BINDER MIGRATION

results, an original model of paper
coating drying is validated. This model,
which is based on diffusive liquid
transport, takes into account the
shrinkage of the coating and the
migration of the starch during drying.
The results of this research lead us to
suggest that starch migration occurs
until the coating is totally consoli-
dated.

Application:

This problem of starch migration dur-
ing the drying of a coating is directly
linked to the printability and the final
quality of the coated paper.

O IMPROVE THE QUALITY OF A
paper base sheet, it can be
covered by a coating that is
generally a compound of

three different elements: water, pig-

ments, and binders. The binders pro-
vide good cohesion of the porous
structure formed by the pigments.

Two kinds of binders are generally

used:

< Natural binders, e.g., starch.
Because of its strongly absorbent
chemical structure, starch has a
complex drying behavior that is
strongly linked with its moisture
content and temperature.

« Synthetic binders, e.g., latex.

During drying, the coating loses
moisture and becomes consolidated.
During this consolidation process,
one can observe three different coat-
ing states: liquid, gel, and solid.

At the beginning of drying, the
coating is a two-phase compound
with a viscous liquid in which parti-
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cles with different shapes and dimen-
sions can move. Because of the dry-
ing flux and the water penetration
into the base paper, liquid tends to
flow respectively toward the top sur-
face and the base sheet, carrying
binders with it. As drying proceeds,
the solid content increases, and the
movement of solid components
becomes more difficult. In the same
time, the coating shrinks. At this
stage, the total volume lost by the
coating during a given period of time
is equal to the volume of water lost
by evaporation during this same
period. This type of shrinkage is
called total or ideal shrinkage.

At one point of the drying, a
bulky but three-dimensional network
is formed by binders, and pigments
are trapped (1). This point, called the
gel point, is characterized by a typi-
cal moisture content that we denote
W, This coating characteristic
depends on the latex stiffness and on
the colloidal interactions that exist
between clay platelets and binders.
During this phase, capillary forces
induce important compressive
stresses in the solid structure so that
the coating continues to shrink (1,
2) (shrinkage is still ideal). Unfortu-
nately, the effect of this structural
change on the binder migration is
not yet clearly known. Lepoutre and
Watanabe state that free motion of
latex binders is negligible after the
gel point (1), while Lee et al. and
Hagen consider that natural binders,
which are strongly linked to water,
could move after the coating reaches
the gel point (3, 4).

Because internal stresses increase
in the coating, the solid structure
becomes more rigid so that at one

point of the drying, binders and pig-
ments can no longer move. This
point, called the critical point, is
characterized by another typical
moisture content (denoted here by
W), which depends on the chemical
composition of the coating. When
the coating surface reaches this
point, the evaporation front recedes
within the coating. Above this front,
the coating is completely solid, and
the shrinkage has stopped. Below
this front and toward the bottom of
the coating, the coating is still a
deformable gel.

In paper coating processes,
binders may migrate along with the
movement of the aqueous phase
toward the base paper and the coat-
ing surface. That migration causes
nonuniform distributions of binders
on the coating surface. In fact, binder
migration toward the coating surface
significantly influences coating sur-
face properties such as porosity and,
ultimately, printability. It is thus
important to understand these
migration phenomena to improve
the final paper quality.

In the first part of this paper, the
experimental setup for determining
both drying kinetics and moisture
content profiles is briefly detailed.
The outlines of the modeling are
then developed in the second sec-
tion. This leads to the comparison of
the numerical and experimental
results in terms of moisture content
(kinetics, moisture profiles) and
starch concentration. Finally, a gen-
eral summary of the results is pro-
posed.
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EXPERIMENTAL SETUP
The principal goal of this study is to
understand and quantify the differ-
ent phenomena observed during the

drying of a paper coating. With this
aim in mind, coating samples are
studied alone. Nevertheless, the
effect of water penetration in the

base paper is simulated by an origi-
nal method. A short description of
the experimental setup is given in
the following sections. Note: In the
following paragraphs, the simulation
of water penetration into the base
sheet is denoted “dewatering simula-
tion”
Coating formulation

For each drying experiment, the
coating formulation is the same. It
can be defined, in terms of mass frac-
tion C, = mass of component i/total
mass of the wet coating, as follows:

= Hydrocarb (carbonates): C_ =
27%

= agloss (kaolins): C, = 27%

e Latex:C_, = 8%

= Starch: C_ = 3%

= Liquid (water): C_= 35%.

Drying and dewatering

To reproduce the coating dewater-
ing, a liquid flux toward the bottom
of the coating was created by impos-
ing vacuum conditions at the lower
boundary of the coating sample. The
complete experimental setup (dry-
ing and dewatering) is shown in Fig.
1. The setup includes:

* An infrared dryer with adjustable
temperature (50-160°C)

« The measure cell (with a porous
bottom), which contains the coat-
ing samples (Fig. 2)

= A bell-shaped vacuum container
that is linked to a hydraulic sys-
tem which allows a low pressure
(0.1 bar) to be obtained

= An electronically controlled gate
that works as a switch, allowing
(or not allowing) the low pres-
sure under the coating to be
established

» An accurate electronic scale
(accuracy: £0.001 g) that gives
the evolution of the cell mass
during drying

= Acquisition software, which
allows the acquisition of the
global mass and temperature at
various points in the coating.
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2. Schematic of the experimental cell used for the laboratory

coating drying experiments

The thickness of the samples (1
cm) is intentionally much greater
than that wused in industrial
processes (approx. 20 um). This is
because determining moisture con-
tent or starch content profiles
requires cutting the samples to
slices, which cannot be executed on
very thin coatings.

By imposing a large pressure dif-
ference (0.9 bar) between the top of
the coating, which is at ambient
pressure, and the vacuum chamber
in the measure cell, the mass trans-
fers between the coating and this
chamber are greatly increased. Con-
sequently, the evaporation flux at the
bottom of the coating, which is
nearly zero when dewatering is not
simulated, becomes important when
it is simulated.

Method of determining the

moisture content profiles
To characterize the liquid transport
in the coating during drying, an
experimental process has been
developed to determine the mois-
ture content profiles. It is based on a
destructive cutting method des-
cribed in Fig. 3.

At first, the coating is put in the
drying experimental setup that was
described earlier. At a given time, the
drying experiment is stopped and
the measure cell is immediately
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4. Evolution of the temperature at the top and bottom of the coating; a 60°C drying

experiment without dewatering simulation.

placed and supported in the cutting
system by two locking screws. A pis-
ton, whose position is located with a
micrometer screw, allows the sample
to be moved vertically with great
accuracy and thus determines the
thickness of the slice that is cut by
the blade. Twelve slices are generally
obtained in 1 cm. Every slice is
weighed and placed in an oven at
80°C for 24 hours for complete

dehydration. Then, the moisture con-
tent of a slice i is given by the fol-
lowing equation;

\Ni = (m| - mdi) /mdi @
where m, and m, are the humid
mass of the slice and the mass of the
dehydrated slice, respectively.

The cutting operation is fast
enough that the mass of evaporated
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6. Comparison of experimental and numerical drying kinetics. (a) a 60°C drying experiment with dewatering simulation; (b) an 80°C
drying experiment with dewatering simulation.

water during cutting and weighing is
considered negligible compared to
the mass lost during drying.

MODELING
In the first part of this paper, the fol-
lowing physical processes, which
occur during coated paper drying,
have been described:

< Binder migration (in particular
starch) toward the top surface
and the base sheet

e Consolidation and shrinkage of
the coating structure.

Furthermore, those local physical
phenomena depend strongly on the
evaporation rate at the surface of the
coating and on the flux of water at
the coating-base sheet interface.

In the literature, two authors (5,
6) have developed models for binder
migration. Unfortunately, in each of
those models, the coating was
assumed to be a rigid, consolidated
porous medium with a fixed perme-
ability, even if the coating remained
fluid.

In this paper, an original model
of a coating drying process is pro-
posed. It takes into account binder

migrations, the consolidation pro-
cess, and shrinkage of the coating in
the coupled differential equations.
Evaporation and dewatering rates,
which control the drying process,
are simply expressed in the bound-
ary condition equations.

The main assumptions of the

model

Assumption 1. The intrinsic den-
sity of the solid phase, r , is assumed
constant and is defined by:

1
p:_zpid)i
¢ 1 (2)
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7.A 60°C drying experiment without dewatering simulation; comparison between numerical (continuous line) and experimental

(points) moisture content profiles at different stages of the drying experiment.

where f,r ,and f.are the solid vol- ticular type of solid component i,

ume fraction of the total solid phase ~'eSPectively. In reality, starch migra-
(defined in Eq. 9), the intrinsic den- toNsin the coating modify the intrin-

sity, and the volume fraction of a par- SIC density. But as a consequence of
the low starch volume fraction in the
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tested coating (2%), the variations of
solid density due to those migrations
can be considered negligible.
Assumption 2. During the drying
process, the coating is assumed to be
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8.An 80°C drying experiment without dewatering simulation; comparison between numerical (continuous line) and experimental
(points) moisture content profiles at different stages of the drying experiment.

isothermal. This hypothesis, which
has been verified in the case of a thin
industrial coating, could here be
extended to thick layers (Fig. 4). In
fact, temperature measurements in

the coating during drying show that
thermal gradients between the top
and bottom of the coating appear to
be negligible (2°C at the most).

Set of equations
In the coupling of shrinkage and
consolidation processes during the
drying of a coating, the coating is
considered to dry in two stages:
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before and after the critical point.

Before the critical point, as the
local moisture content is greater than
W_ (critical moisture content), the
coating is a two-phase medium, com-
posed only of water and solid parti-
cles of different types. The solid vol-
ume fraction, f, is then linked to the
liquid volume fraction, f , or the mois-
ture content, W, by the following
equation:

f=1-f,
W=[r (@-Hirf (3

Moreover, if we assume that the
shrinkage is total, we can write the
following:

fv, +,V, =0 (4)

where V_ represents average solid-
phase velocities (and is defined in Eq.
9) and V_is the liquid-phase filtration
velocity.

After the critical point (W<W),
the evaporation front recedes into
the coating and the gaseous phase
takes place in the coating. At the
same time, the shrinkage of the now-
three-phase region becomes zero.

Thus, the modeling presentation
is naturally divided into two parts:
W>W_and W<W_.

If W>W_

Writing the mass balance equa-
tions. The mass balance equations of
the different coating components
can be written as follows:

[SEE PAGE 143 FOR EQ. 5]
[SEE PAGE 143 FOR EQ. 6]

=0 (7)
where r . and V, are, respectively, the
density and velocity of a solid com-
ponent i, n is the number of solid
components in the coating (carbon-
ates, kaolins, latex, starch), and fgas is
the gas volume fraction.

By making the sum for i equal 1
to n, we write the global mass bal-
ance equation for the total solid
phase as follows:
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(0/0)(f) + (9/0,)(fV,,) =0 (8)

where f and V, are defined by:

n

b= 3 o,

i=1

= ©

Modeling the velocities. The goal
of the previous mass balance equa-
tions is to obtain numerical simula-
tions of the time evolution of mois-
ture content and starch profiles in
the coating. Therefore, we now write
a model for the velocity of the liquid,
the average velocity of solid compo-
nents, and the velocity of starch.

Because the internal structure of
the coating during drying is not well
known, a diffusive model for the lig-
uid-phase velocity is chosen. Using
the definition of the total shrinkage
(7),V_ and V  can be expressed as a
function of the gradient of liquid or
solid volume fraction:

[SEE PAGE 143 FOR EQ. 10]

where D(f) is the global transport
coefficient, which strongly varies
with the liquid volume fraction.

The starch velocity modeling has
been developed according to the
fact that starch is strongly linked to
water; thus, the relative velocity to
the mean solid movement can be
written as follows:

Vs(rel) = Vs(abs) - Vshr =
V-V £O (11)
where V and V are, respec-

s(abs) s(rel)

tively, the absolute and relative
starch velocity, and f(f) is a factor
that varies with and takes into
account the reducing action of the
other particles of the starch move-
ment during drying. The expression
of this factor is discussed later in
“Results and discussion.”

Changing the space coordinates.
The modeling equations of liquid

transport and starch migration dur-
ing drying have been established
(Egs.5,6,10,and 11). The numerical
solution of these equations, written
here in aileron coordinates, proves
difficult because of the coupling
between drying and shrinkage. We
thus choose to rewrite them in the
solid-based coordinate z. The partic-
ularity of this type of coordinate is to
be attached to a mass element of
solid and, thus, the shrinkage terms
are no more apparent in the equa-
tions.

This section presents the calcula-
tions that allow us to transform the
mass balance equations from the
aileron to the solid-based coordi-
nates system. These calculations lead
to the equations that have been
solved to obtain numerical results
for the modeling presented previ-
ously. They are not described in
details here. Further details can be
found in Ketelaars (8) and Zagrouba
(7). The transformation equations
are:

o _d _o 0
ot | a at‘ *V sor 0z
d %
2z |17 ozl
s ¢
(12

in which f  is the initial solid volume
fraction. By using the variables W
and C, (defined in Egs. 14a and 14b)
instead of f_and f_(starch volume
fraction), one can transform the
equation for liquid (Eq. 5) and the
equation for starch (Eq. 6) from the
aileron coordinate system to the
solid-based coordinate system. After
some calculations, we obtain the fol-
lowing (9):

oW 0 oW | _
ot oz, {Deﬁ(W) azo}_o (133)

oC 3

S

= -a[csveﬁ(s)(w)}:o

(13b)
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9.A 60°C drying experiment with dewatering simulation; comparison between numerical (continuous line) and experimental (points)

moisture content profiles at different stages of the drying experiment.

where [SEE PAGE 143 FOR EQ. 153

W= (r fif (14a) [SEE PAGE 143 FOR EQ. 15b]

C.=(r f)If (14b)  and W, is the initial moisture con-

tent.

If W<W_
In this case, the solid matrix is rigid,
and the global mass balance equa-
tion for the solid phase becomes:
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f=f

c

(16)

where f_represents the solid volume
fraction at the critical point.

In a consolidated region, the
local starch mass fraction (defined in
Eqg. 14b) remains constant and equal
to the value it has reached when this
region becomes consolidated. This
value depends on the position of the
coating in the consolidated region
and is a consequence of the starch
migration before consolidation. This
can formally be written as follows:

C,=cst(2) 7

In contrast to the mass balance
equations (Egs. 16 and 17), the gov-
erning set of equations for the mois-
ture transport are not trivial:

[SEE PAGE 143 FOR EQ. 18]

wherer andV, are,respectively, the
density and velocity of the vapor;r .
and V,, are, respectively, the dry air
density and velocity; and K, is the
rate of evaporation (9, 10).

At first, this case (W < W ) seems
to be more complicated than the
previous case (W > W) because of
the gas equations. However, in the
low-temperature drying conditions
that we used, the effects of pressure
and temperature are negligible, and
the complete model written previ-
ously can be reduced to a diffusive
model (10). Then, the moisture
transport equations (Egs. 18a and
18b) reduce to the following single
equation:

rfv +rf.V, =

—f  D(W)(0W/02) (29
that is:
oW 0 oW \ _
F-E(D(W)a—z) =0
(20)

or in solid-based coordinates:
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oW 8 oW\ _
ot 'azO(Deff(W) azo)’o

where W and D_(W) are now
defined by:

(21)

[SEE PAGE 143 FOR EQ. 22]

By neglecting the small mass con-
tribution r f__ in the definition of
moisture content (Eg. 22), we calcu-
late the gas volume fraction using
the moisture content W as follows:

[SEE PAGE 143 FOR EQ. 23]

Finally, Egs. 17,21, and 23 lead to
obtaining C, W, and 1‘gas in the con-
solidated region of the coating.

Boundary conditions

At the upper limit of the coating.
One of the goals of this model is to
compare its numerical results to the
experiments. But because of the
complexity of the dryer geometry
and the lack of information on the
relative humidity that takes place in
the dryer, the mass flux at the upper
limit [H(t)] of the coating cannot be
easily modeled. That is why this flux
is chosen as a simple function of
time F_¢ (t) derived from the experi-
mental kinetics. Thus, the drying
boundary condition finds expression
in a mass flux continuity condition:

(24)

r fL(VL' er) Z=HY Fmd (®)

Using Egs. 10 and 12, this flux
boundary condition, transformed in
solid-based coordinates, becomes:

[SEE PAGE 143 FOR EQ. 25]

where H is the initial position of the
upper limit of the material.

In the case of starch, the natural
boundary condition that seems plau-
sible to impose is a relative velocity
(Eg. 11) equal to zero for a starch
particle:

v, | _. =0
S(Vd) 0 Ho (26)

At the bottom of the coating. If
dewatering is not simulated. The
mass flux is equal to zero at this
interface (z, = 0), and the natural
boundary condition is given in solid-
based coordinates by:

-p¢o{oeﬁ(w)%} =0

z =0
(27)

If dewatering is simulated. In
the experimental setup, dewatering
is simulated by creating a depression
under the coating sample, through a
rigid absorbent membrane. By
imposing this depression, a total
pressure gradient arises between the
top and bottom of the coating; this
results in a liquid transport toward
the bottom sample. At the same
time, the high intensity of the ther-
mal and mass transfer due to the
pressure drop, coupled with the low
liquid transport properties in the
coating, induces a sudden drop in
the moisture content at the coat-
ing-membrane interface. In a few
seconds, the moisture content
reaches an equilibrium value of
about 0.32 (which squares with the
gel point) (9, 11). Later, when the
vacuum period is finished (after 1
hour), the mass flux at the bottom of
the coating is nearly zero. Thus, in
terms of modeling, these experimen-
tal results provide the following
boundary condition (in solid-based
coordinates):

[SEE PAGE 143 FOR EQ. 28]

For the mass conservation of
starch, the boundary condition at the
bottom of the coating is the same as
the one imposed at the top of the
coating.
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10.An 80°C drying experiment with dewatering simulation; comparison between numerical (continuous line) and experimental
(points) moisture content profiles at different stages of the drying experiment.

RESULTS AND DISCUSSION
Resolution parameters. To
validate the model, some drying sim-

ulations have been performed corre-
sponding to the following two
experimental drying temperatures:

I and II.

60 and 80°C. The internal parame-
ters of the code are given in Tables
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ment without dewatering simulation; (b) an 80°C drying experiment without dewatering simulation.

The mass flux is calculated from
the experimental drying kinetics and
interpolated as shown in Fig. 5. The
physical properties of the coating
(gel point and critical point) have
been obtained by applying a graphi-
cal approach to the evolution of the
moisture content profiles (9, 11).
The functional form of the transport
coefficient function D(W) has been
determined by using the continuity
of liquid flow equation at the upper
limit of the coating (Eq. 24) and the
moisture content profiles for a large
series of experiments (9, 12).

Numerical method
The numerical method used to solve
Eg. 13a or 21 is a finite element
method, with P1 elements. Simulta-
neously, Eg. 13b is solved by using a
finite difference method, which fea-
tures a one-order up-stream scheme.

Drying kinetics
The mass flux introduced in the
model as a boundary condition is
directly deduced from experimental
kinetics so that if dewatering is not
simulated, numerical and experimen-
tal Kinetics are identical. However, if
dewatering is simulated, the bound-
ary condition for the moisture con-
tent at the bottom of the coating is
the Dirichlet type for the period of 1
hour (Eq. 28). This boundary condi-
tion could, in principle, affect the
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12. Numerical (continuous line) and experimental (points) starch concentration profiles
for an 80°C drying experiment without dewatering simulation

(k, factor influence on numerical results)

macroscopic kinetics. The compari-
son between experimental and
numerical kinetics is shown in Fig.
6 for the two drying configurations
with dewatering. The results show
that experiments and numerical
simulations are in good agreement
over the range of the tested mois-
ture contents and temperatures. So,
without imposing the mass flux at
the bottom of the coating, the
Dirichlet boundary condition pre-

serves the general aspect of the
macroscopic kinetic.

Moisture content profiles
Figures 7-10 represent the evolu-
tion of moisture content profiles
obtained by experiments (black
square points) and numerical calcu-
lations (continuous line). On each
figure, the state of the structure is
represented by regions drawn with
different shades: white (liquid state),
light gray (gel state), and dark gray
(solid state).
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13. Comparison between numerical (continuous line) and experimental (points) starch concentration profiles at the end of a drying
experiment.The migration model considers there that migrations can occur until the critical point is reached. (a) a 60°C drying
experiment without dewatering simulation; (b) an 80°C drying experiment without dewatering simulation; (c) a 60°C drying experi-
ment with dewatering simulation; (d) an 80°C drying experiment with dewatering simulation.

In the four configurations,
numerical simulations and experi-
mental results are in good agree-
ment. Thus, as the transport coeffi-
cient is the same in the different sim-
ulations, for the temperature scale
used here, the transport phenomena
are independent of temperature.

As previously noted, the gel point
can be deduced from the moisture
content profiles. For example, con-
sider the inclined part of the first
moisture content profile in Fig. 7. To
the right of the lower limit of this
portion of the curve, the coating
structure is gel, and to the left, the
coating is still liquid. The approxi-
mate value for the moisture content
at the gel point is found in Fig. 7,and
for any experiment, Wg:0.32. The

rough slope change of the profiles
below the gel point is due to the sud-
den increase of the transport coeffi-
cient during the transition from lig-
uid to gel. This phenomenon results
from the superposition in the gel of
a liquid transport due to solid matrix
shrinkage with the classical trans-
port by the moisture content gradi-
ent (12, 13).

When dewatering is simulated,
the agreement between experiments
and simulations remains good. This
result confirms the choice of the
model proposed for the boundary
condition at the lower limit of the
coating. One can see the consider-
able effect of dewatering, not only
on the moisture content profiles but
also on the total drying rate. The sec-

ond change of structure at the upper
limit of the coating (gel-solid) now
occurs quite rapidly (3 and 2 hours,
respectively, for drying temperatures
of 60 and 80°C).
Starch content profiles at the
end of drying
To determine starch migration dur-
ing drying, we have first modeled the
starch velocity by Eq. 11, where the
factor f(f) is defined as follows:

[SEE PAGE 143 FOR EQ. 29]

in which f_represents the solid vol-
ume fraction at the gel point. In this
case, we consider that starch migra-
tion decreases with increasing solid
content and is stopped when the
coating reaches the gel point. This
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assumption has been experimentally
verified for latex (1) and is extended
here to starch. To express a volumet-
ric effect of the factor on the starch
velocity, we first choose the value
1/3 for k,.

The numerical and experimental
results are represented in Fig. 11 for
two drying configurations without
dewatering simulation (60 and
80°C). In this figure, W__ represents
the mean value of the starch content
in the final thickness of the coating.

Unfortunately, the numerical and
experimental results do not agree in
Fig. 11. In particular, the experimen-
tal starch concentration value at the
top of the coating is very high for
both configurations while the
numerical value remains low.

To improve the quality of these
numerical results, we tried to modify
the function f(f) and at first the
power Kk, in Eq.29. The results of this
study are indicated in Fig. 12. Even
for very low values of k,, the numer-
ical results do not match the experi-
mental ones.

In the other solution we chose to
improve, the starch migration model
consists of extending the starch
migration until the critical point is
reached. This can be done by replac-
ing fg by f_in Eq. 29; furthermore, we
modify the power k,. The new func-
tion f(f) is now:

[SEE PAGE 143 FOR EQ. 30]

This assumption is close to the
one used by Lee and Whalen-Shaw
(4), who believe that some of the
binders can move after the immobi-
lization point. In particular, natural
binders like starch are strongly
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linked to water because of their
chemical and physical properties.
Thus, the starch migration up to the
consolidation point seems to be
close to reality.

To confirm this assumption, the
comparison between numerical sim-
ulation, using Eq. 30, and experi-
mental results is given in Fig. 13 for
several drying configurations. In
both qualitative and quantitative
ways, the numerical profiles are
now in good agreement with the
experiments. An important part of
the starch is driven toward the bot-
tom of the coating by the water
flow due to the dewatering. Another
portion is carried out toward the
top of the coating due to the drying
flux.

CONCLUSIONS
A mathematical model has been
developed for the simulations of
starch migration in a coating paper.
This modeling takes into account
the shrinkage and consolidation of
the coating during drying. The
starch velocity is assumed to be the
sum of a mean solid velocity and a
relative velocity that is strongly cou-
pled to the liquid-phase velocity and
the solid volume fraction.

A numerical code based on the
modeling has been performed. In a
moisture transport term, the numer-
ical results are in good agreement
with the experimental ones. In a
starch migration term, the results
show that starch migration goes on
after the gel point.

As a result of this study, the prin-
cipal perspective on the model is to
integrate more physical insight into
the determination of the starch
velocity. In particular, a solid particle
interaction model is now being
developed to improve the actual fac-
tor f(f). TJ
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