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In this work, we consider the cleaning of an organic liquid film, consisting initially of a
concentrated solution of abietic acid in isopropyl alcohol, from the surface of a rotating disk by
using aqueous solutions of a nonionic surfactant, pentaethylene glycol mono-n-dodecyl ether.
The results show that the removal process takes place in three consecutive stages. The first
stage is controlled by the solubilization of the abietic acid by surfactant penetration and
subsequent mass transfer from the interface to the bulk of the aqueous solution. During the
first stage, the film absorbs water from the aqueous solution and breaks up into drops that
leave portions of the surface exposed. The absorption of surfactant and water reduces the organic-
phase viscosity, until the drops start to move on the disk surface under the action of shear
forces. These drops aggregate into spiral-shaped continuous rivulets through which the organic
phase flows until it comes off the disk edge. Such behavior occurs during the second stage of
cleaning, which has a rate of removal appreciably faster than the first stage. The rivulets are
shown to be tangent to the stress exerted by the aqueous solution on the surface of the organic
phase. The rivulets eventually break, leading to a third stage with lower removal rates, in
which the removal mechanism is apparently the roll up of organic-phase drops under the action
of shear forces. In this work, we present experimental evidence that supports the described
mechanism, based on photographs showing the morphology of the film structure in the different
cleaning stages. A model is derived that relates the empirical observations of cleaning rates to

physical parameters describing the solubilizing film hydrodynamics.

Introduction

The removal of organic films from solid substrates is
an important step in industrial manufacturing processes
such as the fabrication of circuit boards. In this process,
flux residues are removed by using cleaning solutions
whose formulations contain CFC-113 or other alterna-
tive solvents. Flux is a product employed to clean
metallic leads of printed wiring assemblies and elec-
tronic components before soldering. Traditional flux
formulations contain abietic acid as their main compo-
nent solubilized in a carrier liquid (typically isopropyl
alcohol). In previous works (Beaudoin et al., 1995a,b)
we have shown how aqueous solutions of nonionic
surfactants can accomplish the removal of abietic acid
films from laminate substrates, a process that repre-
sents a viable alternative to the use of chlorofluoro-
carbons.

It is widely accepted in the literature that the cleaning
of oily residues from surfaces by surfactant solutions
proceeds according to one of three different mecha-
nisms: solubilization, emulsification, and roll-up (Rosen,
1989; Miller and Raney, 1993). In solubilization, the
organic phase is incorporated into micelles that desorb
from the oil surface into the aqueous solution. Emul-
sification involves the formation of a microemulsion of
oil in water in the vicinity of the oil—water interface
which is then removed into the aqueous phase by either
hydrodynamic forces or diffusion. Finally, roll-up des-
ignates a mechanism in which the adsorption of surf-
actant significantly reduces the contact angle of the
agueous solution on the substrate at the water—
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substrate—oil contact line, leading to the formation of
organic-phase drops that are then removed from the
surface by mechanical forces.

The rotating disk apparatus is a device that has been
used to study the removal of organic films from solid
surfaces (Beaudoin et al., 1995a,b). A thin film of the
organic liquid is deposited on the disk surface, and then
the disk is immersed into the cleaning solution and
rotated at a constant angular speed. The rotating disk
system is relatively simple from an experimental stand-
point, and its hydrodynamics and mass transfer are well
characterized in the literature. Previous works have
identified cleaning kinetics that are linear in terms of
moles of organic component removed as a function of
time. For example, Shaeiwitz et al. (1981) quantified
this linear kinetics in terms of a solubilization mecha-
nism whose controlling step was the mass transfer of
micelles containing the organic component from the oil—
water interface to the bulk of the aqueous solution.

In our previous works, a more complex cleaning
mechanism was found in the removal of abietic acid
films from epoxy—glass laminate surfaces. Beaudoin et
al. (1995a) observed that the cleaning process consisted
of three stages. A typical cleaning curve is shown in
Figure 1. In this figure, Na represents the total moles
of abietic acid removed from the disk at a given time t.
At early times, a linear cleaning rate was found, in
which abietic acid removal was relatively slow (stage
1). At a specific onset time, denoted by t., the cleaning
rate increased abruptly, leading to stage 2, in which
typically most of the abietic acid removal took place.
Finally, the cleaning rate substantially decreased (stage
3) and complete removal of the organic film occurred
asymptotically with time. The transition from stage 2
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Figure 1. Typical cleaning curve of an abietic acid film from a
rotating disk. The cleaning solution is an aqueous solution of
C12Es with a concentration of 6 x 107> M. The rotational speed
of the disk is 1750 rpm.

to stage 3 is more gradual than the rate increase
observed at the beginning of the second stage.

Beaudoin et al. (1995b) proposed a model to explain
the three consecutive cleaning stages. In that work, we
suggested that during stage 1, the surfactant penetrated
the organic film, causing it to absorb water, which set
the appropriate conditions for stage 2, in which abietic
acid droplets were removed from the surface by the
action of shear forces exerted on the film by the moving
aqueous solution. After a certain amount of the original
abietic acid was removed, part of the substrate was
exposed to the aqueous solution, thus reducing the
cleaning rate and leading to stage 3. The cleaning
process in stage 3 was also found to be controlled by
hydrodynamic forces. The main evidence that sup-
ported the analysis was that cleaning rates during
stages 2 and 3 were directly proportional to w32, which
is precisely the scaling between average shear stress
at the surface and angular velocity. Beaudoin et al.
(1995a) analyzed the effect of surfactant concentration
and rotational speed on the cleaning rates during stages
2 and 3.

In this work, we explore in more detail the cleaning
mechanisms governing the removal of organic films
from rotating disks. This is accomplished by performing
a photographic study of the film morphology as cleaning
proceeds through the three stages. The main objective
of this work is to establish the physics of the cleaning
process and propose theoretical models that simulate
the process by taking into account the basic mechanisms
and the film morphology in the various cleaning stages.

Experimental Section

A detailed description of the experimental apparatus,
materials, and measuring techniques is given elsewhere
(Beaudoin et al., 1995a). Here we will present a brief
summary of the experimental aspects of the work.

The disks used in the experiments were cut from flat
sheets of FR-4 fiberglass laminate provided by Northern
Telecom. This material consists of layers of glass fabric
epoxied together using brominated epoxy resins (Beau-
doin et al., 1995a). They were 2.1 cm in diameter. The
disks were spin coated with one application of a 42%
by weight solution of abietic acid in isopropyl alcohol.
After the coating process, the disks were placed in a
dessicator at room temperature for 24 h and then stored
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in a refrigerator. It was determined that the film of
abietic acid solution on the disk had an initial thickness
of approximately 10 um (Beaudoin et al., 1995a), and it
consisted of an approximately 75% by weight solution
of abietic acid in isopropyl alcohol. The change in abietic
acid content is due to alcohol evaporation during spin
coating and storage. It is important to point out that
the abietic acid is a solid at the conditions of the
experiments. The final film on the disks, which contains
25% by weight isopropyl alcohol, is a viscous liquid. As
will be shown in the following section, the organic phase
on the disk always appears to be in liquid form. The
absorption of surfactant and water by the abietic acid
contributes to keep the film in liquid form. On the basis
of this observation, we will concentrate on the removal
of abietic acid from the disk, neglecting the effects of
the isopropyl alcohol in the process.

The coated disks were press-fit into a Teflon holder
so that they were flush with the Teflon surface, forming
a structure with a total diameter of 4 cm. The disk
holder was coupled to a shaft, leading to a precision
rotator. Rotational speeds ranging from 250 to 1750
rpm were used in the experiments.

The disks were spun in a reservoir containing 500 cm3
aqueous solutions of the nonionic surfactant penta-
ethylene glycol mono-n-dodecyl ether (C12Es), provided
in monodisperse form by Nikkol Chemicals. The surf-
actant solutions ranged in concentrations from 6 x 1075
to 4.1 x 1073 M. The lowest concentration employed (6
x 1075 M) was slightly below the cmc of the aqueous
solution (6.4 x 107 M). All the experiments were
performed at 24 °C.

Quantities of the abietic acid removed from the disk
were measured by passing part of the surfactant solu-
tion through a UV detector at a flow rate of 10 cm?/
min. The detection was performed at a wavelength of
254 nm. The residence time of the solution in the UV
detector loop is approximately 1 min, which is ap-
preciably lower than the characteristic times of the
cleaning experiments. In this way, an instantaneous
measure of abietic acid concentration in the aqueous
solution was obtained as a function of time. This
allowed calculation of the moles of abietic acid removed
from the surface as a function of time.

The concentration of abietic acid in the aqueous
solution (500-cm?® reservoir) was at the end of the
experiment of the order of 1075 M. Such low levels
ensured that the dissolved abietic acid did not interfere
with the kinetics of the cleaning process.

The evolution of the film morphology during the
cleaning process was studied by taking photographs of
the disk surface at various cleaning times. In this type
of experiment, the cleaning was continuously monitored
until it reached a desired point in the cleaning curve.
At this time, rotation was stopped, the disk was
removed from the apparatus, and the remaining water
on it was allowed to run off. The disk was then
photographed using a reflective microscope (Reichert
MeF2 Metalograph) at a 12X magnification and later
discarded.

Cleaning Mechanisms and Film Morphology

In this section, we analyze the cleaning mechanisms
and the evolution of film morphology during the clean-
ing process, as revealed by photographs of the film taken
at the different cleaning stages. As a basis for this
analysis, we have selected as a representative case an
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Figure 2. Cleaning curve for the film morphologies presented in
Figures 4 and 5; @ = 750 rpm; Cs = 6 x 107®> M. The inset shows
a sketch of the disk areas covered by the photographs.

experiment with a surfactant concentration of 6 x 105
M and a rotational speed of 750 rpm. This case was
selected because it encompasses all the film morphol-
ogies observed during the course of this work. The
cleaning curve for this case is presented in Figure 2.
This figure also shows the relative location on the disk
of the areas covered by the two different types of
photograph taken: one includes the disk center (take
1), and the other one covers the region close to the edge
(take 2). The arrows on the curve show the approximate
location in the cleaning process at which the photo-
graphs presented in Figures 4 and 5 were taken.

As will be discussed in the next section, the first stage
of the cleaning process consists of a solubilization
mechanism controlled by the desorption of the abietic
acid from the film surface and its transport into the bulk
surfactant solution. In order to gain insights into this
process, we performed an experiment in which cleaning
was allowed to take place under static conditions. In
this experiment, the disk was immersed ina 1 x 1073
M surfactant solution without rotation. Figure 3 shows
a sequence of photographs of the disk surface as time
passes. In this and subsequent photographs, the or-
ganic phase (film) appears light, whereas the exposed
surface of the laminate disk appears dark. It should
be recalled that each photograph corresponds to a
stopped experiment on a different disk. Figure 3a
shows the original film on the disk, before immersing
it into the surfactant solution. This photograph is
typical of the disks employed in all the experiments. It
is clear that the film does not have a uniform thickness
but that it is essentially rough. Some of the depressions
of the film seem to go down to the substrate surface,
leaving a small fraction of the laminate surface exposed.
The lack of uniformity of the original film can be
attributed to two factors: first, since the laminate
surface is rough, the spin-coating process, which is
carried at high rotational speeds (2000 rpm), might lead
to the development of ripples on the film surface due to
flow instabilities, such as those observed in film flow
experiments over rotating disks performed by Thomas
et al. (1991). Second, the evaporation of isopropyl
alcohol during and after the spin coating contributes to
the formation of holes and cracks on the film surface.

As time passes, the original depressions on the film
are enlarged and new ones are formed as the abietic
acid is removed from the disk by solubilization into the
surfactant solution. After enough time has elapsed, the
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Figure 3. Film morphology during cleaning process without disk
rotation. Photographs correspond to take 1; Cs =1 x 1073 M. (a)
Before cleaning. (b)t=4h. (c)t =44 h.

distribution of organic phase on the surface resembles
a two-dimensional honeycomb structure (Figure 3b)
which exhibits relatively large holes of exposed laminate
surface and thin strands of organic film surrounding
them. This particular morphology is caused by the
progressive reduction in film thickness as the abietic
acid is dissolved, and it is affected by the irregularities
of the initial film surface. At the point shown in Figure
3b, around 10% of the abietic acid has been removed
from the disk. At longer times, Figure 3c, the thread-
like organic films are replaced by larger structures that
coalesce, leading to a pattern in which relatively large
drops of organic phase exist on the disk surface. This
is caused by the penetration of a sizable amount of water
into the organic film, leading to its liquefaction. The
absorption of water into the film is caused by the
partitioning of surfactant into the organic phase and the
solubilization of the water into the resulting organic
phase. This phenomenon was previously detected in
static partitioning experiments (Beaudoin et al., 1995a).
For the condition reported in Figure 3c, between 30%
and 40% of the abietic acid has been removed from the
disk. Notice that, judging from the surface coverage of
the film, a comparison between parts b and c of Fig-
ure 3 indicates that there has not been a large re-
duction in film volume, even though a sizable amount
of abietic acid has been removed in the time between
the two photographs. This confirms the swelling of the
film by water solubilization in that period. It is
interesting to point out that there is no water par-
titioning into the organic phase in the absence of
surfactant; i.e., water is essentially insoluble in the
organic phase. This means that the water that parti-
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Figure 4. Film morphology during stage 1. Photographs cor-
respond to take 2. Time of photographs reported in Figure 2.

tions into the film either is contained in surfactant
reverse micelles or is forming a microemulsion within
the film.

The morphology of the films was also studied in the
cleaning experiments. It was found that film morphol-
ogy was qualitatively different in each of the three
stages of cleaning. In fact, the film morphology provides
evidence of the basic mechanisms that control the
evolution of the cleaning process, as is discussed below.

Figure 4 shows film morphology as a function of time
during stage 1 of a cleaning experiment with a rota-
tional speed of 750 rpm and a surfactant concentration
of 6 x 1075 M (for the location of each stage in the
cleaning curve, see Figure 2). In Figure 4a, the original
depressions of the film begin to enlarge and small holes
begin to form. Notice that the spatial distribution of
the holes seems to be macroscopically uniform over the
whole surface of the disk. For longer times (Figure 4b),
the holes continue to enlarge and new ones are formed,
until a honeycomb structure is reached (Figure 4c). This
last photograph is well into, but close to the end of, stage
1, as shown in Figure 2.

The process presented in Figure 4 resembles the first
part of the diffusion experiment (Figure 3a and b). This
observation leads us to conclude that the first stage of
the dynamic cleaning process is governed by the solu-
bilization of the organic film into the surfactant solution.
The main apparent difference between Figures 3 and 4
is the time that it takes to reach each of the morphol-
ogies. Note that for the conditions in Figure 4c, less
than 20% of the original abietic acid has been removed
(Figure 2). It is interesting to point out that hydrody-
namic forces do not seem to be playing a role in the
cleaning process during stage 1 because the shear stress
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acting on the film is a linear function of radial position,
starting from zero at the center (Beaudoin et al., 1995b).
If a roll-up mechanism were responsible for cleaning in
stage 1, one would expect to see a variation in the
cleaning pattern with radial position, a feature that is
not observed in Figure 4. On the other hand, for a
rotating disk apparatus, mass-transfer rates are radially
uniform (Levich, 1942), which is consistent with the
observations.

As the first stage proceeds to its end, the film of
organic phase on the surface starts to swell with
surfactant and water, as in the diffusion experiment
(Figure 3c). The swollen organic phase becomes pro-
gressively less viscous until it starts to flow on the
surface under the action of the shear stress exerted by
the motion of the aqueous phase. This is seen in Figure
5, which shows the change in morphology of the organic
phase as the cleaning process goes into stage 2. In
Figure 5a, coalesced, swollen structures can be observed,
similar to those in Figure 3c. Notice that, close to the
edge of the disk in Figure 5a, the drops of organic phase
on the surface tend to form coherent structures in the
shape of spiral curves. These structures are rivulets of
swollen organic phase that start at a given radial
position and extend to the edge of the disk, through
which the abietic acid flows and goes off the disk. We
will show in the next section that the rivulets follow
approximately the lines of constant shear stress on the
disk so that their shape and formation is controlled by
the hydrodynamic forces exerted by the aqueous solu-
tion on the organic phase.

As time passes, the morphology of the organic phase
evolves into a pattern of rivulets that extends to a region
close to the center of the disk (Figure 5b). Around the
disk center, however, the rivulets are not present and
the organic phase retains the shape of drops attached
to the disk surface since the shear stress near the center
is small and it apparently cannot induce a motion of
the organic phase in that region. This analysis suggests
that a necessary condition for the formation of the
rivulets and the removal of abietic acid through the
edges of the disk is the liquefaction of the abietic acid
film, since its viscosity must be reduced before the shear
stresses can make the organic phase flow on the surface.
As time elapses, the rivulets start to disappear, reducing
their number and breaking (Figure 5c).

The motion of the organic phase on the surface and
its subsequent removal through the edges of the disk
causes the increase in the cleaning rate observed at the
beginning of stage 2 (see Figure 2). These observations
are consistent with the analysis of Beaudoin et al.
(1995b), who argued that the cleaning process in stage
2 was controlled by hydrodynamic forces that resulted
in the detachment of organic-phase drops from the
surface. Further evidence supporting this mechanism
is the presence of spikes in the cleaning curves during
stage 2, caused by the delay in the solubilization of the
detached abietic acid drops as they pass through the
UV detector. The observations made in this work serve
to determine the precise effect of the hydrodynamic
forces and to establish that the detachment of abietic
acid drops occurs at the edge of the disk.

During stage 3, the film morphology follows the
disappearance of the rivulets and the drops around the
disk center, until the organic phase is completely
removed from the disks. Photographs of this stage (not
shown here) did not reveal any additional features.
However, as will be discussed below, the removal of the
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Figure 5. Film morphology evolution as the process goes into stage 2. Time of photographs reported in Figure 2.

organic film in this last stage seems to follow a roll-up
process in which hydrodynamic forces play an important
role. The reduction in cleaning rate as the system goes
from stage 2 to stage 3 is caused by the breaking of the
rivulets and the depletion of the organic film on the disk
surface.

The formation of rivulets by the end of stage 1
involves the displacement and coalescence of organic-
phase drops on the surface under the action of shear
stresses. In this process, the interfacial and rheological
properties of the swollen film droplets must play an
important role. For a given system and surfactant
concentration, the magnitude of hydrodynamic forces is
controlled by the rotational speed. The effect of rota-
tional speed on rivulet morphology is shown in Figure
6, where photographs of the transition between stages
1 and 2 are shown for the same surfactant concentration
and different rotational speeds. These photographs
show that the rivulets formed at low rotational speeds
seem to be somewhat thicker and meander more on the
surface than those formed at high rotational speeds. The
most noticeable difference between parts a and b of
Figure 6 is the extension of the rivulets to the central
region of the disk at the high rotational speed (Figure
6b) due to the presence in this case of larger shear
stresses in that region. At the low rotational speed
(Figure 6a), the stresses close to the center of the disk
are not enough to cause motion of the drops on the
surface.

In the following section, a theoretical development is
presented which complements the morphological obser-
vations performed above. Quantitative results regard-
ing cleaning rates in the different cleaning stages are
also demonstrated.

Theoretical Analysis of Cleaning Rates

Stage 1. The observations indicate that the first
stage consists of a solubilization mechanism in which
abietic acid is dissolved into the aqueous phase by the
action of the surfactant. The process includes the
following steps: (1) mass transfer of the surfactant from
the bulk of the aqueous solution to the vicinity of the
film surface; (2) absorption of surfactant onto the
interface; (3) formation of micellar aggregates contain-
ing abietic acid molecules that desorb from the interface
into the aqueous phase; (4) mass transfer of the micelles
from the interface region to the bulk of the aqueous
solution.

Furthermore, the surfactant is simultaneously being
transported into the organic phase, and water from the
aqueous solution is being solubilized into the organic
phase.

Beaudoin et al. (1995a) observed that the cleaning
curves were linear during the first stage, which indi-
cates a constant rate of abietic acid removal from the
film. This seems to be consistent with previous inves-
tigations where the amount of organic phase removed
from the rotating disk changes linearly with time (see,
for example, Shaeiwitz et al., 1981). In some of the
experiments performed in this work, the first-stage
cleaning curve was not a straight line (see Figure 2) but
exhibited a slight reduction in its slope as time in-
creased. Such a cleaning rate decrease is mainly a
consequence of the reduction of the film surface as time
progresses, as evidenced by Figure 4. The slight
downward curvature occurred at low surfactant con-
centrations and low rotational speeds only.
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Figure 6. Film morphology in stage 2 for two different rotational speeds; Cs =1 x 103 M. (a) w = 250 rpm. (b) = 1750 rpm.

Our analysis of cleaning during stage 1 assumes that
surfactant transport to the interface is fast compared
to the rest of the steps in the mechanism. Additionally,
the partitioning of surfactant into the organic phase is
also assumed to be fast. This assumption can be verified
by means of an order of magnitude analysis (see
Appendix). Under these conditions, the concentration
of adsorbed surfactant on the interface is constant
throughout the first stage, and its value is dictated by
equilibrium considerations. The concentration of surf-
actant in the aqueous phase at the interface is always
equal to the bulk value (Cs).

Let rr be the specific rate of desorption of abietic acid
from the film surface into the aqueous solution (moles
of acid removed per unit time and area). Given the
assumption postulated above, this parameter is only a
function of C; and temperature. On the other hand, let
ra be the rate of adsorption of abietic acid from the
aqueous solution onto the interface. A balence of abietic
acid at the interface yields

net rate of abietic acid removal =
KAA(CK — Cp) = Aulrg — 1) (1)

In this expression, ka is the mass-transfer coefficient of
abietic acid from the interface to the bulk of the aqueous
phase, Ca and C3 are the concentrations of abietic acid
in the bulk solution and at the interface, respectively,
A is the disk surface area, and A, is the exposed area of
the film. In establishing eq 1, we have assumed that
there is no abietic acid accumulation in the interface
region and that the abietic acid concentration is radially
uniform on the surface of the disk; i.e., the abietic acid
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solubilized from the film rapidly mixes radially. These
assumptions will lose validity only when the organic
phase is distributed in isolated drops on the surface.
The assumptions are consistent with the classical
analysis of mass transfer from a rotating disk (Levich,
1942).

It is interesting to point out that the abietic acid
transported from the interface to the bulk solution is
presumably contained in surfactant micelles so that the
mass-transfer coefficient, ka, reflects the transport of
the micelles.

As the observations reported in the previous section
revealed, A, initially decreases with time during stage
1, and its initial value is close to A (even though there
are some holes on the film at the beginning of the
experiments, for all practical purposes, we will consider
AJ/A = 1 at that point).

If we consider that the aqueous solution in the system
is perfectly mixed, a balance of abietic acid in the bulk
solution gives

dN,,
gt~ KaACX — Cu) 2

where Na represents the moles of abietic acid removed
from the disk (Na = CaV, where V is the total volume
of aqueous solution).

On the other hand, ra is controlled by the amount of
abietic acid in the aqueous phase at the interface. We
will assume that the adsorption rate of abietic acid is
linear with abietic acid concentration, i.e., ra = kC3%,
where K is the rate constant for the process. Using this
relationship and combining egs 1 and 2 yields
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dN, r, — kC,
dt Kah ka/E + k )

where & = A, /A represents the exposed film surface area
expressed as a fraction of total disk area.

If Na is expressed in terms of Ca, eq 3 is a first-order
differential equation whose solution gives the abietic
acid concentration in the surfactant solution as a
function of time. The initial condition is the absence of
abietic acid in the bulk solution (Ca = 0) at the start of
the cleaning process (t = 0).

The right-hand side of eq 3 represents the cleaning
rate during stage 1. At short times (t — 0), the rate
approaches a non-zero value. At longer times, a de-
crease in the surface area of organic phase (decrease in
&) leads to lower cleaning rates. Furthermore, at longer
times, Ca increases due to the progressive solubilization
of abietic acid. Even though this increase is not
significant, since abietic acid concentrations in solution
are always relatively small, an increase in Cp also leads
to a decrease in the cleaning rate due to the increase in
adsorption rates.

To integrate eq 3, it is necessary to know how & varies
with time. However, in most of the experiments, the
cleaning curve during the first stage is a straight line,
which indicates that a reduction of the stage 1 cleaning
rate is precluded by the transition to the second state.
For this reason, we have only quantified the initial
cleaning rate in stage 1, given by taking the limit of eq
3ast— 0. If we assume that initially £ = 1, we obtain

dN, _ kpArg

o TR, T K “)

The initial cleaning rate in stage 1 (k;) is therefore a
function of surfactant concentration (through rg) and
all the parameters that affect the mass-transfer coef-
ficient and readsorption rate constant.

The disk rotating speed affects the initial cleaning
rate through the mass-transfer coefficient, ka. Under
laminar flow conditions, there is a simple well-known
relation expressing the dependence of mass-transfer
coefficient on rotational rate (Levich, 1942),

Kk, = 0.6205v, °D,#3¢'? (5)

where v is the kinematic viscosity of the agueous phase
(which can be taken to be approximately equal to that
of water) and Dp is the diffusion coefficient of the
micelles that are transported from the surface to the
bulk solution.

Equations 4 and 5 indicate that a plot of the inverse
of the initial cleaning rate vs =12 should be a straight
line with a slope directly proportional to k/rr and an
intercept equal to (Argr)~t. Figure 7 shows such plots
for the data gathered in this work at various surfactant
concentrations. The lowest concentration (6 x 107> M)
is below the cmc for the water—surfactant system,
whereas the other two are above the cmc. The error
bars correspond to average deviations obtained for each
concentration by using a total of more than 10 repeated
experiments over the whole range of rotational speeds.
Notice that, even though there is a large degree of
scatter for the low concentration data, the trends of the
curves seem to follow the fitted straight lines. From
the slope and intercept of these lines, we have calculated
rr and the parameter kw?/ka, whose dependence on
surfactant concentration is solely due to changes in the
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Figure 8. Dependence of stage 1 rates and readsorption coef-
ficient on surfactant concentration.

adsorption rate constant k. The results are presented
in Figure 8. This plot shows that both the specific rate
of removal of abietic acid from the interface and the rate
constant for the readsorption process increase with
surfactant concentration following similar trends. Both
parameters are related to the formation of abietic acid
micelles, whose frequency and number increase as the
surfactant concentration is increased. It is interesting
to note that the values of those parameters for the
lowest concentration (below the cmc) are relatively
small, even though removal still exists. Note that the
cmc concentration might be decreased by the presence
of abietic acid.

In the results presented above, k and kp are of the
same order of magnitude so that both terms in the
denominator of eq 4 are significant. It is interesting to
note that, for very fast readsorption rates (k > ka), the
initial cleaning rate would be proportional to w=12
whereas for slow readsorption rates (k < ka), the initial
cleaning rate would be independent of rotational speed.

Equation 4 indicates that the initial cleaning rate in
stage 1 should be independent of initial film thickness.
Preliminary information collected by Beaudoin et al.
(1995a,b) indicates that first-stage rates for disks with
three successive coatings are lower than those obtained
with a single coating; i.e., the first-stage rate exhibits
an apparent decrease with an increase in film thickness.
This would seem to reflect a diffusion limitation not
considered in the present analysis. However, we have
visually determined that the film becomes smoother as
additional coatings are applied. The roughness of the
film when it has a single coating might account for an
increased area for solubilization. The apparent decrease



of first-stage rates might therefore be due to a reduction
in effective area. This aspect of the work is currently
being investigated.

Transition between Stages 1 and 2. As the
analysis of the photographs presented in the previous
section shows, toward the end of stage 1, there is a
swelling of the film on the disk, due to the partitioning
of surfactant and water. This swelling process liquefies
the film, which leads to the droplike structures observed
in Figure 7a. The viscosity of the liquid in these drops
is substantially lower than that of the original film, and
hence, they start to move relative to the surface under
the action of the shear stress exerted by the aqueous
solution. This motion leads to drop coalescence and the
formation of organic-phase rivulets which are the
primary structures through which the abietic acid is
removed from the disk during stage 2 (see below). This
indicates that the necessary conditions for the onset of
stage 2 are (a) a lowering of the organic-phase viscosity
due to its takeup of surfactant and water, (b) the motion
of organic-phase drops on the surface, and (c) the
coalescence of these drops. The starting point for the
occurrence of these conditions is the honeycomb struc-
ture that appears during the solubilization process in
stage 1.

We have argued that surfactant partitioning into the
film is a fast step (see Appendix). This means that the
limiting factor in the swelling of the organic film is the
rate of water partitioning. Since external transport
processes are relatively fast (water is in excess), the
controlling step must be the rate of water solubilization
into the organic phase. If we denote by ry, the specific
solubilization rate of water into the film, a mole balance
of water within the film, neglecting internal diffusion
limitations, would be

d(ViCr) _
gt~ "wha (6)

where Vs is the organic film volume and Cy, is the
concentration of water within the film. The increase of
Ciw With time leads to a reduction in film viscosity until
a certain water concentration is reached, at which the
viscosity is low enough that the drops of swollen film
start to move on the surface under the action of the
shear forces. The coalescence of these drops leads to
the formation of rivulets and the onset of stage 2.

The experimental data indicate that the onset time
for the transition to stage 2, t., is inversely proportional
to the rotational speed, as evidenced by Figure 9. Best-
fit straight lines have been drawn for comparison
purposes. This scaling between t. and w is a conse-
quence of the effect of rotational speed on temporal
changes of the film geometry (which affect the changes
in water concentration in the film, eq 6) and on the
motion of drops on the surface. However, the interplay
between viscosity and interfacial properties of the
organic-phase drops with their motion on the surface
and swelling rate is not completely clear.

The proportionality constant between t.~! and w
increases with surfactant concentration; i.e., when the
surfactant concentration increases, the first stage is
shorter. The cause for this behavior is most likely the
increase in r, with increases in surfactant concentra-
tion.

Beaudoin et al. (1995a) reported that an increase in
the initial film thickness leads to an increase in the
onset time for stage 2. This trend is consistent with
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Figure 9. Scaling of stage 2 onset times with rotational speeds;
circles, Cs = 6 x 1075 M; squares, Cs = 1 x 1073 M; triangles, Cs
=4.1 x 103 M. Open symbols, this work; filled symbols, Beaudoin
et al. (1995a).

the mechanism proposed above, since a thicker initial
film implies a larger initial value of Vs, and this leads
to a lower rate of increase of water concentration in the
film, at a given solubilization rate (in essence, the more
material the film contains initially, the more water it
would have to absorb to liquefy, which would take
longer).

Stage 2. During this stage, the observations made
indicate that the cleaning process is controlled by the
hydrodynamics of the motion induced by the rotation
of the disk in the stagnant aqueous solution. In this
section, we will show why the preferred structures for
aggregation of the organic-phase drops are in the shape
of spiral rivulets. Afterwards, we will develop a model
to simulate the cleaning process during this stage.

In order to analyze the hydrodynamics of the process,
we will start by considering the motion of the aqueous
solution induced by the rotation of the disk. If we take
into account that the film is stagnant or moving at low
speeds relative to the disk and neglect the effect of
irregularities on the film surface, we can assume that
the motion of the water is approximately that induced
by a smooth disk rotating at a constant speed w. The
solution to the Navier—Stokes equations for this case
is well-known (Schlichting, 1968). These equations
admit a similarity solution in terms of the following
variables;

(w2
£= 2(72) @)
Ve, = orf,(§) (8)
Vg = 0rg,(8) 9)
Vyp = (wv,)"?hy(8) (10)
P = u,wp,(&) (11)

where the subindex 2 refers to the aqueous phase (see
Figure 10 for notation), vy, vy, and v; are the components
of the velocity vector, P is the modified pressure (includ-
ing gravitational contributions), § is a similarity vari-
able, and f,, gz, hy, and p, are similarity functions that
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satisfy the following set of ordinary differential equa-
tions and boundary conditions:

h, +2f,=0 (12)

f,,— g, +hf, —f,"=0 (13)

2f, 9, + hy,g, — g, =0 (14)

hhy' +p,' —hy" =0 (15)

E=0: g,=1, f,=h,=0, p,=0 (16)
§— oo f,=9,=0 (17)

where the primes denote derivative with respect to &.
This set of equations can be solved numerically. The
solution is reported by Schlichting (1968).

The above system of equations provides the velocity
and pressure fields of the aqueous solution. From this,
it is possible to calculate the stress vector that the
aqueous solution exerts on the surface of the disk, t,
which can be shown to include solely contributions from
the viscous stress tensor, 7,

ts = Tzr|z=Oer + TZ(9|Z=0e0 (18)

Here er and ey are unit vectors in the radial and angular
direction, respectively. Expressing the components of
the viscous stress tensor in terms of velocity gradients
and using the similarity variables defined above leads
to

t, = [, (0)e, + 0,/ 0)e ] (tp) ro®*  (19)

where f,'(0) = 0.510 and g,'(0) = —0.616. This equation
shows that each of the components of the stress vector
is directly proportional to the radial position.

During stage 2, the motion of the aqueous solution
controls the behavior of the organic film on the surface
of the disk. At this point, the film has been liquefied
into drops. The stress vector given by eq 19 acts on the
drops at each point in the disk. It is reasonable to think
that, on the average, the drop motion on the surface will
tend to follow the direction of the stress vector so that,
after coalescence, drop aggregation should follow lines
tangent to ts at each point (which we will term stress
lines). The shape of the stress lines can be evaluated
from eq 19. Let A be a unit vector tangent to the stress
line at every point. Then, according to the definition of
stress line, we have

t, =t (20)

The stress line is then described by a position vector
r(s), where s is the arc length along the line, and

_dr

=3

(21)

In cylindrical coordinates on the surface of the disk,
the stress line can be described as rs = rg(6), where rg
represents the radial coordinate of a point in the line.
From eq 21, we obtain

1 drg A4
rodo 1, (22)

By using egs 19 and 20, this leads to
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Figure 10. Diagram of film on the rotating disk.
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Figure 11. Comparison between stress lines generated from eq
22 and experimental film morphology from Figure 6b. Organic
film appears dark; laminate surface is white.

idr, KO
r 4o g, (0)

—0.8279 (23)

Upon integration, this equation yields
r,= roe—0.82790 (24)

According to the above discussion, eq 24 should
represent the shape of the rivulets observed during
stage 2 (see Figures 5 and 6). Figure 11 shows the
superposition of lines generated by eq 24 on a digitized
composite of takes 1 and 2 in Figure 6b. Notice that
the organic-phase rivulets follow the stress lines, except
for some minor irregularities and deviations caused by
possible instabilities in the creation and surface motion
of the contact lines.

The fact that the magnitude of the stress vector is
larger toward the edge of the disk explains why the
formation of the organic-phase rivulets starts there and
then progresses to the center, as can be gathered from
the sequence shown in Figure 5. The fact that the stress
tends to zero at the center also explains why the rivulets
tend to disappear at the central region of the disk, where
the organic phase remains in isolated drops: there is
not enough force there to cause drop motion and
aggregation.

After the rivulets are formed under the action of the
shear stress, each of them can be conceived as a film of
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Figure 12. Shape of rivulets used in the theoretical analysis.

organic phase with relatively low viscosity, upon which
a shear force is acting. This shear force has a direction
parallel to the film at each point, and its points toward
the edge of the disk. This force causes the organic phase
to move toward the edge and eventually come off the
disk.

Summarizing, the cleaning of the disk during stage
2 consists in the removal of abietic acid through the
edges due to the action of the shear stress exerted by
the relative motion of the aqueous solution. This means
that the second stage of cleaning is controlled by the
hydrodynamics of the process and not by diffusion and
interface processes, as was the case for stage 1. Beau-
doin et al. (1995b) reached this general conclusion based
on an empirical analysis of the effect of several experi-
mental variables on cleaning rates. In this work, we
have confirmed this conclusion and established the
precise nature of the removal mechanism.

It is interesting to point out that it is possible to show
that the centripetal acceleration of the organic phase
due to the rotational motion of the disk is negligible
when compared to the forces given by eq 19 for the
conditions employed in the present work. This indicates
that the removal of organic phase through the edges is
not a simple spin-off process.

The study of the thinning of a rivulet of organic phase
due to an external shear stress can be used as a
preliminary model to represent the cleaning process
during stage 2. We will consider the following simplified
conceptualization. First, we invoke the observation that
the rivulet thickness in the disk plane is small with
respect to its length to assume that we can visualize
the rivulet as a rectilinear film of liquid, thus neglecting
its curvature. In addition, since centripetal forces are
negligible, we can consider that the rivulet is fixed at
the bottom and perceives a force at the top given by eq
19. For simplification purposes, we will assume this
film to have a rectangular cross section of thickness h,
as shown in Figure 12. It is necessary to point out that
the shape of the cross section will not have an impact
on the qualitative conclusions that will be gathered with
this analysis.

Let s be a spatial coordinate along the rivulet, 0 < s
< L, where L is the total length of the rivulet, which
can be calculated from eq 24 to be L = 1.568R, where R
is the disk radius. In the new coordinate system, the
stress vector t is a force per unit area in the s direction.
This force should equal the z—s component of the viscous
stress tensor acting on the organic phase within the
rivulet. This viscous stress is a function of s through
the dependence of t; on r. However, its dependence on
s can be considered to be relatively weak (lubrication
approximation) since the length of the rivulet is much
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larger than its thickness. At each pointin s, the action
of this force then generates a linear velocity profile given

by

0510 1/2(03/2
v, = (”;: D O s s (25)

where u; is the viscosity of the liquid in the film.

If we assume that the film thickness (h) is uniform
along the rivulet, the use of the continuity equation
leads to

dh , 1dg_
dt T W ds (26)

where W is the width of the rivulet (see Figure 12) which
is assumed to be constant and q is the flow rate of
organic phase that flows through the cross section at
position s,

0
q=W/[ v, dz (27)

Substituting eq 25 into eq 27 and combining the result
with eq 26 leads to

dt 2

h?=0 (28)

This equation is similar to that obtained by Middleman
(1987) for the thinning of a uniform film of liquid on a
rotating disk. The equation can be integrated to obtain
how the thickness of the rivulet changes with time. The
result is

0.255(‘L€2p2)1/2w3/2
Uy

1_1 p
h~hy + (t—t) (29)
where hg is the initial rivulet thickness, which occurs
at the beginning of the second stage (t = t).

The rate at which organic phase is cleaned from the
disk can be related to the rate of thinning of the rivulets
by means of a mole balance,

dN, _ ngWLp; dh
dt M dt

(30)

where M is the molecular weight of the abietic acid and
ng is the number of rivulets (we are implicitly assuming
all the rivulets to be of the same geometry). The
removal rate decreases with time by virtue of the
decrease of h. However, in the real process, the cleaning
rate is expected to decrease more abruptly with time
since the rivulets start to break at some point, as
evidenced by the photographic analysis presented ear-
lier. This implies that eq 30 should only be applicable
to the beginning of stage 2. From the experimental
cleaning curves, we can obtain the cleaning rate at
precisely the beginning of stage 2 (t = t;). According to
our model, this rate should be given by substituting eq
28 into eq 30 and taking h = hg. The result is

dN, _ NRWLp,; 0.255(u,p,)?w*?

( dt )t=tc(stage 2) =k, M Uy o
(31)

2

Equation 31 indicates that the initial removal rate
in stage 2 should be directly proportional to w372,
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Figure 13. Scaling of stage 2 rates with rotational speed.
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Figure 14. Comparison between rivulet draining model and
experimental data for stages 2 and 3. The experiment corresponds
to a surfactant concentration of 1 x 103 M and a rotational speed
of 1500 rpm.

providing that the factor that groups rivulet frequency
and geometry does not change appreciably with rota-
tional speed. Notice that this dependence is a direct
consequence of the functional relationship between the
shear stress and rotational speed, as expressed by eq
19. The effect of rotational speed on stage 2 rates was
analyzed by Beaudoin et al. (1995b), who found the w32
dependence from an analysis of experimental data. This
dependence is verified in Figure 13, where we have
plotted initial rates during the second stage obtained
as the slopes of the experimental cleaning curves during
the second stage at the onset. Solid lines in this plot
are lines with unit slope that have been drawn for
comparison purposes. Notice that, despite the scatter,
the data seem to follow the predicted trend, especially
at high surfactant concentrations and rotational speeds.

There is also a noticeable effect of surfactant concen-
tration on second-stage cleaning rates. According to eq
31, the effect of surfactant concentration would be
reflected in the physical properties of the film, mainly
the film viscosity, 41. Presumably, as the concentration
of surfactant increases, the film absorbs more water and
its viscosity decreases, leading, according to eq 31, to
an increased removal rate.

Beaudoin et al. (1995a) reported that the initial
thickness of the film on the disk has no appreciable
effect on k.. The initial thickness was changed from
that corresponding to one coating to a three-coating

layer. Equation 31 predicts that the removal rate in
the second stage depends on the initial thickness of the
rivulets, ho. In fact, it depends on the product of hg and
the total volume of organic phase at t; (ngRWLho).
However, as discussed above, the value of t; increases
considerably for thicker films. This gives time for the
solubilization process to remove more abietic acid from
the film. This indicates that hg is not simply propor-
tional to the initial thickness, and there seems to be a
compensating effect between initial film thickness and
time for stage 2 onset that leads to similar rates. This
aspect of the process needs to be investigated further.
We have also explored to what extent the proposed
model can be used to represent stage 2 data. For this
purpose, we can integrate eq 30 and then use eq 29 to
obtain how the moles removed in stage 2 vary with time.
Starting from the fact that the initial slope (k2) can be
determined from the experimental data, we express the
final equation in terms of this slope, which yields

kz(t - tc)
M
nRWLplhokZ(t tc)

Np — Npo = (32)

1+

where Nac is the amount of moles removed at t = t..
From the experimental data, the slope of the cleaning
curve at the beginning of stage 2 yields ky, as indicated
in eq 31. With this value known, this equation can be
used to fit stage 2 data with one additional adjustable
parameter, namely, the factor that multiplies the rate
and time difference in the denominator. The fit of the
data is not straightforward, since eq 32 loses its validity
when the rivulets start to break and stage 3 begins. We
fit eq 32 to the data at early times during stage 2.
Figure 14 shows one such fit. It can be seen that around
t — t; = 280 s, eq 32 starts overpredicting the data. This
may be the point at which the rivulet structure changes,
leading to stage 3.

Equation 31 indicates that the organic-phase viscosity
(u1) plays an important role in the cleaning rate for stage
2, which is, in this case, the stage in which cleaning
proceeds faster. It would be valuable to have knowledge
on the evolution of water content in the organic phase
and how this affects the viscosity of the film. This line
of investigation is being pursued by our research group.
We have independently determined the viscosity of the
organic phase at the start of the experiment by means
of a rotational viscometer (Rheometrics stress rheom-
eter). The film at that point consists of 75% abietic acid
and 25% isopropyl alcohol. At 24 °C, this value is u; =
3.8 Pas. The value of u4; during stage 2 should be lower
than this. We can use this value, along with eq 31, to
estimate the order of magnitude of a lower bound for
ko. For this purpose, we have used the following values,
indicative only of orders of magnitude: ng = 50, L =
0.01 m, W=0.001 m, hp =10 um. At = 1500 rpm, eq
31 yields k; = O(10712 kmol/s), which is consistent with
the results shown in Figure 13. This is an indication
of the validity of eq 31.

Stage 3. The final portion of the cleaning curve
exhibits removal rates that progressively decrease, since
the moles removed approach asymptotically the total
amount of abietic acid originally present in the disk. In
this stage, the organic phase is distributed in the form
of isolated drops on the surface. Some of these drops
maintain part of the original spiral shape of the rivulets.
During this stage, the continuing swelling of the organic
film leads to a roll-up mechanism by which drops of



organic phase are detached from the surface under the
action of shear forces. The analysis of this stage was
performed in detail by Beaudoin et al. (1995b). The rate
of removal of abietic acid is assumed to be proportional
to the amount of acid remaining on the disk in the form
of isolated drops. The solution leads to an exponential
decay of the removal rate as the disk surface approaches
a clean surface.

Conclusions

We have examined the mechanisms responsible for
the removal of abietic acid films from a rotating disk
immersed in a solution of a nonionic surfactant. The
results show how different factors affect the cleaning
mechanisms at different stages of the process. For the
system studied in this work, the cleaning starts with a
solubilization mechanism (stage 1) in which mass
transfer plays an important role. Subsequently, a
second stage controlled by hydrodynamic forces sets in.
In this stage, the organic phase is organized into liquid
structures (rivulets) and the removal occurs at the edges
of the disk. The rivulets follow lines tangent to the
stress exerted by the water on the surface of the organic
phase. As the organic phase on the surface is depleted,
the final stage consists of roll up in which hydrodynam-
ics is once again the controlling phenomenon. The
results presented in this work show that the removal
of organic films from surfaces is a complex process in
which the controlling factors depend not only on the
operating conditions but also on the evolution of the
process itself. It is interesting to point out that the
process described here is not necessarily the same for
all other experimental conditions. For instance, it is
possible to conceive a film that never liquefies and is
cleaned by pure solubilization. However, the conditions
explored in this work seem to present the most complex
situation that can be encountered in this type of
cleaning process.
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Appendix. Surfactant Mass Transfer and
Diffusion

In the analysis of the solubilization process during
stage 1, we have assumed that the transport of surfac-
tant to the water—organic phase interface is fast with
respect to a characteristic time of the cleaning process
during that stage. In addition, we have considered
surfactant adsorption and partitioning into the film to
be fast.

First of all, we can estimate a characteristic time for
the process of surfactant diffusion within the organic
film, tp, by

h2
L~ D. (A1)

S
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where Ds is the diffusion coefficient of C12Es in the
abietic acid film. The diffusion coefficient of this surf-
actant in water has been estimated to be 4 x 10710 m?/s
(Beaudoin et al., 1995b). We will assume Ds = O(101°
m?2/s) and h to be equal to the initial film thickness (h
= 1077 m), which leads to tp ~ 1074 s. This value is
negligible compared to the characteristic times of stage
1, which are of the order of minutes. Notice that a
diffusion coefficient several orders of magnitude lower
than that assumed would still make the diffusion
process very fast.

To study the mass transfer of surfactant from the bulk
solution to the film, and in agreement with the preced-
ing analysis, we will consider that diffusion within the
film is fast so that we can consider the film to have a
uniform surfactant concentration. In this case, if we
assume that adsorption and desorption of surfactant at
the interface are also fast processes, a mass balance of
surfactant in the film, assuming that it completely
covers the disk, is described by the differential equation

dCsf _ km( Csf)
g - n Cs—? (A.2)

where Cg: is the concentration of surfactant in the film,
km is the mass-transfer coefficient of surfactant from
the bulk aqueous solution to the interface, and K is the
equilibrium constant that governs the partitioning of
surfactant between aqueous and organic phases.

The solution of the differential equation (A.2) leads
to the result

Cy = KC (1 — e /(MK (A.3)

From this equation, it can be seen that a characteristic
time for the mass-transfer process is

_hK

t, K

(A.4)

m

The mass-transfer coefficient can be evaluated from
k., = 0.6205v, °D?3x"2 (A.5)

where D = 4 x 1071° m%s and K = 6500 (Beaudoin et
al., 1995a). Using the lowest rotational speed employed
in this work (250 rpm), we obtain t,, = 38 s, which is
small compared to stage 1 times for that rotational
speed.

The analysis performed above indicates that in the
characteristic times that stage 1 spans in the cleaning
process, the transport of surfactant from the bulk of the
aqueous solution to the interface and its subsequent
penetration into the organic film can be considered as
instantaneous.
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