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Abstract

The effect of ambient temperature and relative humidity on the dynamics of ethanol drop
evaporation is investigated. Although drop evaporation of mixtures and pure fluids has been
extensively studied, very little is known about the transition from pure fluid to a binary mixture
following transfer of a second component present in the atmosphere. This is of importance for
industrial, biological and medical applications where the purity of the solvent is paramount.
Adsorption-absorption and/or condensation of water into ethanol drops during evaporation is
presented through direct quantification of the drop composition in time. In particular, we
combine drop profile measurements with Gas Injection Chromatography (GIC) to directly
quantify the amount of ethanol evaporated and that of water intake over time. As expected, drops
evaporate faster at higher temperatures since both ethanol saturation concentration and vapor
diffusion coefficient are directly proportional to temperature. On the other hand, the increase in
the ethanol evaporation rate and in the water intake are observed at higher relative humidity. The
increase in ethanol evaporation at higher relative humidity is interpreted by the increase in
diffusion coefficient of ethanol into humid air when compared to dry air. Moreover, as ethanol
evaporates in a high humidity environment, the drop interfacial temperature falls below the dew
point due to evaporative cooling and water condenses compared to lower humidity conditions.
As a consequence of the heat released by adsorption-absorption and/or condensation, greater
temperature is reported at the liquid-vapor interface as confirmed by IR thermography, inducing
greater ethanol saturation concentration at the surface and hence greater driving force for
evaporation. By coupling drop profile and composition of ethanol and water within the drop, we
propose a combined evaporation-absorption/adsorption and/or condensation empirical
correlation. The proposed correlation accounts for: the decreases in ethanol concentration due to
water absorption-adsorption and/or condensation, for the diffusion coefficient dependence on
relative humidity, and for the amount of water intake during evaporation. The proposed

empirical  correlation agrees remarkably well ~with  experimental observations.
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Introduction

Substrate wettability, roughness, conductivity, temperature, and/or fluid properties are well
known factors influencing the complex phenomena of wetting and evaporation of liquids on
solid surfaces'”. In addition to these factors, the effect of the surrounding atmosphere also has a
strong effect on drop evaporation'®'*. Houghton first and then Fuchs few decades later, reported

the first experimental observations on the effect of relative humidity and surrounding atmosphere

10, 11

on water drop evaporation . Accordingly to Fick’s first law, the lifetime of a suspended

spherical drop is function of the concentration of its vapor in the atmosphere'> '*. In other words,
a water drop eventually evaporates faster in atmospheres with low relative humidity. This is

consistent with the increase in the evaporation rate of water drops evaporating in inert

13, 15 16, 17

atmospheres . Furthermore the effect of relative humidity > "', presence of volatile organic

18, 19 15, 20-22 23-25

compounds , reduced pressure , presence of particles as suspension™ ", dissolved

salts,”® polymers,”’ and/or the application of external forces™ ™’

on the evaporative behavior of
volatile liquid drops have also been recent subjects of study.

In addition to the aforementioned investigations on pure liquid drops, wetting and
evaporation of binary mixtures have also received important attention in the past decades’ ™’.
Evaporation of binary mixtures are relevant to many industrial and biomedical applications such
as material processing’®, patterning®’, DNA chip manufacturing®® and thermal management’,

amongst others. Propanol-water’*, ethanol-water**

and methanol-water* are some of the
binary mixtures reported to exhibit distinctive wetting and evaporation behaviors when
compared to pure fluids. Looking at the evolution of contact angle and contact radius during
evaporation of ethanol-water mixtures on a PTFE substrate, Sefiane et al. reported three stages of
evaporation *’. Thereafter, Particle Image Velocimetry (PIV) revealed that the first stage of

evaporation is characterized by random orientation and unsteady radial velocities within the drop,

which are driven by concentration and temperature gradients*'. This is followed by a transition
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stage and eventually, after ethanol completely evaporates, the drop vanishes following the same
behavior as that of pure water. Other recent approaches used for flow visualization within
evaporating drops are spectral radar optical coherence tomography®, high speed confocal
microscopy*®, aggregation-induced emission luminogen®’, cavity enhanced Raman scattering and
laser induced fluorescence™.

Regarding the vapor transfer into an evaporating drop, Seaver et al. reported on the
condensation of water onto an evaporating butanol drop for the first time*. Using optical
microscopy, they studied the evaporation of acoustically levitated butanol drops. Two different
evaporative regimes were identified. Initially, evaporation proceeds following a similar trend to
that of pure butanol and thereafter, similar to that of pure water evaporating in humid air. Smolik
and Schwarz also observed condensation, in this case of naphthalene, onto water drops
evaporating in air-steam-naphthalene atmosphere’. The condensation of supercooled
naphthalene was supported by heterogeneous nucleation theory. More recently, Persad et al.
investigated the effect of single and multicomponent atmosphere on the evaporation of water,
ethanol and methanol drops®’. They found that temperature at the interface of a drop evaporating
in a multicomponent atmosphere, i.e. water and ethanol atmosphere, pulsates/oscillates due to the
energy released from adsorption-absorption of the second component onto the drop. On the other
hand, no oscillations were reported when evaporating in its own vapor.

The effect of the surrounding atmosphere (temperature and relative humidity) on mass
and energy transport of ethanol drops undergoing evaporation was also investigated by means of
infrared (IR) thermography '’. The decrease in the strength of the hydrothermal patterns and the
number of hydrothermal waves (HTWs) due to water adsorbing-absorbing and/or condensing
onto the interface was reported. These observations were in agreement with previous work of
Innocenzi et al., where water condensation onto ethanol and ethanol-water drops was monitored

by means of time-resolved infrared spectroscopy’’. Moreover, by looking into the drop
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evaporative behavior, i.e., drop shape, Liu ef al. also inferred the condensation of ethanol onto
pure water and ethanol-water drops evaporating in an ethanol saturated atmosphere’>. They
concluded that in the case of binary mixtures, water condensation is driven by the decrease in the
water vapor pressure at the liquid-vapor interface when compared to pure water. More recently,
Chen et al. coupled acoustic and infrared approaches to estimate the concentration of ethanol and
butanol at the drop bottom and at the drop interface, respectively, during the evaporation of
ethanol-water and butanol-water mixtures™.

In spite of the above mentioned investigations, none of these studies presented accurate
and direct quantification of the drop composition in time, which could assist in a more detailed
description of the coupling between heat and mass transfer during organic drops evaporation. In
addition, purity of the solvent might be affected by the here mentioned phenomena. Hence, to
further understand the effect of vapor transfer into evaporating organic solvent drops, we present
the first direct quantitative analysis of the composition of ethanol drops evaporating in humid air
at different ambient temperatures and relative humidity. A CCD camera and subsequent analysis
with Matlab® enabled the extraction of the drop profile (base radius, contact angle and volume)
in time. Drop composition at different stages of evaporation was then analyzed with Gas
Injection Chromatography (GIC). The amount of water adsorbed-absorbed and/or condensed and
that of ethanol evaporated is then quantified at different stages of evaporation by combining drop
composition with drop profile. In addition, IR thermography was used to track the drop
temperature profile at the liquid-gas interface. The greater ethanol evaporation rates observed at
high temperatures and at high relative humidity are supported by diffusion limited evaporation
model while the greater adsorption-absorption and/or condensation is demonstrated by
heterogeneous nucleation theory. We conclude that at low relative humidity the main governing
mechanism for water intake is that of adsorption-absorption, whereas at high relative humidity

condensation plays a more relevant role. In addition, to predict the evaporative behavior of such
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drops, we propose a combined evaporation-absorption/adsorption and/or condensation empirical
correlation. The proposed correlation is based on the diffusive evaporative model that accounts
for the decreases in ethanol concentration within the drop as well as for the water adsorption-
absorption and/or condensation, and for the diffusion coefficient dependence on the ambient
relative humidity. The proposed correlation agrees remarkably well with the experimental

observations.
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Experimental Procedures

Experiments were carried out in a PR-3KT environmental chamber from ESPEC Corp. (USA)
where ambient temperature (7,,5) and relative humidity (RH) can be finely controlled between
10 °C and 85 °C and from 20% to 90%, respectively. In addition, a Type K thermocouple was
placed inside the chamber to confirm the temperature displayed by the environmental chamber,
which showed differences within + 1 °C. A CCD camera Sentech STC-MC152USB with a
Cosmicar TV Zoom lens and a back light were used to capture the evolution of the drop profile
in time. Thereafter, drop volume, V' (ul), radius, R (mm), and contact angle, 6 (deg), were
extracted in time, ¢ (seconds), using Matlab® and assuming spherical cap'’. A 9.5 x 9.5 x | mm’
copper plate coated with a thin layer of CYTOP (C-C, C-F and C-O perfluorinated polymer) was
used as substrate. We note here that CYTOP coating was applied to the copper to ensure more
reproducible spherical drops'’. 99.5% ethanol was purchased from Kanto Chemical Co. (Japan).
An IR camera SC4000 from FLIR (USA) with spectral range between 3 and 5 pm was used to
capture the drop temperature at the liquid-gas interface. A schematic of the experimental setup is
shown in Figure 1a. The chamber precision range of environmental conditions as reported by the
manufacturer is presented in Figure 1b. The experimental conditions (7, RH) studied are

included in Figure 1b&c.
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Figure 1 - (a) Schematic of the experimental setup including: environmental chamber, syringe and
dosing system, copper substrate coated with CYTOP, infrared and CCD cameras. IR snapshot of
an evaporating ethanol drop from the top and CCD camera snapshot from the side are also
included. (b) In solid blue, range of the environmental chamber as ambient temperature, 7,,,;,
versus relative humidity, RH. Red crosses represent the experimental conditions studied in this
work. (¢) Environmental conditions studied as 7,,,;, RH and equivalent dew temperature, 7, for
each condition.

The experimental procedure is described next. Firstly, to ensure homogeneous temperature
between the ambient, the fluid and the substrate, 7., and RH are set for 30 minutes. Next, CCD
and IR cameras are triggered and the evolution of the drop profile and drop interface temperature

are recorded at 4.8 fps and 5 fps, respectively. Before drop deposition, the chamber is turned off

to avoid any interference due to vibrations. A drop of ca. 7 pl is gently deposited on the substrate.

We note here that due to the short duration of the experiments, environmental conditions
exhibited minor fluctuation within + 1 °C 7,,;, and + 5% RH. We note here that change in the
saturation concentration of ethanol at the droplet interface and hence on the ethanol evaporation
due to fluctuations in the environmental conditions within the chamber is within 5%, which can

be considered within the experimental observations deviation. In addition, change in the amount
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of water adsorbed-absorbed and/or condensed from GIC is also estimated within 5%, which is in
the same order as the RH variation.

For the analysis of the drop composition, a 0.5 pl Hamilton™ syringe with a needle with inside
and outside diameter of 0.104 and 0.515 millimeters, respectively, is used to extract the liquid
from the drop at different stages of evaporation as represented in Figure 2a. A x-y-z axis
micrometer manual translation stage from Sigma Koki (Japan) is used to guide the insertion of
the needle into the drop for liquid extraction at different evaporating times and at different
environmental conditions studied with minimal interfacial disruption during extraction. We note
here that each GIC data corresponds to the average of three independent drop evaporation
experiments. 0.2 + 0.1 microliter are extracted from the drop for each condition, taken to a Gas
Injection Chromatograph (GIC) GC-2010 Plus from Shimadzu (Japan) and analyzed (Figure
2b&c). We must note here that 50% error reported on sample extraction did not affect the GIC
composition analysis or the results on droplet evaporation behavior since each GIC data point
corresponds to the average of three independent drop evaporation experiments without
intermediate sample extraction. In addition, GIC requires ca. 1 pg of injection sample compared
to the 200 pg extracted, hence the amount needed for analysis can be considered negligible
compared to the amount of volume extracted and its associated error. A schematic representation
of the procedure for drop deposition and liquid extraction (Figure 2a), picture of the GIC (Figure
2b), intensity peaks obtained from the GIC versus retention time (Figure 2c), and calibration
curve for the ethanol volume concentration (%) versus Aemanot peak ! Aiotal peaks at Tamp = 30 °C

(Figure 2d) are represented in Figure 2:
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Figure 2 — (a) Schematic representation of drop deposition (stage 1) and liquid extraction (stage 2),
(b) picture of the GIC Shimadzu GC-2010 Plus, (c) intensity (uV) versus retention time (min) at
stage 1 (right after deposition) and stage 2 (after some evaporation) obtained from GIC analysis,
and (d) GIC calibration curve for the ethanol volume concentration (%) versus ratio ethanol peak
area to total peaks area, A.manor peak | Atotal peakss At Tampy = 30 °C. Cubic fitting is included for
comparison. We note here that the trend for 7,,, =40 °C is nearly the same.

Right after ethanol drop deposition, GIC analysis in Figure 2c only shows one intensity
peak at ca. 9 minutes which corresponds to pure ethanol. However, after a certain evaporation
time, two distinctive peaks can be observed in Figure 2c¢: one peak at ca. 9 minutes and a new
peak appears at ca. 4 minutes, which are attributed to ethanol and to water, respectively. To
obtain the ethanol volume concentration (%) from the GIC intensity data, calibration of the GIC
was carried out prior to drop evaporation experiments. Pure ethanol, pure water and seven
different intermediate concentrations of ethanol-water mixtures at T, = 30 °C and at T,,;, =
40 °C were prepared and analyzed with the GIC. For each of the ethanol-water mixtures, the

ratio of area of ethanol peak to the total area of ethanol and water peaks, Aemanol peak ! Arotal peakss
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was calculated from the intensity versus retention time data. Then, the ethanol volume
concentration Versus Aesmanol peak ! Atotal peaks can be plotted in Figure 2d. From Figure 2d, the

ethanol volume concentration versus Aemanol peak ! Arwotal peaks closely follows a relatively linear

trend.
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Results and Discussion
Drop Profile Evaporative Behavior

In what follows we present representative experimental observations of ethanol drops
evaporating on a copper substrate coated with a thin layer of CYTOP. The evolution of contact
angle, 6, contact radius, R, height, 4, and volume, V, versus time, ¢, for 7,,,= 30 °C and T;,» =
40 °C at different RH are included in Figure 3. We note here that no liquid extraction for GIC

analysis was carried out during the experimental observations presented in Figure 3.
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Figure 3 — Representative evaporative behavior as evolution of (circles) contact angle,  (deg),
(squares) contact radius, R (mm), (diamonds) height, # (mm), and (up-triangles) volume, V' (ul),
versus time, 7 (seconds), for (a) 7,,,= 30 °C - RH = 35%, (b) T,..,= 30 °C - RH = 65%, (¢) T,»=
30 °C - RH =90%, (d) T,,,=40 °C - RH =35%., (e) T,,s= 40 °C - RH = 50%, and (f) T,,,;,= 40 °C -
RH = 90%. Insights of (d) and (f) show the drop shape after most of the ethanol evaporates. We
note that for better representation we have reduced the number data points by a factor of 20.
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From Figure 3, qualitatively the evaporative behavior is very similar for all
environmental conditions. After the drop deposition, the base radius monotonically decreases
until the last instants of evaporation where it remains practically constant. On the other hand, the
contact angle decreases for the initial 10 seconds of the evaporation and thereafter increases until
it reaches a plateau at ca. 100°. The initial decrease in contact angle is attributed to the loss of
ethanol during evaporation, whereas the increase in contact angle is ascribed to the increase in
the water concentration at the liquid-gas interface and within the drop. Due to the water
adsorbed-absorbed and/or condensed, the final shape of the drop tends to that of pure water on a
low surface energy surface™.

As a consequence of the interplay between ethanol evaporation and water adsorption-
absorption and/or condensation, the evolution of the drop volume in time follows a decreasing
quadratic form followed by a plateau. It is worth noting that at high ambient temperature (7, =
40 °C), the volume reaches a plateau earlier than at low ambient temperature (7,,,,= 30 °C). Also
we stress here that the final drop volume is greater with increasing RH. The drop height usually
decreases at low RH, whereas it remains fairly constant for half of the drop lifetime followed by
an increase to account for the change in contact angle at high RH. In view of this unique
evaporative behavior it is reasonable to emphasize that as ethanol evaporates and water adsorbs-
absorbs and/or condenses, the composition of the water drop transitions from pure ethanol to

17, 52
pure water

. Due to water being adsorbed-absorbed and/or condensed, the evaporative
behavior does not follow any of the well-known evaporation modes previously reported in

literature: the constant contact radius™, the constant contact angle™ or the mixed mode™® 7. Here
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we report a mixed evaporation-adsorption-absorption and/or condensation mode where the

contact radius decreases monotonically while the contact angle increases.

Infrared Thermography Behavior
Figure 4 includes representative raw IR temperature snapshots at the drop liquid-gas

interface for 7;,,, = 40 °C at 35% and at 90% RH at different evaporating times.

t=80s t=160s t=240s t=300s

40.0_’0
Tamb = 40 °c
RH = 35%
- 38
T,., =40 °C
RH=90% M| *

35.0°C

Figure 4 — Raw IR snapshots of the drop liquid-gas interface at 7,,, = 40 °C and (up) RH = 35%
and (down) RH =90% at ¢t =0, 80, 160, 240 and 300 seconds. Color scale bar represents temperature
distribution from 35 °C (dark-blue) to 40 °C (bright-yellow). Scale bar is 2 mm.

From Figure 4, the decrease in drop size, i.e., decrease in drop radius, in time is evident.
At low RH the drop radius monotonically shrinks until the drop completely evaporates, whereas
at high RH the drop radius decreases and then reaches a plateau for several minutes where the
drop seems to not evaporate further. This behavior is consistent with the evolution of the drop
radius presented earlier in Figure 3. When looking into IR thermography data (Figure 4), as
ethanol evaporates the temperature at the drop interface decreaes due to evaporative cooling. Part

of the latent heat of evaporation is removed from the drop and, as a consequence, the drop

interfacial temperature decreases below that of the ambient (Tiueruce < Tump). A temperature
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gradient appears at the drop interface giving rise to self-generated HTWs that induce mixing
within the drop (Figure 4)'” *®. At low RH, there is stronger evaporative cooling and hence
stronger mixing than at high RH (Figure 4a vs. Figure 4b). At high RH the heat of water
adsorption-absorption and/or condensation keeps the drop temperature more uniform hindering

evaporative cooling effect.

Gas Injection Chromatography

To directly quantify the amount of water adsorbed-absorbed and/or condensed during
ethanol drop evaporation, Figure 5 shows GIC experimental results as ethanol volume
concentration (%) in time at 7,,,, = 30 °C and 7,,,, = 40 °C and 25%, 50% and 90% RH. Figure 5
represents the first systematic direct quantification of the composition in time of evaporating

ethanol drops.
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Figure 5 — Ethanol volume concentration (%) versus time, 7 (sec), for ethanol drops evaporating in
a controlled atmosphere at (a) 7,,,= 30 °C and (b) 7,,,;= 40 °C for (triangles) 25%, (squares) 50%
and (circles) 90% RH. The remaining concentration is that of water (Xyaer = 1 - Xemano)- Each data
point shows the average of 3 independent experiments with standard deviation = 5% and + 10
seconds for the ethanol volume concentration and for the drop lifetime, respectively. Linear fitting
is included to illustrate the trend. For 7,,, = 40 °C the drop profile before extraction at r = 0
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seconds, and after extraction at r = 120 seconds for RH = 25% and at ¢ = 360 seconds for RH = 90%
are also included along.

Figure 5 shows that the concentration of ethanol decreases quasi-linearly with time while
the volume concentration of water increases accordingly (water volume concentration = 100% —
ethanol volume concentration: Xyaer = 1 - Xehanot) for any of the conditions studied. The decrease
in the ethanol volume concentration is attributed to the simultaneous coupling mechanisms of
ethanol evaporation and water adsorption-absorption and/or condensation. At high RH, a more
rapid decrease in ethanol concentration is observed at both 7., = 30 °C and T, = 40 °C,
attributed to water condensation since the drop liquid-gas interface temperature decreases below
that of Ty.,. In addition, ethanol concentration decreases faster at high 7,,, as expected, since

both the diffusion coefficient and the vapor pressure of ethanol are proportional to temperature.

Nonetheless, GIC concentration data presented in Figure 5 does not directly account for
the amount of ethanol evaporating and/or for the amount of water adsorbed-absorbed and/or
condensed. To be able to interpret and compare the amount of ethanol evaporated and the
amount of water adsorbed-absorbed and/or condensed, we combine drop profile just before
sample extraction obtained from CCD images (Figure 3) with the quantitative information of the
volume concentration retrieved from GIC (Figure 5). Quantification of ethanol and water volume
evolution over time is then represented in Figure 6. For simplicity, we represent the volume of
ethanol and that of water normalized by the initial drop volume. We must mention here that due
to the polar nature of both water and ethanol, a mixture ethanol-water typically shows a 1.2%
decrease in volume at 40%-60% ethanol-water molar concentration when compared to the pure
liquids. However, such change in volume can be considered negligible and within the

experimental error reported™.
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Figure 6 — (empty symbols) Normalized volume of ethanol and (filled symbols) normalized volume
of water with respect to the initial drop volume versus time, ¢ (sec), for (circles) 25%, (triangles)
50% and (squares) 90% RH at (a) 7,,,= 30 °C and (b) T,.;= 40 °C. Solid lines and dashed lines
connecting the different data points are included to illustrate the water and ethanol trends,
respectively.
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From Figure 6, the continuous decrease in the amount of ethanol in time is reported,
which is consistent with the works of Innocenzi et al.’' and Liu et al.”>. The presence of water
within the drop is also in agreement with the changes in absorbance due to water absorption onto
an evaporating ethanol drop as reported by Innocenzi et al.’'. From Figure 6, it is also worth
noting the presence of residual ethanol in the last stage of evaporation, which is consistent with
the findings of Sefiane et al. and Li e al.** *. Residual ethanol present at the last stage of the
drop evaporation is attributed to the slow diffusion of the ethanol from the bulk of the drop
towards the liquid-gas interface. It is worth noting here that the continuous mixing induced by
HTWs at early stages of evaporation shall keep a more uniform ethanol and water concentrations
within the drop, whereas at later stages of evaporation an ethanol concentration gradient may

develop due to the absence of HTWs mixing'” >

. In addition, the more rapid evaporation of
ethanol at high temperatures, i.e., Ty.» = 40 °C (Figure 5b) when compared to 7,,, = 30 °C

(Figure 5a), is also reported. When looking into water adsorbed-absorbed and/or condensed,
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greater amount of water is found at high RH, whereas no major differences are found when

comparing the total amount of water intake for different 7.

Evaporation-Absorption/Adsorption and/or Condensation Empirical Model

Next, to account for the different evolutions of drop volume in time due to the coupling
mechanisms of ethanol evaporation and that of water adsorption-absorption and/or condensation,
we then propose a combined evaporation-absorption/adsorption and/or condensation empirical
model to capture the experimental observations reported. The drop evaporation rate is estimated
using Popov’s evaporative model for a moving contact line from the work of Stauber ez al. as®”

62,

dV =_ﬂDlZ(T;mb)(csat(T;mb)_coo) Rg(e)
dt D (1+cos@) Eq.1

where dV/'/ dt is the change of volume in time or evaporation rate, R and 6 are the drop radius and
contact angle changing in time, p is the density, ¢y, and ¢, are the saturation concentration of
ethanol and the concentration of ethanol far away from the drop (¢ = 0), and D, is the diffusion

63, 64

coefficient of 1 in 2, in this case of ethanol in water . Both D; and ¢, are proportional to the

ambient temperature 7,,s. Csor 18 considered to change linearly with temperature according to the

following relation ¢, ,(T) =c,, (T,,,)+ de,, % T

(r-7,, b)“ and D), is proportional to
T=T,

temperature as D,, oc T Y266, 67 - A¢ high T,,», the larger ethanol ¢y, at the interface and greater

Dy induce the faster ethanol evaporation reported (Figure 6a vs. Figure 6b). On the other hand,
g(0) is a function that accounts for the non-uniform diffusion along the drop interface and is

given by;

Page 18 of 28



Page 19 of 28

Physical Chemistry Chemical Physics

2
2(0) = (+c0s0)y {tan L 48[ SO N 0T o etz -0)]dr
2 0 sin2ztT

Eq.2

where 7 is the normalized drop lifetime. Then, the evolution of the drop volume based on the
diffusion model is estimated by making use of Equation land plotted in Figure 7 along with our
own experimental results. By comparing experimental values to those estimated using Equation
1, the drop evaporation rate is clearly overestimated. Such overestimation is due to the fact that
Equation 1 assumes cy (T,m») as constant and only function on 7,,,. However, from GIC
experimental results (Figure 5), the ethanol concentration actually decreases in time. Hence, dV' /
dt must be proportional to the ethanol concentration at the liquid-gas interface as cyu (Tymp) *

Xethanol-ints Which is now accounted for in Equation 3:

dV =_ﬂ.Dl2(T('zmb)csat(];mb)xethan()l—int Rg(e)
dt D (1+cos@) Eq.3

We must note here that upon the adsorption-absorption and/or condensation the transition from
pure ethanol to water induces; the local change in the temperature and composition at the
43,58

microscopic liquid-gas interface, and the gradient of species concentration within the drop

Nonetheless, vigorous mixing induced both by the self-generating HTWs due to evaporative

17, 68 41, 69

cooling and by the ethanol preferential evaporation for ethanol-water mixtures should in
turn homogenize concentration the ethanol and water profiles within the drop. In addition,
concentration profiles of an ethanol-water mixture evaporating did only show small change in
the concentration profile at the liquid-vapor interface’’. Hence at this stage it is reasonable to

ASSUME Xethano-int &S Xethanol aS €xtracted from GIC.

Results obtained by making use of Equation 3 remarkably agree albeit qualitatively with the
experimental evolution of the drop volume in time as shown in Figure 7. Only in the case of 7,

=30 °C and RH = 35% the evaporation rate is underestimated and as a consequence the volume
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predicted is larger than the one reported experimentally. In the case of 7,,, = 30 °C and RH =
65% and T,,,, = 30 °C and RH = 90% the quantitative agreement is remarkable. On the other
hand, for 7,,, = 40 °C the evaporation rate is overestimated at later stages of evaporation. We
note here that although other works stress the importance to account for the gradient of
concentration between the bulk and the interface,” our assumption of assuming a homogeneous
concentration of ethanol and water within the drop is rather reasonable due to the presence of

17, 68

internal mixing induced by the observed HTWs and by the expected preferential ethanol

evaporation®'.

When considering the diffusion coefficient,D;, is inversely proportional to the molecular
mass of the respective diffusing elements: D,, oc (I/M, +1/M,)*>°> ©. Since the density of

humid air is lower than that of dry air, then, by making use of the law of ideal gases, the
molecular mass of wet air is found to be smaller when compared to that of dry air’" 7>, Then,

water vapor being lighter than air, convection in the gas phase in the vicinity of the drop

65, 73

interface is induced, which can further enhance mass transfer . Then, assuming that the

temperature of the gas phase does not change and that D, is function of RH as:
DIZ OCDIZ(]:J

R H), we can rewrite Equation 3 as:

mb?>

dV :_”Dlz(T;zmb’RH)csat(T;mb)xethanol Rg(g)
dt Yo, (1+cos@) Eq.4

By plotting the drop volume using Equation 4 along with experimental results from the present
study (Figure 7), small differences can be discerned when comparing to Equation 3. This is due
to the small change in the diffusion coefficient due to the difference in relative humidity. The
excellent qualitative agreement reported for all environmental conditions as for Equation 3

prevails. Nonetheless, both Equation 3 and Equation 4 are not able to fully, quantitatively,
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capture the evolution of the volume in time at 7,,, = 40 °C. At this point, we must take into
account the water adsorbing-absorbing and/or condensing in time. Then an additional term to
account for the water intake must be added to Equation 4. From Figure 5 we can assume the
increase in water concentration, Xy, as being linear with time and equal to 1-Xephano OF
following a linear relation as A ¢. Then Equation 4 is rewritten as Equation 5 below:

dV :_”Dlz(]:lmb’RH)Csat(T;mb)xelhanol Rg(a) + d'xwater
dt yo, (1+cos@) dt Eq.5

By accounting for the water absorbed-adsorbed and/or condensed, the drop volume over time is
greater than that predicted by Equation 4. Such an increase in volume is more marked for high
relative humidity cases as expected. When comparing our experimental results to those predicted
by Equation 5, there is a remarkable qualitative and quantitative agreement when accounting for:
the simultaneous ethanol evaporation and water intake. In the case of 7,,, = 30 °C, the greater
experimental evaporation rates observed can be attributed to both convection within the drop and

in the vapor phase.”*’°

We note here that for the precise prediction of the evaporation rate,
convection within the drop and within the atmosphere, as well as using the interfacial
temperature of the drop rather than that of the ambient for the calculations of ¢y, must be
accounted for.

Figure 7 includes experimental drop volume in time, and predicted drop volumes by
Popovs’ model (Equation 1), by accounting for the decrease of ethanol concentration in time

(Equation 3), by taking into account the diffusion coefficient function of RH (Equation 4) and by

taking into account the water absorbed-adsorbed and/or condensed (Equation 5):
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Figure 7 — Evolution of drop volume, V' (ul), versus time, ¢ (seconds), for (a) 7,,,= 30 °C - RH =
35%, (b) T,.,=30 °C - RH = 65%, (¢) T,,;,= 30 °C - RH = 90%, (d) 7,,.,= 40 °C - RH = 35%, (e)
Tums= 40 °C - RH =50% and (f) T,,,,= 40 °C - RH = 90%. (up-triangles) Experimental evaporative
trend, (dotted line) diffusive evaporation model as in Eq.1, (dashed-dotted line) accounting for
Coal(Tump) *Xethanor a8 In Eq.3, (thin-solid line) accounting for ¢, (T ms)*Xeotnanor @ in Eq.4, and (thick-
solid line) accounting for cu(Tums)*Xemanor and water absorbed-adsorbed and/or condensed (V *
Xyarer) A8 in Eq.5.

The model proposed remarkably captures both qualitatively and quantitatively the

dynamic evolution of the drop volume within less than 20% deviation from the initial drop
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volume. Despites the good agreement between empirical correlation proposed and experimental
observations, further insights on the microscopic/dynamical origin of ethanol evaporation as
water adsorbs-absorbs and/or condenses will be sought in future work.

In addition, we include further discussion to address the effect of relative humidity on
ethanol drops. At high RH, Ty, (represented in Figure 1c) approaches that of 7,,;, then as
ethanol evaporates, due to evaporative cooling the temperature at the drop interface decreases
below T, and hence condensation takes place. The greater amount of water adsorbed-absorbed
and/or condensed at high RH is in agreement with heterogeneous classical nucleation theory,

where the nucleation rate for condensation, J, can be expressed as’’:

J

*2 *
_bP@zR)n ( AGJ Bq.6

2AMKT kT

where P and T are the pressure and temperature of the gas, R* and AG" are the critical radius and
the free energy of nucleation, £ is the Boltzmann constant, b is a constant and # is the gas number
density. At high RH, the concentration of water molecules in the vicinity of the ethanol drop
interface is greater, hence # is greater. For high n, there is higher probability for the molecules to
reach the ethanol drop interface and condense. The greater water condensation at high RH is then
demonstrated by heterogeneous classical nucleation theory. As time progresses, a maximum
volume of water is reported at 20-30% of the drop lifetime, which is qualitatively consistent with
the work of Innocenzi et al.”’’. Thereafter, in the case of low relative humidity, i.e., RH < 60%,
the volume of water decreases, whereas in the case of RH = 90%, the amount of water remains
almost constant. We state here that at low RH, the main governing mechanism of water intake is
that of adsorption-absorption, whereas at high RH water condensation is more prominent.

We conclude that our revisited evaporation rate empirical correlation accounting for: the

change of ethanol concentration, the change in the diffusion coefficient function of the relative
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humidity and the water intake in time, agrees remarkably with the experimental observations. In
addition, we stress on the importance of accounting for the water vapor present in the
environment for applications where the purity of the solvent is of paramount importance such as:

medical diagnosis, DNA patterning, inkjet printing or materials processing.

Conclusions

A systematic direct quantitative analysis of composition in time of evaporating ethanol
drops at different ambient temperatures and relative humidity has been undertaken. The volume
of ethanol is found to decrease with time at all ambient temperatures and relative humidities. At
high ambient temperature, the evaporation of ethanol is enhanced, since the diffusion coefficient
and ethanol saturation concentration are proportional to temperature. Furthermore, we also report
that ethanol evaporation is enhanced at high relative humidity, which is rationalized by the
greater gas diffusion coefficient in the case of humid air when compared to that of dry air. On the
other hand, as ethanol evaporates, water adsorbs-absorbs and/or condenses, which is also directly
quantified in this work. At high relative humidity, the temperature at the drop interface falls
below the dew point due to evaporative cooling and condensation takes place. Whereas at low
relative humidity, the main governing mechanism for water intake onto the ethanol drop is that
of adsorption-absorption. In addition, by looking into the heterogeneous classical nucleation
theory, we argue that the greater amount of water molecules present in the vicinity of the drop
interface at high relative humidity induces the greater probability for adsorption-absorption
and/or condensation, which is demonstrated by the greater amount of water intake reported at
high relative humidity. We then proposed a revisited empirical correlation for the evaporation of
ethanol drops that accounts for; the change of ethanol concentration, the diffusion coefficient

dependence on relative humidity and the water intake in time. The proposed correlation agrees
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remarkably well with the experimental observations. To conclude, we stress the importance of
humidity presence in the atmosphere to couple the heat and mass transfer during drop

evaporation for the accurate modeling and prediction of organic solvents evaporation.
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