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In prior work, we examined the removal of abietic acid films
from rotating fiberglass laminate disks by aqueous solutions of a
nonionic surfactant. A three-stage cleaning mechanism was found,
consisting successively of solubilization, shear-driven cleaning,
and roll-up. We extend this work by exploring the influence of the
surfactant molecular structure on the kinetics of the cleaning
process. Five different poly(ethylene glycol) alkyl ether surfactants
(CxEy) were used. Both the alkyl (x) and ethoxy (y) chain lengths
were varied. Not all of the surfactants exhibited a three-stage
cleaning mechanism. It was found that for surfactants with rela-
tively high solubilization rates, the shear-driven cleaning stage did
not occur. The selection of the most efficient surfactant depends on
whether the surfactant concentration is below or above its critical
micelle concentration (CMC). At submicellar concentrations,
faster cleaning is obtained by surfactants that can induce shear-
driven removal. At concentrations above the CMC, it is found that
surfactant efficiency for a fixed alkyl or ethoxy chain length
increases as the surfactant becomes more hydrophilic. This is
attributed in part to the lower viscosity that the film achieves with
the more hydrophilic surfactants due to their partitioning into the
film, as well as their ability to carry water into the film. © 1998

Academic Press
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INTRODUCTION

The removal of organic contaminants from solid surfaces is
a topic of wide commercial and industrial importance. Tradi-
tionally, research in detergency has been associated with the
removal of liquids and particulates from textile fabrics. Previ-
ous research on detergency has concentrated on the effects of
interfacial phenomena on cleaning (1, 2). For example, when a
micellar aqueous surfactant solution is contacted with an or-
ganic contaminant, one of the possible cleaning mechanisms is
the solubilization of the organic into surfactant micelles. This
process can be controlled either by mass transfer of the mi-
celles or by the kinetics of the micellization process that occurs

at the interface. The cleaning rate associated with this process
is therefore controlled by interfacial mechanisms. Other studies
have pointed out that in certain applications, the liquefaction of
the organic contaminant caused by surfactant and water parti-
tioning might lead to improved cleaning (3, 4, 5). In this case,
cleaning behavior is not only controlled by interfacial phenom-
ena, but also by changes in the rheological properties of the
liquefied contaminant.

It is widely accepted in the literature that the cleaning of
organic residues from surfaces by aqueous surfactant solutions
proceeds by one of three different mechanisms, solubilization,
emulsification, or roll-up (2, 6). Solubilization is the dissolu-
tion of the contaminant directly into the cleaning agent in the
form of micellar aggregates. Emulsification is dominated by
contaminant/detergent interactions in which an emulsion phase
is formed at the aqueous/organic interface. The emulsion is
then removed from the surface by hydrodynamic forces.
Roll-up is dependent on the solvent/substrate interactions. For
roll-up to occur, the substrate must be wetted by the cleaning
solution. When this occurs, the contaminant forms drops on the
substrate with a relatively large contact angle. The drops pro-
ceed to separate from the substrate and are transported to the
liquid phase. According to Rosen (6), roll-up (or roll back) is
the usual mechanism in the cleaning of liquid organic contam-
inants from surfaces.

The efficacy of the cleaning process is often determined by
the “detergent ability” of the cleaning agent. According to
Rosen (6), “Detergency, when applied to a surface-active
agent, means the special property it has of enhancing the
cleaning power of a liquid.” Cleaning power is generally
envisioned in terms of minimizing contaminant remaining on
the substrate in the cleaning process. Less consideration has
been given to the rate at which the contaminant is removed.
This study focuses on the rates of detergency and the physical
aspects that control them.

Cleaning Mechanisms and Kinetics

The kinetics of solubilization of organic components into
aqueous surfactant solutions has been studied in the past
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using the rotating disk system (7) and the captive drop-on-
fiber technique (8). Prior work by our group on the removal
of organic films from the surface of rotating disks by aque-
ous surfactant solutions has shown that the kinetics of the
cleaning process is complex. Earlier work by our group was
concerned with the removal of flux residues from printed
circuit boards. Abietic acid is a primary component of flux
and was chosen as the contaminant. For abietic acid films on
a rotating disk, the cleaning mechanism in the presence of
pentaethylene glycol dodecyl ether (C12E5) was found to
change from solubilization to shear-driven removal to
roll-up (9 –11). We have also determined that the efficiency
of a surfactant in terms of removal rates is linked with its
ability to penetrate the organic contaminant.

In the rotating disk system, Beaudoinet al. (9) and Kabinet
al. (11) observed that the cleaning process consisted of three
successive stages. A typical cleaning curve is shown in Fig. 1.
In this figure, NA represents the total moles of abietic acid
removed from the disk at a given timet. At early times, an
approximately linear cleaning stage was found, in which abi-
etic acid removal was relatively slow (stage 1). At a specific
onset time, denoted bytc, 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
to stage 3 is more gradual than the rate increase observed at the
beginning of the second stage.

The first stage of cleaning consists of a solubilization mech-
anism in which abietic acid is dissolved into the aqueous phase
in micellar aggregates. The process includes the following
steps (Fig. 2):

● Mass transfer of the surfactant from the bulk of the aque-
ous solution to the vicinity of the film surface.

● Adsorption of surfactant at the interface.
● Reversible formation of micellar aggregates containing

abietic acid molecules that desorb from the interface into the
aqueous phase.

● Mass transfer of micelles form the interface region to the
bulk of the aqueous solution.

During the first cleaning stage the surfactant is transported
into the organic phase, and water from the aqueous solution is
being solubilized into the organic phase. As surfactant and
water partition into the organic phase, the film begins to swell
on the disk. Photographs of the film morphology have shown
that during the first stage, the film breaks and forms a honey-
comb structure (Fig. 1). The film then starts to move on the
surface under the action of the shear stress exerted by the
cleaning solution. This motion, which is enhanced by the
reduced viscosity of the organic phase caused by surfactant and
water absorption, leads to drop coalescence and the formation

FIG. 1. Typical cleaning curve of an abietic acid film from a rotating disk.
The submicellar cleaning solution is an aqueous solution of C12E5 with a
concentration of 6.03 1025 M. The rotational speed of the disk is 750 rpm.
Photographs of the disk are shown during each stage of cleaning.

FIG. 2. Schematic of the three mechanisms of cleaning.
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of continuous films of organic phase (rivulets). The abietic acid
flows along the rivulets towards the edge of the disk, from
which drops detach into the cleaning solution (Fig. 1). We have
shown that the spiral shape of these rivulets is determined by
the direction of the shear stress exerted by the surfactant
solution (11).

During the third stage, remnants of the rivulets are distrib-
uted in the form of isolated drops on the surface. Some of these
drops maintain part of the original spiral shape of the rivulets.
The removal of the remaining organic occurs by a roll-up
mechanism (Fig. 2).

Kabin et al. (11) developed a mathematical model for the
cleaning process during stage 1. In this model the controlling
mechanisms are the net rate of removal of abietic acid micelles
from the interface and their subsequent mass transfer into the
bulk of the surfactant solution. The initial rate of removal is
given by

dNA

dt U
t50

5 k1 5
kAArR

kA 1 k
, [1]

whereA is the disk surface area,k is the rate constant for the
adsorption of abietic acid from micelles onto the interface,
which is assumed to be linear in abietic acid concentration,kA

is the mass transfer coefficient of abietic acid micelles from the
interface to the bulk of the aqueous phase,rR is the specific rate
of desorption of abietic acid from the film surface into the
aqueous solution (moles of acid removed per unit of time and
area). The initial cleaning rate in stage 1 (k1) is therefore a
function of surfactant concentration (mainly throughrR and
k), and all the parameters that affect the mass transfer coeffi-
cient, which is given by

kA 5 0.6205n2
21/6DA

2/3v1/ 2, [2]

wheren2 is the kinematic viscosity of the aqueous solution,DA

is the diffusion coefficient of the abietic acid micelles in the
aqueous solution, andv is the rotational speed. Experimental
data at various rotational speeds and surfactant concentrations
were in agreement with this model (11).

The second-stage cleaning process was modeled by analyz-
ing the removal of organic phase induced by the shear stress
acting on a rivulet. An expression was developed for the
change in height of a rivulet of abietic acid on the disk with
time. Based on this, the initial rate of abietic acid removal in
the second stage was determined to be (11)

SdNA

dt D
t5tc(stage 2)

5 k2 5
nRWLr1

M

0.255~m2r2!
1/ 2v3/ 2

m1
h0

2, [3]

wherenR is the number of rivulets on the disk,W is the width

of a rivulet, L is the length of a rivulet,r is the density (1,
organic phase; 2, aqueous phase),m is viscosity, andh0 is the
initial rivulet thickness. Experimentally,k2 corresponds to the
slope of the cleaning curve at the onset of stage 2 (t 5 tc, Fig.
1). Beaudoinet al. (9) and Kabinet al. (11) have corroborated
that there is a direct proportionality betweenk2 andv3/2, which
is consistent with an induced shear represented by Eq. [3].

The previous analysis shows that film removal is influenced
not only by the surfactant’s ability to solubilize the contami-
nant but also by the partitioning of the surfactant into the
organic phase, carrying water as it partitions (this affectsm1 in
Eq. [3]). Global cleaning rates might involve a complex inter-
play among the various cleaning stages. The complex nature of
the cleaning process also makes it difficult to predict which
specific surfactant would be best suited for a given contami-
nant/substrate combination. Previous works that have studied
the influence of surfactant molecular structure on cleaning
usually employ cleaning processes that occur by a single mech-
anism.

Effect of Surfactant Molecular Structure on Cleaning

Rosen (12) stated that surfactants consisting of a long and
straight hydrophobic chain with a terminally located hydro-
philic group were “good” detergents. According to this study,
detergency becomes significant at or near the surfactant’s crit-
ical micelle concentration, and increases with increasing hy-
drophobic chain length. For poly(ethylene glycol) alkyl ether
surfactants, Rosen (12, 13) showed that an increase in the alkyl
chain length resulted in a larger depression of surface tension
of an aqueous solution. From this fact, he concluded that the
longer the alkyl chain, the more effective the surfactant as a
detergent. This theory was later corroborated by experimental
studies performed by Uenoet al. (14).

The use of surface tension reduction as an indication of the
detergent ability of a surfactant is consistent with the mecha-
nisms of solubilization and roll-up. Lower surface tensions
usually indicate lower CMCs and thus a larger potential for
micellar solubilization (4). On the other hand, lower surface
tensions (or, more rigorously, lower contaminant–aqueous so-
lution interfacial tensions) might lead to larger contact angles
of the organic phase on a solid substrate and thus to an
improvement in roll-up.

In direct measurements involving cleaning processes, Chiu
et al. (15), varied the ethoxy chain length for C12Ey surfactants
from y 5 4 to y 5 8. They found that asy decreased,
solubilization rates of nonpolar hydrocarbons increased. For
CxEy surfactants, Harriset al. (16) observed that aqueous
solutions started to remove contaminants from hard surfaces at
or near the surfactant CMC and reached maximum detergency
at concentrations well above the CMC. As a result they con-
cluded that the nonionic surfactant CMC was a crucial param-
eter in comparing surfactant performance.

Diallo et al. (17) studied the effect of the surfactant hydro-
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phile–lipophile balance number (HLB) on liquid hydrocarbon
solubility. The HLB is defined by

HLB 5 20
MH

MH 1 ML
, [4]

whereMH and ML are the formula masses of the surfactant
molecule hydrophilic and hydrophobic portions, respectively.
Diallo et al.used micellar solutions of C12Ey, with y 5 6 to 31
to solubilize various hydrocarbons. Their general conclusion
was that the solubilization capacity of the surfactant solution
decreased as HLB increased. However, for benzene and chlo-
robenzenes, the solubilization capacity increased with HLB,
reached a maximum, and then decreased. Dialloet al. inter-
preted these results in terms of possible interactions between
the surfactant ethylene oxide groups and the aromatic rings
within the micelle. It is interesting to notice that, depending on
the nature of the contaminant, solubilization trends with HLB
might vary (17).

Surfactant molecular structure also plays a role when the
cleaning process is affected by surfactant and water partition-
ing into the contaminant. Cox and Matson (3) studied the
penetration of polyoxyethylenated nonionic surfactants into
solid lard, concluding that penetration could be a primary
controlling contaminant removal mechanism in hard surface
cleaning. They concluded that the ability of a nonionic surfac-
tant to penetrate into a contaminant could be strongly related to
the surfactant carbon chain length: surfactants with smaller
hydrophobic portions could penetrate into the contaminant at a
faster rate, causing it to liquefy. In a related study, Cox (4)
found that the C8Ey surfactants’ rate of penetration into three
different contaminants was significantly higher than that of the
C12Ey surfactants. This agreed with Cox and Matson’s (3)
previous findings. Based on these experiments, Cox recom-
mended that in hard surface cleaning applications involving
mechanical action, a nonionic surfactant which maximizes
contaminant penetration should be used. This would require

minimizing both the carbon chain length and the surfactant
water solubility.

The results discussed above show that selection of the
best surfactant for a specific application depends on the
nature of the contaminant and the mechanism that controls
the cleaning process. In this work we will establish criteria
for selecting the most appropriate surfactant for the removal
of abietic acid films, an application that involves a complex
cleaning mechanism.

MATERIALS AND METHODS

A detailed description of the experimental apparatus and mea-
suring techniques is given elsewhere (9, 11). Here we will present
only a summary of equipment and procedures. A schematic dia-
gram of the experimental setup is shown in Fig. 3.

The FR-4 laminate disks (2.1 cm in diameter) were spin
coated with one application of a 42% by weight solution of
abietic acid (AA) in isopropyl alcohol. The molecular structure
of abietic acid is shown in Fig. 4. After the coating process, the
disks were placed in a dessicator at room temperature for 24 h
and then stored in a refrigerator. It was determined that the film
of abietic acid solution on the disk had an initial thickness of
approximately 10mm (9), and it was a viscous liquid that
consisted of a solution of approximately 75% by weight abietic
acid in isopropyl alcohol. The change in abietic acid content is
due to alcohol evaporation during spin coating and storage.
The coated disks were press-fit into a TeflonTM holder so that
they were flush with the TeflonTM surface, forming a surface
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 TeflonTM holder was submerged so that the coated
surface of the disk faced down in a beaker containing 500 ml
of cleaning solution. A cleaning experiment would consist of
spinning the disk at a fixed speed while an HPLC pump
continuously flowed a sample stream of the bulk cleaning
solution through a UV detector and then returned it back to the
beaker. Experiments were conducted at 24°C, which is below
the cloud point of the surfactants studied. The cleaning solutionFIG. 3. Experimental setup.

FIG. 4. Molecular structure of abietic acid.
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never reached the cloud point as confirmed by the fact that all
of the cleaning solutions remained clear during the experi-
ments. A computer was used for data acquisition. The exper-
iments yielded cleaning curves in terms of moles of abietic acid
removed as a function of time.

The effect of the surfactant molecular structure on both
cleaning rates and film morphology was explored. The follow-
ing monodisperse polyoxyethylenated nonionic surfactants,
provided by Nikkol Chemicals, were used, C8E5, C10E5, C12E5,
C12E8, and C16E8. Key properties of these surfactants are
summarized in Table 1. The surfactants C8E5 and C12E8 were
selected because they have similar HLBs, allowing for the
influence of surfactant structure on cleaning to be examined
with HLB as a fixed variable. The surfactants C10E5 and C12E5

were also selected to allow for the study of a range of alkyl
chain lengths from 8 to 12 while the ethoxy chain length is
fixed. In order to evaluate the influence of ethoxy chain length
on cleaning behavior, C12E8 was compared with C12E5. And
C16E8 was selected because its HLB is similar to that of C10E5

and it has the same ethoxy chain length as C12E8. Experimental
surfactant concentrations ranged from submicellar conditions
to concentrations well above the CMC of all the surfactants
employed.

The evolution of the film morphology during the cleaning
process was studied by taking photographs of the disk surface.
In these experiments, the cleaning process 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 surfactant solution on it was
allowed to run off. When dry, the disk was then photographed
using a reflective microscope (Reichert MeF2 Metalograph) at
123 magnification.

RESULTS AND DISCUSSION

Cleaning Curves and Cleaning Mechanisms

Figure 5 shows the results of cleaning experiments for a
series of surfactants in water at 6.03 1025 M, which is
submicellar for all cases, and a disk rotational speed of 1500
rpm. The results in Fig. 5 show that varying the alkyl or
ethylene oxide chains of the surfactants has a significant effect

on abietic acid removal. After 9 h, C8E5 and C10E5 removed a
negligible amount of abietic acid. In fact, at the end of the
experiment, the weight of the coated disk had increased
slightly instead of decreasing from its preclean weight. This
indicated that although some surfactant and water had pene-
trated into the film, there was not a significant reduction in the
film viscosity for mechanical removal. This observation agrees
with the studies on lard submersion performed by Cox and
Matson (3), in which they observed contaminant weight gain
due to surfactant penetration. On the other hand, C12E5 and
C12E8 removed the abietic acid from the disks, even though
used at concentrations below their CMC. These results indicate
that the surfactant has the capability to form micelles contain-
ing abietic acid at concentrations lower than their aqueous
CMC; in other words, the presence of abietic acid decreases the
surfactant CMC. The results in Fig. 5 would seem to indicate
that the parameter that controls the effectiveness of the surfac-
tant is its CMC value. For this reason, we examined the
cleaning behavior of the different surfactants at concentrations
that were fixed percentages of their CMC values.

Figure 6 shows cleaning curves for various surfactants at
concentrations equal to 92% of their CMC. The CxE5 cleaning
processes were all found to exhibit a three-stage cleaning
mechanism (this will be discussed below). The second-stage
mechanism, for the CxE5 series, results in the majority of the
contaminant film being removed faster than during the other
stages. Therefore, the preferred surfactant in the CxE5 series is
the one which induces the second stage soonest (C8E5). The
CxE8 surfactants were found to clean by only the solubilization
and roll-up mechanisms (this will be shown later). In this case,
C16E8 is present at such a low concentration (because of the
low value of the CMC) that it cannot remove a large amount of
the abietic acid from the disk. Thetc values of the CxE5

surfactants are relatively short compared to the time needed by
the CxE8 surfactants to clean by solubilization and roll-up.
Furthermore, second-stage cleaning rates for CxE5 surfactants

Table 1
Properties of the Surfactants Employed

Surfactant
CMC at 25°C

(M)

Molecular
weight
(g/mol) HLB

Cloud point
(°C) (18)

C8E5 9.23 1023 (18) 350.5 13.54 60
C10E5 8.13 1024 (19) 378.6 12.54 45
C12E5 6.53 1025 (18) 406.6 11.67 31
C12E8 7.13 1025 (20) 538.8 13.71 77
C16E8 1.63 1026 (19) 594.9 12.41 65

FIG. 5. Cleaning curves of four different surfactants at 6.03 1025 M
surfactant concentration (symbols are only used to mark curves and do not
represent data points),v 5 1500 rpm.
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are relatively fast. As a result, the CxE8 surfactants tested are
less effective under these cleaning conditions.

The trends observed at 92% of the CMC are preserved at
concentrations above the CMC. For concentrations that are
twice the CMC of the different surfactants (Fig. 7), C8E5 is the
surfactant that cleans fastest whereas C16E8 is still at a con-
centration that is too low to remove the film in the time allowed
for the experiment.

In Fig. 8 we present cleaning results for the five surfac-
tants at a relatively high concentration(1.84 3 1022 M).
C8E5 is the best surfactant in terms of time required for total
removal. However, at these conditions, C12E8 is able to
remove the majority of the contaminant film as fast as C10E5

and faster than C12E5. This is interesting because even
though the CxE8 surfactants do not exhibit a second stage,

their relatively high solubilization rates are comparable to
the rate at which the second stage is completed by the CxE5

surfactants. Even C16E8, which did not clean appreciably at
92% and 200% of the CMC yields nearly complete cleaning
over the same time scale as C12E5.

Photographic film morphology studies of C12E5 cleaning
experiments were performed by Kabinet al. (11). These stud-
ies have been extended in this work to understand the cleaning
behavior of other surfactants. Figure 9a shows a photograph of
a disk which was placed in a 1.843 1022 M C8E5 surfactant
solution with no rotation. After 30 min, the abietic acid film
appeared to be in the form of liquefied aggregates. However,
C12E5 took considerably longer (44 h) to exhibit a similar
pattern as shown in Fig. 9b. From this we conclude that in the
CxE5 surfactant series studied, the shorter alkyl chain favors
faster surfactant and water partitioning rates over longer alkyl
chain lengths.

In prior work, Kabin et al. (11) observed the presence of
rivulets during the second stage of cleaning with C12E5. Through
these rivulets, the abietic acid flows in a spiral formation from the
center of the disk radially outward to the edge of the disk. As
aggregates were sheared from the disk surface, they were forced
to flow in these rivulets and then were removed from the edge of
the disk. Films cleaned with C8E5 and C10E5 showed rivulet
formation in the second stage, as illustrated in Figure 10a. On the
other hand, films cleaned with C12E8 and C16E8 did not exhibit
rivulet formation. Figure 10b shows a disk at a point in the
cleaning curve with C12E8 at which 40% of the film has been
removed (see Fig. 7). Even though this is the part of the cleaning
curve where a second stage is observed for CxE5 surfactants, no
evidence of rivulets is seen for CxE8 surfactants. The absence of
rivulets was also observed in photographs of C16E8-cleaned disks
over the range of surfactant concentrations and rotational speeds
employed in this work. This is because the surfactant did not
partition into the film with enough water to lower the contaminant
viscosity so as to induce flow. However, solubilization of the
contaminant can still occur, which accounts for most of the

FIG. 6. Cleaning curves of five different surfactants (v 5 1500 rpm) at
92% of their respective CMC. Concentrations used are C8E5 at 8.53 1023 M,
C10E5 at 7.53 1024 M, C12E5 at 6.03 1025 M, C12E8 at 6.53 1025 M, and
C16E8 at 1.53 1026 M.

FIG. 7. Cleaning curves of five different surfactants (v 5 1500 rpm) at
concentrations twice their respective CMC. Concentrations used are C8E5 at
1.83 1022 M, C10E5 at 1.63 1023 M, C12E5 at 1.33 1024 M, C12E8 at 1.43
1024 M, and C16E8 at 3.23 1026 M.

FIG. 8. Cleaning curves of five different surfactants (v 5 1500 rpm) at
1.843 1022 M surfactant concentration.
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contaminant removal. The CxE8 surfactants studied clean by suc-
cessive solubilization and roll-up mechanisms, and do not exhibit
a second stage.

Analysis of Cleaning Rates

The results presented above indicate that the mechanisms
through which cleaning occurs depend on the molecular struc-
ture of the surfactant. It is interesting, however, to explore how
the rates that correspond to each stage in the mechanism are
affected by the type of surfactant employed. The first stage of
contaminant removal is due to micellar solubilization. Figure
11 shows the first-stage initial rate of contaminant removal for
surfactants within a given ethoxy series as a function of HLB.
The two points for each surfactant correspond to two separate
experiments. The results show that, for a given ethoxy chain
length, solubilization rates increase as the alkyl chain length
decreases, i.e., as the surfactant becomes more hydrophilic.
Figure 11 also indicates that HLB cannot be used as a universal
parameter to correlate solubilization rates. Note that C8E5 and
C12E8 have approximately the same HLB but unexpectedly
have quite different first-stage cleaning rates.

The fact that the abietic acid is solubilized faster as the
surfactant becomes more hydrophilic leads one to think that
there might be interactions between the polar groups of the
abietic acid molecules and the ethoxy portion of the surfactant
chain in the micellar aggregates.

During the first stage, surfactant partitions into the contam-
inant film, bringing water along. When the film viscosity is
reduced so that it can flow under the influence of the shear
stress exerted by the bulk cleaning solution, the second stage
begins. This occurs at the transition time,tc. When sufficient
surfactant was used to yield near complete cleaning,tc was
found to decrease with increasing HLB for the CxE5 surfactant
series (Fig. 12). This trend occurred at each of the surfactant
concentrations that resulted in significant contaminant film
removal. The decrease oftc with a decrease in alkyl chain
length is a consequence of two different effects: first, smaller
alkyl chain surfactants partition more into the film and the fact
that they are more hydrophobic indicates that they could sol-
ubilize more water into the film (3); second, the surfactants
with smaller chains are liquids with lower viscosities so that
they are more effective in lowering the viscosity of the film.

FIG. 9. Photographs of a disk soaked for: (a) 30 min without rotation in a 1.843 1022 M C8E5 solution and (b) 44 hours without rotation in a 1.03 1023

M C12E5 solution.
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The same effects lead to an increase in second-stage rates
with HLB, as shown in Fig. 13: a decrease in film viscosity for
higher HLBs is reflected in a higher second-stage rate (see Eq.
[3]). While Fig. 13 shows cleaning rates at the highest surfac-
tant concentration employed and 92% CMC, the trend of
increasingk2 with increasing HLB was observed at the other
surfactant concentrations as well.

Selection of the Optimal Surfactant

In comparing the performance of various surfactants for a
specific cleaning application, three important technical aspects
should be used to establish which surfactant is best:

● ability of the surfactant to completely remove the contam-
inant,

● time necessary to perform the cleaning process,
● amount of surfactant employed (i.e., cost).

For the specific problem considered in this work, at sufficient
concentrations and rotational speeds, all the surfactants employed
can eventually completely remove the film from the surface.

Therefore, economic considerations regarding cleaning time and
surfactant cost will prevail in the selection of the best surfactant.
We will assume that the cost of the process is directly proportional
to cleaning time and amount of surfactant employed. Along these
lines, we propose an objective function, defined by

F 5 ~Ms!~t*!, [5]

which should be proportional to process cost, whereMs is the
mass concentration of surfactant in the cleaning solution andt*
is the time required to achieve a certain extent of cleaning. In
this study, t* will be set arbitrarily as the time required to
achieve 80% removal of the initial amount of contaminant. The
objective functionF depends on the concentration of surfac-
tant in the cleaning solution and surfactant molecular structure
of a given set of experimental conditions. At low surfactant
concentrations,t* becomes very high whereas at high surfac-
tant concentrationst* becomes ultimately insensitive to con-
centration. Therefore, the objective functionF has a minimum,
with respect toMs for a given surfactant. This minimum

FIG. 10. Photographs of disks for: (a) 175 rpm in a 1.843 1022 M C8E5 solution during stage 2, and (b) 1500 rpm in a 1.423 1024 M C12E8 solution
after 20 min.
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determines the optimum concentration of surfactant. On the
other hand, if we assume that the cost of surfactant per unit
mass is approximately the same within a given family, a
comparison of the optima among the different surfactants leads
to the selection of the most efficient surfactant to be employed.

The dependence of the objective function on mass concen-
tration of surfactant in the cleaning solution is shown in Fig.
14. Over the range of surfactant concentrations studied, the
objective function for each surfactant was found to behave in
one of three manners with surfactant concentration, monoton-
ically increasing, decreasing, or exhibiting a minimum. for
C12E5 and C16E8 the objective function increased with increas-
ing Ms. Experiments were performed to determine the location
of the minimum in the objective function for these surfactants.
However, a lower limit was reached in surfactant concentration
in which 80% of the contaminant was not removed. This is
because the surfactant used in the cleaning solution became
saturated with contaminant. Experiments with C8E5 produced

an objective function that decreases with increasingMs. It is
believed that at higher surfactant concentrations, the objective
function will exhibit a minimum. This, however, could not be
experimentally observed because at sufficiently higher surfac-
tant concentrations cleaning occurs too quickly for observation
in our experimental apparatus. The objective function for
C10E5 and C12E8, however, exhibit minima over the range of
surfactant concentrations studied. The minima were observed
at 0.61 g/liter (1.63 1023 M, twice the CMC) for C10E5 and
0.035 g/liter (6.53 1025 M, 92% CMC) for C12E8.

Even though C10E5 and C12E8 exhibit minima over the range
of surfactant concentrations studied, they are not the optimal
surfactants to use. The minima in the objective function for
C10E5 and C12E8 have values of 5.3 and 6.0 g-min/liter, re-
spectively. However, the smallest value of the objective func-
tion is 2.4 g-min/liter at 0.024 g/liter(6.0 3 1025 M) obtained
with C12E5. This would make C12E5 the optimal surfactant to
choose based on the aforementioned criterion. A more realistic

FIG. 11. Initial first-stage cleaning rates for five different surfactants as a
function of HLB at 1.843 1022 M surfactant concentration and disk rotational
speeds of 1500 rpm.

FIG. 12. Stage-two onset time as a function of HLB at disk rotational
speeds of 1500 rpm for CxE5 surfactants.

FIG. 13. Second-stage cleaning rates for the three E5 surfactants as a
function of HLB at 92% CMC and 1.843 1022 M surfactant concentration
and disk rotational speeds of 1500 rpm.

FIG. 14. The objective function for the five surfactants as a function of
mass concentration of surfactant in the cleaning solution.
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definition of the objective function in an industrial cleaning
process would require a knowledge of the economic value of
cleaning time, surfactant cost, and other economic factors in
implementing a particular cleaning protocol.

CONCLUSIONS

Surfactant structure influences the cleaning mechanisms and
cleaning rates associated with abietic acid removal in our
experimental system. It was found that the CxE5 surfactants
studied exhibit a three-stage cleaning mechanism while the
CxE8 surfactants studied only resulted in the first and third
stages of cleaning. As surfactant concentration is increased
from submicellar to concentrations in excess of the CMC, the
rate of solubilization with CxE8 surfactants increases, becom-
ing comparable to the second-stage mechanism observed with
CxE5 surfactants. From this, we conclude that the conditions at
which a surfactant is used are as significant as the choice of a
specific surfactant. The optimal surfactant, surfactant concen-
tration, and cleaning time can be chosen on the basis of an
objective function analysis such as the one suggested herein.
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