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ARTICLE INFO ABSTRACT
Keywords: Wetting of aqueous sodium dodecyl sulfate (SDS) droplets on polydimethylsiloxane (PDMS) surfaces during
Droplet evaporation were experimentally studied. After a short-time spontaneous spreading, sessile droplets experienced

Sodium dodecyl sulfate a period of the constant contact radius (CCR) stage. And it was found that substrate elasticity was found to have

}E:p;:i:;n Jsiloxane an influence on the duration of the CCR stage during the evaporation of aqueous SDS droplets on PDMS surfaces.
A ds};rptiony Moreover, a local contact angle minimum was found during the evaporation of aqueous SDS droplets with an
initial SDS concentration below 0.5 CMC. A physical mechanism taking into account the structure of SDS mol-
ecules adsorbed at PDMS surfaces was developed for the occurrence of the CCR stage and the local contact angle
minimum. Furthermore, two-third power of the instantaneous droplet volume nearly varies linearly with time for

all cases.
1. Introduction nanofluidics [1-3]. In 1977, Picknett and Bexon [4] first proposed three
evaporation modes of sessile droplets, viz., the constant contact area
Evaporation of sessile droplets has found great applications in fields mode (which is also called the constant contact radius mode, CCR
such as pesticide spraying, ink-jet printing, heat transfer and micro-/ mode), the constant contact angle mode (CCA mode) and the mixed
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Fig. 1. AFM images of PDMS surfaces. (a) PDMS 5:1, (b) PDMS 10:1, (c) PDMS 20:1.
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Fig. 2. Surface tension of aqueous SDS solutions.

Table 1
Wettability of aqueous SDS droplets on PDMS surfaces.

s 0. Or

(CMO) PDMS PDMS PDMS PDMS PDMS PDMS
5:1 10:1 20:1 5:1 10:1 20:1

0 110° 108° 109° 99° 101° 89° £ 4°
+1° +1° +1° +2° + 1°

0.05 107° 105° 107° 83° 87° +2° 76° +1°
+1° +1° +1° +1°

0.1 102° 102° 104° 75° 78° £ 3° 76° + 2°
+ 2° +1° +1° +2°

0.2 95° 97° £1° 100° 74° 74° £ 2° 73° +£1°
+1° +1° +1°

0.3 89° 90° + 2° 96° + 1° 68° 67° +2° 64° £ 1°
=+ 2° +2°

0.5 78° 79° £1° 79° £1° 62° 63° £+ 2° 57° £ 2°
+1° +2°

0.8 77° 78° +1° 80° £ 1° 62° 64° + 2° 60° + 2°
+2° +2°

1.0 78° 80° £ 1° 81° +1° 61° 65° + 2° 62° £ 1°
+1° +2°

evaporation mode. Evaporation of sessile droplets can be influenced by
various factors including the physical and chemical properties of liquid
[5-10], surface roughness of the solid substrate [5,6,11-16], surface
wettability [12,17], thermal conductivity of the solid substrate [18],
substrate elasticity [19-25], substrate temperature [26-28], the incli-
nation of the surface [29-32], application of external fields [33-35],
introduction of particles into the liquid [36,37] as well as evaporation
environment [38,39].

Surfactants consisting of a polar hydrophilic head and one or more
hydrophobic tails have been widely used in industries such as food
processing, agriculture, pharmaceutical, and inkjet printing. The intro-
duction of surfactants into a liquid such as water can greatly reduce the
surface tension of the liquid. Due to the adsorption of surfactants at the
liquid-vapor interface and/or the solid-liquid interface, surfactant-laden
droplets will not only easily spread on solid surfaces [40-42], but also
have different evaporation characteristics compared to pure liquid
droplets [43-48]. Moreover, due to solvent evaporation, the actual SDS
concentration will gradually increase and contact line pinning will in-
fluence the evaporation. Therefore, understanding the influence of the
SDS concentration on the evaporation of aqueous SDS droplets is an
important issue.

Polydimethylsiloxane (PDMS) has been widely used in micro/
nanofluidics, microelectromechanical systems and lab-on-a-chip de-
vices, etc. And variations in the wettability during the evaporation of a
liquid may influence the performance of these devices. Adding surfac-
tants to the liquid may help to improve the performance. Under the
action of the vertical component of liquid-vapor interfacial tension,
PDMS surface will be deformed by a sessile droplet [49-52]. This
deformation can also make a sessile droplet experiencing a longer CCR
stage [19-25]. When there is a sessile droplet containing surfactants on
PDMS surfaces, the surface deformation induced by the vertical
component of the reduced liquid-vapor interfacial tension will be much
smaller. In this case, does substrate elasticity still have a significant in-
fluence on the evaporation of surfactant-laden droplets?

In this paper, wetting of sessile aqueous SDS droplets on PDMS
surfaces during evaporation are experimentally investigated. It is found
that with the addition of SDS molecules, both the apparent and receding
contact angles greatly decrease with increasing SDS concentration
below 0.5 critical micelle concentration (CMC, 8.2 mM [47]) and nearly
keep unchanged in the concentration range from 0.5 CMC to 1.0 CMC.
On PDMS surfaces, a short period of spontaneous spreading is observed
at the early stage of the evaporation when SDS molecules are introduced
into the liquid. Moreover, the evaporation characteristics of aqueous
SDS droplets on the PDMS surfaces strongly depends on the initial SDS
concentration, which could be attributed to the relationship of the
receding contact angle with instantaneous SDS concentration. In addi-
tion, two-third power of instantaneous droplet volume was analyzed and
it was found that both initial SDS concentraion and substrate elasticity
had no obvious influence on evaporation rate.

2. Materials and methods

PDMS with the mass ratios of base (Dowsil™ 184 silicone elastomer
base, Dow Europe GMHB C/O Dow Silicones Deutschland GMBH) to
curing agent (Dowsil™ 184 silicone elastomer curing agent, Dow Europe
GMHB C/0 Dow Silicones Deutschland GMBH) of 5:1, 10:1 and 20:1 was
prepared using the spin-coating method. Surface roughness of these
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Fig. 3. Evaporation curves of aqueous SDS droplets with different initial SDS concentrations on PDMS surfaces. (a) 0 CMC, (b) 0.05 CMC, (c) 0.1 CMC, (d) 0.2 CMC,
(e) 0.3 CMC, (f) 0.5 CMC, (g) 0.8 CMC and (h) 1.0 CMC.

PDMS surfaces was characterized using an atomic force microscopy 3.1 nm, indicating that these PDMS surfaces could be regarded as
(AFM, Dimension Icon, Bruker, USA) by randomly scanning a region of smooth.

10 umx 10 pm, as shown in Fig. 1. The values of root-mean-square SDS with a purity of > 99 % (Sigma-Aldrich) was dissolved in
roughness of these surfaces were, respectively, 2.4 nm, 1.6 nm and deionized water to obtain SDS solutions with concentrations of 0.05, 0.1,
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Fig. 4. Snapshots of evaporating aqueous SDS droplets on PDMS 20:1. All inserted scale bars represent 1 mm.

0.2, 0.3, 0.5, 0.8 and 1.0 CMC. All solutions were prepared in glass and
plastic containers which have been cleaned in advance with acetone,
ethanol and deionized water consecutively. Each solution was used
within a day from its preparation.

The surface tension of aqueous SDS solutions was measured using a
dynamic contact angle measuring devices and tensiometer (DCAT11,
Dataphysics, Germany). Before measurement, both sample vessels and a
Wilhelmy plate (PT 11, width: 19.9 mm, thickness: 0.2 mm) made of
platinum-iridium was ultrasonically stirred in deionized water, ethanol
and acetone successively. Then the plate was made red-hot in a gas flame
to ensure that it is clean and was inserted in the DCAT11 later. Appro-
priate volume of an aqueous SDS solution was poured into the clean
sample vessel, which was later placed in the hole of the stage. The
sample vessel with the liquid was moved up until a weight difference can
be detected by the balance. The speed of the lift motor was set at
1.00 mm/s for detecting the surface of the liquid. The surface detectiong
threshold value and the immersion depth were set at 8.00 mg and
3.00 mm, respectivley. Five measurements were made within one

second. The measurement will be stopped if the standard deviation of
the surface tension is smaller than 0.03 mN/m over the last 50 mea-
surement cycles. After setting the above parameters and pressing “start”,
the value of surface tension of the aqueous SDS solution will be obtained
automatically. The ambient temperature and relative humidity for
measuring the surface tension of aqueous SDS solutions were 23 + 1 °C
and 39 + 2 %, respectively. Each experiment was repeated three times
to ensure the reproducibility.

The static apparent contact angle was measured from the image of an
aqueous SDS droplet with a nominal volume of 1.0 pL on a PDMS sur-
face. As aqueous SDS droplets could spontaneously spread on PDMS
surfaces when gently deposited, the advancing contact angle was not
measured and the receding contact angle of aqueous SDS droplets on the
PDMS surfaces were measured by retracting liquid from the droplet
using a DSA 30 droplet shape analyzer (Kriiss, Germany) following the
procedure suggested by Huhtamaki et al. [53]. First, an aqueous SDS
droplet with a nominal volume of 35 pL was deposited onto a PDMS
surface. Then the height of the stage was adjusted to ensure the needle
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Table 2
Values of the instantaneous bulk SDS concentration at the beginning and end of
the CCR stage.

Cips ¢ (CMCQC) ¢z (CMC)
(CMO) PDMS PDMS PDMS PDMS PDMS PDMS

5:1 10:1 20:1 5:1 10:1 20:1
0.05 0.054 0.054 0.055 0.066 0.079 0.084

+ 0.003 + 0.003 + 0.003 + 0.005 + 0.005 + 0.004
0.1 0.104 0.103 0.104 0.151 0.157 0.206

+ 0.004 + 0.003 + 0.004 + 0.006 + 0.007 +0.007
0.2 0.215 0.215 0.215 0.338 0.391 0.422

+ 0.005 + 0.006 + 0.005 + 0.008 + 0.009 + 0.008
0.3 0.334 0.362 0.362 0.456 0.462 0.523

=+ 0.008 +0.011 + 0.009 +0.014 +0.013 +0.012
0.5 0.520 0.519 0.520 0.584 0.602 0.693

+ 0.007 +0.013 +0.010 +0.016 +0.015 +0.015
0.8 0.830 0.812 0.831 0.892 0.948 1.094

+0.008 +0.011 + 0.009 +0.017 +0.018 +0.017
1.0 1.034 1.037 1.037 1.120 1.168 1.433

+ 0.008 +0.012 +0.011 +0.019 +0.016 +0.018

Table 3

Values of the local contact angle minimum and the bulk SDS concentration at the
local contact angle minimum.

Chs O ¢(6h) (CMC)
CMO  ppms  ppMS PDMS PDMS PDMS PDMS
5:1 10:1 20:1 5:1 1011 20:1
005  59° 59°+£1°  56°+£1° 017 0.19 0.21
£1° +0.02 +0.02 +0.04
0.1 59° 66°+1° 59°+1°  0.33 0.34 0.43
£1° +0.02 +0.01 +0.03
0.2 70° 68°+£1° 64°=£1° 036 0.41 0.42
+£2° +0.03 +0.02 +0.02
0.3 68° 67°+£1°  65°+£1° 048 0.47 0.56
£1° £0.02 £0.01 +0.02
05 71° 69°£2° 63 +1° 076 0.70 0.75
+£2° +0.02 +0.02 +0.02

was close to the sample surface without any contact and liquid was
removed from the drop at 2 pL/s until the volume was about 13 pL (the
position of the needle was adjusted again if needed). Consequently, 2 pL
was removed at 0.05 pL/s to avoid dynamic effects. After 30 s’ waiting,
the liquid was withdrawed at 0.05 pL/s for the determination of the
receding contact angle until the droplet was completely removed. The
receding contact angle was measured from the images during the
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retraction of the droplet and its value was an average of five measure-
ments. Each experiment was repeated three times to ensure the result is
reproducible.

The evaporation of SDS droplets with a nominal volume of 0.80 pL
on these surfaces was recorded using the DSA 30 droplet shape analyzer
at 1 fps (frame per second). Each experiment was conducted three times
to ensure the reproducibility. The experiments of both the surface
wettability and the evaporation of aqueous SDS droplets PDMS surfaces
were conducted in a room with the door and the window closed. The
ambient temperature and relative humidity were monitored using a
thermo-hygrometer and the corresponding values were 26 + 1 °C and
39 + 2 %, respectively.

3. Results and discussion
3.1. Wettability of aqueous SDS droplets on PDMS surfaces

Fig. 2 shows the surface tension of aqueous SDS solutions with
different concentrations. The surface tension of an aqueous SDS solution
decreased with increasing SDS concentration, with a minimum of 33.1
mN/m at 0.8 CMC. Then it slowly increased to 35.7 mN/m at 1.0 CMC.
Above 1 CMC, the surface tension was found to remain almost constant.
The experimental results are consistent with the results in Refs. [54-56].
The concentration of an aquesous SDS solution for the minimum of
surface tension of aqueous SDS droplets was found to be less than 1
CMC, which seems exceptional. This could be attributed to the presence
of minor amounts of an impurity (SDS was used without further
extraction), which increases the adsorption of SDS molecules [54].

Table 1 lists the values of the apparent and receding contact angles of
aqueous SDS droplets on planar PDMS surfaces, denoted by 6. and 6,
respectively (the values of apparent and receding contact angles above
1.0 CMC were not given because in this case the adsorption of SDS
molecules at the solid-liquid and liquid-vapor interfaces gets saturated).
Values of the advancing contact angle were not given because aqueous
SDS droplets will spontaneously spread for a short time after they are
gently deposited on PDMS surfaces. For all surfaces, the values of 6. and
6, decreased with increasing SDS concentration when SDS concentration
is below 0.5 CMC. With further addition of SDS molecules, both 6. and 6,
nearly remained unchanged. At a low SDS concentration (<0.1 CMC),
the receding contact angle for aqueous SDS droplets on PDMS 20:1 was
much less than that on PDMS 5:1 and PDMS 10:1, which could be
attributed to the surface deformation induced by vertical component of
liquid-vapor interfacial tension. However, with further addition of SDS
molecules, there is only a slight or neglible influence of substrate
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elasticity on the receding contact angle.

3.2. Evaporation of aqueous SDS droplets on PDMS surfaces

Fig. 3 shows the evolution of normalized contact radius (ratio of the
instantaneous contact radius to the initial contact radius) and contact
angle of evaporating aqueous SDS droplets with initial SDS concentra-
tions ranging from 0 to 1.0 CMC on PDMS surfaces versus normalized
time t/t;, where t; denotes the whole evaporation time. For pure water
droplets, the evaporation started first with the CCR mode. And the softer
the substrate, the longer the CCR stage (see Fig. 3(a)), which can be
attributed to the surface deformation due to the action of the vertical
component of liquid-vapor interfacial tension [19-25]. For aqueous SDS
droplets, similar phenomena were also found, as shown in Fig. 3(b)-(h).

Colloids and Surfaces A: Physicochemical and Engineering Aspects 656 (2023) 130342

However, the evaporation of aqueous SDS-laden droplets behaved
differently depending on the initial SDS concentration. The contact line
of all aqueous SDS droplets advanced spontaneously for a short period
on all PDMS surfaces regardless of the initial concentration. Such a
short-time spontaneous spreading can be attributed to the change of the
wetting characteristics at the contact line because SDS molecules are
transferred from the droplet onto PDMS surfaces [57]. After the
short-time spreading, the evaporation of aqueous SDS droplets followed
different processes depending on the initial SDS concentration. At a low
SDS concentration of 0.05 CMC (Fig. 3b), a mixed evaporation mode
followed the CCR stage until local minimum values of contact angle
v = 59°, 59° and 56° for the droplets evaporating on PDMS 5:1, PDMS
10:1 and PDMS 20:1 were reached, respectively. Then the contact angle
increased gradually until a local contact angle maximum is reached.
From this instant, the evaporation switched to the CCA mode and finally
ended with mixed mode. Similar phenomena were also found in the
evaporation of aqueous SDS droplets with an initial SDS concentration
of 0.1 CMC on PDMS surfaces except that there was no obvious increase
in the contact angle after the contact angle minimum for the droplet
evaporating on PDMS 20:1 was reached.

For aqueous SDS droplets with an initial SDS concentration ranging
from 0.2 CMC to 1.0 CMC, the droplets evaporated in the CCR mode
after a short-time spontaneous spreading, then the evaporation switched
to the CCA stage and finally ended with the mixed mode, as shown in
Fig. 3(c)-(h). Moreover, a local contact angle minimum was also
observed from each of the evaporation curves though it was not obvious.
From Fig. 2, it was found that it would take more time for the droplet
with a lower initial SDS concentration having the local contact angle
minimum, which was also found in the experiments by Kwiecinski et al.
[47]. In case of the evaporation of pure water droplets [19-25], it was
found that the softer the substrate, the longer the strong CCR stage.
Though the addition of SDS molecules gradually reduce the surface
tension of the liquid, there is still obvious influence of substrate elas-
ticity on the duration of the contact line pinning stage. Besides, as shown
in Fig. 3, the occurrence of the CCA stage was found to be earlier with
the increase of the initial SDS concentration (no more than 0.5 CMC). As
an example, Fig. 4 shows the time-varying images extracted from the
videos of evaporating aqueous SDS droplets on PDMS 20:1.

Table 2 lists the values of the instantaneous bulk SDS concentration
when the CCR stage started and ended, denoted as c¢; and c3, respec-
tively. It was found c¢; was nearly independent on substrate elasticity.
However, the softer the substrate, the higher the instantaneous bulk SDS
concentration, which could be attributed to the deformation of PDMS
surfaces due to the vertical component of liquid-vapor interfacial ten-
sion [1,20,21]. Under the action of vertical component of liquid-vapor
interfacial tension, a PDMS surface will be deformed with an elastic
stored energy per unit length of the contact line of the order of
7y 2sin?0(1 —12)/E [20,21], where E and v are Young’s modulus and
Possion’s ratio of the PDMS surface. For aqueous SDS droplets with the
same initial SDS concentration, there was only a slight difference in the
instantaneous contact angle during the CCR stage. As reported in
Ref. [21], a PDMS surface with a higher mass ratio of base to curing
agent has a lower Young’s modulus. Thus, there would be more elastic
energy stored in the softer PDMS film. Such an energy acts as a barrier to
prevent the contact line from depinning and therefore a longer CCR
stage would be observed during the evaporation of aqueous SDS droplets
on a softer PDMS surface. Besides, the liquid-vapor interfacial tension
and contact angle are greatly dependent on SDS concentration, as shown
in Fig. 2 and Table 1, respectively. As a result, the duration of the CCR
stage was found to be different if the initial SDS concentration is varied,
as shown in Fig. 3.

Table 3 lists the values of the contact angle minimum and the bulk
SDS concentration at the local contact angle minimum. On PDMS 5:1,
the local contact angle minimum kept unchanged for aqueous SDS
droplets with an initial SDS concentration of 0.05 or 0.1 CMC. With
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further addition of SDS molecules, the local minimum increased sharply
and there was no obvious change in the minimum. On PDMS 10:1, the
local minimum has a minimum at the initial SDS concentration of 0.05
CMC and it varied slightly at an initial SDS concentration above 0.1
CMC. On PDMS 20:1, there was a minimum of the local contact angle
minimum at an initial SDS concentration. Then it slightly increased with
increasing initial SDS concention and kept nearly unchanged at an initial
SDS concentration above 0.2 CMC. As reported in Ref. [47], the local
minimum might depend on the instantaneous SDS concentration in the
droplets. From Table 3, it is easily found that at low initial SDS con-
centrations (<0.1 CMC), the local contact angle minimum is smaller
than the corresponding static receding contact angle, however, the
minimum is slightly greater than the static receding contact angle above
0.1 CMC.

The physical mechanism by which contact line pinning occurs is that
the structure of SDS molecules adsorbed on the PDMS surface depends
on the initial concentration of the SDS droplets (Fig. 5(a)) [47,58]. For
evaporative SDS droplets with an initial concentration < 0.1 CMC, SDS
molecules mainly formed an amorphous layer on the PDMS surface [58].
The SDS concentration gradually increased with the evaporation of
water. When the concentration reaches a threshold, dome-shaped
half-micelles may form on the substrate. The transition from the amor-
phous layer to the dome-like half-micelle requires energy, and the
pre-absorbed amorphous layer hinders the formation of the
dome-shaped half-micelles. Consequently, disordered surface aggre-
gates are also formed simultaneously (Fig. 5(b)), which have
non-uniform wetting properties, resulting in the pinning of contact lines
[58]. With a further increase in the instantaneous SDS concentration, the
disordered SDS layer is reorganized into a homogeneous layer, giving
the surface the same surface wetting properties, leading to a smooth
local retraction of the contact line and a minimal local contact angle
[47]. For sessile droplets with initial SDS concentrations in the range
from 0.1 to 0.7 CMC, only part of the wetted PDMS surface was covered
by an amorphous layer (Fig. 5(c)). Consequently, the duration of the
CCR phase becomes shorter (see Fig. 3), and the local contact angle
minimum is larger than that of droplets with initial concentrations less
than 0.1 CMC [58].

3.3. Instantaneous volume of aqueous SDS droplets

To find the effect of initial SDS concentration on the evaporation
characteristics of aqueous SDS droplets on PDMS surfaces, the evolution
of two-third power of the instantaneous droplet volume V(t) versus time
t was plotted, as shown in Fig. 6. From Fig. 6, on each surface, the two-
third power of instantaneous droplet volume varied linearly with time as

V(t)z/ 3 — _kt+b [4,59], where k and b are fitting parameters. Using the

least square method, the values of k and b were obtained, as shown in
Fig. 7. For a pure water droplet, the parameter k nearly kept unchanged
regardless of the mass ratio of PDMS surfaces. With the addition of SDS
molecules, it had a slight increase because the liquid-vapor interfacial
tension is reduced, resulting in a larger liquid-air interfacial area. For
most cases, there was only slight difference in the parameter k except for
the droplets with an initial SDS concentration of 0.3 CMC. In conclusion,
two-third power of instantantaneous volume of evaporating sessile
aqueous SDS droplets varies linearly with time independent of substrate
elasticity and initial SDS concentration. Strickly speaking, for an
isothermal diffusion-controlled evaporation of a sessile droplet, the
instantaneous droplet volume obeys a two-third power law at the CCA
stage while it follows different power laws at the CCR stage depending
on the contact angle [59]. However, there might be strong flows such as
capillary flow and Marangoni flow and a complex droplet temperature
due to the loss of solvent [4]. Besides, air flow may also influence the
evaporation of sessile droplets, especially in an open environment [4].
Therefore, it is still a big challenge to quantitatively elucidate why the
instantaneous volume of evaporating sessile droplets with a relatively
high evaporation property follow a certain power law from
thermodynamics.

4. Conclusion

Evaporation of aqueous SDS droplets on PDMS surfaces with base-to-
curing agent mass ratios of 5:1, 10:1 and 20:1 was experimentally
investigated. Because of the transfer of SDS molecules from the droplet
to PDMS surfaces, the evaporation started with a short-time spontaneous
spreading. Then it switched to the CCR stage. Under the action of ver-
tical component of liquid-vapor interfacial tension, PDMS films will be
deformed and the elastic stored energy acts as a barrier to hinder the
receding of the contact line. Meanwhile, surface tension of aqueous SDS
solution is greatly dependent on SDS concentration. Thus, both substrate
elasticity and SDS concentration were found to have an influence on the
duration of the CCR stage. Moreover, there existed a local contact angle
minimum during the evaporation of aqueous SDS droplets with an initial
SDS concentration no more than 0.5 CMC. Both the occurrence of the
CCR stage and the local contact angle minimum could be attributed to
the structure of SDS molecules absorbed at PDMS surfaces. Besides, two-
third power of instantaneous droplet volume was found to nearly vary
linearly with time for all cases independent of SDS concentration and
substrate elasticity. The present work highlights the wettability and
evaporation of surfactant-laden droplets on soft substrates and the in-
fluence of substrate elasticity and surfactant concentration on evapo-
ration characteristics.
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