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Experimental evidence is given for the mechanism of film formation from industrial
waterborne latices using Inverse-Micro-Raman-Spectroscopy (IMRS). In the vertical
direction of the film drying is gas-side controlled, indicated by uniform water concen-
tration profiles. In the horizontal direction inhomogeneous drying resulting from a hor-
izontal mass flux toward the edge of the film and the formation of a drying front are
observed. The completeness of film formation is tested by so-called IMRS redispersion
experiments. For hard latices (Toperimens =~ Tnyp) particle deformation is incomplete
and the final coating—although transparent and optically clear—is a porous structure
with a network of surfactant material located at the particle interfaces. The use of a
film-forming aid lowers the polymer’s minimum film formation temperature (T, and
facilitates particle deformation and polymer interdiffusion. The result is a nonporous
film structure where individual particles and a network of surfactant material are no
longer observed. IMRS redispersion experiments are compared with pictures of the
final coating surface obtained from atomic force microscopy (AFM). © 2007 American
Institute of Chemical Engineers AIChE J, 53: 549-560, 2007
Keywords: water-based coatings, latex, drying, film formation, Raman spectroscopy

Introduction During the last decades many researchers have dealt with
the question of latex film formation,'™ revealing that film
formation from aqueous latex dispersions is very complex.
Experimental studies on a broad variety of latex dispersions
prepared and dried under many different conditions and con-
ducted by a large number of different methods have led to a
flood of information containing valuable details of latex film
formation but that are often not transferable even to closely
related systems.

A large number of experimental techniques have been
used to investigate different aspects of spacing and defor-
mation of the latex particles: Structural changes in films
cast from soft particles protected by hydrophilic mem-
branes have been extensively studied by small-angle neu-
tron scattering (SANS).*”7 The same technique has also
©2007 American Institute of Chemical Engineers been applied to study particle coalescence and surfactant

As a result of stricter environmental regulations, aqueous
latex dispersions, among others such as aqueous polyurethane
dispersions or alkyd emulsions, are considered to constitute
one alternative for future coatings and paints compared to
solvent-based formulations. Industry invests significant time
and effort into the development of water-based systems that
show a drying behavior comparable to that of the established
solvent-based formulations. Further improvements in the
application properties of water-based formulations require a
fundamental understanding of the drying and film formation
mechanism from colloidal dispersions.
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desorption during film formation from carboxylated acrylic
latices.® The use of transmission spectrophotometry has
been reported to follow variations in interparticle dis-
tance and displacement during the film formation of acrylic
latices.’

The impact of functional groups at the surface of acrylic
latex particles on the kinetics of polymer interdiffusion has
been investigated by fluorescence decay measurements.'”
Attenuated total reflectance (ATR) Fourier transform infrared
(FTIR) spectroscopy has been used for the study of surfac-
tant—latex molecular level interactions'' and the distribution
of surfactant in the final latex film."? Dynamic mechanical
analysis has also proved to be a useful option in the study of
polymer interdiffusion."?

Microscopic techniques have been applied to characterize
deformation and coalescence of particles at the film surface.
High-resolution cryogenic scanning electron microscopy
(CSEM) has been used to investigate microstructure develop-
ment during drying of monodisperse and bimodal latex coat-
ings."* Information about the surface morphology of water-
borne pressure-sensitive adhesives manufactured from acrylic
ester copolymers has been obtained using tapping-mode
atomic force microscopy.'”

To our knowledge, confocal Raman spectroscopy has been
applied to the field of latex film drying only to investigate
the distribution of water-soluble and surface-active species in
acrylic latex films.'®!7

Obviously, the major part of the existing experimental
data deals with aspects of particle ordering and deformation
during latex film formation. Although there is fundamental
interest in the role of water during drying, experimental data
dealing with this aspect are rare. Apparently, this arises from
a lack of experimental methods, which can detect water and
which have a space and time resolution required to follow
local water concentration in the film.

The investigation of film drying by means of gravimetric
measurements at defined conditions is state of the art."® Cur-
rently, we are aware of only the two following experimental
studies dealing with water distribution in latex films. Solid-
state nuclear magnetic resonance (NMR) spectroscopy has
been used to investigate the influence of different amounts of
surfactant on the homogeneity of the vertical drying process
of thick films (~5 mm).19 Excellent data have been obtained
from magnetic resonance (MR) profiling used to monitor ver-
tical water concentration profiles in thin films (~300 um) of
alkyd emulsions®® and also to measure horizontal water
concentration profiles resulting from inhomogeneous drying
within a drop of latex dispersion.21

In this work we present the use of Inverse Micro-Raman
Spectroscopy (IMRS) to obtain quantitative water concentra-
tion profiles in thin acrylic latex films during drying in both
the vertical and the horizontal directions. To our knowledge,
the IMRS data show an optical and time resolution not yet
presented by others. Besides investigation of drying, IMRS is
used to monitor water diffusion into dry latex films. In com-
bination with atomic force microscopy (AFM) we obtain in-
formation about the dry film structure.

Taken together, the data will give insight into many differ-
ent aspects of latex film drying and film formation. Important
findings reported by others can be supported by our experi-
mental data.
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Latex Film Formation

Different theories have been proposed regarding the film-
formation process and the forces responsible for film forma-
tion. Review articles on this topic can be found in the li-
terature.' Brown>* claims that particle coalescence occurs
when the forces that favor film formation, such as capillary
forces and van der Waals forces, are greater than the repul-
sive forces, such as electrostatic repulsion and resistance
against deformation. Dillon*® states that drying and particle
coalescence occur separately and that dry sintering of the la-
tex particles is attributed to the interfacial tension of particles
and air. Sheetz** describes film formation as a process where
an osmotic pressure difference, caused by a dry skin layer on
top of the wet polymer film, is responsible for particle defor-
mation and coalescence.

Depending on the experimental conditions and the materi-
al’s properties, experimental data have been reported that
prove the importance of any of the above-mentioned driving
forces for film formation. A recently developed model pre-
dicts the conditions necessary for the different driving forces
to be dominant during film formation.”

Conventional understanding is that the process of film for-
mation can be described by a mechanism that includes four
consecutive stages: (1) the concentration of the latex disper-
sion; (2) particle contact; (3) particle deformation; and (4) the
interdiffusion of the polymer chains across the particle bounda-
ries, which is necessary to form a mechanically stable film. In
Figure 1, the different stages of film formation are illustrated.
In the initial dispersion the latex particles are stabilized by a
large amount of surfactant adsorbed at the particle surface.
Phase (1) of the film-formation process is characterized by a
constant loss of water with time. The concentration of latex
particles continually increases and—depending on the drying
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Figure 1. The general mechanism of latex film forma-
tion.

Water evaporates at a constant rate until the latex particles
come into contact and form an ordered structure. Film forma-
tion takes place only above a minimum film formation temper-
ature (T,¢). Then, the latex particles will deform as a result of
surface tension and capillary forces. Complete particle defor-
mation will occur only well above T, The final film proper-
ties are obtained long after water has been removed from the
film. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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conditions, the nature and strength of particle stabilization, and
the ionic strength of the serum—the particles come into close
contact and pack in a more or less ordered way. The closest
possible packing of monodisperse spheres [face-centered cubic
(fcc)] has a volume fraction of polymer particles of ® = (.74,
which corresponds to a water content of X ~ 0.35 g water/g
polymer. Phase (2) of the model starts where the undeformed
particles first come into contact. At this point, phase (3)—sig-
nificant particle deformation—can take place only if drying
occurs at temperatures well above a so-called minimum film
formation temperature (T,.¢). By definition this is the drying
temperature above which a transparent and crack-free polymer
film will form. For complete film formation without pores,
spherical particles have to deform into thombic dodecahedrons.
In phase (4) the film properties are fully obtained long after
water has been removed from the film. Here, the polymer
chain mobility, which controls coalescence, depends on the dif-
ference between the drying temperature and the polymer’s
glass-transition temperature (7).

If drying temperatures are close to Ty, particle deformation
will be incomplete. Although the final film will be transparent,
it is a porous structure of individual particles with a network of
hydrophilic surfactant material present at the particle—particle
interface. The extent of particle deformation dependent on T
has been studied using turbidity measurements.” According to
some authors®™ the rupture of the surfactant layer, separating
the deformed latex particles, is prerequisite to encouraging poly-
mer interdiffusion and developing mechanical strength.26 For
drying well above T, particle deformation and polymer diffu-
sion will be sufficiently strong to destroy the network of hydro-
philic surfactant material to form a nonporous film.

Measurement Techniques

A measurement technique—Inverse Micro-Raman Spec-
troscopy (IMRS)—has been developed at Karlsruhe Univer-
sity (TH) in collaboration with a spectrometer company?’ by
combining an inverse microscope with a confocal Raman
spectrometer (Figure 2). With IMRS, the local water content
within thin latex films can be obtained quantitatively during
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Figure 2. Inverse-Micro-Raman Spectroscopy (IMRS).

Within the drying channel, a latex film dries at defined con-
ditions. The laser beam is focused into the sample and the
inelastically scattered light from the plane of focus, the
Raman light, is detected by the spectrometer. The signal
gives quantitative information about the water content
within the film during drying.
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drying with an optical resolution of 2-3 um and a time reso-
lution of about 1 s. The method includes the preparation of a
sample film within the drying channel and subsequent drying
at defined conditions. As shown in Figure 2, a laser beam is
focused into the latex film by a system of mirrors and optical
lenses. Within the film, a small part of the light is scat-
tered—elastically or inelastically—as a result of the interac-
tion of the laser beam with the molecules of the sample.
Only the inelastically scattered light—the Raman light—can
pass back through the interference pattern of the notch filter.
High spatial resolution is achieved by the confocal pinhole,
which is optically coupled with the objective’s focus. It
allows only backscattered light from the plane of focus to be
detected by the spectrometer.

The technique is well suited to investigate the drying
mechanism of both solvent-based polymer solutions®® and
water-based dispersions.

Quantitative Data Evaluation in Scattering
Media (such as Latex Dispersions)

The peaks of the Raman spectrum are characteristic for
the different components of the sample under investigation.
A method for calibration and quantitative evaluation of
Raman data from solvent-based polymer solutions is given in
the literature®° using the intensity ratio of solvent and
polymer peak. The Raman signal of a chemical species is
linear proportional to its concentration and depends on a
number of specific and experimental factors:

60 i -1
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Because of the linear relationship between intensity and con-
centration the ratio of solvent (/) and polymer (p) peak inten-
sity results in the following simple equation, where all exper-
imental factors can be neglected. The constant K;, can be
obtained from calibration measurements of samples of known
concentration:
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The evaluation method valid for solvent-based systems can
also be used to obtain concentration profiles within water-
based latex dispersions, despite the observed loss of laser
light intensity resulting from light scattering at the particles
as the laser is focused deeper into the wet film. Figure 3a
shows a three-dimensional profile of the wet latex film cre-
ated by Raman spectra at different positions of the film. The
decrease of signal intensity toward the film surface, indicated
by the arrow in Figure 3a, is the result of light scattering. As
long as the intensity loss is not wavenumber dependent, light
scattering has no impact on the quantitative data evaluation.
Figure 3b shows that the intensity ratio of different polymer
peaks is constant independent of where in the film the
Raman spectrum is taken. This proves that no wavenumber
dependency of scattering exists and that a quantitative evalu-
ation using Eq. 2 is therefore still possible. Changes in the
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Figure 3. (@) Raman spectra in a wet latex film
obtained with the IMRS technique. The
decrease of signal intensity resulting from
light scattering is highlighted by the arrow.
(b) Raman spectra taken at different posi-
tions 1, 2, and 3 in the wet latex film. As
long as the ratio of polymer peak intensities
is constant, independent of where in the
film the spectrum is taken, a quantitative
evaluation of the data is possible using the
above-described method.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

ratio of water and polymer peak arise from evaporation and
not from light scattering.

The relative shift of focus position during IMRS measurements
resulting from a change of refractive index is taken into account
by depth of focus and center of gravity corrections.>

Characterization of the Latex Dispersion
and Experimental Conditions

The experiments were carried out with a 50 wt % disper-
sion of acrylic latex particles, stabilized by a large amount of
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surfactant. Additional functional groups are present at the
particle surface. The dispersion was used as supplied without
further purification. Photon correlation spectroscopy at pH =
7 gave an average particle diameter of about 100 nm. Meas-
urements at different temperatures gave a minimum film for-
mation temperature of the dispersion of T = 18°C. For the
redispersion experiments a typical film formation aid (2,2,4-
trimethyl-1,3-pentandiol-monoisobutyrat) was used to lower
the T,¢ of the initial dispersion.

The experiments were performed at drying conditions con-
sidered typical for paints and coatings (I’ = 21°C, ¢ = 35%,
u = 0.05 m/s). In this work these conditions will be referred
to as standard conditions.

Experimental Results and Modeling of Film
Drying in the Film’s Vertical Direction

To our knowledge vertical drying of latex films—although
of great importance for the application properties of latices—
has not been subject to many experimental studies so far. As
mentioned earlier, we believe that this is, until today,
explained by a lack of suitable experimental techniques.

In a theoretical study Routh and Russel showed that the
vertical homogeneity of latex films during drying is con-
trolled by a Peclet number (Pe),25’31’32 defined as

dslartE _ 6nluR Odslartmwater

Pe =
Dy kT py,o0

3

which gives the rate of particle convection divided by the
rate of particle diffusion. Here u is the viscosity of the con-
tinuous medium, Ry is the particle radius, dgu.y is the initial
film thickness, and E is the evaporation rate. D represents
the Stokes—Einstein diffusion coefficient for the colloidal par-
ticles. For Pe < 1 diffusion is strong compared to evapora-
tion and thus uniform vertical distribution is expected; for
Pe > 1 evaporation is dominant, leading to water concentra-
tion profiles within the film. Magnetic resonance (MR) profil-
ing has been used to measure water concentration profiles in
the film’s vertical direction during drying for different Peclet
numbers.”® The high-quality data show the formation of con-
centration profiles across the film for Pe > 1. In the same
study, the formation of concentration gradients was reported
to be independent of Pe for a water volume fraction ®@,, <
0.1.

Figure 4 shows the quantitative evaluation of a film-drying
experiment for a film of initial thickness d = 75 um and ini-
tial solvent content of X = 0.88 g water/g polymer obtained
by IMRS. The measurement position is in the middle of the
sample film (size of the sample: 40 x 100 mm?).

During the experiment the laser focus is moved from the
bottom of the film (left side in Figure 4) to the film surface
(right side) in steps of 5 um. One complete scan through the
film takes about 30 s. This means that the profiles in Figure
4 were not taken at one point in time but during a time pe-
riod of several seconds, which explains the slight decrease of
water content toward the film surface. The experimental data
are represented by the symbols. Unlike film drying of sol-
vent-based films,” drying of aqueous latex dispersions at
standard conditions is gas-side controlled. The Peclet number
for the film-drying experiment presented here is Pe = 0.03.
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Figure 4. Measured water concentration profiles in the
film obtained from IMRS.

The symbols represent the measured water content X vertical
across the film; the lines show the calculated values (con-
stant-rate model) . [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]

As expected, most of the drying is in the constant rate period
(CRP). Down to a water content of X = 0.05 g water/g poly-
mer, no concentration gradients form, which would indicate
some kind of film-side diffusion resistance. Below this value
the drying rate decreases dramatically, a phenomenon also
reported by others.”’ In Figure 4, the experimental data are
compared to constant-rate model calculations, represented by
straight lines. Both model and experiment are in good agree-
ment except for very low water contents.

In the model shown in Figure 5, a simplified Stefan—Max-
well equation is used to describe the mass transfer in the gas
phase for single-side diffusion:>*

pgas 1 799@

mwaler = Mwaler ’;lwater = Mwaler E ﬂg,w lnl,i)j* (4)
This term can also be written as
. ~ p gas ~x ~00
Myater = Mwaler~7 ﬂg,w (y -y )KS (5)
M. air

where Kg, the Stefan correction term, represents the influence
of the overall convective flux on the interaction of the differ-
ent component fluxes and is defined as
Inl=i
_ 1-y*
Sy

Ks (6)

The molar fraction y* is calculated from Antoine’s equation and
vy is determined by the relative humidity of the process air:

*
(o.9] — pwaler

D

y o=y @)

The vapor pressure reduction resulting from sorption

effects is not taken into account. For our conditions, the Ste-
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fan correction term is close to unity (Kg = 1.02), which
means that the error would be about 2% if the linear
approach was used instead of the Stefan—Maxwell equation.

The gas-side mass-transfer coefficient f, ,, for water evap-
oration from the film is calculated using the well-known
Sherwood correlation,** valid for laminar flow and plate ge-
ometry:

Powl

Sh =
Ow

= 0.664v/Re(Sc)’ ®)

Here L is the distance between the edge of the film and the
measurement position in direction of the airflow. The diffu-
sion coefficient d,, is calculated from the Fuller equation.35
The calculated values for d,, and f,,, at our standard condi-
tions are dy, (T = 21°C) = 2.5 x 10> m?*/s and Pow (T =
21°C) = 2.3 x 107> m/s.

Finally, the water content X in the film at time ¢ and the
film thickness d can be calculated from

mtiog —t
Xio) = X — Inltivy — 1) )
detanpdisp,start
g Gea (10)

1 — AXPaispstant
PHy0

where x is the mass fraction of the initial dispersion, pgisp start
is the original dispersion density, pp,0 is the density of
water, and dg, and d.,q represent, respectively, the initial
and final film thicknesses.

Experimental Results on Inhomogeneous
Drying in the Film’s Horizontal Direction

With respect to water-based latex formulations, horizontal
inhomogeneous drying is the reason for serious application
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y‘l = p_ ) Mwater
u, T,
j‘;' _ pl_ h
P B, e
4+
dS‘C".
X polymer
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Figure 5. The constant-rate model to describe gas-
side controlled film drying.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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Figure 6. A general representation of the horizontal
drying mechanism for finite capillary pres-
sure.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

problems, such as lap lines in the final coating. Industry has
a fundamental interest in how to influence and avoid lateral
inhomogeneous drying.

Two-dimensional ordering of micrometer-size latex sp-
heres on a glass plate investigated by optical microscopy was
previously reported in the early 1990s.°® Particle ordering in
the highly diluted dispersion starts as soon as the thickness
of the water layer has decreased to the size of the particle di-
ameter. The attractive capillary force resulting from the
menisci around the particles is identified as the main driving
force for particle ordering and transport of particles toward
the ordered regions. Since then, horizontal inhomogeneous
drying of latex films, where drying starts at the thinnest point
of the film, has often been observed and reported.l’2 Accord-
ing to the literature, the development of film thickness and
solid volume fraction laterally across the film has been mod-
eled by overall momentum and conservation equations: First,
the capillary pressure was incorporated into the model as the
driving force for horizontal inhomogeneous drying of rigid
spheres.’”*° As a next step particle deformation was included
by the viscoelastic deformation of a pair of particles.*** For
finite capillary pressure the model considers three different
zones: zone I, consisting of a dry zone of deformed particles
at the edge; zone II, consisting of closely packed particles;
and zone III, consisting of dispersed particles in the center.
The zones are separated by a particle and a water front,
respectively (Figure 6). Water evaporates from the wet sur-
face area. Horizontal mass flux toward the film edge is
caused by the capillary pressure gradient.

Obviously, extensive scientific work has already been done
in the field of horizontal inhomogeneous drying of latex
films. Nevertheless, experimental data that can be used to
evaluate and improve model calculations seem to be rare. A
very recent study reports the comparison of horizontal con-
centration profiles obtained from magnetic resonance experi-
ments with model calculations.?'

The high-resolution data of film thickness d and solvent
content X at different horizontal positions in the film ob-
tained from Inverse-Micro-Raman Spectroscopy can help to
validate and further develop model calculations. In the future
we plan to study the influence of different additives on inho-
mogeneous drying of latex films and to compare our experi-
mental data with model calculations. Herein, the first hori-
zontal concentration profiles in thin latex films obtained from

554 DOI 10.1002/aic

Published on behalf of the AIChE

solvent content X [g]
s 2 9 2 2 =
T ™ S - -

(=
=

o
=1

=)
tn
=

15 20 25 30 35 40
time [min]

Figure 7. Gravimetric drying curve of a thin latex film.
Drying starts at the edge of the film because
of a larger evaporation area. A drying front
moves toward the center of the film.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

IMRS drying experiments are presented. Our findings con-
cerning particle ordering and lateral water transport are in ac-
cordance with the results previously reported by others.*

An illustration of lateral inhomogeneous drying is given in
Figure 7, which shows the gravimetric drying curve of a thin
acrylic latex film. From the pictures the formation and
motion of the drying front are visible.

For the data acquisition using IMRS, the film is covered by
a lid every 2 min throughout drying (Figure 8). This consider-
ably slows down drying and allows measurements at different
positions during one acquisition time. Data evaluation gives
the water profiles in both vertical and horizontal directions and
the film thickness with high accuracy. The distance between
two measurement positions in the horizontal direction is 3 mm.

In the freshly applied film, the water content at the dif-
ferent measurement positions is uniform (Figure 9). At the

~cover lid

——— = —
STl
—~— ——
—— -».,__‘_‘
—

glass plate__ A fiim

objective
Figure 8. Experimental setup for the investigation of

horizontal inhomogeneous film drying.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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Figure 9. Water content X and film thickness d att = 0
min.

The symbols represent the values obtained from IMRS
measurements; the lines are intended only to guide the eye.
Special attention has to be paid to the length scale. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com]

same time the initial film thickness is not homogeneous, with
the edge being considerably thicker than the center of the
film. This is explained by the bad wetting behavior of water-
based formulations on glass. The lines in Figure 9 are in-
tended only to guide the eye.

The average initial water content in the film is X = 0.88 g
water/g polymer, which corresponds to a solid content of
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Figure 10. Horizontal concentration profiles in the film
during drying.

The initial water content is uniform throughout the film.
Drying is faster at the edge caused by a greater evapora-
tion area. The water content at the center decreases faster
as a result of the initial profile of the film having a lower
thickness at the center region. The lines are intended only
to guide the eye. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]
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roughly 55 mass % polymer (Figure 10). Drying at the edge
of the film is faster because of a greater evaporation area and
reduced film thickness. This leads to a faster decrease of
water content at position 6. At the center (positions 1 and 2)
the water content decreases faster as a result of the initial
profile of the film having a lower thickness at the center
region. Assuming face-centered cubic (fcc) packing of mono-
disperse spheres, particle contact takes place at a water con-
tent of X = 0.35 g water/g polymer, represented by the
straight line in Figure 10. A remarkable decrease in water
content X is observed at the beginning of drying for the edge
of the film and toward the end of drying for positions 4 and
5, indicated by the arrows in Figure 10. Faster drying of the
edge is also presented in Figure 11, which shows the drying
curves (= average water content in vertical direction of the
film vs. drying time) obtained at the different positions. A
difference in the initial drying rate of position 1 compared to
that of position 4 is caused by the nonuniform film thickness.
Comparison with Figure 12 shows that the substantial de-
crease in water content X corresponds to a substantial decrease
in film thickness.

The initial steep decrease in water content and film thick-
ness at position 6 can be explained by the formation of
menisci between the packed latex spheres at the edge of the
film causing a pressure gradient and leading to particle defor-
mation and horizontal mass flux of water and particles to-
ward the film edge. At this point, the distance over which
capillary suction is effective is also insufficient to be ob-
served at position 5.

Brown>? analytically calculated the capillary pressure of a
triangular pore of three neighboring particles:

12.9
pe=—? (11)

T'pore

which is dependent on the water—air surface tension y and
the pore radius rpe. If throughout the experiment capillary

1,0 -

solvent content X [g/g]

time [min]

Figure 11. Drying curves at the different positions
across the film.

The lines are intended only to guide the eye. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com]
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Figure 12. Change in film thickness during drying.

The film is thicker at the edge because of the bad wetting
behavior of water-based formulations on glass. The lines
are intended only to guide the eye. [Color figure can be
viewed in the online issue, which is available at www.in-
terscience.wiley.com]

suction is no longer strong enough to keep the water at the
film surface, a water front forms and moves toward the cen-
ter of the film.

After a drying time of + = 8 min a pronounced decrease
of water content—indicated by the arrow in Figure 10—is
observed at position 5. Combined with an almost dry edge of
the film (Figure 10, position 6) and a steep decrease in film
thickness, this can be attributed to the drying front moving
toward the center of the film. Because at t = 8 min the water
content has already decreased to a value below the one for
fcc packing of spheres the decrease in film thickness must be
attributed to particle deformation. After + = 10 min the same
decrease in water content is observed at the next position
closer to the center (position 4).

A representation of the total mass flux (= evaporative flux
and horizontal flux) at the different positions in the film is
given in Figure 13, which supports the findings described
earlier. The flux is calculated from experimental data accord-
ing to

) 1704
Myater = _ppolymer dfilm,end E (12)

where ppolymer 1S the polymer density, dfimend is the final
film thickness of the dry film, and X is the water content of
the film during drying.

The higher flux at the edge of the film (position 6) is a
combination of the evaporative flux and the horizontal flux
of water and particles, driven by capillary pressure. Figure
13a shows that at the beginning of drying the horizontal flow
is spatially limited to the edge of the film. For the rest of the
film, drying is at a constant rate during the first 5 min of dry-
ing. During this time, water is kept at the edge of the film by
capillary suction. As soon as the capillary pressure difference
is no longer sufficient, a water front recedes into the film and
toward the center. This is indicated by the increased mass
flux at positions 4 and 5 for a drying time of + = 9 min and
t = 11 min, respectively. At the same time the drying rate in
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the center (position 1) starts to decrease. The center of the
film dries in a shorter time as a result of a lower initial film
thickness. This will stop the horizontal drying front. Figure
13b shows that for the investigated film inhomogeneous dry-
ing is observed up to position 4, that is, the drying front
moves 8 mm into the film.

Coating Stability and Redispersion

For many applications it is necessary that the final coating
cannot be redispersed or pentrated again by water to protect
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Figure 13. Mass flux at different positions across the
latex film (positions 1-6) during drying.

The lines are intended only to guide the eye. (a) The
higher flux at the edge of the film (position 6) is a combi-
nation of water evaporation and horizontal flux of water
and particles, driven by a capillary pressure difference.
Once the capillary pressure can no longer ensure horizon-
tal flux to the film surface, a water front will recede into
the film (+ = 5 min). (b) When the water front passes by
a measurement position, this is connected with an increase
in the mass flux at that position. This can be observed at
positions 4 and 5 for t = 9 min and ¢ = 11 min of drying.
Before the film is completely dry, the water front has
moved a distance of 8§ mm into the film. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com]
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Figure 14. Representation of a redispersion experi-
ment.

A dry latex film is scanned once to obtain its initial film
thickness. Then, water is applied onto the top of the dry
film and the water diffusion into the film is monitored
using IMRS. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]

the underlaying substrate. Good film formation requires that
the initial dispersion of polymer particles in water transforms
into a smooth and crack-free polymer film. During film for-
mation, the interparticular repulsive forces, initially present
to stabilize the dispersion, have to be overcome. Particle de-
formation depends on the particle’s glass-transition tempera-
ture (Ty). Incomplete film formation is the result of insuffi-
cient particle deformation and polymer interdiffusion.

In this study we set out to monitor the amount of water
uptake of 1-day-old latex coatings and to correlate the find-
ings with the film structure. Here, water diffusion into the
film is tested using IMRS. For so-called redispersion experi-
ments a large amount of water is applied onto the top of the
dry polymer film (Figure 14). Depth scans through the film
show the water uptake within the film and the formation of
concentration profiles, respectively.

The first sample (sample I) is a 1-day-old coating of the
acrylic latex dried at temperatures close to the Tp,¢. The sec-
ond film, later referred to as sample II, consists of the same
latex to which 4 wt % of the coalescing aid (2,2,4-trimethyl-
1,3-pentandiol-monoisobutyrate) were given to facilitate de-
formation and polymer interdiffusion arising from its lower
Tmff-

According to the general film-formation mechanism
(Figure 1), the formation of a nonporous coating is possible
for films only well above their Ty,¢. Therefore, for sample I
dried at temperatures close to the T it is expected that par-
ticle deformation will not be space filling. Then, according to
the mechanism (Figure 1) individual particles will persist in
the film, separated by a layer of surface-active hydrophilic
material located at the particle interfaces.
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Figure 15 shows the water content within the polymer film
of sample I. In the figure the substrate, a glass plate, is on
the left-hand side and the free surface of the polymer film on
the right-hand side. The dry film has an initial thickness of
d = 67 pum. Soon after water is applied onto the dry film,
concentration profiles form (Figure 15) and, simultaneously,
the film thickness increases. Swelling is possible only if the
distance between the particle centers increases. A change of
particle distance can occur only when intruding water
reverses particle—particle contact or when the hydrophilic
particle surface will lead to an increased particle diameter
from the contact with water. In this experiment, the final
amount of water in the film does not exceed a value of X =
0.25 g water/g polymer, which means that particle contact in
the film is irreversible and therefore redispersion is not possi-
ble. Instead, water diffuses through the film and accumulates
at the film—substrate interface. The film finally loses contact
with the glass substrate. To support the above findings, AFM
measurements of the film surface (Figure 15, top) show
undeformed single particles and a rough and porous surface.

Addition of a hydrophobic film-formation aid to the acrylic
latex dispersion lowers the Ty, Which enables complete par-
ticle deformation into a space-filling structure and the forma-
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Figure 15. Redispersion experiment of a film that has
been prepared at conditions close to its
Tt (sample ).

A dispersion of acrylic latex of high glass-transition tem-
perature forms a rough and incomplete film. The AFM
picture of the film surface shows individual particles.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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Figure 16. Redispersion experiment after the T of
the same acrylic latex dispersion has been
lowered using a film-formation additive
(sample Il).

Better particle deformation results in a nonporous struc-
ture, which becomes visible from the AFM picture and
from almost no water uptake in the film (IMRS measure-
ment). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com]

tion of a nonporous film. Then, particle interfaces vanish as
a result of the sufficiently fast polymer interdiffusion, which
destroys the network of hydrophilic surface-active material
formerly present at the particle—particle interfaces. Figure 16
shows the redispersion experiment of sample II. In a compar-
ison of the water uptake of the two formulations with and
without coalescing aid, one observes there is almost no water
intrusion and no swelling of the film when the additive is
present. All interstitials between the particles must be closed
and a penetration network of hydrophilic surface material
must be interrupted by polymer chain diffusion. The AFM
measurement of the film surface (Figure 16, top) shows a
smooth surface of strongly deformed particles. No pores are
visible, although polymer interdiffusion still seems not to be
completed.

Conclusion

In contrast to solvent-based coatings most of the drying of
films cast from aqueous acrylic polymer dispersion is in the
constant rate period. For ambient drying conditions and a
water content above X ~ 0.05 g water/g polymer no concen-
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tration gradients form in the film’s vertical direction. For the
last scan through the film a decrease in drying rate indicates
the formation of a film-side diffusion resistance. This is pos-
sibly attributable to a layer of completely deformed particles
near the film surface, which forms a diffusion barrier for the
remaining water in the film. A comparison of experimental
data with calculated values using the constant-rate model
shows very good agreement. Our observations are in accord-
ance with the theoretical®’*® and with the few experimental
findings given in the literature.”® IMRS is an excellent tool
to obtain high-accuracy data in the film’s vertical direction.
An experimental study of the formation of concentration gra-
dients toward the end of drying using IMRS would possibly
give further valuable results.

In attempts to achieve further improvements in the appli-
cation properties of latex formulations, industry has a funda-
mental interest in how to influence lateral inhomogeneous
drying of films from water-based latex dispersions. Here,
horizontal inhomogeneous drying was measured at six differ-
ent positions within the film. The IMRS data show that the
initial film thickness is nonuniform, whereas the initial water
content is constant across the film. The film is thicker toward
the edge as a result of the high contact angle that forms with
the glass substrate.

The film’s profile has a profound influence on the water
content in the film during drying. Drying starts at the edge
because of the greater evaporation area. In the center a
higher decrease of water content is the result of lower film
thickness. In accordance with the literature, the existence of
a horizontal flux of water and particles arising from capillary
pressure that forms from the menisci between the close
packed particles was observed at the position closest to the
edge (Figure 10; position 6). Horizontal flow of water within
the zone of packed particles was also measured at two other
positions (Figure 10; positions 4 and 5). The experimental
data give a good impression about the distance over which
capillary suction is effective and the final position of the dry-
ing front in the film. The strong decrease of water content
resulting from horizontal flow is coupled with a strong
decrease in film thickness. For the packed region (Figures 10
and 12; positions 4 and 5) this means that capillary suction
causes particle deformation. Here, an investigation of formu-
lations of different T,,¢ values would be of great importance.

Coating properties and film formation depend on the dry-
ing temperature. Many experimental studies prove that com-
plete particle deformation takes place for drying only well
above the polymer’s minimum film-formation temperature
(Tmr), whereas at temperatures close to T, the film struc-
ture is incomplete with surface-active material still present at
the particle—particle interfaces. Redissolution experiments of
1-day-old films and AFM measurements of the film surface
could prove this theory. For drying close to the Ty strong
water concentration gradients form and water accumulates at
the film—substrate interface. Within the film, all particle
interstitials are filled with water. The increase in film thick-
ness is mainly the result of particle swelling after the hydro-
philic material located at the particle surface has come into
contact with water. Because the water content of the film
does not increase above a certain value lower than that of
the initial dispersion, particle contact in the film is irreversi-
ble. For films dried well above T the particles form a
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space-filling structure. IMRS redissolution experiments
showed no water intrusion and no swelling of the film, which
would indicate the existence of a network of hydrophilic sur-
face-active material. The AFM picture of the film surface
showed no pores. In this work the Ty, of the original acrylic
latex dispersion was lowered by the addition of 4 wt % of a
coalescing aid. By that we could change the film properties
and still work at the same drying conditions. The change of
Twee by the addition of a small amount of coalescing aid is a
good means to design film properties in the desired way. The
measurement technique of IMRS used in this work provides
an excellent tool to investigate and control various film-for-
mation properties.

In the future we plan to conduct a systematic study on the
inhomogeneous drying of different latex formulations. Exper-
imental data will be compared with model calculations using
the model first developed by Routh and Russel as a basis.

Notation

¢; = concentration, g/m3
C = detector efficiency
dfiim ena = thickness of the dry polymer film, um
dgare = initial film thickness, um
Dy = Stokes—Einstein diffusion coefficient, mz/s
E = initial surface velocity, m/s
F = area of detector hole, m?
Iy = incident laser power, W/m
I; = intensity, W/m?
k = Boltzmann constant, J/K
Ks = Stefan correction term
L = length of polymer film, m
Myaer = Specific mass flow, kg/(mzs)
Mi = molar mass, g/mol
Na = Avogadro constant, 1/mol
7; = molar flux, mol/(m?s)
p= total pressure, bar
p i = saturation pressure of i, bar
R,y = particle diameter, nm
I'pore = pore radius, m
V = observation volume, m’
x = mass fraction of polymer (initial dispersion), kg/kg
X = water content, kg/kg
7% = molar fraction of water in air
»* = molar fraction of water at the interface

2

Greek letters

Bg,w = mass-transfer coefficient, m/s
J,, = diffusion coefficient, m?/s
¢ = relative air humidity
1 = dynamic viscosity, Pass
v = kinematic viscosity, mz/s
Pgas = air density, kg/m®
pn,0 = density of water, kg/m®
Ppolymer = Polymer density, kg/m3
Qops = spatial angle, rad
00;/0Q = differential scattering cross section, m?/rad
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