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therefore, there are unexploited analytical possibilities in investigating the surface wetting and evaporation be-
havior. Strongly hydrophobic rough surface thin films were prepared by spray-coating a fluoropolymer film with
incorporated layered double oxide (LDO) microparticles. We studied the evaporation of ethanol-water mixtures
from the low energy (8.4 + 2.6 mJ/m?) composite surfaces by simultaneous high-speed visible imaging, infrared
imaging and weight loss monitoring. The wetting behavior changed from Cassie's wetting mode (pure water) to
Wenzel's (pure ethanol) as a function of solvent composition. The vaporization process could be divided into
three stages described by constant evaporate rates and the heat transfer coefficient between the studied layer
and water is Kt = 1768 W/(m?K). We have found strong correlations between parameters of the measured evap-
oration profiles and certain physical properties of the solvents. It is possible to estimate the viscosity, the boiling
point, or the surface tension of a studied liquid merely from the total evaporation time. This novel solvent iden-

Qualitative analytics

tification method can serve as a new application field for such low energy hybrid surfaces.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Recent developments in nanotechnology have highlighted the im-
portance of the classical topics of wetting, droplet spreading and evap-
oration [1-4]. These phenomena govern several key technological
applications like oil recovery [5,6], efficient deposition of pesticides on
plant leaves [5], controlled deposition of self-assembled surface coat-
ings [7-10], micro-fluidics [5,11,12] and inject printing [5,13].

The evaporation of sessile droplets on solid surfaces can be catego-
rized into three basic scenarios. The first case is the evaporation of sim-
ple solutions on plain surfaces. For this type two modes of evaporation
can be distinguished: vaporization with decreasing contact radius at
constant contact angle (CCA) or with decreasing contact angle at con-
stant contact radius (CCR) [14,15]. The second case is the evaporation
of simple fluids on micro and/or nano-structured surfaces. According
to some opinion, a sessile droplet has two possible equilibrium wetting
states on a rough surface. In the Cassie's state the droplet sits on the top
of the protrusions of the surface, whereas in Wenzel's state the fluid
wets the grooves between the protrusions [16]. Due to their different
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local minimum energy states, the transformation phenomenon from
Cassies's mode to Wenzel's mode can occur, which is called wetting
mode transition and reduces the contact angle drastically [1]. These
rough surfaces are frequently superhydrophobic substrates, on which
the droplet evaporation usually follows either the CCA, the CCR, or the
mixed mode [17,18]. The third case is the evaporation of fluids contain-
ing dispersed nanoparticles from plain surfaces. The presence of colloi-
dal particles in a solvent modifies the evaporation rate of the fluid [19].
After the vaporization of the liquid, solid particles remain on the surface,
which can be used for surface decoration. In some case, the dried de-
posit is not uniform, which is caused by the enhanced evaporation at
the wetting line. The so-called coffee-ring patterns develop during this
phenomenon [20,21].

The evaporation rate of a droplet depends on several parameters,
such as the chemical composition of solid surface and liquid, the tem-
perature, the boiling point, the surface tension, etc. The evaporation
takes place on the liquid/gas surface, therefore, the interface size is
one of the dominant parameters. In a typical liquid/solid system the in-
terface size is determined by the surface wettability. Four surfaces types
can be distinguished on this basis: the superhydrophobic (contact angle
>150°), hydrophobic (contact angle >90°), the hydrophilic (contact
angle <90°) and the superhydrophilic (contact angle <5°) [15,22].

0167-7322/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2020.112826&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.molliq.2020.112826
mailto:ildiko.toth@chem.u-szeged.hu
https://doi.org/10.1016/j.molliq.2020.112826
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/01677322
www.elsevier.com/locate/molliq

2 LY. Toth et al. / Journal of Molecular Liquids 305 (2020) 112826

Various techniques are available to modify the wettability of a surface.
For example, UV and ozone treatment of carbon nanotube arrays yields
a superhydrophilic surface, while annealing the same nanotubes in vac-
uum results in a superhydrophobic surface [22].

Layered double hydroxides (LDHs) are well-known synthetic clays.
The layers are positively charged due to the divalent (Mg?™, Ca®™,
Zn*") and trivalent cations (A, Fe>*, Cr>™) in their sheets. This charge
is compensated by anions (OH™, CI~, CO3~, NO3) between the sheets
[23,24]. LDHs have very wide-ranging application possibilities: they can
be used as adsorbents [25-27], coating materials [28], flame retardants
[29], antacids [30], medicine stabilizers [30] and even as catalysts in sev-
eral different reactions [26,30,31]. Furthermore, LDHs containing Zn?*
can serve as starting materials for the synthesis of ZnO-containing layered
double oxides (LDOs). These calcined LDO microparticles with spherical
shape and rough surface are photocatalytically active under UV-A illumi-
nation and they can be used for the synthesis of LDO/fluoropolymer hy-
brid layers with micro- and nano-sized dual-scale surface roughness
[32]. They have systematically varied the loading of the hydrophilic LDO
particles in hydrophobic LDO/fluoropolymer layers to tune the surface
roughness and the wetting properties of the LDO/fluoropolymer films,
and demonstrated that both superhydrophilic (at 100% LDO loading)
and superhydrophobic (at ~85% LDO loading) rough films can be pre-
pared by this method [32].

The evaporation of a sessile droplet can be studied by several exper-
imental methods: transmission electron microscopy [33], environmen-
tal scanning electron microscopy [33,34], contact angle measurement
[15,16,35-37], high speed camera recordings [38-40], thermal imaging
[41], just to name a few. There are several parameters characteristic for
the evaporation process [39,41], the most important ones being the
evaporation time (from the surface or from the porous structure of po-
rous materials), the contact angle (its initial value and its change in
time), and the evaporation rate (weight loss as a function of time).

The main goal of the present work was to obtain a more detailed pic-
ture of the surface properties — namely, the wetting and vaporization
properties - of the strongly hydrophobic LDO/fluoropolymer for differ-
ent solvents. This knowledge can contribute to the development of the
novel, evaporation based analytical method coined earlier by us as
evaporation profile measurement [39]. The evaporation of different sol-
vents from the surface of the low energy LDO/fluoropolymer hybrid
layer was characterized by simultaneous weight monitoring, high-
speed and infrared imaging. Furthermore, the experimentally deter-
mined evaporation parameters were analyzed statistically to assess
the feasibility of using this hybrid material in potential analytical
applications.

2. Materials and methods
2.1. Materials

Zn(NO3),-6 Hy0 (99%, Fluka Chimika), Mg(NOs3),-6 H,0 (98%,
Sigma-Aldrich), AI(NO3)3 9 H,0 (99.7%, Molar), urea (98%, Sigma-
Aldrich), 1H,1H, 2H, 2H-perfluorodecyl acrylate (Aldrich), and 2,2-
dimethoxy-2-phenylacetophenone (Aldrich) were used for LDO/
fluoropolymer thin film preparation. Milli-Q water (0.059 pS/cm) was
used for the experiments. Ethanol (EtOH) and toluene were analytical
grade products purchased from Molar. The composition of the
ethanol-water mixtures was expressed in weight percent (wt%).

2.2. Preparation of the LDO/fluoropolymer composite thin layer

Spherical LDH microparticles with rough surface were prepared by co-
precipitation from the solutions of zinc nitrate, magnesium nitrate, alumi-
num nitrate and urea precursors. The molar ratio of Zn/Mg was 0.125 and
the molar ratio of (Zn+Mg)/Al were 2.00. The mixture was aged at 98 °C
for 7 days. After the aging process, the formed precipitate was dried at 60
°Covernight. The spherical LDO particles were prepared by the calcination

of ZnMgAIl-LDH powder at 600 °C for 2 h. The prepared LDO particles
measured ~25 pm in diameter. Their rough, structured surface was cre-
ated by the radial arrangement of their conventional hexagonal lamellae
[32,42]. The low-energy poly(1H,1H, 2H, 2H-perfluorodecyl acrylate) [p
(PFDAC)] fluoropolymer was synthetized from PFDAc monomer and
2,2-dimethoxy-2-phenylacetophenone photo initiator by free-radial UV
polymerization method (Q81 type lamp, Heraeus Gmbh, power: 70 W,
Nmax = 265 nm, 30 min) [32,43]. The prepared p(PFDAc) was dissolved
in toluene, in which the fluoropolymer content was 10 wt%. The LDO
loaded toluene-based suspension was prepared (with 80 wt% LDO and
20 wt% fluoropolymer content for the dried material) and it was sprayed
on 5 cm x 5 cm glass substrate from 15 cm distance using an R180 type
Airbrush spray gun with 3 bar operating pressure. The detailed character-
ization of the prepared LDO/fluoropolymer composite was reported ear-
lier [32].

2.3. Contact angle measurements

The advancing (0,4y) and receding (0,¢.) contact angles were deter-
mined with the drop-build-up technique using distilled water as test
liquid. The measurements were performed under atmospheric pressure
and constant humidity, applying an EasyDrop drop shape analysis sys-
tem (Kriiss GmbH, Hamburg, Germany) equipped with DSA100 soft-
ware, a Peltier temperature chamber and a steel syringe needle of
0.5 mm diameter and using distilled water as a test liquid. According
to the theory of Chibowski et al. [44] the obtained ©,q4, and receding
Orec — i.e. the contact angle hysteresis (CAH) - are also suitable for the
estimation of the total apparent surface free energy (y:°") of the layer,
knowing the surface tension of the probe liquid, (v}, 72.1 mN/m in the
case of distilled water at 25 °C) and its contact angle hysteresis, which
is defined as the difference between the ©, and ©, [44]:

Y1(1+ costy)? > )

tot _
s (2 + cosfr + cosby)

The general feature of the apparent surface free energy as a function
of CAH relationship is the decrease in energy with increasing hysteresis.
The relative decrease of the apparent surface free energy is strongly sen-
sitive to the advancing contact angle value. However, in the case of
rough surfaces advancing contact angle by itself is not enough for
solid surface free energy determination, because often advancing con-
tact angle measured on left and right hand side of the droplet is signifi-
cantly different. Therefore, the total surface free energy of a solid can be
evaluated from three measurable parameters, i.e. probe liquid surface
tension and its advancing and receding contact angles measured on
the investigated solid surface.

To follow the evaporation process, the static contact angle of 5 pL
ethanol-water mixture droplets on LDO/fluoropolymer film was mea-
sured with a Vision Research Miro 110LC fast camera with Nikon
105 mm macro lens at 24 frame/s recording speed, at 1280 x 720 reso-
lution and at 4000 ps exposure time. The droplets were instilled with an
Eppendorf Xplorer electronic pipette on the LDO/fluoropolymer layer.
The measurements were performed under atmospheric pressure, at
room temperature (25.4 °C) and at 55% relative humidity. The images
extracted from the video were further analyzed with the Image]J pro-
gram. The size and the shape of the liquid droplets changed continu-
ously during the evaporation. To characterize this process, the
variation of contact angle and diameter characteristic for the interface
between surface and liquid were determined by Image] software using
the pictures exported from the recorded video at selected moments.

2.4. Thermal imaging and mass measurements

The evaporation of different solvents (5 pL water, ethanol and their
mixtures) from the LDO/fluoropolymer film was studied. The films
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were kept at a constant 50 &+ 1 °C by a purpose-built, Peltier cell based
temperature controller. The sample holder was placed on a Sartorius
Cubis MSU225S-000-DU microbalance with 0.01 mg readability. The
balance was linked to a data acquisition computer and the experimental
data were collected by StartoCollect software during the evaporation. A
FLIR A655sc infrared (IR) camera was fixed vertically above the LDO/
fluoropolymer film, looking directly downwards in a direction normal
to the top surface of the film. The schematics of the equipment were re-
ported previously [41]. The liquid droplets (at room temperature) were
instilled with the same Eppendorf Xplorer electronic pipette on the sur-
face of the film and the temperature and weight variation were simulta-
neously recorded during the evaporation process.

The FLIR A655sc IR camera has a thermal sensitivity of 30 mK, an ac-
curacy of 42 °C for temperatures up to 650 °C at 640 x 480 resolution.
Its uncooled micro bolometer detector works in the 7.5-14.0 um spec-
tral range. During the experiments, the infrared camera was equipped
with a 2.9 x (50 pm) IR close-up lens, with 32 x 24 mm field of view
and 50 um spatial resolution. Sessile droplet evaporation movies were
recorded by FLIR Research IR software at maximum resolution with
25 Hz frame rate. The emissivity of LDO/polymer film (eg,, = 0.99)
was determined by calibration at the initial film temperature (50 °C)
with a FLIR tape (&pe = 0.95). During the surface evaporation of the
liquid droplets, the temperature was calculated by using the emissivity
of the liquids (€jiquia = 0.95); after surface evaporation, the emissivity of
the wetted film was calculated as the average between &g, and €jiquid
[41]. The hybrid films were kept at 50 4= 1 °C, the atmospheric temper-
ature and the initial temperature of the liquid droplets were 21.1 °C and
the relative humidity was 51% during the experiments. The videos and
their extracted images were analyzed by FLIR Research IR and Image]
software.

3. Results and discussion

We used LDO particles roughened fluoropolymer thin film as model
surface because in our previous paper it was reported that the compos-
ite films with increasing LDO content have porous multilayer structure
and the porosity of the films is varied between 17.5 and 58.1% [32].
The measured thickness values of the layers were varied between 64
and 201 pm and increased with the increase in LDO content. Therefore,
these composite layers with porous structure and roughened surfaces,
but non- water wetting characteristic seemed like an ideal choice for
the characterization of solvent specific evaporation. In case of porous
solid materials, the evaporation of a liquid drop is a complex phenome-
non. Several separable steps take place consecutive and parallel, e.g.
drop impact on the surface, spreading, wetting, capillary imbibition,
evaporation from the surface and pores [39]. The partial or complete
wetting process of a droplet on thick porous layers can be divided into
more stages: first the imbibition front in the porous layer moves slightly
ahead of the spreading droplet on the layer, later it expands further
while the base of the sessile drop starts to shrink, and finally the imbibi-
tion front disappears at the end of the drying process [45-47]. The effect
of the substrate's thermal properties is very significant on the evapora-
tion rate of a sessile droplet and the heat transfer from the solid layer is
particularly pronounced on a heated substrate [38,48].

The evaporation of EtOH-water mixtures (with 0%, 30% 70% and
100% EtOH content) from the surface of LDO/fluoropolymer was moni-
tored by three different experimental methods. In the first part of the
discussion, the results of these methods are discussed separately. The
contact angles as a function of time are determined from the videos re-
corded by high speed visual imaging. The wetting mode characteristic
for the different solvents can be specified from these data. The sessile
droplet on the film surface and the liquid in the porous system of the
solid can be distinguished from each other by evaluating the videos re-
corded by the infrared camera [39,41]. In this case, the time dependent
spot area and temperature carry the information. Finally, the total evap-
oration time and the evaporation rate can be determined from the mass

measurements. In the second part of the discussion, the uncovered rela-
tionships were analyzed between the selected characteristic experi-
mental parameters and the physical properties of the mixtures, in
order to assess the analytical possibilities of the system.

3.1. Contact angle measurements

The solid free surface energy of the LDO/ fluoropolymer composite
can be estimated from dynamic (0, and ©,) contact angles measure-
ment using Chibowski theory [44]. Fig. 1a indicates that increasing the
volume of the water drop leads to reduction of the ©, from 0116y =
1394 + 1.63° t0 O44 660 = 133.8 + 2.1°. The O, were gradually decreas-
ing as the volume of the drop was decreasing and the final value was
much lower (102.3 + 1.45°) than the initial ©, (=139.4 4+ 1.63°). The
vyt of the LDO/fluoropolymer layers were 8.4 + 2.6 mN/m, which are
characteristic for hydrophobic surfaces with adequate surface rough-
ness, and are significantly lower than those of low energy, flat Teflon-
like coatings ('y = ~20-22 mN/m), matching the available published
data well [32].

A high speed camera was used to monitor the evaporation of differ-
ent solvents from the surface of LDO/fluoropolymer layers from a hori-
zontal perspective. The static contact angles (0) as a function of time are
shown in Fig. 1b. The time of evaporation from the surface (ts)) in-
creased from ~80 s to ~850 s with decreasing amount of ethanol in the
solvent mixtures. This is in a good agreement with the well-known ex-
perience that ethanol with lower surface tension (y = 21.82 mN/m at
25 °C) evaporates faster than water with higher surface tension (y =
72.1 mN/m at 25 °C). For the systematic evaluation of the droplet's
evaporation rate, the surface tension of the ethanol/ water mixture
can be arbitrarily tuned by the ratio of these two miscible solvents.
The contact angles decreased as a function of time for all studied solvent
mixtures, however, their time dependence was characteristic for the
chemical composition of the mixture. The initial contact angles de-
creased systematically with increasing ethanol content, i.e. the contact
angles at t = 0 s (0©;,) were 129°, 119°, 114° and 110° in case of 0%,
30%, 70% and 100% ethanol content, respectively.

To facilitate the comparison of the vaporization of solvents with very
different evaporation times, let us define the relative time t,o = t/tg
where t, is the time of evaporation from the surface. The relative
changes of contact angles and contact diameters were plotted as a func-
tion of relative time in Fig. 1c and d.

In the first part of the vaporization (approximately until the half of
the surface evaporation time, i.e. up to t/tse) = 0.5), the contact angles
characteristic for the droplet of water and the 30% ethanol content mix-
ture are only slightly reduced, whereas these samples exhibit significant
contact diameter decreases. This behavior (CCA evaporation mode) is
characteristic for non-wetting solutions, such as water evaporation
from hydrophobic surfaces [15,49]. The interaction between these lig-
uids and the rough LDO/fluoropolymer layer can be described by the
Cassie-Baxter wetting where air pockets remain trapped under the
solid-liquid interface [15,16]. On the other hand, the contact angle de-
creases very strongly and the contact diameter increases continuously
during the evaporation of the ethanol droplet. In case of rough hydro-
phobic surfaces this phenomenon is typical for the wetting mode tran-
sition from Cassie-Baxter wetting to Wenzel wetting [16,49]. The LDO/
fluoropolymer layer is wetted much better by ethanol than by water,
and the evaporation is much faster in case of ethanol, too. The vaporiza-
tion behavior of the 70% ethanol content mixture droplet is somewhere
between the evaporation of pure water and pure ethanol, namely, up to
t/tscey = 0.5 the contact diameter is almost constant (CCR evaporation
mode) and the contact angle decreases at a medium rate.

3.2. Measurements by infrared camera

Infrared imaging was used to monitor the vaporization of the solvent
mixtures from the hydrophobic surface of the LDO/fluoropolymer layer
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Fig. 1. Contact angle measurements. a) Evolution of advancing (0,) and receding (8,) water contact angles on LDO/fluoropolymer layer. The evaporation of different solvents from the
hybrid layer characterized by high speed camera: b) measured static contact angles (©) as a function of time; c) static contact angles and d) spot diameters shown on a relative time
scale, where tg) is the time of evaporation from the surface. (The representative pictures were exported from the videos. The experiments were carried out under atmospheric
pressure, at room temperature, at constant humidity and the droplet volume was 5 L. The lines serve as guides for the eye. (Errore: 4-3°; Errory: £2 pixel.)

from a vertical perspective. The videos were evaluated at selected repre-
sentative moments. In Fig. 2 the determined spot area and average tem-
perature of the drop (Sq, Tq) and of the wetted region (S, T\) are
plotted as a function of relative time. The evaluated data characteristic
for the different liquids is reported in Table 1.

The initial area of the droplets (Sq(1)) was almost the same for 0%,
30% and 70% ethanol content solvents and its value was more than
one and a half times for ethanol (see Table 1). In the range of 0.5-1.0 rel-
ative time, the Sy values were decreasing continuously for all studied
liquids, however, there were significant differences in the initial range.
For water and 30% ethanol content mixture the Sq decreased definitely,
while for 70% ethanol content the Sy was approximately constant up to
trer = 0.5, over and above the area of the ethanol drop increased signif-
icantly during this period. These observations match the contact angle
based findings discussed above well. At the end of the surface evapora-
tion (ts(r)): Sa = 0 and tye = 1.

The initial areas of the wetted region (S, (o)) are almost equal to the
Sato) for all studied solvents, the difference being no >1 mm? (~15%) in
any case. At the same time, there are significant differences in their time
dependence (see Fig. 2). During the evaporation of pure water, the S,,
value decreases parallel with S4. At the moment of the total surface
evaporation, the wetted area is only Sy(ts) = 1.19 mm? and this minimal
remaining water, which can be found in the porous system of LDO/poly-
mer layer, evaporates in a very short relative time. By contrast, the tem-
poral evolution of the S,, is completely different during the vaporization
of ethanol. The wetted area increases continuously: at tre; = 1 Swts)
equals 18.04 mm?. During the evaporation of ethanol from the porous
system, the wetted area keeps increasing and reaches its maximum at
trel = 9.7, where Syy(max) = 27.22 mm?, more than three times its initial

value. In the last phase of the evaporation, the area of the wetted region
decreases rapidly down to S,y = 0 mm? at the total evaporation time (t;
(R))- This characteristic difference observed for water and ethanol can
be explained by the different wetting properties of these solvents, as de-
scribed previously.

The surface evaporation time tg(g) values are 756 s, 324 s, 104 s and
3.8 s, and the total evaporation time t() values are 825,423 s, 199 s
and 61 s for the mixtures with 0%, 30%, 70% and 100% ethanol content,
respectively. The behavior of data is similar to the observed trend ob-
tained for the time of evaporation from the surface (tye)) at the contact
angles measurements, but the magnitudes are different. The times re-
quired for evaporation from the surface are systematically smaller in
case of the infrared measurements, which can be plausibly explained
by the higher temperature (50 °C) during the experiment.

To improve the infrared contrast, solvents were kept at room
temperature before the experiments. Therefore, there was a temper-
ature difference between the initial 5 pL drops and the LDO/
fluoropolymer layer kept at 50 °C. The temperature of the liquid
and the solid is changed continuously during the experiment be-
cause of the initial difference, the heating of the LDO/fluoropolymer
layer, the endotherm evaporation process, etc. The temperature
change profile is characteristic for each measured solvent. The varia-
tions of average temperature for the drop (T4) and wetted region
(Tw) were plotted as a function of time in Fig. 2. The temperature var-
iation along the diameter of the solid surface for different solvents at
to and ts is represented in Fig. 3. While the T4 and T,, temperatures
increase continuously for all ethanol-containing mixtures, there is a
longer constant temperature period (almost 6 min) in the case of
the evaporation of pure water from the studied surface.
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Fig. 2. The variation of the area (S) and average temperature (T) of the droplet on surface (4) and of the wetted region (y,) as a function of relative time (t/tsg)) during the evaporation of
different ethanol-water mixtures (with a) 0%, b) 30%, ¢) 70% and d) 100% EtOH content) from LDO/fluoropolymer layer. The images in the upper left corners (exported pro rata from the IR
video) correspond to ty, a representative intermediate time t, and t;. The temperature of the solid was set to 50 °C. The droplets were 5 pL. (Error T: +1 °C; Error s: +0.5mm?.)

3.3. Weight loss measurements

Droplets of different solvents were placed on the LDO/fluoropolymer
layer and their measured weight variations are shown in Fig. 4. The
shapes of the weight variation curves are characteristic for the evaporat-
ing solvents. These peaks can be characterized by their maximum value
(i.e., Mpmax), full width at half maximum (FWHM), full width at base (at
m = 0 mg, i.e,, total evaporation time, t;(r,)) and the slope of the decline
(dmydt). These parameters are summarized in Table 2.

Within the error of the measurements, the average maximum
weight data (mpax) agree well with the theoretical values of the 5 pL
drops' initial masses at room temperature, namely 4.99 mg, 4.77 mg,
4.34 mg and 3.95 mg in case of 0%, 30%, 70% and 100% ethanol content,
respectively. The total time of evaporation (tym)) increases from ~50 s to
~790 s with decreasing amount of ethanol in the solvent mixtures (see
Table 2), and these data correlate well with the total evaporation time
determined from the IR measurements (t;r), see Table 1).

Table 1

Data extracted from infrared videos characteristic for the evaporation of different solvents
from LDO/fluoropolymer layer. Sq() is the initial area of the drops, Sws) is the area of the
wetted region at the end of the surface evaporation (ts) and t; is the total evaporation time.
The temperature of the solid was set to 50 °C. The droplets were 5 L.

O e 0%EtOH-100%water

= = = 30%EtOH-70%water
A ——— 70%EtOH-30%water
100%EtOH-0%water

55 3 e
L 50
5] i
] [ 45
45 -
= L 40 ~
© 40+ r 9
) 2
= 35 WETTED [ 35 =
1 AREA
] att, f
30 DROPLET - 30
1 att,
25 ] [ 25
¥ T T L | T " T T T w
-4 -3 -2 -1 0 1 2 3 4

L (mm)

Solvent mixture Sa(toy (Mm?) Sw(ts) (Mm?) tsr) (S) teiry (S)
0%EtOH-100%water 4.69 1.19 756 825
30%EtOH-70%water 4.95 3.11 324 423
70%EtOH-30%water 4.68 5.26 104 199
100%EtOH-0%water 741 18.04 3.8 61

Fig. 3. Temperature variation along the diameter of the hydrophobic LDO/fluoropolymer
for different liquids at initial moments of evaporation (tp) and at the total surface
evaporation (ts). The temperature of the solid was set to 50 °C, the liquids were kept at
room temperature. The droplets were 5 pL. (Errory: £1C°).



6 LY. Toth et al. / Journal of Molecular Liquids 305 (2020) 112826

63 0% EtOH - 100% water  ©3 30% EtOH - 70% water
5 ] 5 ]
£ 3] £ 3]
2 2
(] g ® ]
g 2+ g 2-
¥
OEN"I"I"I' IW(\WMKM OM'I"I"I 'I"I"m
ao 200 400 600 800 1000 b o 200 400 600 800 1000
61 time (s) 64 time (s)
] 70% EtOH - 30% water ] 100% EtOH - 0% water
54 5]
5 ] 5 ]
E 3] E 3]
o ] o ]
8 1 & 1
g 24 € 2+
05 OEM'
0 200 400 600 800 1000 0 200 400 600 800 1000
C time (s) time (s)

Fig. 4. Weight variation of the LDO/fluoropolymer layer as a function of time during the evaporation of different solvents. The temperature of the solid was set to 50 °C. The droplets were 5

pL.

At the end of the surface evaporation (tsr)), well defined quantities
of the solvent mixtures (mg) remain in the pore system of the LDO/
fluoropolymer layer. These quantities were 0.11 mg + 0.04 mg,
0.67 mg + 0.03 mg, 1.64 mg + 0.12 mg and 3.18 mg + 0.15 mg for
0%, 30%, 70% and 100% ethanol content solvent mixtures. To put these
into perspective, these values correspond to 2%, 14%, 38% and 81% of
the original liquid amount remaining in the porous system after the sur-
face evaporation, respectively.

The slopes of weight loss (dm/dt) (i.e., the rate of evaporation) for
the different solvents were determined by fitting as reported in
Table 2. These values are characteristic for the whole evaporation pro-
cess and specific for the ethanol content of the solvents. The fitted dm/
dt values correlate well with the calculated — mpax/tim) values. Hence
the slope of weight loss, the total evaporation time and the density of
the solvent (which defines the initial mass) are all related to each other.

In case of a porous solid material, the weight loss of the liquid mea-
sured during the vaporization can be explained i) by the evaporation of
the sessile droplet on the solid (its rate depends for example on the
shape of the drop, so it is obviously different for a drop with contact
angle (6) >90°or <90° [15,50,51] shown in Fig. S1) and ii) by the evapo-
ration from the porous system (condensed or adsorbed liquid). The

Table 2

evaporation phenomenon can be divided into different stages, and typ-
ically, different dominant process can be assigned to each stage. Thus, in
theory, evaporation of a liquid from LDO/fluoropolymer layer can be di-
vided into three stages: in the I stage the dominant process is the evap-
oration of the sessile droplet with 6 >90°; in the II stage the dominant
process is the evaporation of the sessile droplet with 6 <90° (until t,)
and in the IIl stage the dominant process is the evaporation of the liquid
from the porous system (until t;). These stages for the evaporation of
ethanol-water mixtures from LDO/fluoropolymer layer are shown in
Fig. 5 and in the Supplementary Table S1. The evaporation rate (dm/
dt) for the divided vaporization stages were determined by linear fitting
as reported in Table 3. Based on the results we can conclude, that i) the
evaporation rate for the divided stages of the vaporization is constant
with a good approximation, ii) the evaporation rate decreases systemat-
ically in the successive stages, and iii) the evaporation rate increases
with the increasing ethanol content examining a selected stage.
Approximate analytical expression of the evaporation rate can be
described by different mathematical models for the vaporization of ses-
sile droplets with 6 < 90° [21,41,52-54]. Since the constitution of the
evaporating ethanol-water mixtures changes during the evaporation
and the LDO/fluoropolymer layer shows a slight instability against

Experimentally determined data characteristic for weight losses of the different solvent evaporations from LDO/fluoropolymer layer; t;(m) is the total evaporation time. The temperature of

the solid was set to 50 °C. The droplets were 5 pL.

Solvent mixture Mpmax (Mg) te(m) (S) FWHM (s) dmy/dt (mg/s)

0%EtOH-100%water 5.03 4 0.04 792.1 £ 169 323.1 4+ 21.8 —0.0067 4 0.0002
30%EtOH-70%water 4.47 £+ 0.22 428.7 +£59 154.5 + 10.5 —0.0092 4 0.0005
70%EtOH-30%water 427 +0.21 182.8 £ 105 90.3 + 8.8 —0.0211 £ 0.0005
100%EtOH-0%water 3.81 £0.72 49.8 + 1.7 270+ 43 —0.0678 4 0.0108
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Fig. 5. Different stages for the evaporation of the ethanol-water mixtures from LDO/fluoropolymer layer. (t; is the time of evaporation from the surface.) (The temperature of the solid was

set to 50 °C. The droplets were 5 pL.)

pure ethanol, in this study only the evaporation rate of the pure water
droplet with 6 <90° will be discussed in detail.

Hu and Larson [52] investigated the evaporation of a sessile water
droplet from glass with pinned contact line described as a quasi-
steady-state process. They conclude, that i) the net evaporation rate re-
mains almost constant, ii) the evaporation flux becomes more strongly
singular at the edge with the decreasing 6, and iii) the contact line starts
to reduce only at 6 ~2-4°. For 6 <90° their model for the evaporation rate
(dmy/dt) is the following:

dm

o = ~TRD(1—H)cy(1270 +130)

(2)

In Eq. (2) Ris the contact line radius, D is the water vapor diffusivity,
H is the relative humidity, ¢, is the saturated water vapor concentration.
Using this model, the evaporation rate values are constantly decreasing
(from dm/dt—540s = —0.0019 mg/s to dm/dt—gg0s = —0.0011 mg/s)

Table 3

for the II stage of the water evaporation from LDO/fluoropolymer
layer. These values are very far from those obtained experimentally,
however, our system differs from Hu and Larson's system at several
points: i) the solid is porous, ii) the liquid's temperature is continuously
changing during the measurement, and iii) the contact line is not
pinned during the evaporation.

Bogya et al. [41] build a model for the simulation of the evaporation
of sessile water droplet (6 < 90°) from heated porous carbon nanotube
films. The corresponding parameters were estimated for the actual tem-
perature of the drop (T [K]). The full adaptation of this model for the
LDO/fluoropolymer layer can be found in the Supplementary file
(Egs. (S1-512)). The evaporation rate (Q,,(T)) and the energy balance
equation are given by the following formulas:

Qun(T) = Dy (T)(c(T) —Cr)

e

The evaporation rate (dm/dt) for the divided vaporization stages determined by linear fitting on the weight variation of the LDO/fluoropolymer layer as a function of time during the evap-
oration of different solvents. (The temperature of the solid was set to 50 °C. The droplets were 5 pL.)

Solvent mixture [ stage (from sessile droplet) Il stage (from sessile droplet) 11l stage (from porous system) Full range
dmy/dt (mg/s) dm/dt (mg/s) dmy/dt (mg/s) dmy/dt (mg/s)
0%EtOH-100%water —0.00708 —0.00502 —0.00082 —0.0067
30%EtOH-70%water —0.01542 —0.00869 —0.00542 —0.0092
70%EtOH-30%water - —0.02785 —0.01481 —0.0211
100%EtOH-0%water - - —0.05036 —0.0678
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dr

dr _ _ KrSe(T—=Ts) AHy(T)Qm(T) _ KrS(T—T)
dt

p(Me(MV p(Me(MV p(T)ep(T)V

(4)

In Egs. (3) and (4) D'wa(T) is the diffusion coefficient of water in air
[m?/s], S is the surface area of drop [m?], e is the equivalent diameter (of
drop) [m], ¢(T) and ¢, are the water vapor concentrations at the
droplet-air interface and at the bulk air [kg/m?]. In Eq. (4). Ts is the tem-
perature of the solid support at the drop-solid contact area [K], T, is the
temperature of the surrounding air [K], Ky is the heat transfer coefficient
between the solid support and the water droplet [W/(m?K)], Kr. is the
heat transfer coefficient between the water and the surrounding air [W/
(m?K)], Sq is the drop-solid contact area [m?], p(T) is the water density
[kg/m?], ¢, is the specific heat of the water [k]/(kgK)], AHy is the evap-
oration heat of water [k]/(kg)]. See the Supplementary for details
(Egs. (S1-S12).

The LDO/fluoropolymer layer has non- water wetting characteristic.
The experimentally determined amount of the water in the porous layer
is ~2% at the end of the sessile droplet's evaporation (ts), thus, the diffu-
sion flux of water to the solid phase was set to zero in the modelling of
the vaporization. Using this model, the evaporation rate is
—0.0038 mg/s for the II stage of the water evaporation from LDO/
fluoropolymer layer, which slightly underestimates the experimental
value, however, it is almost constant throughout the studied range (4
6%). The calculated heat transfer coefficient between the LDO/
fluoropolymer film and the water droplet is Ky = 1768 W/(m?K).

3.4. Analysis of the characteristic experimental parameters - analytical
possibilities

Evaporation characteristics appear to be noticeably specific for the
chemical composition of the fluid and solid phase, as previously de-
scribed. In order to demonstrate this phenomenon, some representative
parameters determined from the experiments (i.e., t, ts, FWHM, dm/dt,
O(t0), Sd(t0), Swets)) were plotted as a function of the initial ethanol con-
tent in the liquid phase in Fig. 6. The presented changes are systematic:
the values of t, t;, FWHM, dm/dt, and ©o, decrease continuously,
whereas Sg(0) and Sys) increase with the increasing ethanol content.
The plotted points can be fitted mathematically by the y = A - e* +
C expression. Note that this fitting formula does not support any direct
physico-chemical interpretations. Fitted values of A, B, C, and the good-
ness of the fitting (R?) are summarized in Table 4 for selected evapora-
tion properties. The values of R? are above 0.978 for all studied cases,
which confirms that it is valid to extract quantitative information from
fitted values for an unknown ethanol-water mixture. Namely, the initial
ethanol content can be determined by measuring the representative pa-
rameters calculated from the experiment performed using the

20048 A dmidt
A L 0.00
700 *
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600
0 --0.02

= 500
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2003 L .0.06
100 L-0.07

0- T T T T T T T T T T T 008
0 10 20 30 40 S50 60 70 80 90 100
a EtOH (%)

dm/dt (mg/s)

unknown solution and by using the equations of the fitted curves as cal-
ibration curves. This method is likely to be applicable for other binary
solvent mixtures as well.

It is intriguing to uncover relationships between the experimentally
determined data and the physical properties of the studied solvents: the
density (p), surface tension (y), melting point (Tpelting), boiling point
(Tboiling), Viscosity (1), dipole moment (p), and molecular mass (M) of
the solvents were collected from widely accepted reference sources.
For the studied liquids, the characteristic measured data (t, FWHM,
dm/dt, ts, Sa(t0).Sw(ts)) and the physical properties of the solvents (p, .
Tmelting: Thoilings T, P» M) are summarized in the Supplementary Table S2.

The matrix of Pearson correlation coefficients (PCC) was used to an-
alyze this dataset. The relevant part of the PCC matrix can be found in
Table 5, and all calculated Pearson correlation coefficients are reported
in the Supplementary Table S3. The correlation between two chosen pa-
rameters is positive when the values increase together, and negative
when one value decreases as the other increases. The absolute magni-
tude of coefficient is proportional to the strength of correlation. The
characteristic ranges of PCC values are not unambiguously agreed on
in the literature [55,56]. The ranges used in the present study are the fol-
lowing: 0.00 to 0.30 indicates negligible correlation, 0.30 to 0.50 is low
correlation, 0.50 to 0.70 signifies moderate correlation (highlighted in
green in Table 5), 0.70 to 0.90 means high correlation (highlighted in
light blue) and 0.90 to 1.00 signals very high correlation (highlighted
in dark blue).

It is essential to focus on the correlations between one measured
value and one chosen physical property to uncover the relationships be-
tween experimentally determined data and the properties of solvents as
defined by their physical properties. These PCC data can be found in the
upper right quarter of Supplementary Table S3 and they are listed in
Table 5 as the relevant part of PCC matrix.

There are very high correlations (|[PCC| > 0.9) in about half of the
cases, and high correlations for almost all other states as well (0.9 > |
PCC| > 0.7). Data in Table 5 reveals that the t;, t;, FWHM, and ©.0) pa-
rameters carry most of the information. For example, let us realize
that it is possible to estimate the viscosity (PCC = —0.98), the boiling
point (PCC = 0.96), or the surface tension (PCC = 0.95) of a studied liq-
uid merely from the measured t, value! Relationships presented in
Table 5 allow us to estimate the physical parameters of the liquid, and
thus obtain qualitative information for an unknown solvent based on
the experimental results determined by our method.

4. Conclusions
The LDO/fluoropolymer composite layer with porous structure and

roughened surfaces, but non- water wetting characteristic was our
choice for the characterization of solvent specific evaporation. The
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Fig. 6. The experimentally determined characteristic parameters of evaporation from LDO/fluoropolymer film plotted as a function of the initial ethanol content in the ethanol-water
mixture. The points were fitted by y = A - €®* + C. (This fitting formula does not support any direct physico-chemical interpretations.) The droplets were 5 pL.
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Table 4

Fitted parameters of y = A - e + C curves corresponding to experimentally determined evaporation parameters plotted as functions of the ethanol content of ethanol-water mixtures

vaporizing from a LDO/fluoropolymer film.

te ts FWHM dmy/dt @(m) Sw(ts) S(l(tO)
A 891.19 810.88 314.25 —0.00052 18.72 0.1199 4.665E—09
B —0.01671 —0.02453 —0.02270 0.04769 —0.03023 0.04910 0.20150
C —103.053 —56.674 6.268 —0.00655 110.136 1.733 4771
R? 0.998 0.999 0.987 0.999 0.979 0.993 0.991

time-dependent evaporation of ethanol-water mixtures was studied by
high speed camera (for contact angle measurements), infrared camera
(for thermal imaging) and weight loss measurement. For the systematic
evaluation of the droplet's evaporation rate, the surface tension of the
ethanol/water mixture was tuned by the ratio of these two miscible
solvents.

The evaporation of a liquid from LDO/fluoropolymer layer could be
divided into three stages: in the I stage the dominant process is the
evaporation of the sessile droplet with 6 >90°; in the II stage the domi-
nant process is the evaporation of the sessile droplet with 6 <90° (until
ts) and in the IIl stage the dominant process is the evaporation of the liq-
uid from the porous system (until t;). Based on the results of the appro-
priate model calculation of the evaporation rate, we concluded that
i) the evaporation rate for the divided stages of the vaporization is con-
stant with a good approximation, ii) the evaporation rate decreases sys-
tematically in the successive stages, and iii) the evaporation rate
increases with the increasing ethanol content examining a selected
stage.

The wetting of the LDO/fluoropolymer layer increased with the in-
creasing initial ethanol content of the applied liquid mixture. The
Cassie's wetting mode was assigned to the pure water and the Wenzel's
wetting mode to the ethanol, respectively. The surface free energy of the
studied LDO/fluoropolymer composite was 8.4 + 2.6 mN/m as deter-
mined by dynamic contact angle measurements and the heat transfer
coefficient between the LDO/fluoropolymer layer and the water droplet
was Kr = 1768 W/(m?K) calculated from the appropriate evaporation
rate model.

Under the applied experimental conditions, the LDO/fluoropolymer
layer was completely stable at room temperature. However, the coffee

Table 5

Pearson correlation coefficient (PCC) matrix for the specific evaporation parameters from
a LDO/fluoropolymer layer indicating total evaporation time: t;, full width at half maxi-
mum: FWHM, evaporation rate: dm/dt, time of evaporation from the surface: ts, initial
area of the droplet: Sq(), wetted area at ts: Sy (i), initial contact angle (6(1)), density: p,
surface tension: vy, melting point: Trelting, boiling point: Tpejiing, Viscosity: 7, dipole mo-
ment: p, molecular mass: M. The temperature of the solid was set to 50 °C. The droplets
were 5 L. (Highlighted in green: moderate correlation, in light blue: high correlation, in
dark blue: very high correlation.)

p Y Tmetting ~ Thoiling n P M
t! 0.95 0.95 0.91 0.96 -0.98 0.98 -0.90
FWHM? 093 0.97 0.89 0.94 -0.96 0.96 -0.88
dm/dt 0.92 0.58 0.97 0.89 -0.88 0.88 -0.97
ts 0.92 0.97 0.87 0.93 -0.95 0.95 -0.86
S o) -0.80 -0.47 -0.88 -0.75 0.75 -0.75 0.88
Sw(ts) -0.92 -0.61 -0.97 -0.89 0.88 -0.88 0.97
Oto) 0.94 0.96 0.90 0.95 -0.97 0.97 -0.89

“Average value.
PFrom mass measurements.

ring effect could be observed at the end of the evaporation of pure eth-
anol at 50 °C, indicating a slight instability of the prepared layer. This in-
stability is one limitation of the future application. The primary
measurement methods (weight, temperature, contact angle) were not
disturbed by the fact that the constitution of the evaporating liquid mix-
tures changes during the experiment, however, the continuous change
of the liquid phase's constitution complicates the modelling of the evap-
oration process. Furthermore, this is a limitation of the future analytical
application, because this method could be appropriate only to provide
information on the initial composition of the liquids mixtures. Several
experimentally determined parameters were used to characterize the
evaporations of the different solvent mixtures. It was proven by using
an appropriate statistical method, that these values are specific for the
solvents, and can be used for both quantitative and qualitative analysis.
Within the limits mentioned above, these results allow us to predict the
possibility of using a similar setup in a potential future analytical chem-
istry application.
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