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Droplet evaporation during dropwise condensation due to deposited volatile

organic compounds
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During dropwise condensation on a hydrophobic surface, it is intuitively assumed that droplets will grow
with time. However, it can be observed that some droplets follow an opposite fate and instead disappear.
This happens for example close to hygroscopic particles as they alter the local relative humidity. Here we
show that evaporation of droplets during dropwise condensation on a smooth surface can occur due to local
changes in the surface wettability. This local changes in the wettability are found to be a consequence of
deposited volatile organic compounds (VOC) which create nanostructures in the region where a droplet was
previously condensed and evaporated. A new droplet that forms or lands on the mentioned nanostructures
experiences a suspended wetting state with a higher thermal resistance. This droplet can grow up to a critical
size controlled by the contact resistance of the nano-structures and will then evaporate when surrounded by
neighbouring colder droplets in a normal or partial wetting state.
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When a cold surface is surrounded by a hot humid
environment, droplet nucleation occurs and the droplets
grow. However, in the presence of hygroscopic particles
such as salt nucleus'2, propylene glycol®, nectars* or ice
drops®, the saturated vapor concentration between the
hygroscopic particle and the condensation droplets can
be altered. This situation leads to a dry zone near the
hygroscopic particle and droplet nucleation is therefore
hindered. Nath et al.® attributed the dry zone to an
inhibited nucleation and inhibited growth mechanisms.
They observed that when new tiny droplets landed in
the growth-inhibited region of an ice drop, they would
finally evaporate.

Here, we show that during dropwise condensation on
a smooth surface some droplets can evaporate even in
the absence of any hygroscopic or ice particle. This phe-
nomenon is attributed to local changes in the surface
wettability. These local changes in the wettability are
found to be a consequence of volatile organic compounds
(VOCs) that create nano-structures in the region where
previously a droplet was condensed and later evaporated.
A new droplet that forms or lands on the mentioned
nano-structures experiences a partial wetting state with
a higher thermal resistance. Due to local differences in
dew point and saturation conditions, droplets in a nor-
mal wetting state surrounding the droplet on a suspended
wetting state consume the latter until it vanishes. The
presence of VOCs after condensation-evaporation cycles
also affect the droplet size distribution during subsequent
condensation cycles.

Atmospheric volatile organic compounds (VOCs) are
organic chemicals present in ambient air originating
from volatilisation of solids and liquids from both nat-
ural and anthropogenic sources such as industrial pro-
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cesses and energy production from hydrocarbons and bio-
fuel combustion®®. These VOCs can be deposited on
solid surfaces by adsorption™® or condensation-assisted
deposition'®. Although the influence of VOCs on the
change of intrinsic hydrophobicity by adsoprtion on a sur-
face has been recognized in the literature!'2, complete
characterization of the process during vapor condensa-
tion has not been reported. Only recently have some
studies reported the use of VOCs as a passive way of
surface coating for promoting heterogeneous nucleation'’
and to obtain stable superhydrophobic surfaces by de-
positing VOCs in consecutive condensation-evaporation
cycles?. The fact that these VOCs can also be the cause
of droplet evaporation during dropwise condensation has
not, been previously reported to our knowledge.

The study was performed with hydrophobic substrates
that were prepared on a plain silicon wafer by vapor
deposition of 1H,1H,2H,2H-perfluorooctylsilane. ~ The
substrate was placed on a programmable temperature-
controlled cooling stage setting the surface temperature
at 5 + 0.1°C while the ambient temperature was mea-
sured to be 23.5°C with a relative humidity of 45% (dew
point 10.9°C). These conditions corresponded to a sub-
cooling of 5.9°C. Images of the condensation process were
captured from the top using a Keyence VHF-950F digital
microscope with a 500x long-working distance lens.

Evaporation of droplets on a condensation sur-
face. The resulting condensation process at two differ-
ent moments is depicted in Figure 1(a). From these two
snapshots it is possible to observe that some droplets
(droplets 4, 5 and 6 in the figure) grow while some other
droplets (droplets 1, 2 and 3 in the figure) shrink during
the period from t=1350s to t=1785s. The time evolu-
tion of the diameters of the above selected droplets are
shown in Figure 1(b), where droplets 4, 5 and 6 grow
monotonously due to mass transfer or sharply by coa-
lescence with neighboring droplets. Droplets 1, 2 and 3
show a similar growth rate until they reach a critical size,
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FIG. 1. Droplets evaporating on a nano-structured surface during condensation conditions: (a) visualization of the hydrophobic
surface at different times; (b) temporal evolution of droplet diameters for two kinds of wetting states droplets; (¢) comparison
of droplet size and distribution on a new and an used surface; (d) comparison of averaged droplet size change rate on a new
and a used surface; (e) comparison of droplet number density evolution on a new and on a used surface.

after which they cannot grow further. When the larger
neighbouring droplets grow and get close to the droplet
with impeded growth, the latter finally shrinks and evap-
orates completely. The initial limitation in the growth
rate of some of the droplets can be attributed to local
changes in the surface due to impurities, as schematically
shown in Figure 1(b), adding an extra thermal resistance
between the droplet and the surface and limiting their
further growth by condensation.

In order to understand whether the behaviour of the
droplets can be attributed to local changes in the surface,
the condensation process on two surfaces were compared,
see Figure 1(c)-(e). The first surface corresponds to a
new plain hydrophobic surface while the second surface
is a plain hydrophobic surface that has been exposed to
10 condensation-evaporation (condensation-drying) cy-
cles. After these condensation-evaporation cycles, a cer-
tain amount of volatile organic compounds (VOCs) re-
main deposited on the surface (which will be character-
ized further down, see for instance Figure 3). Figure
1(c) shows the initially nucleated droplets at t=>53.5 s for
both surfaces. It is clearly observed that there is a much
larger number of nucleated droplets on the used surface as
compared to the new one, suggesting that changes in the
surface after some condensation-evaporation cycles (i.e.
deposited VOCs) is the cause of this increase in nucle-
ation sites number. Basically, the deposited VOCs form
micro/nano-structures on the sample surface, introduc-
ing a great number of nucleation cavities and decreasing
the energy barrier needed for embryo formation. The
higher initial nucleation number density in the used sur-
face can be seen in Figure 1(e), where the initial peak

in the number of droplets for the used surface is up to 4
times larger than for the new surface. On the new sur-
face, after the initial droplet nucleation due to condensa-
tion, no further new droplets are observed so that droplet
growth and coalescence dominate the condensation pro-
cess, with a consequent decrease in droplet density as
observed in Figure 1(e). The rate of change in droplet
number density decreases with time, since the distance
between neighbouring droplets becomes larger as coales-
cence occurs. At t=>573.3 s a low density of large droplets
is observed. In the case of the used surface, after the ini-
tial condensation stage, some of the nucleated droplets
stop growing and some evaporate, while other droplets
keep growing and coalescing. The overall droplet density
is much larger than for the plain surface, due to the ex-
istence of several small droplets as compared to the new
surface. However, Figure 1(d) shows that the average
droplet volume is larger for the new surface compared
to the used one, suggesting an improved heat transfer
for the former case. The deposited VOCs in the used
surface generate nano/micro-structures that increase the
thermal resistance between the condensing droplets and
the base of the substrate, decreasing the growth rate of
the droplets as compared to the new surface, as evidenced
in Figure 1(d). With slower growth rate on the used sur-
face, droplets here do not coalesce so often as on the new
surface. On the other hand, coalescence is still possible
with a smaller increase in droplet volume, since droplets
lay much closer to each other in the used surface. The
decrease in droplet number density for both surfaces in
Figure 1(e) is mainly due to coalescence of droplets and
evaporation of some droplets for the case of the used
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FIG. 2. (a) Condensation of droplets at 5.9°C subcooling, after 10 condensation/drying cycles on hydrophobic surfaces visualized
under an optical microscope; (b) AFM image of VOCs deposited on the surface; (c) schematic diagram indicating three potential
wetting states on the multi-wettability surface due to different morphological properties of the deposited VOCs; (d) three types
of condensation-evaporation generated morphologies: (left) single-crystal type after 1 condensation/evaporation cycle, (center
and right) ring-shaped hollow type (in red box) and ring-shape solid type (in yellow box) after 50 condensation/evaporation

cycles.

surface, as it could be observed from the visualization
video. In summary, these results indicate that the de-
posited VOCs affect the dropwise condensation process
by initially providing more nucleation sites for droplets to
form, but at the same time introducing an extra thermal
resistance between the droplets and the substrate that
hinders droplet growth and causes droplet evaporation.

Formation and visualisation of nano-structures.
In order to understand the cause of the fate of the disap-
pearing droplets, the changes in the surface during con-
densation were studied. It is known that volatile organic
compounds VOCs are found mixed with non-condensable
gases'>1 and nanoscale agglomerates can be deposited
on the surface. For example, Cha et. al'® make use
of such VOCs to fabricate nanoscale agglomerates on a
hydrophobic surface for the promotion of condensation
nucleation.

To study the possible formation of VOCs nano-
structures in our study, a new surface is exposed to
condensation-evaporation cycles. After 10 condensa-
tion/drying cycles on a surface exposed to humid air, dot

patterns detectable by optical microscopy are observed
on the surface. Similar patterns have been previously
observed in the literature'®. However, most of the nano-
features that can be related to the further condensation
of droplets'®, can be too small to be observed by the op-
tical microscope. Figure 2(a) shows the nucleation and
condensation pattern during a condensation/drying cy-
cle. Red circles in the figure show nucleation of droplets
on visible dots on a dry surface before the condensation
takes place. Yellow circles in the figure show the nucle-
ation of droplets on non-noticeable visible dots under the
microscope. However, the nucleation at the same loca-
tion when the condensation cycle is repeated (last picture
in Fig. 2(a)), indicates the presence of nanostructures
acting as nucleation points even when not visible under
the microscope.

By investigating the surface after several condensa-
tion/evaporation cycles with atomic force microscopy
(AFM) as shown in Fig. 2(b), it is possible to observe
the formation of nano-structured regions. In these re-
gions, the density and height of the nano-structures are
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FIG. 3. Evolution of VOCs structures with time: (a) the overview of VOCs structures left after the drop evaporation with
increasing absorbing time under two different surface temperatures; (b) and (¢) zoom-in images showing porous nature of VOCs

structures

not uniform. In the central part of the nano-rough re-
gion, the nano-structures are sparsely distributed and
the height is about 10 nm, while in some edge parts of
the nano-rough region, the nano-structures are densely
distributed and the heights of the structures reach up
to about 300 nm. Fig. 2(d) shows the morphology of
the deposited structure developed after the condensa-
tion/evaporation cycles. After a first time cycle, a mi-
crostructure is sparsely distributed in the form of single
crystals of about 1 um in size. With more cycles taking
place, more VOCs keep depositing onto the surface. Af-
ter approximately 50 cycles, two types of ring-shape pat-
terns were observed, namely a hollow and a solid type.
The area covered by the deposited structures is of the or-
der of hundreds of micrometers. The formation process
of solid VOCs nano-structures is complex. Many factors
can affect the final pattern, such as the total amount of
VOCs within a single drop'® and the flow pattern in-
side the droplet during crystallization'®'7. The total
amount of VOCs within a single drop is related to the
absorbing time as well as the droplet temperature which
determines the solubility. The flow pattern inside the
droplet during evaporation is related to the droplet size,
shape, temperature and contact angle. We performed
further experiments to show how the formed microstruc-
tures change with increasing absorbing time under two
different temperatures. Every time, a 1uL droplet was
put onto the hydrophobic surface by a micro syringe in
an environment of 23 °C with relative humidity of 32 %.
Two initial surface temperatures were tested, namely 23

°C and 15 °C. The deposited droplet was left at rest for
a period of 0 to 40 minutes in order to vary the absorb-
ing time. After this time, the surface temperature was
increased to 60 °C with a slope of 20 °C per minute to let
the droplet evaporate. The SEM images of the generated
microstructures for different droplet deposition times are
shown in Fig. 3(a). Since the lifetime of a 1 microliter
droplet on the hydrophobic surface in an environment of
RH=35% and T=23 °C is about 14 minutes, no picture
is available for 40 minutes absorption time for this case.

As it can be seen from Figure 3(a), VOCs can be de-
posited in a ring-shape manner around the droplet con-
tact line, concentrated in the droplet center or more uni-
formly distributed throughout the droplet base. A more
evident ring-shaped deposition pattern is observed for
the higher temperature, while a more mountain-like de-
position takes place at lower temperatures, in accordance
with the observations reported by Gregson et al.'®. At
the same time, increasing the absorption time may lead
to the increase of VOCs concentration inside the droplet
if the drop is initially unsaturated. Higher concentration
has been reported to result in more deposition on the
area inside the outer ring'®, which can explain the larger
deposits of VOCs observed for longer times in Fig 3(a).
However, the final deposition pattern is a complex inter-
action between evaporation-induced internal flow, con-
tact line pinning, total amount of VOCs (which depends
on the absorbing time and temperatures) and the ac-
cumulation speed of VOCs (which also depends on the
evaporating temperatures). The investigation of the fi-
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nal deposition pattern lies outside the scope of this study
and the reader is referred to the more specialised litera-
ture on the topic for further details'® 20, Despite the dif-
ferent distribution of the deposited microstructures, they
are all porous structures in the size of a few micrometers
or sub micrometers as shown in the zoom-in images of
Fig. 3 (b) and (c). These porous structures have a larger
thermal resistance than the metallic smooth substrate.
Therefore, once a droplet of a few micrometers in diam-
eter is located on the porous structures, the droplet is
expected to be evaporated due to the local higher tem-
perature as well as corresponding higher saturated vapor
pressure compared to the ones located on the bare part
of the surface.

Droplet dynamics on VOCs nanostructures. To
better clarify the role that VOCs play on the droplet dy-
namics during condensation, we performed further con-
densation experiments comparing a new, clean surface
with a surface fully covered with VOCs. This enabled
us to distinguish between droplets lying on the smooth
surface or on the VOCs part. We cut a new hydrophobic
silicon wafer into 2 parts. One part, referred to as the
clean, new surface, was placed on the cooling stage. With
an ambient temperature of T=22°C and relative humid-
ity of RH=35%, corresponding to a dew point of 6 °C,
the substrate temperature was set to 5°C. The conden-
sation process was recorded for 10 minutes. The images
before and after 10 minutes condensation are shown in
Fig. 4(a) and (b), respectively. For the second part of
the hydrophobic silicon wafer, a big DI water droplet of
around 6 mm in diameter was deposited onto the sur-
face to absorb VOCs for 1 hour at ambient conditions
(T=22°C and relative humidity of RH=35%), as shown
in Fig. 4(c). After this time, the substrate temperature
was increased to 60 °C with a slope of 20 °C per minute
to let the droplet evaporate. The residual VOCs pattern
after complete droplet evaporation is shown in Fig. 4(d).
It should be noted that the VOCs are very obvious in
Fig. 4(e) even before the condensation take place, which
differs from Fig.2. This is an expected result since the
amount of VOCs in a single droplet is proportional to
its volume and increases sharply with droplet size under
the same solubility. The same condensation process as
described for the first clean substrate was then repeated
with this VOCs surface. The recorded images before and
after 10 minutes condensation are shown in Fig. 4(e) and
(f), respectively. By comparing Fig. 4 (b) and (f), we
confirm that the VOCs on a hydrophobic surface can in-
crease droplet nucleation density but at the same time
will also lead to smaller droplet sizes during dropwise
condensation, consistent with our previous observations.

Figure 4(f) shows that droplets can nucleate on the
VOCs structures, but most of them cannot grow further
than several micrometers in diameter. This phenomenon
is similar to what was observed in our condensation ex-
periments shown in Fig. 1(a), where some of the depicted
droplets stop growing and then evaporate as condensa-
tion continues in the rest of the surface. For a droplet

to continue growing, there must be a local positive sub-
cooling below the dew point. Assuming a constant hu-
midity and temperature everywhere before the conden-
sation starts, a droplet will nucleate when the subcooling
is enough to overcome the local energy barrier for nucle-
ation. Once nucleated, the droplet will start growing due
to further condensation of the surrounding vapour. How-
ever, the local vapor concentration around a droplet is de-
creased by its neighbouring droplets who also absorbed
vapor molecules from the environment. In this way, the
local vapor concentration and the local dew point around
a droplet will keep decreasing, generating a gradient of
vapour concentration decreasing towards the solid wall.
If all the droplets had the same temperature, they would
keep growing due to the same vapor diffusion gradient.
However, droplets lying over VOCs regions will have a
slightly higher temperature than the ones lying on the
clean substrate due to the extra thermal resistance intro-
duced by the VOCs. The colder droplets will cause the
local vapour concentration to be equal or lower than the
saturated vapor conditions for the warmer neighbouring
droplets. Accordingly, the latter will stop growing and
may even evaporate.

In terms of the extra thermal resistance introduced
by the VOCs, Rykaczewski et.al?! proposed a volumetric
roughness parameter R, for characterizing this generated
nano-roughness. This parameter is defined as the height
of a liquid film with volume equal to the fill volume be-
tween the nano-structures. In their study, if R, is larger
than 35 nm the droplets can be in a suspended state. Be-
low this number, the liquid body can reach the bottom
of the surface adopting a partial wetting state. In our
case, with a R,, factor ranging from 7.4 nm to 221.5 nm
it is expected that some droplets will be in a suspended
state while some others will be in a partial wetting state.
Figure 2(c) shows a schematic representation of the pos-
sible wetting states of a droplet in the presence of these
nano-structures. Since the nano-structures are sparsely
distributed on the surface, droplets can also be found in
direct contact with the smooth surface, what we here call
a "normal” wetting state.

Another point to consider is that during the conden-
sation process droplets can also grow within the nano-
structures and finally flood the nano-structures?, espe-
cially under large subcooling conditions (AT 2 3.0 K).
However, droplets can remain in a suspended state at
small subcooling temperatures®? (AT=0.3K). This can
be explained by the minimum droplet size for nucleation
to happen, expressed as®® 7, = 2Tsaqt0/(hamAT),
where Tgqt, 0, hyg, pp and AT are the saturation vapor
temperature, liquid-vapor surface tension, latent heat of
vaporization, liquid density and subcooling temperature
(i.e. the temperature difference between the saturation
temperature and the liquid droplet temperature), respec-
tively. Under large subcooling conditions, the minimum
droplet size required for nucleation can be small enough
to enable new droplets nucleated within the narrow space
between nano-structures. As the droplet keeps growing,
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FIG. 4. (a) A new hydrophobic surface before condensation take place. (b) condensation droplets on the new hydrophobic
surface after 600s. (c¢) A water droplet on the new hydrophobic surface absorbing VOCs in the environment. (d) VOCs left on
the surface after the droplet evaporate completely. (e) zoom-in photo of (d), showing the surface where fully covered by VOCs
(f) condensation droplets on the VOCs surface under same condensation parameters of (b), showing denser droplet population
as well as smaller droplet sizes compared with that of new hydrophobic surface as shown in (b)

the nano-structure will eventually be flooded. On the
other hand, under small subcooling conditions, the mini-
mum droplet size needed for nucleation is larger than the
space within the nano structures. Then the new droplets
will form on top of the nano-structures. Based on the
morphology of the nano-structures observed in this study
(Fig. 2(b)), it is possible for droplets to nucleate either
within the structures at the edges of the more sparsely
distributed nano-structures and subsequently showing a
partial wetting state (Fig. 2(c)) or above the structures
in more dense nano-structured regions, where the space

inside the nano-structures is smaller than the minimum
space required for a new droplet to form. In the lat-
ter case, if the roughness of the nano-structures is above
the critical value of R, previously described, the newly
formed droplets are expected to grow in the suspended
wetting state, as shown on the right of Fig. 2(c).

To understand the cause of the different behavior of
the droplets showing a suspended or partial wetting state
(Fig. 2(c)), the total thermal resistance in these two
situations can be estimated. The total thermal resis-
tance R; from the water vapor to the condensation sur-
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FIG. 5. Two contrary behaviours of newly landed droplets: growing droplet in the yellow box and evaporating droplet in the

blue box in high humid environment of RH=75%, T=25°C.

face can be expressed as: R; = Rjnt + Rewo + Rg + Ry
with R;nt, Reww, Ra, Ry the interfacial thermal resistance,
curvature resistance, conductive resistance and nanos-
tructure thermal resistance, respectively?*. Assuming
a droplet of 5 um radius in a suspended state in the
humid air environment at 25 °C, the dominant ther-
mal resistances are Ry ~ 1.4 x 10’6m2K/W and R, =~
4.3 x 1075m? K /W, where the last value is estimated as-
suming that all the conductive heat is through a gas layer
of about 100 nm in the nano-structures. However, this
thermal resistance can be expected to be higher as the
mean free path of air molecules at 1 bar and at 20°C is
about 65 nm?® which is comparable to the trapped gas
layer of ~100 nm in the contact region. Consequently,
due to the large value of the nano-structures thermal re-
sistance R,, the VOCs structures decrease the subcool-
ing temperature between the water droplet and the hu-
mid environment by providing an extra temperature drop
from the droplet to substrate. Droplets in a suspended
state will therefore be warmer than droplets in a partial
or normal wetting state. When the local humidity of the
warmer droplet further decreases due to the approach
of surrounding colder droplets, both the local dew point
and subcooling temperature of the warmer droplets de-
crease. Sometimes the subcooling temperature even be-
comes negative which corresponds to the case of evapo-
rating droplets. This fact suggests that colder droplets in
a partial or normal wetting state can absorb surrounding
warmer droplets in a suspended state.

Behaviour for newly landed droplets. Previous
studies have suggested that the droplet condensation
behavior can be affected by the accumulation of non-
condensable gasses (NCGs) near the condensing surface.
Since water vapor concentration in the region close to the
surface will decrease due to condensation of water on the
surface, this region will be enriched in NCGs, that will
in turn affect the speed of condensation by adding an ex-
tra resistance close to the surface. If the layer of NCGs
is thicker than the height of some droplets lying on the
surface, these droplets will be surrounded by NCGs and
their growth will be hindered, sometimes also evaporat-
ing. Following this idea, a large droplet would keep grow-
ing while small droplets next to it would tend to shrink.

To elucidate whether the role of the non-condensable
gases is responsible for the phenomenon reported in this
work, small droplets were forced to be deposited on the
condensation surface by increasing the humidity of the
condensation chamber following the approach suggested
in a previous study®. After 2 hours in a high humidity
environment, as shown in the left part of Fig. 5, the con-
densation surface was covered by random sized droplets.
Special attention is put on the dynamics of newly landed
droplets on the condensation surface from the humid air.
No new droplet was observed at t=0 s within the red
marked area in the picture. New droplets landed at t=0.3
s and kept growing until t=72.9 s. It can also be no-
ticed that there is an evaporating droplet located at the
south west edge of the red circle in the picture of t=0s.
The initial size of this droplet is larger than the newly
landed one. However, it turns out that the newly landed
small droplet grows while the big one evaporates. If the
non-condensable gases would dominate the droplet mass
transfer process, this is an unexpected trend. On the
other hand, this effect can be explained assuming that the
droplet has landed on a region with nano-structures and
that the droplet is in a suspended wetting state. Another
example of a newly landed droplet evaporating is shown
in the blue box of Fig. 5. Initially, there are no droplets
at t=0 s in this region. A new droplet landed at t=0.3
s. However, instead of growing further, the new droplet
evaporates after landing on the condensation surface. In
this case, the effect of both NCGs and a suspended wet-
ting state of the droplet on a nano-structured region need
to be taken into account to describe the droplet behavior.

In this work, we show that during dropwise conden-
sation on a smooth surface some droplets can evaporate.
This phenomenon, which cannot be explained only by the
accumulation of NCGs close to the surface, is attributed
to the local changes in the surface wettability due to de-
position of volatile organic compounds (VOCs) that cre-
ate nano-structures in the region where a droplet has pre-
viously been condensed and evaporated. Volatile organic
compounds promote the evaporation of droplets during
dropwise condensation by generating local changes in
the surface structure which results in suspended wetting
state droplets. Due to the extra thermal resistance, these
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droplets are warmer than surrounding droplets. These
induced changes in local temperature and corresponding
dew point when colder neighbouring droplets are grow-
ing by condensation, results in the evaporation of the
suspended droplets. At the same time, the VOCs pro-
vide extra nucleation sites and result in a higher droplet
density than would be present in a new, smooth surface.
However, due to the extra thermal resistance introduced
by the VOCs, droplet growth rate is slower, so that a
surface that has already undergone some condensation
cycles, ends up with a larger number of droplets smaller
in size than for a new surface. The results from this work
demonstrate that deposition of VOCs can alter the lo-
cal wetting conditions and overall condensation pattern,
which is relevant in practical condensation applications.
Supplementary Material See supplementary material
for the details of the experimental facility and prepara-
tion of the samples.
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