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Abstract
The effect of physical properties represented by viscosity and surface tension
of liquid spreading on coated papers was investigated. Two substrates of
different surface roughness were used to study the spreading behaviour of
silicon oil and glycerine/water solutions in terms of contact angle, wetted drop
base area and drop height as a function of time. The liquid spreading on
coated papers was found to vary depending on the liquid physical properties.
Liquids with lower surface tension (silicon oil) and viscosity prevailed better
wettability and vice versa. High surface roughness reduced the liquid
spreading. Despite being traditionally used as a wetting indicator, contact
angles were found to be insufficient to evaluate the spreading of liquids on
these substrates. Hence, other parameters such as drop base area and drop
height should also be considered.
Keywords
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Introduction
Liquid spreading behaviour on solid surfaces is increasingly becoming popular and the
subject of a large number of investigations in the recent years. Liquid spreading is a process
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that is being utilized in a large number of industrial applications despite being a complex
phenomena [1]. There are two important parameters characterising the spreading of liquid
drops: the degree of wetting and the rate of spreading. Contact angle measurements are
commonly used to evaluate the degree of spreading/wettability of a surface by a liquid.
Various examples are available in which complete wetting of surfaces may be required e.g.
membrane separation, photographic and speciality paper coating, adhesives, printing,
spraying of pesticides and herbicides (agriculture applications). On the other hand, some
applications may require a high degree of non-wetting (high liquid repellence) e.g. water
proof coating materials and in micro-fluidic devices [2, 3].
Liquid spreading is affected by various factors. The important factors are substrate
properties (surface roughness and its geometry i.e. pattern and chemical make-up
composition) and system conditions such as temperature and humidity and liquid properties
namely viscosity, surface tension and density [1]. Among liquid properties, viscosity was
found to have a pronounced effect in a form of resistance to spreading of liquid on solid
surfaces and therefore, spreading of highly viscous liquids tend be lower than that of liquids
with low viscosity [4, 5].
The effect of roughness on spreading of non-volatile liquids on rough surfaces was
studied by Cazabat and Stuart [6]. It was found that wetting of a smooth substrate is governed
by two regimes: capillary and gravity, unlike rough surfaces which have an additional regime
caused by liquid quick spreading in the roughness of the surface till it is consumed by troughs
and valleys on the surface. Similar study was conducted by Kandlikar and Steinke [7] who
concluded that the contact angle decreased with increasing roughness up to a critical value
beyond which it increases with further increase in roughness.
Materials of high surface energy such as glass show an increase in the contact angles
with the decrease in the surface tension of the spreading solutions. Unlikely materials of low
surface energy like PTFE produces lower contact angles i.e. better wetting by reducing the
liquid surface tension. Therefore, most of previous studies introduced surfactants to the
wetting liquids to reduce the surface tension and as a result achieve good wettability [8-10].
Other studies such as Sikalo et al [4] reported that a small drop of liquid of small surface
tension splashes more while impacting on a smooth plate than a drop of high surface tension
does. Xiao-dong et al. [11] measured the static contact angles of silicone oil on glass,
aluminium and stainless steel plates using the sessile drop method and reported that silicone
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oil is completely wetting all three surfaces. Also complete wetting of acrylic solid substrate
with silicone oil was recently studied by Njobuenwu [12]. However, in these studies only
contact angle measurements were used, which is presumably not sufficient to evaluate the
degree of wettability. In the present study, the wetting behaviour is investigated in terms of
contact angle, drop base area and drop height evolution with time towards better evaluation of
wetting characteristics. The selection of such parameters would certainly give an insight on
the solid/liquid interactions towards better understanding of the spreading behaviour of
liquids. To achieve this objective, two paper substrates were wetted with glycerine/water
solutions (glycerol) and with silicone oils while a drop shape analysis technique was applied
using the FTA 188 videotensiometer.

Material and Method

The Apparatus
A simplified system (schematised in Fig.1) consists of an adjustable horizontal plate
(marked as 1) to host the test substrate (marked as 2) and a syringe (marked as 3) to deliver
liquid drops on the solid surface.

(a)
(b)
Figure 1. (a) Schematic representation of experimental rig; (b) Contact angle on the
solid surface
The process of spreading of the liquid drop is captured using a high-speed video
camera (marked as 4) mounted parallel to the drop. All measurements were carried out at
room temperature. Images of spreading drops were analysed for contact angle, drop base area,
and drop height, volume and maximum diameter in correlation with time by the built-in
software in the computer system. Each experiment was repeated three times and the results
presented here are the averaged data for each experiment. Figure 1b also shows contact angle
image taken for glycerine/water drop resting on one of the solid substrate.
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The Coating Fluids
Four sets of liquids including 2 sets of silicone oils (Basildon Chemicals, UK) and 2
sets of glycerine/water solutions were used. The viscosity of all fluids were measured to an
accuracy of ± 5% in a Bohlin CVO viscometer equipped with a Peltier system allowing an
accurate control of the sample temperature (± 0.1°C). The surface tensions of all fluids were
measured to an accuracy of ± 2 % with a FTA 188 video tensiometer using the pendent drop
method. All measurements were conducted at room temperature according to the procedure
described elsewhere [13]. The surface tension of 2 sets of silicone oil was found to be 20.0
mN/m and the viscosities were 49 and 519 mPa, respectively. For the two sets of glycerinewater solutions, the surface tension was found to be 65 mN/m and the viscosities were 54 and
643 mPa·s, respectively. The physical properties of all fluids used in this work are
summarized in Table 1.
Table 1: Measured physical properties of the test solutions used
Sample Glycerine/water set 1 Glycerine/water set 2 Silicone oil set 1 Silicone oil set 2
1203
1254
951
963
ρ (kg·m3)
65
65
20
20
σ (mN/m)
49
643
54
519
µ (mPa·s)
The Substrates
Substrates were solid photographic base materials supplied by Ilford Imaging
(Switzerland). Surface roughness measurements were carried out using the Veeco-WYKO
optical profiling system. A small sample (≈ 3 x 5 cm) of the solid paper was sandwiched
between two glass slides. The sample was then mounted onto the adjustable rack and the
scanning was carried out. Figure 2 shows surface profiles of the substrates measured with the
WYKO surface profiling system. The average roughness (Ra) is found to be 199.51 and
539.56 nm for substrate 1 and 2, respectively.

Substrate 1, Ra = 199.51 nm; Substrate 2, Ra = 539.56 nm
Figure 2. Surface profiles of the substrates measured with the Veeco, WYKO surface profiling
system
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Results and Discussions

Effect of Contact Angle
Figures 3 (a and b) show the variation in the contact angle with time for both
substrates (1 and 2) with 4 sets of liquids: 2 sets of glycerine/water solutions, respectively
denoted as GWS1 and GWS2 and 2 sets of silicone oils numerated as SOS1 and SOS2,
respectively. In both cases, the initial contact angle recorded high values, which decreases
rapidly after making the initial contact on the substrate, reaching equilibrium after a short
period of time. For instance, the drop spreading with GWS1 and GWS2 reached an
equilibrium contact angle of 70° and 60° after approximately 15 seconds beyond which no
further spreading could be observed. This indicates that although the contact angle values are
different, the wetting behaviour of the two substrates is otherwise similar. On the other hand,
the contact angles with SOS1 reached almost zero within 5 and 9 seconds with substrate 1 and
2, respectively. Again, the spreading curves seem to be very similar for both SOS1 and SOS2.
However, the contact angles were found to be larger with SOS2 and approaches an almost
equilibrium state in a longer time (20 seconds) compared to SOS1. This behaviour is due to
the viscosity effect i.e. liquids with higher viscosity tend to have higher resistance to
spreading than those of lower viscosity because higher viscous dissipation reduces the rate of
spreading [1]. This observation is in a good agreement with previous studies conducted by [4,
5]. Somehow, the effect of viscosity was not profound with GWS1 and GWS2 as indicated
the close values of the equilibrium contact angles of both liquids with the two substrates.
The effect of surface tension of liquids on spreading on the substrates 1 and 2 can be
also observed clearly in Figure 3 (a and b). The decrease in the initial contact angle for liquids
of lower surface tension (SOS1 and SOS1) is sharper than that of liquid of high surface
tension (GWS1 and GWS2) reflecting that wetting with glycerine/water mixtures is not
spontaneous as compared to wetting with silicone oils. This observation emphasize on the role
of interfacial tension in affecting wettability. Therefore, the use of surfactants becomes a
common practice to enhance spreading and wettability by reducing surface tension of the
liquids. However, the surfactant concentration must be kept below the critical micelle
concentration beyond which the spreading is hindered by the formation micelle structure. For
examples Ghannam used Triton X-100 to enhance the spreading of crude oil droplets over
limestone [8]. Other surfactants such as glucoseamide-based trisiloxane [9] and pentaethylene
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glycol monododecyl ether [10] and the spreading of trisiloxane surfactants over hydrophobic
substrates [14] are also used to enhance the spreading of liquids.
The surface roughness of the substrate is also found to play a significant role in
affecting the liquids spreading as shown the decreasing trends of 4 sets liquids on substrate 1
(Figure 3a) which is smoother than substrate 2 (Figure 3b). For instance, the spreading of all
tested liquid is delayed with the increase of roughness. The spreading of SOS1 is delayed by 4
seconds with the increase of roughness from 199.51 to 539.56nm indicating that achieving an
equilibrium contact angle with rough surfaces requires longer time i.e. the velocity of the
wetting line seems to be strongly dependent on the surface roughness.
Surface topography is known to affect wetting behaviour. The measured macroscopic
equilibrium contact angles depend on both the chemical nature of the surface and the local
surface geometry. Unlike wetting of a smooth surface, the effect of surface roughness on
dynamic wetting is not well established and is still a subject of debate. Nonetheless, [15]
presented a theory to describe the wetting phenomena and the contact line de-pinning as a
function of microstructure of rough surfaces using noise correlation functions. The
relationship between heterogeneous surfaces and the dynamic contact angle was theoretically
addressed by [16] based on Frenkel’s approach of free energy changes and viscous
dissipation.
The contact angle of wetting of smooth and rough heterogeneous surfaces prepared on
glass slides by organic liquid was experimentally determined by [17]. The advancing and
receding contact angles were measured and plotted against contact angle hysteresis. By
extrapolating the contact angle variation curve to zero hysteresis, equilibrium contact angle
was obtained. However, their observation contradicts the Wenzel's result. The effect of
surface roughness and surface temperature on dynamic contact angle of de-ionised water on
copper and stainless steel surfaces was investigated by [7] using a photographic technique.
The authors reported that the contact angle decreased with increasing surface roughness up to
a critical value of roughness. Further increase in roughness resulted in the increase in contact
angle.
The effect of surface roughness on wetting of smooth and rough glass surfaces with
liquids (water, isopropanol and glycerine) was also reported by [4]. Their investigations were
conducted on the impact of droplets on horizontal surface at various heights. It was found that
the wettability of glass decreased significantly on a rough topography when water impacted
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on the surface unlike isopropanol, which showed zero static contact angles regardless of
surface roughness. The maximum spread and spreading rate for the rough glass were lower
than those for the smooth surface. Cazabat and Stuart [6] studied the effect of surface
roughness on dynamic contact angle. They found that the prediction of wetting kinetics based
on the assumption that the surface is ideally smooth is not accurately representing the actual
wetting behaviour.
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Figure 3. Contact angle variation with time for the two substrates with glycerine/water set 1
(GWS1) and set 2 (GWS2), and with silicone oil set 1 (SOS1) and set 2 (SOS2)
Effect of Drop Base Area
The drop base area is an important geometrical dimension that can be simultaneously
obtained along with other parameters (contact angle, drop height and drop volume) from the
drop spreading on a surface. The results in terms of drop base area for the two coated paper
substrates are shown in Figures 4 (a and b), respectively. The curves for GWS1 and GWS2
and SOS2 are found to be identical on both substrates in which the drop wetted areas reaches
maxima at close time periods beyond which it reaches equilibrium and remains almost
constant with time prolonging. This going along with the wetting behaviour generally
observed.
On contrary, the area wetted in substrate 1 by SOS1 increases drastically until it
reaches a maximum value in about 2 seconds and then starts to retract as time goes on as
shown in Fig. 4a. Similar wetting behaviour was recoded with SOS1 on substrate 2 (Fig. 4b),
but with prolonged wetting time (4 seconds) to achieve maximum wetting area.
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Figure 4. Wetted Drop Base Area variation with time for the two substrates
This obsolete behaviour of SOS1 on both substrates was not observed in the contact
angle or drop height variation with time. This suggests that there may be strong interactions
(e.g. absorption, diffusion or reaction) between the substrates and the silicone oil sample.
Another possibility to explain this behaviour is by considering ‘autophobing’ phenomena as
SOS1 has low surface tension lowering the surface energy density in a way that makes the

25

Wetting behaviour of liquids on coated papers
Mohammad Ilyas KHAN, Mohamed Mahmoud NASEF,

solution no longer wets the surface. The delay in reaching a maximum wetting area on
substrate 2 may be attributed to its higher roughness as discussed before.

Effect of Drop Height
Variation of the drop height with time was investigated for the two substrates with
GWS1, GWS2, SOS1 and SOS2 solutions as shown in Figure 5a and b, respectively.
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Figure 5. Drop Height variation with time for the two substrates
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The results in Fig. 5a shows that when the drop is initially placed on the substrate, the
drop height with GWS1 and GWS2 solutions decrease rapidly and reaches an equilibrium
within 3 seconds then remains almost constant thereafter. Similarly, SOS1 and SOS2 solution
caused the drop height to decrease faster than the corresponding GWS1 and GWS2 before
reaching equilibrium. These results go along with the observations related to other parameters
i.e. surface tension, viscosity and surface roughness investigated in correlation with contact
angle discussed earlier.
Considering the wetting behaviour of GWS1 and GWS2 on the two substrates, it can
be seen that the difference between the two curves is insignificant despite having different
viscosities. On the other hand, comparing wetting curves for SOS1 and SOS2 on the two
substrates reveals identical wetting trends with both liquids attaining longer wetting time in
substrate 2 as compared to substrate 1. These results can be mainly attributed to the variation
in roughness.

Conclusions

Spreading behaviour of liquids with different surface tensions is studied over coated
paper substrates. The spreading behaviour is investigated in terms of contact angle and wetted
drop base area and the drop height. Based on the findings of this study, the following
conclusions can be drawn:
1. The wetting behaviour is strongly dependent upon the physical properties of the liquids
(surface tension and viscosity) and roughness of the surfaces.
2. The contact angles increase with increasing the viscosity of liquids. Higher viscosity
liquids tend to produce low wettability caused by higher viscous dissipation that reduces the
rate of spreading. This coincides with a decrease in the wetted drop base area and an increase
in the drop height.
3. The effect of surface tension on the contact angles was found to be more pronounced.
Liquids with low surface tension improve the wettability of the paper substrates causing an
increase in wetted drop base area accompanied by a decrease in the drop height.
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4. Surface roughness is found to affect wetting behaviour to great extent. The measured
contact angles records high values with substrates with high surface roughness and vice versa.
Thus, smaller wetted base area coupled with larger drop height is obtained.
5. It can be finally concluded that despite being a key factor in determining the wettability,
contact angle data alone is not sufficient to fully predict and understand the wetting behaviour
of a material. This is due to the complexity arises from the existence of a number of forces
affecting the contact line, which vary depending on the applied wetting conditions.
6. The current study reveals that other wetting parameters (wetted area and drop height etc.)
have to be taken into consideration to fully understand the liquid spreading behaviour and to
set the right combination of parameters to enhance the coating processes and reduce costs.
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