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Abstract

The drop spreading of water and aqueous solutions of ethanol and nonionic surfactant on hydrophobic substrates
(alkylsilane treated glass) have been investigated. For the low viscous liquids and solutions, the spreading on the
surface of hydrophobic glass rod was also studied and compared to the drop spreading experiment. In both
experiments, care was taken to ensure a minimum impact of inertial forces. The results for the aqueous systems show
rapid initial spreading processes that abruptly halts after less than 30 ms, as the interfacial tension forces are
balanced. In the case of surfactants solutions, this is followed by slower adsorption driven drift towards equilibrium
conditions. During the initial spreading phase, the wetting front exhibits � t1/2 spreading law. Two more viscous
liquids, ethylene glycol and glycerol, were also examined and found to show a weaker time-dependence in the whole
spreading regime. An � t1/10 scaling of the drop radius versus time was for these liquids observed in the asymptotic
long-time regime. For the surfactant solution, a slow relaxation towards equilibrium was observed following the
initial fast spreading phase. The rate-limiting process in this regimes was in the drop spreading experiment found to
be surfactant adsorption from the bulk to the expanding liquid–vapour interface, whereas surface diffusion at the
liquid–vapour interface appeared rate-determining in the rod experiment. The reason for this is the differences in
aspect ratio between relative expansion of the liquid–vapour and solid–liquid interfaces during spreading in the two
experiments. In the study of surfactant solution spreading, the importance of surface relaxation prior to contact of
the solution and the solid was also pointed out. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Equilibrium wetting properties of liquids and
solutions can be interpreted in terms of the bal-
ance of surface tensions,

�SV−�SL=�LVcos�, (1)
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a conclusion drawn almost two centuries ago by
Thomas Young. Eq. (1) defines the wetting ten-
sion as the surface tension difference between the
solid–vapour and solid–liquid interfaces (�SV–
�SL). The definition is done in terms of experimen-
tally accessible quantities: the liquid–vapour
surface tension (�LV) and the contact angle (�). At
first sight, equilibrium wetting seems a rather
trivial issue, but in reality it rooms a number of
subtle issues of which many to date are not fully
clarified, cf. Adamson, de Gennes [1,2]. In the
present work, however, we shall concentrate on
the dynamics of wetting of liquids and solutions
at solid surfaces. The discussion will be mainly
based on the wetting tension balance given in Eq.
(1).

In the literature, the two principal approaches
for describing the dynamics of drop spreading are
the hydrodynamic and the molecular kinetic
model [3–12]. The main difference between the
models is the mode of energy dissipation. In the
hydrodynamic model, dissipation is the result of
viscous drag within the spreading drop, while the
molecular kinetic model emphasizes dissipation
due to friction at the three-phase contact line
(TCL). According to the hydrodynamic approach,
the drop radius and the contact angle should
exhibit the following asymptotic time-dependence:

r� t1/10, (2)

and

�� t−3/10, (3)

whereas the molecular kinetic theory predict
slightly higher scaling coefficients:

r� t1/7, (4)

�� t−3/7. (5)

Both theories account fairly well for experimen-
tal spreading behaviours observed for viscous
fluids. The molecular kinetic theory is clearly un-
suited for describing the final stages of complete
wetting, while the more rigorous hydrodynamic
model tends to be less well suited for the high
velocity and high contact angle regime [8]. In line
with this reasoning, de Ruijter et al. concluded
that the molecular kinetic model should fit data

when the system is far from equilibrium while the
hydrodynamic model should be applied at long
spreading times or closer to equilibrium [9].

Spreading of complex fluids occurs in many
industrial applications. Oil recovery, spreading of
herbicides, coatings and ink-jet printing are just a
few examples of our choice. For many applica-
tions, the major problem is to increase the speed
and uniformity of wetting. To achieve the rapid
spreading of water on surfaces, which often are
hydrophobic, surfactants or polymers are added
as a technological routine. Surfactants used to
enhance spreading and induce hydrophilic transi-
tions complicate the wetting process through
time-dependent adsorption phenomena that occur
at all the three interfaces. The surfactant adsorp-
tion is reflected in the associated changes of the
surface tensions. Indeed, adsorption phenomena
in their thermodynamic and kinetic aspects can
completely dominate both dynamic and equi-
librium wetting of surfaces by aqueous solutions.
The spreading mechanisms of solutions contain-
ing surface-active molecules have been the topic
of many experimental and theoretical investiga-
tions. Among the results that might be interesting
in our context we refer to several recent develop-
ments [13–26]. In spite of this sound develop-
ment, many aspects of spreading of surfactant
solutions still remain unresolved.

Furthermore, the impact of the drop is also of
great importance in several practical applications,
such as spray coating, spray painting, ink-jet
printing and delivery of agricultural chemicals.
The subject of spreading on drop impact has been
reviewed by Rein [27]. A number of different
impact scenarios were considered in this work.
The initial spreading scenario depends of a bal-
ance between viscosity, inertia and capillary/sur-
face tension forces. If the impact energy is fairly
large, the inertial term that follows by the kinetic
energy transfer dominates the initial spreading
phase, whereas the surface tension and gravity
become the dominating factors for drop impact-
ing with small kinetic energies. Pasandideh-Fard
et al. and Mourougou-Candoni et al. [28–30]
have further investigated effects of added surfac-
tants on initial spreading of drops impacting a
solid at rather high speeds. It was concluded in
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both studies that the initial spreading rate was
controlled by inertia largely created by the impact
momentum. Moreover, it was shown that surfac-
tants had no detectable effects on the spreading at
this initial stage. However, they did influence the
subsequent process of ‘recoiling’ of the droplet. It
is further known that for the long-time spreading
in quasi-static regimes observed on time scales
much larger than milliseconds, adsorption kinetics
and dynamic interfacial tensions are the factors
that control wetting. An additional factor that
strongly influences wetting processes is the surface
heterogeneity of the solid substrate, which among
other implications may cause contact angle
hysteresis.

In this work, we attempt to identify the factors
that determine spreading rates in different regimes
and to consider the associated mechanisms. In
these experiments, we investigated spreading of
pure water and aqueous solutions of ethanol and
of a non-ionic surfactant (polyethylene glycol al-
kyl ether C14E6) on hydrophobized glass sub-
strates. We have also done spreading experiments
on the same type of substrates, with two more
viscous liquids, ethylene glycol and glycerol, to
emphasise the role of viscous drag on spreading.

2. Materials and methods

The substrates used in the present study were
silica glass plates and rods (2 mm in diameter).
They were rendered hydrophobic by treatment
with dimetyloctylchlorosilane (Fluka, purity �
97%). Before the substrates were exposed to
dimetyloctylchlorosilane vapour for several hours,
they were cleaned with dichromic acid, rinsed
with Millipore™ water and blown dry. After the
hydrophobizing step they were thoroughly rinsed
with tetrahydrofuran, ethanol and Millipore™
water.

The drop profiles and meniscus rise were
recorded with a videostrobo-microscope. By the
use of the stroboscope images could be taken at a
frequency of up to 570 Hz, i.e. about each 2 ms,
up to ten superimposed images on one vide-
oframe. Some of the experiments were monitored
with a high speed Kodak Motion Corder Ana-

lyzer SR-1000 camera capable of capturing up to
1000 frames per second. The high speed camera
was connected to a digital video recorder DV-
CAM DSR-V10P (Sony). The initial and subse-
quent stages of spreading were studied by
analysing the video data using NIH image analy-
sis software.

The experiments with water and aqueous solu-
tions were performed in air pre-saturated with the
vapour of the liquid and the one with ethylene
glycol and glycerol at 50�3% relative humidity.
The measurements were carried out at room tem-
perature, with temperature stability during each
experiment maintained within �0.1°. The same
surfaces were normally used for several experi-
ments. Between each experiment they were rinsed
with ethanol and Millipore™ water and blown
dry. Complete wetting does not occur for any of
the liquids studied in this work.

The aqueous solution of ethanol used in the
experiments was always prepared as a 70/30 vol-
ume percent EtOH/water mixture.

The surfactant used in the study of dynamic
spreading effects was a non-ionic polyethylene
glycol alkyl ether, with fourteen carbon atoms in
the chain and six ethylene oxide monomer units in
the head-group, C14E6. This surfactant was pur-
chased from Nikko Chemicals and was used with-
out further purification. It has the cmc of
1.0×10−5 mol l−1 [31].

3. Results and discussion

3.1. Spreading beha�iour of liquids and
water–ethanol solutions

The results presented in this section show prin-
cipal trends in spreading behaviour of liquids with
varying viscosity and surface tension. Fig. 1
shows the time-evolution of the drop contour of a
water drop impacting with a hydrophobized glass
surface. The drop was released from a height of
1.3 mm above the solid surface. The velocity of
the falling drop just before impact was about 0.2
m s−1. The inertia contribution to the drop accel-
eration is in this case relatively small, but still
clearly influencing the initial spreading rate (com-
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Fig. 1. A water drop is released from a height of 1.3 mm above
the substrate and with a velocity of about 0.2 m s−1 just
before impact. The frequency of the stroboscope was 250 Hz.

Fig. 3. A drop of a 70/30% EtOH/water mixture is gently
deposit on the surface. The frequency of the stroboscope was
570 Hz.

pare the spreading rates in Fig. 1 with the rates in
Fig. 2). Nevertheless, the impact energy is not
sufficient large for the drop to spread much fur-
ther than the limitations set by the balance of
surface and wetting tension forces balance (taking
into account hysteresis effects). However, a small
tendency to oscillations at tlc can be seen in Fig.
1.

The primary aim of the present study was to
study the spreading in the capillary regime, where
inertia and gravity effects are small. Therefore,

the spreading was studied in situations where the
drops were gently contacted with the surface, as
schematically seen in Fig. 2. In these experiments,
the drop is contacted with the surface while still in
contact with the capillary orifice when the spread-
ing process begins. The neck connected to the
orifice narrows during the spreading process and
the drop is generally ripped off at some intermedi-
ate stage of the spreading process. In a few cases,
the rip-off was observed to result in a discontinu-
ity in the spreading curve, but generally the effect
of the rip-off was not insignificant.

An example showing the spreading behaviour
of a water drop contacted gently with the solid
surface is shown in Fig. 2. The initial spreading
rate is reduced compared to that observed for the
falling drop. However, the spreading process is
fast, also in this case. Contact angle and drop
base values stop changing within about 20 ms.
Fig. 3 shows the spreading behaviour on the same
kind of substrate of a 70/30% EtOH/water drop.
The initial spreading rate of this solution and the
time to reach steady values are more or less equal
to that observed for water in Fig. 2. However, this
corresponds to a larger decrease in the contact
angle due to the smaller drop volume. For making
comparisons between different systems easier, we
chose to normalise the drop base radius (rb) with
the radius the drops had just before contact with

Fig. 2. A water drop is gently deposit on the surface and is
therefore ripped off from the syringe by adhesion. The fre-
quency of the stroboscope was 250 Hz.
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the solid surface. Fig. 4 shows the dependence of
the normalised radius (rn) on time for various
liquids and solutions. For the low viscosity water-
borne systems, the spreading process is quite fast.
The drop radius exhibits an approximate rn� t1/2

spreading law. On exiting this regime, the spread-
ing is observed to abruptly reach a halt. Quasi-
static conditions are reached in less than 30 ms,
showing that the capillary break is effective as
equilibrium conditions are approached or slightly
surpassed. For comparison, was also show in Fig.
5 some related spreading data obtained for water
by Thoroddsen et al. [32]. The experimental data
are low impact spreading results from this study
exhibiting very much the same spreading be-
haviour as is observed in the present work. For
high impact situations, the spreading versus time
deviates from the � t1/2 spreading law. This be-
haviour is discussed in a recent study by Gu et al.
[33].

The more viscous ethylene glycol and glycerol
show a weaker time-dependence. The drop
spreading of the viscous glycerol exhibited an
approximate rn� t1/10 law in the long-time
spreading regime, in agreement with earlier theo-
retical and experimental results [9]. As in most
spreading studies, however, the power law rela-
tion obtained depends on the time interval chosen
to fit the curve.

Nevertheless, for the glycerol and ethylene gly-
col, our results agree reasonably well with recent
findings by de Ruijter et al. [9]. They showed that
several different spreading regimes are expected
and observed experimentally depending on the
time after drop-surface contact. In the initial
‘early-time’ spreading regime, they predicted that
the radius should increase linearly with time. In
the second regime, the time-dependence followed
predictions of the molecular kinetic theory and,
finally, in the asymptotic long-time regime,

Fig. 4. Normalised radius versus square root of time measured during spreading of different liquids and a 30/70 mixture of
EtOH/water on a hydrophobized glass surface. The volumes of the drops varied between 10 and 16 �l and in all this measurements
the drops were gently deposited on the surface. The arrow shows for ethylene glycol the time when the drop is detached from the
capillary orifice.



M. �on Bahr et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 193 (2001) 85–9690

Fig. 5. Drop base radii plotted vs. square root of time for water drops (drop diameter=5.5 mm, �LV=60 mN m−1) released from
different heights (H) above an anodized aluminium surface. The experimental spreading data is from Ref. [32].

spreading followed predictions by the hydrody-
namic theory. Finally, they observe a long-time
relaxation regime when the drop approaches the
equilibrium shape. The crossover time between
the two different models mentioned above de-
pends on the drop volume, the strength of the
interactions between the surface and the liquid
and the viscosity of the liquid. With some good
will, the same spreading regimes could be iden-
tified in this study for the liquids of high viscosity.
However, we chose not to discuss this further and
instead focus on the spreading behaviour ob-
served for the water-borne systems.

The main question being the reason for the fast
spreading and relatively high power in the appar-
ent spreading law. As already mentioned, rn in-
creases proportional to t1/2 for the low viscous
water-borne systems until the base area of the
droplet has reached a point where the spreading
comes to an abrupt halt. Fig. 6 show typical base
area versus the time curves for different EtOH/
water drops, verifying this statement. It is seen

from the good fits of the base area versus time in
this graph that the rb� t1/2 spreading law holds
for repeated drop spreading measurements and
that the drop volume effect on spreading is small.
This behaviour is clearly very different from that
observed for the high viscous glycerol. It is tempt-
ing to attribute the observed spreading behaviour
to inertia or gravity effects associated with the
contacting of the drop with the solid surface. The
gentle mode of contact, the small drop sizes stud-
ied, and the fact that the drop is still attached at
the capillary orifice in the initial spreading phase
do, however, point to the fact that capillary forces
should still play a significant role in the spreading.

The bond number of spreading (B) can be used
to show the relative magnitude of gravity to capil-
larity on the spreading process [34].

B=�grb
2/�LV, (6)

where � is the liquid density, �LV is the liquid
surface tension, g is the gravity acceleration and rb

is the base radius of the spreading drop. When
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B=0 the drop spreading is entirely governed by
capillarity and the free-surface shape has the form
of a spherical cap. As B increases the gravity force
squashes the drop in the vertical direction and the
drop profile will be flattened. This is particularly
obvious in the initial stage of spreading [35]. In our
experiments, the bond number during the spread-
ing process range from 0.05 to less than 1, except
for the EtOH/water case and the bigger drops of
ethylene glycol. In these two cases the bond num-
bers are somewhat higher than one at the end of
the spreading processes. This indicates clearly that
capillarity is important if not dominant.

Furthermore, the out of balance capillary forces
(Fc) for the spreading processes were calculated for
some spreading drop and meniscus rise measure-
ments by the equation [36]:

Fc=�LV(cos�(�)−cos�(t)). (7)

In the meniscus rise measurements, the meniscus
height was studied on a hydrophobic glass rod
after contact with an EtOH/water mixture. Fig. 7
displays �rb/�t between two consecutive flashes or
images versus the out of balance capillary force. In
the meniscus rise case the change in height of the
meniscus (�hm) is divided by the time interval.
There is a correlation between the two parameters,
although the scatter is quite large. Effects of
gravity are, however, also seen. In the spreading
drop situation, gravity acts in the same direction as
the spreading progress and thereby increases the
spreading rate. In the meniscus rise experiment
gravity plays its dominant role in the end of the
spreading process and prevents the spreading.
Therefore, the achieved spreading rate is slightly
lower in the meniscus rise experiment compared to
the spreading drop.

Fig. 6. Drop base area (ab) versus time curves for the EtOH/water drops. Filled markers show data obtained for 10 �l drops, while
unfilled marker show the corresponding spreading for 5 �l drops.
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Fig. 7. �rb/�t between two consecutive flashes or images plotted versus the out of balance capillary force. In the meniscus rise case,
the change in height of the meniscus (�hm) is divided by the time interval.

3.2. Influence of surface-acti�e additi�es

The surface tension relaxation times for the
EtOH/water solution are very fast compared to
the drop spreading dynamics. Fig. 4 confirms that
this solution should spread as pure liquid in satu-
rated atmosphere when evaporation effects are
negligible. Solutions with low concentrations of
surfactant, on the other hand, exhibit surface
tension decay rates comparable to or even slower
than the expansion rates of the drop interfaces
during spreading. For such solutions, we observe
a two step spreading process, Fig. 8. In the first
phase, the spreading of the pre-equilibrated sur-
factant drop is reminiscent of that of pure liquid
water or the EtOH/water mixture. The breakpoint
where the rapid spreading halts is intermediate to
that observed for pure water and EtOH/water,
respectively (Fig. 8). Hence, pre-adsorbed surfac-
tant at the lv interface aids spreading in the
short-time spreading regime. This clearly shows
that the three-phase transfer rate from the l� to

the ls interface is rapid compared to the spreading
rate in this region. However, as the l� and ls
interfaces expand, the surface concentration of
surfactant is reduced and the surface tension in-
creases. This explains the fact that the radius
where spreading is observed to halt, is intermedi-
ate to that of water and the EtOH/water mixture,
despite the fact that the equilibrium surface ten-
sion of the surfactant solution is more or less the
same as for the EtOH/water mixture. For the
latter case, the adsorption rate from the bulk to
the l� and ls interfaces is rapid enough so that a
constant surface tension is kept constant during
the whole spreading process. In Fig. 8, we also
show the spreading of a surfactant drop that is
freshly formed at the solid surface. In contrast to
the pre-equilibrated drop this spreads to a lesser
degree in the fast spreading regime. This is clearly
due to the higher initial surface tension in absence
of pre-adsorbed surfactant. The drops are identi-
cal in composition, but have a different partition-
ing of surfactant molecules between the l�
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interface and the bulk at the start of the spreading
process.

Fig. 8 shows for both surfactant solutions that
the final radius achieved after the slow relaxation
of the drop spreading is equal to that obtained
after the rapid initial spreading phase for the
EtOH/water mixture. This slow second spreading
phase reflects the adsorption process from the
bulk to the expanding l� interface and the associ-
ated surface tension relaxation. Perhaps more cor-
rectly for the pre-equilibrated system, it reflects
the re-adsorption to this due to spreading de-
pleted interface. Since we know that the hydro-
static equilibrium is reached quickly for these low
viscosity drops and that the transfer rate across
the TCL is also rapid, the spreading dynamics can
in this regime in terms of the dynamic contact
angle be approximated as:

cos�(t)=
�s�−�sl

�l�(t)
, (9)

where the �sv interfacial tension is assumed con-
stant due to principal lack of surfactant adsorp-
tion driving force to this interface bordering air
and the hydrophobic surface. In terms of the drop
radius, this condition for a hemispherical can be
written as

rb(t)=
�3V

�
P(�(t))

�1/3

, (10)

where

P(�(t))=
sin3�(t)

2−3cos�(t)+cos3�(t)
, (11)

Hence, the spreading rate of surfactant solu-
tions on hydrophobic surfaces may quite simply
be approximated from dynamic surface tension
data by using Eqs. (9)–(11). For accurate predic-
tions, this require taking into account the expan-
sion of the l� and ls interfaces as well as the value
of adsorption reached prior to contact with the
solid surface that depends on the drop history.

Fig. 8. Normalised radius versus square root of spreading time for drops of water, EtOH/water mixture and a 0.2 mM C14E6

solution. The drop surface tension was allowed to equilibrate before contact with the solid surface in the slow deposition mode,
whereas the drop was ejected directly on the surface in the fast deposition mode. The time of drop formation was in the latter case
about 50 ms. The analysis of the images in this case started after 60 ms.
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Fig. 9. Shows the meniscus rise on the rod as a function of the square root of time. The rod was immediately stopped when it hit
the liquid surface.

It should be noted that applicability of Eq. (9)
is limited to a specific case where adsorption to
the sl interface does not change with time. Under
certain conditions, which often apply to the
spreading of small drops of surfactant solutions
over hydrophobic substrates, the accumulation of
surfactant at the solid/liquid interface is effected
by transfer of surfactants over the TCL [37]. The
amount, �sl, of surfactant adsorbed to the solid/
liquid interface changes with time, t, according to
the following equation [37]:

�sl(t)=� sl
m�1−exp

�
−

ksl
+�l�(t)
�� sl

m

��
(12)

that relates the adsorption to the sl interface to
the surface excess, �l�, of surfactant at the l�
interface. Here, � sl

m is the monolayer adsorption
capacity, � is the velocity of advancing liquid
front, and ksl

+ is the three-phase line transfer rate
constant. If ksl

+ is large, the amount of surfactant
adsorbed to the sl interface is essentially constant
and equals � sl

m. If this is the case, as was tacitly

assumed a previous paper [37], the corresponding
surface tension component, �sl, is constant as well.
In the opposite limit, when k sl

+ is small, �sl(t)
appears to be proportional to �l�(t), and hence,
�sl becomes time-dependent, being covariant with
�lv. Therefore, the actual changes in the contact
angle may be greater than predicted by Eq. (9).

The noteworthy observation in Fig. 8 is that the
drop base after the initial spreading phase appears
to halt for a short period of time. This may be
related to the fact that the force balance at this
stage is close to equilibrium. For further spread-
ing to occur, a critical wetting tension must be
built-up for the three-phase line to overcome hys-
teresis that may pin the contact line. This critical
wetting tension will be overcome through adsorp-
tion at the l� interface and subsequent TCL trans-
fer of surfactant to the ls interface, whereby the
wetting tension is increased.

Fig. 9 shows the same measurement as in Fig.
8, but instead of drop spreading the meniscus rise
on hydrophobic glass rod has been studied after
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contact with a surfactant solution or a EtOH/wa-
ter mixture. As can be seen in Fig. 9, the initial
meniscus rise is rapid for the EtOH/water mixture
as well as for the surfactant solutions. However,
for the surfactant solutions the speed of the
meniscus rise is retarded at the end of the spread-
ing process. For the EtOH/water mixture, the fast
adsorption from the concentrated solution and
the likewise high three-phase line transfer rates
keeps the capillary force more or less constant
from the moment the liquid touches the rod until
the static-state rise condition is reached. In the
dilute surfactant solutions, the slower surface dif-
fusion and three-phase line adsorption rates from
the bulk limits the spreading rate on the rod when
the l� interface becomes depleted. Due to the
relatively speaking much larger l� interface in the
rod experiment, and therefore also a much larger
surfactant reservoir at this interface as compared
with the drop experiment, the rates of surface
diffusion at the l� interface control the rate of the
spreading and rise on the rod. The much slower
diffusion controlled adsorption process is hence
not controlling the spreading rates on the rod as
was observed in the later drop spreading stages.
This is proven by the fact that the dynamics of the
surfactant solution spreading is more or less the
same for the 0.01 and 0.2 mM surfactant solution,
respectively, despite the fact that bulk adsorption
rates and concomitant surface tension decay differ
strongly for these two solutions [38,39]. From the
spreading data in Fig. 9, one could indeed ap-
proximate the surface diffusion rates by assuming
that the three-phase line is a perfect sink.

The slower surfactant solution spreading in the
drop experiments compared to in the rod experi-
ments is explained by the necessity of supplying
the ls interface with surfactant via l� adsorption
from the bulk solution which is a slow process
according to the low bulk surfactant concentra-
tion in the bulk. Furthermore, in the spreading
drop case at low surfactant concentration, the
large interfacial expansion-to-bulk volume ratio
will result in a depletion of the bulk solution,
which will further decrease the rate of spreading.
This depletion effect is also the explanation to
why no spreading is observed for drops at cmc for
C14E6 solution [39].
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