correcting the first order effects and enhanc-
ing the accuracy of end-point CPVC determination
[15]. 

At CPVC, permeation mechanism through the film
changes from solution-diffusion mechanism to diffu-
sive convective transport. This is due to increase in
porosity of the film. Thus, increasing in PVC and for-
mation of voids and channels throughout the film caus-
es a change of the structure of composite layer from a
dense layer to a porous one. The mechanism of the per-
meation of gas through coating layer may obey solution
diffusion, molecular sieving (surface diffusion), Knud-
sen diffusion and/or convective flow . In a porous layer,
the permeation mechanism mainly consists of Knudsen
diffusion and Poiseuille flow with portions based on the
ratio of pore radius to the mean free path of the gas
molecules [24]. This mechanism transition is the foun-
dation of our new method. In this study, gas permeabil-
ity of coating is considered as the main characteristic
property by which CPVC can be determined and a new
method based on this approach is presented. Pigment-
binding capacity determined by wet scrub test is the
main application property for highly pigmented indoor
paints [16]. Therefore for this study, wet scrub resist-
ance test is considered as an appropriate method to
determine CPVC. The obtained data from this method
was compared with data of our new method.

EXPERIMENTAL

Materials
A model paint was prepared using styrene-acrylic latex

binder and commercial TiO2. Poly(acrylic acid) was
used as a dispersing agent. No filler was used for the
simplicity of the system. To prepare a white base, pig-
ment slowly was dispersed. Dispersion was carried out
using Shinmyung Servo stirrer, 7-cm-blade-diameter
rotation at 1700 rpm. The materials and white-base for-
mulation are given in Tables 1 and 2, respectively. Dis-
persion was done for duration of 45 min. The fineness
of the grinding was measured using BYK Gardner
grindometer. The size of dispersed phase was observed
to be less than 10 µm in diameter.

Firstly, two basic formulas, (i) and (ii) with PVCs
20.3 and 68.7 respectively, were made by mixing dif-
ferent proportions of latex binder with white base. Both
these basic formulations have the same quantity of pig-
ment per unit volume of liquid paint. Thus, for all
PVCs, the quantity of pigment per unit area of the final
dried film are identical. Five levels of pigmentation
(PVCs 39, 45, 52, 57 and 65) were prepared by mixing
proportions of the above mentioned two basic paint for-
mulations [8] using:
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Table 1. All ingredients used in this study.

Name Supplier Comments

Simacryl R790

TiO2 - 100

Simacryl D135

AW-402

Tylose 4000K

EFKA-2527

Formalin

Simabresin Co. Ltd.

Cristal Co. Ltd.

Simabresin Co. Ltd.

Iran Petrochemical Co.

Clariant

EFKA

Sina Co. Ltd.

Styrene-acrylic latex

White pigment

Acrylic dispersant

Leveling agent

Thickener

Antifoam

Preservative

Table 2. White base.

Name Amount wt%

TiO2 - 100

Deionized water

Simacryl D135

AW-402

Tylose 4000K

EFKA-2527

Formalin

58.66

38.13

1.26

1.1

0.42

0.22

0.22

iii

iiectedexp
i PVCPVC

PVCPVC
X

−

−
=



where Xi is the volume fraction of paint (i), PVCexpect-
ed is the desired PVC and PVCi and PVCii are the PVCs
of the basic paint formula (i) and (ii) respectively.

Reproducibility of this method depends largely on
the quality of mixing. Since mixture is relatively a high
viscous and also the existence of voids and foam in the
paint affects the permeability of dried coating layer, it
is very important to have a gentle mixing to reduce the
foaming.

Permeation Test
Figure 1 shows a schematic representation of our per-
meation apparatus; A transparent 56x18x18 cm3 box
which is divided into eight equal compartments. A
stainless steel sheet is located in the top of the compart-
ments. It has eight holes of 2 cm in diameter. The
deionized water was poured in the box up to 3 cm
height. Then 2 cm3 of 1% wt phenolphthalein was
added as an indicator and 1.5 cm3 of 29 wt%
hydrochloric acid to adjust (by retarding) the time of
changing liquid colour to purple. Films having 700 µm
wet thicknesses were made on normal paper (porous
substrate) using BYK-Gardner Multi-Applicator. Dried
films were cut to 5-cm-diameter-coins. These coins
were attached on top of the hole of each compartment
and their surroundings were sealed using silicon adhe-
sive. The experiment was performed at ambient tem-
perature. Ammonia gas was entered into the upper part
of the box from an ammonia reservoir containing
12.5% ammonia solution to saturate its environment,
then diffused through the film and changed the colour

of the liquid into purple. The time at which a detectable
purple layer on the surface of the liquid in each com-
partment observed, was recorded as the permeation time. 

Wet Scrub Test
Since one of the most important properties of latex
binders for indoor paints is the pigment binding capac-
ity (PBC), often referred to as scrub resistance, scruba-
bility or washability [25], determination of CPVC by
means of wet scrub test is of great practical importance.
Wet scrub test done using the basic idea of DIN 53778
with some changes in the testing conditions and film
preparation. The same humidity and temperature condi-
tions of permeation test for film formation of coatings
with different PVCs were considered. Wet scrub resist-
ance was evaluated quantitatively as the number of
cycles required to scrub off a paint film with a brush.
During the test, a soap solution was poured dropwise
on the coating.

The experiments were carried out in typical relative
humidity of a laboratory (55 to 65%). To reduce the
effect of variation of humidity on film formation and
consequently experimental data, both tests, i.e., perme-
ability and wet scrub resistance were carried out con-
currently in winter hoping to have a minimum of
humidity variation. There are always stray currents of
air in any room, therefore, achieving perfectly the same
conditions for all experiments was hard, but for our
purpose, it is enough and has minimum undesired
effects on results. The samples were dried and aged for
24, 42 and 65 h at ambient temperature (23oC). Three
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Figure 1. A schematic representation of permeation apparatus: (A) ammonia reservoir, (B) ammonia inlet, (C) interface plates, (D)
acidic solution, (E) coated papers.



paint specimens were tested for each PVC and the aver-
age is reported for each set. 

RESULTS AND DISCUSSION

The variation of CPVC during the aging time is given
in Figure 2, a plott of permeation time versus PVC. It
can be seen that in spite of 6 h drying, the results show-
ing a change for different periods of aging in the PVC
range of 51 to 56. The change in diffusion time is not
very significant for CPVC range after 6 h. Therefore,
CPVC range may not be measured clearly, till the 24 h
of experiments. Especially after 42 and 65 h the change
is abrupt and CPVC range approaches a point, almost
PVC=54. Increasing aging leads to increase in perme-
ation. The change in region before CPVC is much more
than that of the region beyond CPVC. Before CPVC,
aging decreases the rate of permeation. This may be
due to deformation and spreading of binder particles
and consequent decrease in the void density of paint
film. However, since CPVC deformation of binder par-
ticles has no significant effect of the void density,
therefore, in different aging times, the permeation time
remains almost constant. 

The results of wet scrub test, given in Figure 3,
show a change in the PVC range of 52 to 56. With
increase in time, at low PVCs, an increase in the num-
ber of cycles was observed while at high PVCs espe-
cially after the CPVC range, wet scrub resistance did
not change considerably. After 6 and 24 h, wet scrub
test showed an abrupt change in CPVC range while
after 42 and 65 h, the change is more gradual.

In both test methods, aging affects measuring
CPVC. It can be seen that wet scrub results are more
sensitive to aging than permeation. At PVC = 39, a
change of about 40% was observed in data between 24
and 42 h of aging while this change for permeation test
was about 13%. Increase in aging causes the change in
wet scrub test at different PVCs to become less abrupt
while in the permeation test it becomes sharper in the
CPVC region. Therefore, it would be more convenient
to measure CPVC by means of permeation.

Another important issue in this research is that the
time required for permeation test was seven times
faster than that in wet scrub test.

Three main parameters affecting wet scrub test are
interface strength of latex particles, porosity and pig-
ment-binder interactions (adhesion) while for perme-
ation test porosity is the main parameter. Aging causes
polymer chains to diffuse across latex interfaces. This
leads to reinforcement of interface and even interface
healing and forming continuous polymeric matrix. But
its effect on permeation does not follow the same order
of mechanical properties. 

Since the properties of film is affected by voids
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Figure 2. The results of permeation test at PVCs 39, 45, 52,
57 and 65 after: ( ) 6, ( ) 24, ( ) 42 and (x) 65 h of aging
time.

Figure 3. The results of Wet scrub test at PVCs 39, 45, 52,
57 and 65 after: ( ) 6, ( ) 24, ( ) 42 and (x) 65 h aging time.



within the film introduced by insufficient binder,
incomplete latex coalescence/film formation and pig-
ment clustering and aggregation, annealing contributes
to interface healing and reflow of binder throughout the
film and may change the void fraction of latex coating.
To investigate the effect of interdiffusion of polymer
chains across the interfaces of latex particles and also
the effect of spreading of binder particles over pigment
surfaces on determination of CPVC, another series of
samples with different PVCs were annealed at 60oC (Tg
+ 38oC ) after the initial drying of the film at ambient
temperature for 65 h . The experimental data of perme-
ation test for both samples series (aged and annealed)
are shown in Figure 4. It can be seen that after CPVC,
almost both curves coincide with each other. This may
be because of entrance of voids throughout the film.

In latex paints surfactants appear as binder emulsi-
fier, pigment dispersant, improving wetting on low
energy substrates, to control foaming during the appli-
cation and processing, to prevent film defects caused
by surface tension gradients, (as associative thickeners)
to optimize the rheological properties of the formula-
tion[31]. Since barrier properties of a pure latex system
are affected by mode of film formation, the surfactant
layer around the latex particles and polymer interdiffu-
sion [26], It is reasonable to have a change in perme-
ability of coating layer before CPVC.

According to the definition of CPVC by Asbeck
and Van Loo [2] �as the PVC at which the binder just
fills the voids between the densest packed pigment par-
ticles�, porosity arise in the coating layer. Therefore,
although the determination of CPVC by wet scrub test
is of practical importance, the value of CPVC obtained
from test methods based on the porosity of paint film
are more consistent with the definition of CPVC. In
addition, beside porosity, many other parameters such
as drying time and film formation conditions [27, 28],
adhesion, cohesion, the spreading and the adhesion of
latex particles on pigment surface within the coating
[22] affect the mechanical properties of indoor latex
paints. Hence, these parameters have significant effect
in determination of CPVC by means of wet scrub test.
Film formation of latex particles and interdiffusion of
polymer chains are strongly affected by the amount of
inorganic [29] and organic [30] pigments present in
coating; because pigments retard the rate of polymer
interdiffusion. The extent of interdiffusion of polymer
chains across the interface, as an index of latex parti-
cles coalescence and binder cohesion, determines the
strength of interface between latex particles. Two
important parameters determine the magnitude of poly-
mer diffusion at interface: (1) the surface-to-volume
ratio of pigment particles and (2) the surface character-
istic of pigment particles (which affects the mobility of
polymer chains). Therefore the amount of pigment par-
ticles and consequently PVC in a paint system deter-
mines the mobility of the binder molecules. An increase
in pigment volume concentration causes the interface
area between the particles to decrease and leads to
decrease in the influence of interdiffusion on wet scrub
test especially at high PVCs (after CPVC range) where
the binder can just act as small droplets that glue indi-
vidual pigment particles together. 

It is observed by Joanicot et al. [22] that at high
PVCs the latex polymer particles never form continu-
ous films unless they are annealed at very high temper-
ature. Also at high PVCs, the fixation of pigments by
isolated pigment particles at many discrete points sup-
ports the importance of pigment-binder adhesion. In
fact, with increase in PVC starting below CPVC and
ending above CPVC, the number of latex particles with
respect to pigment particles decrease and hence the
influence of pigment-binder interactions become more
significant than latex particles interaction and cohesion.
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Figure 4. The results of permeation test at PVCs 39, 45, 52,
57 and 65 after: ( ) 65 h of aging time and ( ) 65 h of annealing.
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CONCLUSION

The so called �permeation test� is introduced in this
article for a fast measurement of CPVC. In comparison
to wet scrub method, this test measures the CPVC sev-
eral times faster. Wet scrub test depends almost on the
void contents and the interface strength of latex parti-
cles existing in the film. But permeation test only
depends on the void contents. As a conclusion of the
experimental work, one can see that permeation test
method is simple, faster and less costly. The art of this
test method is to separate the effect of voids and effect
of interfacial strength on determination of CPVC of
indoor latex paints. 
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