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This study reports on interactions of an amphiphilic block copolymer of polyalkylene oxide-modified
poly(dimethylsiloxane) with thin films of polypropylene (PP), polyethylene terephthalate (PET), and nylon,
as well as with reference hydrophilic silica surfaces. The dynamics of adsorption, adsorbed mass, and
viscoelasticity of the adsorbed layer are quantified by using a quartz crystal microbalance, while boundary
layer lubrication behaviors are studied by using lateral force microscopy. Driven by hydrophobic interactions,
the silicone surfactant adsorbs following a Langmuir isotherm and forms strongly adsorbed layers on the
polymer surfaces with an areal mass directly related to the hydrophobicity of the substrate. The self-assembled
silicone surfactant molecules improve significantly wettability and lower friction. The results reported herein
will broaden our understanding of lubrication phenomena in textile and fiber processing applications.

Introduction

Silicone-based surfactants comprising permethylated siloxane
hydrophobic groups coupled to one or more polar groups,
usually nonionic poly(ethylene oxide) (PEO) and poly(propylene
oxide) (PPO), are commonly used in various industrial applica-
tions.1 Silicone-based surfactants have received increased at-
tention due to their low surface tension, wetting properties, and
the fact that they do not produce abrasion when in contact with
human skin. Therefore, surface-active silicone-based molecules
are used widely, for example, in the formulations of household
and personal care products, wetting additives, polyurethane
foams, coatings, etc.2-8 They have been investigated extensively
with regard to their properties in solution, and their interfacial
and wetting performance.1-23

Silicone surfactants are known for their suitability in applica-
tions involving either aqueous or nonaqueous media. This
property is not common in surfactant chemistries where
mixtures, for example, those involving short-chained alcohols,
are likely to reduce molecular association. Surface and bulk
characteristics of fabrics, such as softness, bounciness, tear
strength, dry feel, wet feel, and hydrophilicity, can be enhanced
significantly by surface finishes based on silicone surfactants.
They are important components in the processing of textile fibers
to control friction, wear, and other surface and interfacial
functions. As compared to typical organic additives, silicon-
based textile lubricants are reported to possess excellent
performance and durability while being cost-effective.1

Studies on the adsorption behavior of silicone surfactants on
solid surfaces, especially those relevant to textile processing,
are very limited.24-26 The spreading properties of silicone
surfactants with different structures in contact with hydrophobic
surfaces have been investigated.26 It was found that the presence
of water vapor was necessary to attain superspreading capabili-
ties, while such an effect appeared not to be critically affected
by the molecular geometry of the investigated (trisiloxane)
surfactant.

Wang et al. measured the interaction force profile of three
silicone surfactants adsorbed on n-octadecyltrichlorosilane
substrates in the presence of ethanol using atomic force
microscopy. The researchers found that the surfactant adsorbed
and self-assembled onto the hydrophobic surfaces driven by the
hydrophobic effect.24,25 As expected, the hydrodynamic thick-
ness of the adsorbed surfactant layer increased with increasing
chain length of its hydrophilic moiety. An interesting property
of adsorbed silicone-based surfactants is their stability against
alcohols and other solvents. It was reported that alcohols provide
interfacial stabilization in aqueous medium via steric repulsions
at ethanol concentrations up to 80%. This is in contrast to
nonionic surfactants based on ethylene and polypropylene oxide,
which lose surface activity at approximately 40% ethanol
concentration.24,25

The present study addresses the adsorption of a commercial
silicone surfactant and the influence of substrate hydrophobicity
on the surface properties. The main determinations include the
dynamics of adsorption, the mass, viscoelasticity, and stability
of the adsorbed layers, and the wetting and boundary layer
lubrication behaviors. Adsorption experiments are performed
by using quartz crystal microgravimetry (QCM), and lateral
forces are measured via atomic force microscopy (AFM). The
main objective is to reveal the critical features displayed by
molecular assemblies of the silicone surfactant upon adsorption
onto textile-relevant surfaces, including hydrophobic polypro-
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pylene (PP), polyethylene terephthalate (PET), and nylon, and
to compare the results with reference hydrophilic silica substrates.

Experimental Section

Materials. All experiments were performed with deionized
water from an ion-exchange system (Pureflow, Inc.) followed
by a Milli-Q Gradient unit (resistivity >18 MΩ). Silica wafers
(cut into 1.5 × 1.5 cm2 pieces) were obtained from Wafer World
Inc., FL. Gold- and silica-coated quartz sensors used in the
experiments with quartz crystal microgravimetry (QCM) were
acquired from Q-Sense (Västra Frölunda, Sweden).

Medium density polypropylene, PP (syndiotactic PP with Mn

and Mw of 54 and 127 kDa, respectively), and nylon 6 (3 mm
particle size, Tg ) 62.5 °C) were purchased from Sigma-Aldrich.
Polyethylene terephthalate (PET) was provided by Goulston Inc.
(Monroe, NC).

The mixture with silicone surfactant under trade name D190
Fluid (Dow Corning MI, USA) was used without further
purification. It consisted of dimethyl, methyl (propyl(poly(EO)-
(PO))acetate) siloxane as the main component (see Figure 1)
and poly(ethylene oxide propylene oxide) monoallyl ether
acetate with small amounts of polyether polyol acetate. The
dimethicone copolyol compounds are usually produced in
equilibrium reactions, which result in complex mixtures of
homologous oligomeric products that nevertheless impart a
synergistic effect in terms of their surface activities.4,27 Before
application the mixture, thereafter referred to as silicone
surfactant, it was diluted with milli-Q water until reaching given
concentrations, with no electrolytes added. These aqueous
solutions were used in surface tension, adsorption, and lateral
force measurements.

Methods. QCM sensors were treated first with Piranha
solution (70:30, H2SO4:H2O2 (30%)) for 20 min followed by
10 min UV/ozone treatment (28 mW/cm2 at 254 nm) to remove
any organic contaminants, immediately before spin-coating them
with the respective polymer. Thin films of PP, PET, and nylon
were deposited by spin-coating on clean QCM gold sensors;
details about their preparation can be found in ref 29. Samples
for measurement of water contact angle, before and after
treatment with silicone surfactant solutions, were obtained from
flat silica wafers that were subjected to the same cleaning and
spin-coating procedures as those used in the case of QCM
sensors.

Adsorption of Silicone Surfactant. The rate of silicone
surfactant adsorption and key characteristics of the adsorbed
layer, described further below, were assessed by a quartz crystal
microbalance (Q-Sense model E4, Gothenburg, Sweden). The
changes of resonant frequency f and energy dissipation D of
the polymer-coated QCM sensors were measured simultaneously
by switching on and off the applied voltage. The principles of
the QCM technique have been addressed in detail elsewhere.30-32

Briefly, changes in the mass and viscoelasticity of the adsorbed
layer produced a shift in the QCM frequency (∆f) and energy
dissipation (∆D) that were used to determine these properties.33

The frequency and dissipation values for the third, fifth, and

seventh overtones were recorded, and from the data the
dynamics of adsorption was determined. ∆D was measured by
recording the exponential decay of oscillation (frequency and
amplitude dampening), which allowed quantification of the
energy dissipated and stored during one period of oscillation,
Edissipated and Estored, respectively (see eq 1):

Silica- and polymer-coated sensors were mounted in the QCM
module, and silicone surfactant aqueous solutions of given
concentrations were injected continuously. In the preparation
of the solution, the silicone surfactant was diluted with milli-Q
water; no background electrolyte was used. The typical proce-
dure used in adsorption experiments consisted of the following
sequential steps: (1) Milli-Q water was injected through the
QCM system, and the frequency shift was monitored to obtain
a baseline. (2) Once a stable frequency signal was observed, it
was set to zero, and surfactant solution with a given concentra-
tion (ranging from 0.00003 to 0.3 w/v%, i.e., below and above
the CMC; see Figure 2) was injected. (3) The shift of QCM
frequency and energy dissipation were then monitored until
plateau values were reached. (4) A large volume of milli-Q water
was injected to remove surfactant in the bulk solution as well
as any molecules loosely bound to the surface. As a result of
this rinsing step, new frequency and dissipation values, f and
D, respectively, were reached. These values indicated the
effective changes produced by the adsorbing surfactant mol-
ecules, that is, in the absence of contributions from the bulk
solution (density and viscosity) because the baseline and the
plateau signal obtained after rinsing were both registered under
the same aqueous medium. Shifts in f and D were monitored
as a function of time for all polymer surfaces tested at 25 °C.

The viscoelasticity and thickness of the adsorbed film were
extracted by fitting the QCM data to a Voigt viscoelastic
model.34,35 The shifts in dissipation were <5% of the respective
frequency shift. Additionally, little differences among the
normalized overtone frequencies and dissipations were regis-
tered. Therefore, the simpler Sauerbrey equation was found
suitable to determine the adsorbed mass. The temperature was
found to be critical in the adsorption experiments because it
affected the density of the fluid flowing through the QCM
module; therefore, it was held constant at 25 ( 0.02 °C in all
experiments.

Figure 1. Chemical formula of the main component of the silicone surfactant
used in this investigation.28

Figure 2. Surface tension isotherm of the silicone-based surfactant used in
this investigation (25 °C).

∆D )
Edissipated

2πEstored
(1)
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Surface Tension. The surface tension of silicone surfactant
solutions was determined at 22 °C by means of a Cahn balance
(Thermo Material Characterization, Madison, WI) equipped with
a Pt-Ir Willhelmy plate. The minimum surface tension and the
critical micelle concentration (CMC) were determined.

Contact Angle Measurement. The water contact angles
(WCA) on the different surfaces were measured with a Phoenix
300 system (SEO Corp., Korea) by delivering a 4 µL volume
drop from a needle connected to a syringe pump. The images
of the sessile drop were analyzed with respect to their width
and height to yield the contact angle and drop volume by using
the “Image J” software (National Institutes of Health, U.S.).
The contact angles of the polymer substrates were assessed both
before and after silicone surfactant adsorption from 0.03 w/v%
aqueous solutions, that is, above the critical micelle concentra-
tion (CMC) and after the substrates were gently blown dry with
nitrogen gas in a laminar flow cabinet. The averages of at least
three contact angles for each condition and substrate are reported
here. The difference in water contact angles measured before
and after strong sonication in water (during 15 min at 42 kHz
( 6%) was also determined to check the stability or durability
of the adsorbed surfactant layers.

AFM Lateral Forces. An atomic force microscope, AFM
(MFP3D, Asylum Research Group), was employed to measure
the friction forces. The experiments were conducted on silica
wafers coated with the respective polymer (PP, nylon, or PET).
Scans were performed separately in air, water, and silicone
surfactant solution after adsorption of the silicone surfactant
from 0.03 wt % aqueous solution concentrations (4.3 × CMC),
followed by rinsing with water and drying. At this concentration,
a plateau in surfactant adsorption and coverage is expected, as
will be shown later. All of the measurements were performed
in contact mode using a scan size and rate of 200 nm and 2.0
Hz, respectively, with a constant normal force of ∼32.6 nN,
which was determined by using the method of Behary et.al.36

The cantilever used was CSC17 (Mikromasch AFM probe) with
tips comprising Al backside coated Si. AFM lateral forces were
used in friction determinations. To decouple the contributions
from the chemistry of the surface and that of the topography,
forward and backward scans (trace and retrace) were performed
in the same area of the sample. Lubrication due to the adsorbed
boundary layer was accounted for by the extent of AFM tip
twisting; effects arising from differences in surface topography
or roughness were considered to ensure that the net friction was
determined.36 System normal force sensitivity and cantilever
calibration were performed before every measurement, and the
normal force was kept the same in all runs. No attempt was
made to calibrate the torsional forces of the cantilevers, although
a number of methods have been used.37-40 Instead, a simple
approach based upon the normalization of friction coefficients
with internal standards was carried out, as has been suggested
elsewhere.41

Results and Discussion

The main component of the silicone surfactant used in this
study was a surface-active block copolymer of polyalkylene
oxide-modified poly(dimethylsiloxane). Because most poly-
(dimethylsiloxanes) are nonpolar, their aqueous solutions exhibit
very low surface tensions. In fact, a sharp drop of surface tension
with concentration was observed (see Figure 2), from ∼47
mN/m for 3 × 10-6 w/v%, the lowest concentration used, to
∼21 mN/m for 3 × 10-3 w/v% concentration, slightly below
the critical micelle concentration (CMC of 7 × 10-3 w/v%).
The surface tension above the CMC decreased slightly with

concentration. Surface activity, surface tension reduction, and
CMC were comparable to those reported for dimethicone
polyols27 and other nonionic surfactants but not as low as
reported in the literature for pure silicone surfactants. This is
mainly due to the characteristic molecular composition of the
surfactant formulation used and the presence of other compo-
nents in the mixture.

The surface excess Γ at the air/liquid interface was obtained
by the Gibbs adsorption isotherm:

where γ is the surface tension (in the present case measured at
constant temperature of 297.2 K), R is the universal gas constant,
and c is the silicone surfactant concentration. At maximum
polymer packing, the calculated surface excess was 0.83
molecules/nm2 (0.124 nm2/molecule). Similarly to the case of
the air/liquid interface, adsorption is expected to occur via the
nonpolar groups interacting with the low energy solid surfaces
driven by the hydrophobic effect. It is also expected that the
surfactant molecules self-assemble onto the surface and form
boundary layers that are effective in reducing wear and friction.

Dynamics of Adsorption. Adsorption from solution was
determined by using the QCM, as explained in the Methods.
Before every experiment, water was injected continuously in
the QCM’s sampling loop until a stable baseline was obtained.
Silicone surfactant solution was then injected at a low volumetric
flow rate of 0.1 mL/min. As a result of the injection of the
silicone surfactant solution, sharp changes in frequency and
dissipation were observed. The plateau QCM frequency f and
dissipation D after silicone surfactant adsorption were recorded
before and after rinsing with water (see Figure 3 for the third
overtone f and D). The dynamics of the adsorption process was
evaluated from frequency shift profiles. The net change in QCM
frequency and dissipation, which are related to the adsorbed
mass and the viscoelasticity of the adsorbed layer, are shown
in Figure 3a and b, respectively. Profiles similar to those
observed for silica surfaces were obtained when adsorption
occurred on the hydrophobic polymeric substrates. In all cases,
the observed QCM profiles were consistent with molecular
adsorption on PP, PET, and nylon surfaces (polymer-coated
QCM sensors). Typically, the adsorption process reached a
plateau ∼10 min after injection, as judged by stable frequency
and dissipation signals. Data acquisition under these stable
conditions continued for more than 50 min to ensure that
adsorption equilibrium was achieved. This equilibrium condition
was then challenged by rinsing with water. As a result, sharp
changes in frequency and dissipation were observed. The
increase in f indicated that loosely bound molecules were
removed, and therefore only a thinner, less dissipative adsorbed
layer remained on the surface.

At ∼15-20 min after rinsing, higher frequency and lower
dissipation plateau values were reached, as compared to the
values measured prior rinsing. On the basis of the difference in
surfactant chemical potential, the adsorbed mass obtained from
the shift in frequency was classified as reversible and irreversible
for the plateau values before and after rinsing, respectively. The
shift in frequency before rinsing was larger than that after
rinsing. Furthermore, at concentrations below the CMC, both
adsorption values became larger as the surfactant concentration
was increased; however, a level-off signal, indicative of
negligible changes in the adsorbed mass, was observed at
solution concentrations above the CMC.

Changes in energy dissipation depicted in Figure 3b suggest
that before rinsing the surfactant adsorbed as a loose structure,

Γ ) - 1
RT( ∂γ

∂ ln c)T
(2)
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while the layer that remained on the surface after rinsing showed
the characteristic energy dissipation of a relatively thin and rigid
layer with an absolute dissipation shift of no more than 1 ×
10-6 units. Supporting evidence for the formation of a very thin
adsorbed layer was obtained after observing overlapping values
of the normalized QCM frequency and dissipation for the
various overtones (data not shown).

Adsorption Isotherms. The adsorbed masses on the sub-
strates considered, that is, thin films of PP, PET, and nylon as
well as silica, were calculated from the Sauerbrey equation using
the values of QCM frequency shifts for the given surfactant
concentration, before and after rinsing. The plateau values before
and after rinsing were used to plot the isotherms seen in Figure
4. The changes in the reversible adsorption, before rinsing (cf.,
Figure 4a), depended linearly on the surfactant bulk concentra-
tion. Rinsing with water produced some limited reduction in
the amount of silicone surfactant sensed at the interface. The
adsorbed mass measured after rinsing indicated some removal
of loosely bound surfactant molecules, but a large number of

segments remained adsorbed, likely due to an energy barrier
that prevented their desorption.

It is worth noting that the QCM signal is sensitive to coupled
water, especially for highly hydrated or solvated molecules, as
has been shown for adsorbed nonionic triblock copolymers.42

In the case of the data corresponding to irreversibly adsorbed
mass, that is, that obtained after rinsing (cf., Figure 4b), plateau
adsorption was reached at a concentration slightly above the
CMC. It can be argued that this state corresponds to an adsorbed
monolayer, which could be modeled by a Langmuir-type
isotherm. The surface density Γ of adsorbed molecules was thus
expressed as a function of solute concentration in the aqueous
phase, c, via the Langmuir isotherm (see eq 3), which was used
to fit the experimental data (see fitted lines in Figure 4b).

On the basis of the frequency shifts and the corresponding
adsorbed mass, it can be concluded that the extent of silicone

Figure 3. Mean values of third overtone QCM frequency (a) and energy dissipation (b) as a function of time upon injection of silicone surfactant solution
on silica surfaces at various aqueous solution concentrations (from 3 × 10-6 to 3 × 10-2 w/v%) indicated by the respective arrows for concentrations
expressed as multiple units of the CMC. The experiments were conducted in open (continuous) flow configuration and with an injection rate of 0.1 mL/min.
The dips observed in the profiles after adsorption plateau were produced after rinsing the system with water. Behaviors similar to that observed for silica
were obtained for PP, PET, and nylon surfaces (data not shown).

Figure 4. Sauerbrey adsorbed mass for silicone-based surfactants adsorbing on PP, PET, nylon, and silica before rinsing (reversible adsorption, a) and after
rinsing (irreversible adsorption, b) with water. The experimental standard deviation for all data collected is shown as error bars for each condition. The lines
are meant to guide the eyes.

Γ(X, Ci) )
Q0bCi

1 + bCi
(3)
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adsorption increased with the substrate hydrophobicity; it was
largest on PP, followed by PET, nylon, and silica.

The water contact angles (WCA) of untreated PP, PET, nylon,
and silica surfaces were ∼102°, ∼69°, ∼61°, and 1°, respec-
tively. A larger hydrophobic driving force, which is related to
the initial WCA, led to more effective adsorption of the silicone
molecules. Additionally, a stronger ability to overcome the steric
barriers imposed by adsorbed chains was present in the more
hydrophobic substrates that otherwise would have prevented
further adsorption.

Adsorption on PP, PET, and nylon could be expected to occur
in the form of a surfactant monolayer, at least at concentrations
below the CMC. The fact that the adsorbed amount levels off
at values of concentration close to the CMC supports this
hypothesis. However, the presence of adsorbed association
structures, that is, adsorbed micelles, patchy bilayers, cannot
be ruled out. In such situations, the aggregated surface structures
may form with extensive chain interpenetration.

In studies related to adsorption phenomena, Yoon and
Ravishankar43-45 found that the decay length of hydrophobic
forces depended on the hydrophobicity of the surface: below a
“transition” regime for surfaces with WCA θa ≈ 90°, the
hydrophobic forces were short-ranged, and above this contact
angle they were described as long-ranged. The water contact
angles of bare PP surfaces were the highest, 102°, while those
for PET, nylon, and silica were 69°, 61°, and 1°, respectively.
The highest WCA for PP is indicative of inherently higher
hydrophobicity of PP due to its -CH2- and -CH3 groups. In
contrast to PP, nylon and PET, which contain carboxyl and
carbonyl groups, are more polar. It is hypothesized that the larger
contribution to the irreversible adsorption arises from the
hydrophobic forces, while van der Waals interactions are
predominant in the reversible adsorption, as shown by others.24,25

In summary, silicone-based surfactants adsorbed to a larger
extent onto the more hydrophobic surfaces are likely driven by
the hydrophobic effect.

Integrity of the Adsorbed Surfactant Layers. Water contact
angles were measured on the surfaces after silicone surfactant
adsorption from aqueous solution concentrations above the CMC
(4.3 × CMC); see Table 1. For each substrate, adsorption was
allowed overnight followed by water rinsing and drying with gentle
nitrogen jet. After adsorption of the silicone-based surfactant, a
sharp reduction in water contact angle was observed for PP, PET,
and nylon. This was in contrast to the case of the highly hydrophilic
silica where the contact angle was increased to 8°.

The stability of the adsorbed silicone molecules on different
polymer surfaces was further tested by exposing the different
samples to high energy sonication. In these experiments, after
adsorption and rinsing, the polymer surfaces were subjected to
sonication in water for 5, 10, and 15 min. After drying with a gentle
nitrogen jet, the WCA was measured on each substrate. An increase
in WCA, as compared to that measured for similar samples that
were not subject to sonication, could be attributed to the release or
depletion of the adsorbed layer. However, the results from these
experiments revealed that only a very limited change in WCA was
observed in the case of PP, PET, and nylon (the maximum WCA

increase was between 3° and 7°), regardless of the sonication time
(see Figure 5 as an illustration of the case of PP surfaces).
Therefore, the adsorbed layers of silicone surfactant on these
surfaces were found to be very stable.

Friction Forces. The friction forces of AFM tip sliding
against layers of silicone surfactant adsorbed on PP, PET, nylon,
and silica were measured in air, water, and in the presence of
the silicone surfactant solution. A static friction force on the
tip was expected to occur when the tip started to move on the
given surface. This static friction force was evident in the force
profile obtained in air during the forward and the backward
scanning. The difference between the backward and forward
lateral force signals is related to twice the friction force.31 The
friction coefficients were determined by dividing the friction
force by the normal applied force, the latter being calculated
by using the contact force curve profile for an applied constant
normal force of 32.6 nN (see the Supporting Information), and
normalized by dividing each value by the magnitude of the
coefficient of friction calculated for silica in air. Multiple measure-
ments of the friction force were performed, and the average data
were recorded on different days and using different cantilevers.
Comparison of the absolute friction coefficients reported here with
those from other instruments can be only exercised with caution.
However, the relative magnitude of the coefficients of friction
determined for the different surfaces reported is reliable due to the
internal consistency and calibration used in such determination;
furthermore, experimental uncertainties are expected to be signifi-
cantly smaller than those that result from measurements based on
absolute deflection determinations.

Figure 6 shows the relative friction forces on adsorbed layers
of silicone surfactant preadsorbed on PP (a), PET (b), nylon
(c), and silica (d) and measured in air, water, and silicone
surfactant solution. From Figure 5a, it can be observed that the
friction force in air was always the highest, because there was
no interfacial fluid present. When the surfaces were immersed
in water, the friction force was reduced sharply, confirming the
lubricating effect of water. With addition of the silicone
surfactant, the friction force was reduced significantly, as
compared to that measured in water. However, when the tip
was sliding on a surface with adsorbed surfactant molecules,
the high force from the static friction disappeared, and it was
replaced by an oscillating force curve. As expected, the
amplitude of force curve in the solution was much smaller than
that in air. Therefore, friction was reduced to a large extent by
the presence of a boundary lubricant layer consisting of the
adsorbed silicone surfactant molecules.

Friction force trends similar to those observed for PP were
observed in the case of PET and nylon (see Figure 6a-c). After
the surfaces were immersed in water, the friction forces reduced
sharply. With addition of the silicone surfactant solution, the
friction force was reduced further. Interestingly, in the case of
silica surfaces (Figure 6d), such an effect was not observed.
This can be explained by the adsorption data discussed earlier,
which indicated a smaller adsorption on silica.

Figure 7a shows the relationship between adsorption amount
(in ng/cm2) and the normalized friction coefficient (see the
Supporting Information) for silicone surfactant adsorbed from 4.3
× CMC surfactant solutions. It can be observed that the friction
coefficient decreased with the adsorbed mass of silicone surfactant.

Figure 7b shows the mean, normalized values of the friction
coefficient for different surfaces measured in air, water, and silicone
lubricant. The normalization was carried out relative to values for
silica measured in air. The data reported were obtained after
averaging at least three values obtained for the different samples.

Table 1. Water Contact Angles of the Surfaces before and after
Adsorption of Silicone Surfactant

WCA (deg)

bare surfaces surfaces after surfactant adsorption

PP 103 ( 1 13 ( 0.5
PET 69 ( 1 19 ( 1
nylon 61 ( 1 16 ( 1
silica 1 ( 0.5 8 ( 1
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The largest normalized coefficients of friction were measured in
air as was described before for friction forces. The magnitude of
the friction coefficients for the different surfaces is expected to be
related to their respective chemical nature and surface energy. As
noted before, when the surfaces were immersed in water, the
coefficient of friction reduced sharply. The friction coefficients
measured in water increased slightly with the hydrophobicity of
the substrates. The differences in the coefficients of friction may
thus be attributed to a combination of factors including the

difference in surface free energy and roughness. The probe, in this
case a standard commercial silicon tip that may be oxidized under
the ambient conditions, was polar and thus was expected to interact
more strongly with the more polar silica surface due to higher
adhesion. Furthermore, as shown in an extensive body of literature,
the stronger adhesion correlates with increased friction forces.37

However, a distinctive observation in the present case was
the higher friction coefficient for the more nonpolar surfaces.
This fact may be explained by other contributions such as

Figure 5. Water droplets on modified PP surfaces after 0, 5, 10, and 15 min sonication treatment.

Figure 6. AFM friction force signal as a function of the position of the AFM tip scanned on a layer of silicone-based surfactant adsorbed on PP (a), PET
(b), nylon (c), and silica (d). The lateral force measurements were performed in three different media, air, water, and silicone surfactant solution (4.3 × CMC
or 0.03 w/v%).

Figure 7. (a) Relationship between adsorption amount (ng/cm2) and friction coefficient (normalized with respect to silica surfaces measured in air) for
silicone surfactant adsorbed from 4.3 × CMC solution on PP, PET, nylon, and silica surfaces. (b) Normalized friction coefficient for different surfaces
measured with a bare tip in air, water, and silicone surfactant solution.
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surface roughness, that is, 1.8, 1.1, 0.8, and 0.1 nm for PP, PET,
nylon, and silica, respectively, as reported in earlier work.29

The friction coefficients were reduced sharply after addition
of the silicone lubricant followed by rinsing with water.
Interestingly, the trend in the coefficient of friction as a function
of substrate hydrophobicity was reversed; that is, the more
hydrophobic substrates yielded lower coefficients of friction.
The underlying effect that would explain these trends is related
to the minimization of the interfacial energy by self-assembly
of the adsorbing silicone surfactant, which was more pronounced
in the case of the more hydrophobic substrates.

It is hypothesized that the hydrophobic segments of the
silicone surfactant adsorbed on PP, PET, and nylon surfaces,
while the hydrophilic segments acted as buoys in the liquid
medium. In the case of silica surfaces, the hydrophilic segments
of the silicone lubricant were adsorbed to the surface, and the
hydrophobic segments probably associated with other similar
segments. In aqueous medium, hydrophilic-hydrophilic interac-
tions are weak and shear-sensitive, for example, to rinsing with
water. The adsorption amount was reduced after rinsing, as
shown in the discussion on adsorption; that is, the irreversible
adsorption of silicone surfactants on silica was lower than that
on PP, PET, and nylon surfaces.

Surfactant molecules adsorbed on the surfaces and formed a
boundary layer that altered the chemistry of the surface. The
adsorbed layer thickness and mass as well as its structure are
expected to be crucial in lubrication phenomena. In the present
cases, the silicone-based surfactant provided better lubrication
performance on the more hydrophobic polymer substrates. This
fact is supported by common knowledge in that these types of
surfactants perform ideally on hydrophobic fibers, especially
on PP.

Physisorption as a dominant effect in our experimental
observations is relevant to textile processing. It is envisioned
that typical lubricant molecules or finishes are not intended to
remain adsorbed on the surface of the fibers. A strong interaction
would lead to lubricant layers that would interfere with
successive processes, including surface finishing and dyeing.
While the evidence presented here indicates that a very thin
layer remains adsorbed irreversibly on the surface of PP, PET,
and nylon, other factors, such as shear stress and the application
of harsher rinsing steps, with solutions of different composition
and/or ionic strength, could lead to important variations in the
surface chemistry of the treated substrates.

Conclusions

Silicone surfactants have attracted attention in textile process-
ing due to their excellent surface activity, high performance,
and durable hydrophilicity. In this study, the surface activity of
a commercial silicone surfactant and its adsorption behavior on
substrates with different hydrophobicities were investigated by
using quartz crystal microgravimetry and scanning probe
microscopy. The relationship between surfactant adsorbed
amount and lubrication performance was revealed. The follow-
ing conclusions can be drawn from the results reported in this
study: (1) Silicone surfactants possess high surface activity, with
minimum surface tensions of the order of ∼20 mN/m. (2) The
hydrophobic moiety of the silicone surfactant interacts with the
hydrophobic substrates through hydrophobic forces; high affinity
isotherms are observed. (3) The silicone surfactant adsorption
affinity was found to be related directly to the hydrophobicity
of the substrate. (4) The water contact angle of textile-relevant
surfaces was improved to a large extent due to the spreading
and wetting effects of the adsorbed silicone surfactants. (5) The

obtained self-assembled surfactant layers reduced friction and
are expected to be effective to prevent wear in the conditions
of boundary lubrication. Finally, the adsorbed silicone layers
were found to be robust and durable.
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