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ABSTRACT

Spreading kinetics of mixtures of hydrocarbon surfactant, octaethylene glycol monododecyl ether, and
fluoro-surfactant, Zonyl FSN-100, on highly hydrophobic substrate was experimentally studied. The mix-
tures reveal a synergism in their wetting properties with equilibrium contact angle of mixtures being
15-20° lower than that of individual surfactant solutions. The synergism is due to different affinity of
the surfactants to the liquid/air and liquid/solid interface. Both individual surfactants and their mix-
tures demonstrate power law kinetics of spreading over the time span of tens of seconds. The spreading
exponent is lower than that for pure liquids, but spreading exponent of mixtures is higher than that of
individual solutions. The maximum in the spreading exponent is observed for the mixtures demonstrat-
ing the lowest equilibrium contact angles. For these mixtures the spreading exponent is close to that of
pure liquids.
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1. Introduction

Spreading kinetics of various liquids on solid surfaces is of
great importance in many industrial applications including paint-
ing, printing, coating etc. The problem has been studied thoroughly
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for the case of pure liquids. Spreading kinetics in the case of com-
plete wetting consists of two stages. During the first, inertial stage,
radius of spread drop increases proportionally to the square root of
time, R~+/f [1,2]. The duration of this stage is in the range of mil-
lisecond, with characteristic timescale given by (oR3/o)'/2, where p
is the liquid density and o is the liquid surface tension. Later viscous
dissipation becomes more important than inertia and spreading
slows down. In the purely viscous regime, when inertia is negli-
gible R~t%1 [3,4]. For the droplets larger than the capillary length

(lc =\ /a/pg) , the spreading exponent increases to « = 0.125, due

to contribution of gravity [5].

In the case of partial wetting by pure liquids both pre-factor and
spreading exponent during the inertial stage of spreading decrease
with the increase of the equilibrium contact angle [6]. As usually a
static advancing contact angle is referred to below as “equilibrium
contact angle”. Viscous stage of wetting was observed only for lig-
uids with small contact angles with threshold value of equilibrium
contact angle increasing with an increase of the liquid viscosity [2].
According to Ref. [ 2] for the mixtures of water and glycerol with vis-
cosity below 35 mPa s only inertial stage of spreading was observed
on substrates with contact angle 63°. The spreading in those cases
was completed within approximately 10 ms. For the mixtures with
viscosity of 35 mPa s and above the viscous stage was observed on
the same substrate. The spreading exponent was a~0.1, i.e. similar
to that of complete wetting case [2].

Very often a liquid to spread is an aqueous formulation.
Surfactants are the common additives improving spreading char-
acteristics of such formulations. In the case of complete wetting
surfactant solutions demonstrate initially the same two stages as
pure liquids, inertial and viscous [7]. According to Ref. [ 7] spreading
during the inertial stage does not depend on surfactant properties
and concentration and is similar to that of pure liquids, whereas
during the viscous stage it becomes surfactant depending and
spreading exponent may be higher than that for pure liquids [7].
The most important distinction of the spreading of surfactant solu-
tions from that of pure liquids in the case of complete wetting is the
third stage, referred to as surfactant enhanced spreading or super-
spreading [7-15]. During this stage the spreading accelerates again
demonstrating spreading exponent up to 0.5. The precise mecha-
nism governing this stage is not completely established yet. The
available experimental results and most promising hypotheses on
mechanism of surfactant enhanced spreading and superspreading
are discussed in recent reviews [16-18].

In the case of partial wetting the spreading of surfactant solu-
tions depends on the equilibrium contact angle similar to pure
liquids. For conventional surfactants on highly hydrophobic sub-
strates (large equilibrium contact angles) only inertial stage of
spreading was observed [7], whereas for surfactant solutions with
small equilibrium contact angle it was followed by the viscous stage
with spreading exponent «~0.1. For example the viscous stage was
observed in Ref. [7] for solution of trisiloxane surfactant TSS 10/2
on polypropylene (equilibrium contact angle ~12°).

The experiments in Ref. [ 7] have been performed on rather short
time scale to catch the early kinetics, maximum time of observa-
tion was 10s. The study presented in Ref. [19] has been devoted the
kinetics of partial wetting of surfactant solutions at time scale of
tens of seconds. In agreement with [2,7] ionic surfactants on highly
hydrophobic surfaces, such as Teflone, Parafilm and polypropylene
(advancing contact angle of water CAW > 99°), demonstrated con-
stant value of equilibrium contact angle at t>1s (i.e. spreading
was finished on much shorter time scale). On substrates of higher
energy, poly(vinylfluoride), CAW=78°, and polyethylenetereph-
thalate, CAW =77°, spreading continued during much longer, up to
30sand duration increased with an increase of concentration. Non-
ionic surfactant, pentaethylene glycol monododecyl ether, C;,EOs,

demonstrated slow longtime spreading kinetics on all substrates
studied in Ref. [19] at concentrations above 0.25 cmc.

It should be emphasized that the spreading exponent at t>1s
according to Ref. [19] was smaller than 0.1, that is surfactant solu-
tions in this case spread slower than pure liquids. This small value
have been ascribed in Ref. [19] to adsorption of surfactant onto
solid/liquid and solid/air interface. The theoretical basis of the slow
spreading of surfactant solutions due to surfactant adsorption on
the solid/air interface in the front of contact line was proposed in
Ref. [20,21]. Experimental evidence of such adsorption was pro-
vided in Ref. [22]. The slow spreading of long duration was found
alsoinRef.[23], for several surfactant solutions, both ionic and non-
ionic. Kinetics of spreading in this case was in good agreement with
the theory developed in Ref. [20,21].

Despite the numerous studies on the wetting properties of sur-
factant solutions, and in particular on partial wetting, the precise
values of the spreading exponents during the slow stage of spread-
ing and their dependence on the equilibrium contact angle to the
best of our knowledge were not addressed in previous studies.
Therefore the aim of the present study is to fill this gap.

The wetting performance of any liquid, including surfactant
solution can be estimated using the Young equation:

Oy — O
cosh = "8l (1)
Olv

where 6 is the contact angle, oy is the solid-vapor surface ten-
sion (specific surface energy od solid), o is the solid-liquid surface
tension and o7y, is the liquid-vapor surface tension. The partial wet-
ting correspond to the case 1>cos(#)>0 (i.e. 0<6<90°) and the
larger is cos(@) the better are the wetting properties. It follows from
Eq. (1) that the improvement of wetting properties is possible by
decreasing o and/or o},. The decrease can be achieved by adding
surfactants to a wetting liquid. Note, by using of surfactant mix-
tures the liquid-vapor surface tension cannot be the only criterion
to predict spreading performance, because affinity of various com-
ponents of mixtures to various surfaces can be different. One of
such cases is considered below.

To provide the systematic changes in the contact angle we used
synergetic mixtures of two surfactants [24], both at concentrations
above critical micellar concentration (cmc). One of the surfactantsis
fluorinated. According to the literature (see Ref. [25] and references
herein) fluorosurfactants adsorb readily on water/air interface low-
ering the surface tension of aqueous solutions to values ~20 mN/m,
but their adsorption on hydrocarbon surfaces is much lower. That
is why their spreading performance is much worse than it can be
expected based on the surface tension value. The wetting proper-
ties can be improved by mixing fluorosurfactants with conventional
hydrocarbon surfactants. It should be emphasized that despite
proven industrial applications of synergetic mixtures of fluoro-
and hydrocarbon surfactants (for example, in aqueous film-forming
foams used in firefighting [26]) publications on these systems are
rather scarce [27]. Therefore another aim of this work is the study
of wetting performance of mixtures of fluoro- and hydrocarbon
surfactants to provide direct experimental evidence that the syn-
ergism in this system is due to their different affinity to the liquid/
air and liquid/hydrocarbon interface.

2. Materials and methods

Fluorosurfactant Zonyl FSN-100 (DuPont), octaethy-
lene glycol monododecylether Ci3(EO)s (>98%, Sigma),
trimethoxy(octadecyl) silane (Sigma-Aldrich, >90%), heptane
(HCROMASOLV®, Sigma-Aldrich, >99%), ammonia hydroxide
solution (Sigma-Aldrich, 28-30%) are used as purchased. The
aqueous solutions of individual surfactants have been prepared in
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Fig. 1. Surface tension isotherms: 1—Zonyl FSN-100, 2—C;,(EO)s.

ultra-pure water produced by Millipore Q (15MS£2cm) and then
mixed in desired proportions.

Both surfactants used below are non-ionic and have simi-
lar structure containing ethylene oxide groups. According to Ref.
[28] chemical composition of Zonyl FSN-100 is CF3(CF;)5(EO)14,
whereas according to Ref. [29] it is CF3(CF;)74(EO);3.7.

The silanized glass prepared according to protocol proposed
in Ref. [30] was used as a substrate for spreading experiments.
Microscopic glass slides (Fisher Scientific) were cleaned for 1h in
concentrated ammonia hydroxide solution, washed in plenty of
water in ultrasonic bath, dried in oven at 140 °Cduring 1 h, silanized
by immersion in a 5 mM trimethoxy(octadecyl) silane solution in
heptane for 24 h, washed 3 times in heptane and dried in oven at
70°C during 1h. The equilibrium contact angle of water on this
substrate was 102 +3°.

Contact angle, radius of spreading, surface and interfacial ten-
sion were measured with DSA-100 (Kruss). Surface tension was
measured using bubble shape analysis. The interfacial tension
at water/heptane interface was measured using heptane drop
placed into aqueous solution with v:v ratio about 1000 to prevent
surfactant depletion due to partition. Consequent measurements
performed for several drops have shown the same value of equilib-
rium interfacial tension confirming that depletion can be neglected.

All spreading experiments have been performed at room tem-
perature T=22 4 2°C and relative humidity RH=40 5.

3. Results and discussion

The surface tension isotherms of solutions under investiga-
tion close to cmc are presented in Fig. 1. From the isotherm
for Zonyl FSN-100 is found cmc=0.054+0.005g/1=0.05mM, for
C12(EO)g cmc=0.075 £ 0.005 g/1=0.14 mM. The former value is in a
very good agreement with that reported for Zonyl in Ref. [29]. The
latter is a little bit higher than reported for C13(EO)g in Ref. [31],
0.06 g/1. The difference can be caused by a variation in the sam-
ples chemistry, especially taken into account that surfactant was
used as purchased in this study, whereas in Ref. [31] it was puri-
fied. The concentration of solutions used are 0.1-10 g/1 for C15(EO)g
and 0.5-10 g/l for Zonyl, i.e. they are above the corresponding cmc
values.

Fig. 1 shows that the surface tension of C13(EO)g is essentially
higher than that of Zonyl. At concentrations above cmc surface
tension of C13(EO)g is ~35.3 mN/mvs ~21.9 mN/m for Zonyl. There-
fore one could expect that wetting properties of Zonil should be
superior as related to C12(EO)g. However this is not the case as
shown in Fig. 2 and discussed below. The comparison of interfacial
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Fig. 2. Contact angle on silanized glass of pure C12EOg surfactant solution (1) and
v:v=1:1 mixtures with Zonyl FSN-100 solutions of concentration 0.5 g/ (2), 1 g/1(3),
10g/1(4).

tension at the interface with a hydrocarbon (heptane) shows the
opposite to the surface tension trend: interfacial tension at con-
centrations above cmc is about 3.4 mN/m for C;3EOg and 8,5 mN/m
for Zonyl. This difference in the interfacial tension proves that
fluoro-surfactant adsorbs more readily on water/air interface than
on water/hydrocarbon interface.

The values of equilibrium contact angle for solutions of Zony],
C12(EO)g and their mixtures are presented in Fig. 2. The values for
pure Zonyl are represented by points corresponding to c=0. It is
clear from Fig. 2 that for both pure surfactant solutions contact
angle decreases gradually with the increase of concentration (line 1
isalinear fit of the experimental results), the decrease being steeper
for Zonyl solutions, for which equilibrium contact angle changes
from 57 to 52° in the studied range of concentrations. For C15(EO)g
equilibrium contact angle is in the range 54-55°, i.e. the consider-
able difference in the surface tension does not cause a noticeable
difference in the equilibrium contact angle values, because it is
compensated by the better adsorption of C13(EO)g on solid/liquid
interface.

As it is seen in Fig. 2 the mixtures of considered surfactants
demonstrate essential synergism in their wetting performance
with equilibrium contact angle for mixtures of optimal compo-
sition being 15-20° smaller than that for individual surfactants.
Minimum equilibrium contact angle was observed at concentra-
tions C12(EO)g around half of those of Zonyl. Taking into account the
molecular weight of C15(EO)g M=538.75 g/mol being nearly twice
lower than that of Zonyl (M =950 g/mol according to DuPont infor-
mation sheet and M =1044 g/mol according to Ref. [29]) it can be
concluded that the 1:1 mixtures of surfactant solutions with close
molar concentration demonstrates the best wetting properties.

Let us consider how the spreading performance is related to the
surface tension of the mixtures. It is seen from Fig. 3 that addition of
C12(EO)g to Zonyl solution results in an increase of surface tension,
i.e. it can be assumed that surfactants demonstrate a competitive
adsorption at water/air interface and there is no significant inter-
action between surfactant molecules, resulting in the lowering of
surface tension. Comparison of results in Figs. 2 and 3 show that
despite the increase in the surface tension of mixed solution the
contact angle decreases by addition of C;5(EO)g up to molar con-
centration nearly equal to the concentration of Zonyl solution. The
minimum contact angle corresponds to the curve 4 in Fig. 3. The
surface tension of this composition is ~2 mN/m higher than that of
pure Zonyl. It can be therefore assumed that the adsorption at the
solid/liquid interface is also competitive and addition of C15(EO)g
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Fig. 4. Time of spreading of pure C;2EOg surfactant solution (1) and v:v=1:1 mix-
tures with Zonyl FSN-100 solutions of concentration 0.5g/1(2), 1g/1(3), 10g/1 (4).

results in a decrease of the interfacial tension at solid/liquid inter-
face. By further increase of C15(EO)g concentration the decrease in
the solid/liquid interfacial tension does not compensate any more
the increase in the surface tension and the contact angle begins to
increase.

Note that the synergism in wetting properties demonstrated
by the mixtures of hydrocarbon and fluorocarbon surfactants has
a different nature than synergism of mixtures of cationic and
anionic surfactants [12-14]. In the latter case the synergism is
due to decrease of electrostatic repulsion in the adsorbed mono-
layer resulting in the considerable decrease of both liquid/air and
solid/liquid interfacial tensions [ 12-14]. In the former case, consid-
ered here, synergism is due to preferable adsorption of components
of the mixture at one of the interfaces.

Fig. 4 shows time of spreading for the solutions presented in
Fig. 2, i.e. time when diameter of spreading drops stops to grow.
Solutions of individual surfactants reach their maximum diameter
faster than mixtures. Their spreading time decreases slightly with
an increase of concentration and is directly related to the dynamic
surface tension. For example for 1g/l solution of Zonyl tsp~60s
and the dynamic surface tension at this concentration levels off
at ~100s. For 1 g/l solution of C13(EO)g tspr~20s and the dynamic
surface tension levels off at ~40s.

For mixtures with concentration of Zonyl kept constant the
spreading time increases with an increase of concentration of
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Fig. 5. The spreading exponent « for aqueous solutions: 1—Zonyl FSN-100,
2—Cq2EOg on sylanized glass.

C12EOQg atits small concentrations, but then decreases at larger con-
centrations. This can be explained by competitive adsorption from
the mixture. When concentration of C;2EQg is small its adsorption
is also small and equilibration is determined mainly by adsorption
of Zonyl (see curves 1 and 2 in Fig. 3). At higher concentrations
adsorption of C13EOg increases, but the concentrations is still small
and diffusion of C;,EOg becomes time limiting step. As a result the
spreading time increases. The further increase in the concentration
of C1,EOg results in its faster kinetics and therefore in the decrease
of the spreading time. In other words, the maximum of curves in
Fig. 4 is the result of non-linear dependence of relative adsorption
and adsorption kinetics on concentration C;,EOg. Note, the maxi-
mum of curves in Fig. 4 does not coincide with the minimum contact
angle (Fig. 2).

The spreading exponent for individual solutions is presented in
Fig. 5. It is much smaller than spreading exponent of pure liquids
during viscous stage of spreading (¢~0.1). To compare the results
of spreading of surfactant solutions with those of pure liquids, the
spreading kinetics of silicone oil (viscosity standard 500 mPas) on
Teflon film (equilibrium contact angle of water, CAW=11642°)
was followed up. The contact angle of the silicone oil on the Teflon
film was ~59°, i.e. rather close to contact angle both studied sur-
factant solutions. Spreading exponent for the silicone oil on Teflon,
a~0.07 was lower that for the case of complete wetting, but consid-
erably higher than that of individual surfactant solutions. Spreading
time was ~3s, i.e. much shorter than spreading time of surfactant
solutions.

The spreading exponent of mixtures increases with the decrease
of the contact angle (Fig. 6) and reaches maximum at the same com-
positions at which the minimum of the contact angle was observed.

The spreading does not follow the power law presented in
Figs. 5 and 6 during the whole time span shown in Fig. 4. It slows
down during the final stage of spreading. The duration of stage
obeying the power law is shown in Fig. 7.

The special two-step protocol of spreading experiments for mix-
tures, when first a drop of one of the solutions is placed on the
substrate and then a drop of the second one is added on its top
was proposed in Ref. [12] for catanionic mixtures to suppress the
effect of crystallisation. It was however shown in Ref. [13,14] that
the spreading kinetics does not depend on the protocol (premixed
solutions or drop by drop) in the case when concentrations of the
components in the mixture are out of the phase separation region.
There was no visible phase separation in the mixtures used in this
study, but the spreading kinetics depends considerably on the pro-
tocol used as shown in Fig. 8.
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Premixed solution spreads much faster as compared to the case
when one drop is placed on the substrate and second added then on
its top. The results of Fig. 8 clearly show the effect of the competitive
adsorption. When the drop of Zonyl solution is placed onto the top
of C12EOg solution it spreads quickly over the liquid surface due
to Marangoni flow (the surface tension of Zonyl solution is lower
than that of C;,EOg solution). Therefore in the first moments after
Zonyl application, mostly this solution is present at the leading edge
of spreading and the spreading diameter of the drop stabilises for
some time at the value close to that of pure Zonyl solution. There is
some induction time needed for solution of C1,EOg to diffuse to the
contact line region and after that the spreading proceeds further.

If Zonyl solution is applied first and C;3EOg solution afterwards,
there is no essential Marangoni convection, because the surface
tension of C12EOg solution is higher than that of Zonyl solution. Only
gravitational mixing takes palace. Therefore there is some induc-
tion time until C;,EOg reaches solid/liquid interface and replaces
Zonyl.

It is interesting that despite obviously slower spreading by
using drop by drop protocol, the spreading exponent is very sim-
ilar, 0.062 £ 0.002 in all three cases, if compare the initial kinetics
of spreading for mixed solutions and kinetics inside time span
50-200s for the drop by drop protocol. Therefore the visible dif-
ference in the spreading rate is solely due to the difference in the
pre-factor.
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Fig. 8. Spreading kinetics of composition viv=1:1 5g/l C;2EOg+10g/l Zonyl FSN-
100 a—drop diameter vs time, b—contact angle vs time: 1—premixed solution,
2—droplet of Zonyl on the top of droplet of C;,EOg, 3—droplet of C12EOg on the
top of droplet of Zonyl.

Obviously the final contact angle presented by curves 2 and 3 in
Fig. 8 is not the equilibrium (advancing) one, as spreading radius is
still increasing. However for the spreading time larger than 100s
evaporation becomes important. It is seen from Fig. 8 that in the
case of premixed solution (curve 1) the spreading diameter reaches
maximum inside 100 s time span. The contact angle decreases after
that from the advancing to receding value due to evaporation [32].
Therefore the direct comparison of the advancing contact angles
for various protocols is impossible due to higher spreading time
and therefore noticiable effect of evaporation in the case of drop by
drop protocol. However the estimations made under assumption
that the decrease in the contact angle due to evaporation is com-
parable for all three experimental protocols show that the values
of equilibrium contact angle should be close to each other.

4. Conclusions

Mixed solutions of non-ionic fluoro- and hydrocarbon sur-
factants demonstrate considerable synergism in the spreading
properties: equilibrium contact angle of the mixtures of optimal
composition is 15-20° lower than that of individual surfactants.
The synergism is due to different affinities of surfactants to the
interfaces involved in spreading. The fluoro-surfactant, Zonyl FSN-
100 is more effective at water/air interface lowering the surface
tension till ~21.9 mN/m at concentrations above cmc as compared
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with ~35.3 mN/m for solutions of hydrocarbon surfactant C1,EOg.
The opposite trend was observed at water/heptane interface, with
interfacial tension being about 3.4 mN/m for C;,EOg and 8,5 mN/m
for Zonyl.

The spreading kinetics both individual surfactant solutions and
their mixtures obey the power law during nearly of the half of
the full spreading time. After that the spreading slows down. The
spreading exponent (related to the power law spreading) is smaller
than that of pure liquids. The value of the spreading exponent
decreases with an increase of the equilibrium contact angle. The
spreading time correlates with the adsorption kinetics.

Spreading kinetics depend of the experimental protocol: pre-
mixed solution spreads faster in comparison with the case when
first a drop of one solution is placed on the substrate and then the
drop of another solution is applied on the top of the first drop.
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