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Abstract

Mitigation of CO2 emissions is an increasingly important mean for reducing
global warming. Liquefaction of COs is sometimes a necessary, but energy
intensive step in the carbon capture, transport and storage chain and a re-
duction in energy consumption is therefore important. This review identifies
possible materials and surface structures for promoting dropwise CO5 conden-
sation with applications in heat exchange technologies. Research on superhy-
drophobic and superlyophobie—superomniphobic surfaces promoting dropwise
condensation constitutes the basis for the qualitative analysis of possible sur-
faces promoting dropwise CO2 condensation. The review is divided into three
main parts: 1) An overview of recent research on superhydrophobicity and pro-

motion of dropwise condensation of water, 2) An overview of recent research on

ieity—superomniphobicity and dropwise condensation of low sur-
face tension substances, and 3) Suggested materials and surface structures for
dropwise CO2 condensation based on the two first parts.
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1. Introduction

of vapor is a necessary and energy consuming step in several industrial processes

such as HVAC systems waste heat recover LNG production and for

potential COy eapture—transport—andstorage{CCS)must—become—a—reality—

capture [4], and ship transportation of CO .__The liquefaction of any

vapor involves condensation on a surface where heat is transferred from the
vapor to the surface. Increasing the heat transfer rate will therefore increase
the liquefaction efficiency of the vapor. Through extensive research on conden-
sation, it is apparent that with dropwise condensation the heat transfer rate
could be increased by an order of magnitude [6l [7] 8, @]. Although the conden-
sation of other gases than water have attracted more attention over the past

decade[10, 1], the mechanism of dropwise condensation of water vapor is still

This review gives an overview of the research on the parameters affecting
and controlling dropwise condensation of water vapor. Further—in—order—to
lorstand 4] b essarvforinereasine_the liauefaction ofiel

Dropwise condensation is a cyclic process including initial nucleation,
growth, and coalescence of droplets, followed by droplet removal. In this paper
we_focus on the properties governing the surface adhesion of droplets after

nucleation and initial coalscence. Further, we will compare these parameters

with those found to control the condensation of low surface tension substances

(commonly non-polar substances such as ethanol, hexadecane etc). Based-on-the

»Condensation
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parametersthat-controlthe-Surfaces that promote dropwise condensation of low
surface tension fluids will be examined and the important properties discussed.

A small discussion on condensation of CO;

s included at the

end of the review. CO, is a very low surface tension fluid (~ 4mNm~" at room
temperature), and is interesting both for academic and environmental purposes.
Liquefaction of gaseous CO; is —an important field
since improved and more energy efficient carbon capture, transport and storage
(CCS) is necessary for combating anthropogenic global warming.

To fully understand the mechanisms affecting and controlling the condensa-

tion, we will ;heweverfirst give a brief introduction to the parameters affecting

the shape and morphology of static droplets on a surface.

2. Hydrophobicity, Contact Angles and Wetting Modes

Hydrophobicity, contact angles and wetting modes are underlying phenom-
ena for dropwise condensation. A surface is labelled hydrophobic when it is
repellent towards water, i.e. the contact angle (CA), 6, of water on the surface
is larger than 90°. Various terms are used when surfaces are repellent towards
other liquids. These are oleophobic if oil repellent, amphiphobic if repellent
towards oil and water, and omniphobic if repellent towards peolar—and—apetar
substanees—andlyophobieifrepellent—towards—any liquid. The same holds for

-philic surfaces, which are attractive to the same compounds.

For a surface to be termed with the prefix super- (such as superhydrophobic),
the surface must exhibit § > 150° and contact angle hysteresis (CAH) Af < 10°.
CAH is defined as the difference between the receding and the advancing CA.

The -phobic and -philic terms and the super- term are used somewhat in-
consequently in the literature, and often refer to the same types of surfaces. In
this review, the definitions above will be used.

This Section explains the above mentioned phenomena and goes through the

most important Equations describing the governing mechanisms.
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2.1. Hydrophobicity and Young Contact Angle

Vapor (V)

4..._____Liquid 0) Yiv

Solid (s)

Figure 1: Young contact angle, 0y, at one point on the three phase contact line (shown

in inset), and the surface tensions, 7;;, between the different phases.
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Non-wetting droplet Wetting droplet Complete wetting
Hydrophobic surface Hydrophilic surface

Figure 2: Wetting modes of water on different surfaces described by the contact angle

6. Figure adapted from Hiemenz, P.C. and Rjagopalan, R. (1997)[12]

As water droplets form on surfaces that repel water, hydrophobic surfaces
have normally been utilized to achieve dropwise water condensation. The hy-
drophilicity and hydrophobicity of a material are characterized by the Young
contact angle, 8y, which is the liquid-solid contact angle on a flat surface de-
fined in Figure[I] The relation between 6y and the wetting modes is shown in
Figure 2l A surface is said to be hydrophobic when 6y > 90°. This is, however,
insufficient for sustained dropwise condensation since coalescence of droplets

eventually leads to film formation. To avoid extensive coalescence, the droplet
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mobility must be high enough to ensure sustained self-removal of droplets from
the surface. High droplet mobility results from a low contact angle hysteresis
(CAH), A6, defined in Figure Surfaces having fy > 150° and Af < 10°
towards water are called superhydrophobic surfaces, on which dropwise conden-

sation is usually achievable.

vapor

Figure 3: Advancing, 0,4y, and receding, 6,.., contact angles on a tilted surface with

tilting angle aiiie. The CAH is Af = Ogdy — Orec

2.2. Superhydrophobicity, and Cassie-Baxter and Wenzel state

While the hydrophobicity of a surface is determined by the surface chem-
istry, the superhydrophobicity of a surface cannot be manipulated through the
surface chemistry alone. To our knowledge, there are no flat surfaces exhibiting
6 > 120°[13], and hence, no flat superhydrophobic surfaces. However, an ap-
parent contact angle above 120° is attainable by introducing surface roughness.

According to the Wenzel equation[I4], the apparent equilibrium contact angle,

6*, is a function of the roughness factor, r = —actualsurfacearca_ ", the Young
apparent sur face area’
contact angle, fy:
cos 0% =1 cos Oy . (1)

Since r > 1, Equation shows that 6* > 6y for 6y > 90°. However,
Equation is only valid for droplets where the structure under the droplet is
fully wetted as illustrated in Figure a). In the case where vapor is trapped
between the droplet and the surface as shown in Figure ff(b), the droplet is in
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the Cassie-Baxter stateEl and the Cassie-Baxter equation is valid[15]:

cos 0" =ry fscosby + fs — 1, (2)

(a) The Wenzel state (b) The Cassie-Baxter state

Figure 4: Sketch of droplets in different states on a rough surface.

actual wetted sur face area __ apparent wetted solid sur face area
and f, =

where Ty = apparent wetted sur face area apparent solid sur face area ’

i.e. the fraction of the liquid droplet’s footprint in contact with the solid, or
solid fraction. In the situation where the droplet is "floating" completely on top

of the surface structure, r¢ = 1, and Equation reduces to:
cos 0" = fycosby + fs — 1. (3)

In the other extreme situation where the rough surface under the droplet is
fully wetted, fs = 1 and ry = r and Equation (2) reduces to Equation
To achieve a contact angle above 90° on a rough surface, it is, according to the
Cassie equation, necessary to have f; < m. In Figure contact angles
for droplets with éy—f0y = 50° and with r; = 1 with varying f, is shown. A
solid fraction less than 0.6 is sufficient to achieve non-wetting behaviour, while
fs less than 8:67-0.08 is necessary for superhydrophobicity (dcp > 150°).

Since droplets in the Wenzel state completely wet the surface under the

droplet, the state is associated with high contact line pinning and thus low

IFrom now on called the Cassie state
2Even though we have been talking about superhydrophobicity here, it is worth to note

that Equation and are valid for the apparent equilibrium contact angle of any liquid
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Figure 5: Cassie contact angle, 6cp in degrees, for varying solid fractions, fs, for a

Young contact angle of 50°.

droplet mobility. The contact line is the line where vapor, liquid and solid are
in contact (see Figure[l). Because the motivation is to induce dropwise conden-
sation, the mobile Cassie state is desirable. However, it is challenging to deter-
mine when the droplet will stabilize in the Cassie state instead of the Wenzel
state since neither Equation (|1]) nor (3) describes the stability of the states. The
only thing we may extract from Equation and is the critical equlilibrium
Young contact angle, 0y ..;¢, for which the droplet transitions from the Cassie
to the Wenzel state. By equating Equation and (B), we find 0y ¢,y > 90°,
i.e. that the Wenzel to Cassie transition occurs above 90°. Although Equation
indicates that 6* > 8y for 8y < 90° is possible, the 6y .,;; reaffirms that a
thermodynamically stable Cassie state can not exist for 8y < 90°. This does
not, however, mean that droplets always form in the Cassie state for 8y > 90°.
On the contrary, the Wenzel state is often observed for 6y > 90° [16, 17]. In
the following, we will examine what determines the stability of the two wetting

states in addition to Oy .
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3. Impact of Texture on Superhydrophobicity

Not surprisingly, research has shown that the surface structure impacts the
stability of the Wenzel and the Cassie state with respect to each other, as
indicated by the Equations above. Several studies have therefore attempted to
rigorously determine the structural parameters affecting the energy states of the
system. In the literature, the investigation of these parameters is divided into
two scenarios; one where the droplet is deposited on the textured surface, and
one where the droplets condense on the textured surface. Although it is the
latter case that interests us, it is instructive to initially understand the first,

and simpler case.

3.1. Design Criteria for achieving Static Cassie Droplets

As there exists an infinite amount of possible surface geometries, the first
challenge when developing a generic model for wetting states is to choose one
that is fairly general, ordered, flexible and simple. One structure satisfying these
criteria is the square array of square pillars with spacing b, width a, and height

c. The structure is illustrated in Figure [6]

L L
.‘_>.Ia
b

(a) (b)

Figure 6: The geometry of the square pillar surface: (a) 3-dimensional view showing
post width a, spacing b and height ¢; (b) top view of four nearest pillars, which outline

a unit. Figures adapted from Sarkar et al.[I8]

Using this structure, Sarkar et al.[19] developed a general expression for the

free energy of a droplet as a function of the structure geometry, the apparent
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contact angle and the penetration depth of the droplet into the structure. This
expression was used in the later work by Sarkar et al.[I§] to find the critical

g—ratio, (g)cm-t, for a thermodynamically stable Cassie state:

b<<b) _ 1o 4c cosBy 4 ()
a a) it a(l + cosby)

Increasing a or ¢ will decrease the minimum contact angle, i.e. loosen the

restriction on the surface energy for achieving a stable Cassie state, see Figure[7]
Increasing b will increase the same restriction. An increase in the pillar spacing
to diameter-width ratio, b/a, will also increase the minimum CA, see Figure
For achieving a droplet in the stable Cassie state, a large height, and small ratio
between spacing and diameter-width is favourable. As no nominally flat surface
have been found that exhibit Young contact angle larger than 120°, Equation
also determines a maximum b/a along with a restriction for ¢. E.g. for

b/a ~ 3.1 = ¢ > 4a, depicted as a box in Figure
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Figure 7: Minimum Young contact angle with respect to a) pillar height, b) pillar
spacing, and c) pillar diameterwidth, Equation . For increasing pillar height, c,
and pillar diameterwidth, a, (the other variables kept constant), the restriction on the
contact angle decreases. For increasing only pillar spacing, b, the minimum contact

angle increases.
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Figure 8: Minimum Young contact angle vs pillar spacing to pillar height (b/a).

Equation corresponds exactly with the criteria for stable Cassie droplets
developed by Zheng et al.[20]:

L 4
n= L (= Z%in Sarkar’s notation) (5)
A a
1— fs (14 cosBy)
> crit — — 6
= Terit fs cos Oy ©

where L and A are the pillar perimeter (4a) and cross-section area (a?), respec-
tively, and fs is the fraction of wet apparent solid surface area from Equation
. Although both models were derived from the expression of the Gibb’s free
energy, the procedures were slightly different. As a consequence, the two models
are mutually verifying each other.

As established in the previous section, the Cassie state is not thermodynam-
ically stable for fy < 90°. Moreover, it may not be stable even with 6y > 90°.
Sarkar et al. therefore developed an expression for the minimum Young contact

angle for a stable Cassie state:

4<
_ -1 a

11
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Applying Equations and on the circular pillared structuref’j fabricated
by Haimov et al.[23], yield ()¢, ~ 3.7 > £ = 2 and 6,4, = 99.6° < Oy ~ 110°.
In other words, Sarkar et al. predict this structure to promote the Cassie state.
The experimental results by Haimov et al. verify that the droplets indeed are
in the Cassie state on this structure.

Equation shows that the 6,,;, increases with increasing g As a result,
the requirement on the Young contact angle soon increases above the previ-
ously mentioned "limit" that has been observed experimentally on a flat sur-
face: Oy =~ 120"@ Nevertheless, the Cassie state has been observed on structures
where the Wenzel state would have been the thermodynamically favoured state
according to the previous design criteria [16, 24], suggesting that there must
be a mechanism that kinetically stabilizes the Cassie state. The mechanism
suggested by Sarkar et al. is the energy barrier set up by one of two metastable
Cassie states, the sagging and the depinned Cassie states, shown in Figure [9]
The metastable Cassie states act as energy barrier to the complete Cassie-to-

Wenzel-transition.

Liquid - air interface

(a) (b)

Figure 9: Illustration of the two metastable Cassie states found by Sarkar et al.[1§].
The sagging state (a) and the depinned state (b).

3Circular pillars approximated as square for the occation. ¢=10um, a=1um and b=2pm.

~ PadvtOrec 112°4107°
eY dodecanethiol /Au ~ ava ree = ; ~ 1100121, 22]

4Though some claim that secondary nanostructures count as small enough to be part of

the intrinsic (flat) surface, and thus enabling 6y > 120°[17, 18]

12



The energy barrier induced by these metastable Cassie states have been
found to depend on the structure geometry as well as the surface chemistry (in
terms of fy ). Not surprisingly, the requirements on the relevant parameters are

175 less strict than for the thermodynamically stable Cassie state. The requirements

are summarized in Table [Il

Table 1: Design criteria for droplets in stable and metastable Cassie states [I8]

State Geometric requirements Material requirements
. _ 4c
Stable Cassie g < (g)m-t =.,/1- a(‘ﬁ%‘fg;) -1 Oy > Opmin = sec™ ! (W — 1)

Sagging Cassie 0.75 < £ <09 90° < By < 105°

14+cosby
(2£)2—2(14-cosby)

& (%)crit < g < (%)sag = \/

Depinned Cassie  (2)oris < & < ()pin = el oy A

(b)

Figure 10: The square pillar geometries without (a) and with (b) scallops, used by
Hensel et al. (2014)[25]

13
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In the above mentioned studies, the surface geometry is utilized to pro-
mote a stable or a stabilized Cassie state. Hensel et al.[25] investigated the
energy barriers induced by sidewall features of the pillars in a square pillared
structure (see Figure D further. Using g—ratios supporting the Cassie state
at atmospheric pressure, they found a clear relation between the width, w, of
the cavities and the breakthrough hydrostatic pressure. As the width increases,
the breakthrough hydrostatic pressure decreases for the structure with smooth
sidewalls. Moreover, there is an increase in the breakthrough pressure for the
Cassie-to-Wenzel-transition for sidewalls with scallops, (b) in Figure com-
pared with smooth sidewalls, (a) in Figure at equal top cavity width. The
increase is caused by the change in width, from w; to wo in Figure (10| (b), and
sidewall angle as the solid-liquid contact line slides down the side wall. These

experimental results match well with the analytical model that was developed.

3.2. Design Criteria for Condensing Cassie Droplets

We now have a clear idea of how feature spacing, width and morphology
impact the droplet state of a static droplet. It is of course tempting to assume
that the same parameters affect the droplet state of condensing droplets. During
condensation, however, the droplets may not only nucleate on the top of the
surface structure, but also inside the structure. One important property in this
sense is the nucleation radius of the specific vapor, a measure of the initial
drop nuclei radius. If the nucleation radius is smaller than the feature spacing,
nucleation may occur within the features.

Recall from the previous section that for many structures the Cassie state
is kinetically stabilized by an energy barrier preventing the Cassie-to-Wenzel-
transition. In the case of nucleation inside the structure, the challenge is re-
versed. Here the structure must promote a Wenzel-to-Cassie-transition. Al-
though this latter case may add to the challenges associated with stabilizing
a Cassie state, it is actually the desired case from a heat exchange point of
view. This is because the emerging droplets explore more of the surface area

during nucleation and growth in the Wenzel state, and thus increases the heat

14



exchange, followed by easy removal after Wenzel-to-Cassie transition[26].

a d
A =g A ] =
b J bl
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Figure 11: Circular pillar geometries fabricated by Enright et al.[26]: (a) Sinanopillars;

(b) Si micropillars; (c) Top view of four nearest pillars, which outline a unit

To investigate the difference between deposited Cassie droplets and Cassie
droplets condensing on a surface, we go back to our structure comprising the
210 square array of square pillars from Figure[6l Enright et al. [26] investigated the
water vapor condensation on this structurd®| with different spacings and sidewall
features (see Figure . Condensation on two different structures similar to
that shown in Figure [11j(a) with diameter a = 300 nm, height ¢ = 6.1 pm and
spacings by = 2pm and by, = 4 pm were investigated. Using Equations and

215 ﬂ we find that:

b b
Ouninty =~ 114° < Oy =~ B4, = 1211°& = = 6.7 < <> ~84 (8
crit

5They used circular pillars, which again are approximated as square to fit Sarkar et al.’s

models
5Where we use 0,4, in-stead-instead of 0y since condensing droplets are continually growing

15



220

b b
Omin by = 135.7°>0y ~ Og4qp, = 121.1° & p ~ 13.3> (—) ~ 84 (9)
crit

According to Equation (8] the surface with spacing b; should promote droplets
in the stable Cassie state. As shown in Figure [12|(a), the surface with spacing

by does indeed promote droplets in the Cassie state.

(a)

(b)

Figure 12: Condensation on surfaces similar to structure in left pane of Figurewith
spacing (a) by=2pm and (b) bp=4pum. Surfaces exhibit formation of Cassie droplets
and Wenzel droplets, respectively. Scale bars = 60 um. Reprinted with permission

from Enrigth et al. [26]. Copyright 2012 American Chemical Society.

For the surface with bs-spacing, the calculations in Equation (ED indicate
that the Wenzel state is thermodynamically more stable than the Cassie state.
In agreement with this, Figure b) shows droplets in the Wenzel state. Hence,
Sarkar et al.’s mathematical predictions for the stability of static droplets are in
agreement with experimental results also for condensing droplets. On the other
hand, the criterion for a metastable depinned Cassie droplet given in Table [1]is
also fulfilled:

by
a

b

Nevertheless, it is sensible that this surface supports Wenzel droplets. Due to

16
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the large spacing compared to critical nucleation radius, typically a few nm
[27], nucleation occurs all over and within the structure. Droplets nucleating
and growing inside the structure have already overcome the energy barrier that
the depinned state poses. Thus the droplets remain in the Wenzel state.

Moreover, Enright et al. investigated the relation between the <-ratio of
smooth-walled pillars with constant diameter and pitch, and the stability of the
condensing Cassie droplets. They found that the depinning of contact lines sta-
bilizing the metastable Cassie state depends on pillar height, where the stability
increases with the height. Their results are therefore in agreement with Equa-
tions and , which predict less strict requirements on the #y and g—ratio
for a stable Cassie state as the <-ratio increases.

Nosonovsky et al.[28] also investigated the square array of cylindrical pillars
with diameter a = 5um, height ¢ = 10pm (series 1), and ¢« = 10pm and
¢ = l4um (series 2). Both series included surfaces with a range of pitches,
p (= a + b in Sarkar et al.’s notation). It was found experimentally that the
critical %—ratio for a Wenzel-to-Cassie transition is (%)m‘t = 0.51. Only the
three smallest pitches in each series exhibit % > 0.51. This is in agreement with
Sarkar et al.’s criteria for droplets in the stable Cassie state (Equations and
(7)), which is fulfilled by the three smallest pitches in each series.

So far we have only regarded the structural geometry and chemical properties
of the surfaces. However, the mechanical properties of the material may also
promote or inhibit the Cassie state. Pillars fabricated of soft materials may
bend as the droplets grow between the pillars. As a result the energy of the
entire system increases, and flooding of the structure may become energetically
favourable [29]. Consequently, the choice of material is important with regard
to the intrinsic Young contact angle, but also the mechanical properties of the
material. Copper and copper oxides are therefore frequently used due to their
mechanical durability. Zhu et al. [30] is one of the groups that successfully
fabricated clustered copper nano-needles that were able to promote a Wenzel-to-
Cassie-transition. Consequently, droplets were allowed to nucleate at the base,

exploring the surface area and increasing the heat transfer rate, meanwhile a

17
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continuous shedding of macrodroplets was maintained.

Although the results from the condensation experiments are not in complete
agreement with the design criteria from the static droplet experiments, the
trends are similar. Hence, the design criteria from static droplet studies may

work as a good starting point for fabrication of surfaces for condensing droplets.

3.3. Design of Superhydrophobic Surfaces for Water Condensation

As mentioned earlier, there is a wide range of surface structures that may
promote droplets in the Cassie state. Recent research has shown that surfaces
combining different structures and/or chemistries can yield high degrees of su-
perhydrophobicity. In the following, we will therefore discuss some of these

surfaces.

3.3.1. Micro- and Nanostructured Surfaces
Micro- and nanostructured surfaces, often named hierarchical structures in
the literature, are surfaces with a combination of microstructure and a secondary

nanostructure (applied on top of the microstructure as illustrated in Figure .

Figure 13: Illustration of microstructure and hierarchical micro- and nanostructure.

Several groups have successfully fabricated such surfaces with a variety of
materials and morphologies. CuO/Cu surfaces such as the one fabricated by
He et al. [3I] are promising. These surfaces have microsized holes in a square
pattern inside which nanosized randomly oriented nanoneedles are grown. The
inclusion of the nanoneedles raise the contact angle to above 150°, which means

that superhydrophobicity is achieved.

18
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For a systematic approach of investigating the role ef-hierarchiealitystructures
on different length scales, it is suitable to look at the study by Lo et al. [16].
They investigated the water vapor condensation on micro- and nanostructured
surfaces compared to plain microstructured surfaces. Two types of microstruc-
tures were used: parallel microgrooves (PMG) and cross-sectioned microgrooves
(CMGQG). Inside the microgrooves, silicon nanowires (SINW) where randomly and
densely grown, which constitute the nanostructure of the surface. Although
highly pinned Wenzel droplets are observed on the plain CMGEI and PMG sur-
faces, the hierarchical surfaces (CMG/SINW and PMG/SiNW) both exhibit
continuous shedding of droplets. This indicates that the secondary structure
promotes Cassie droplets with low CAH. Interestingly though, the PMG/SiNWs
exhibit a magnitude smaller cycle time (i.e. the time from nucleation to depar-
ture of a droplet) compared to CMG /SiNW. Thus, the pinning of droplets must
be larger on the CMG/SiNW than the PMG/SINW. A small cycle time is de-
sired because it indicates a large heat and mass transfer rate [27]. On the
other hand, the SINW on a smooth surface also exhibits smaller cycle time than
CMG/SiNW. Consequently, the micro- and nanostructured surface might not
always yield better results.

According to classical nucleation theory (CNT), the nucleation rate on a
microstructured surface (surface with microsized features) is higher than that
on a nanostructured surface. The Gibbs free energy of formation of droplets is

given by

4
AG = gﬂ'rgalUF — 4o, F(re — 1¢)? (11)

where 7. is the equilibrium droplet radius, oy, the liquid-vapor surface tension,
F = 0.25(2 — 3cos(f) + cos®(6)), 0 is the equilibrium contact angle, and r, is
the roughness diameter.

As seen in Figure |14 a microsized roughness (cavity dimension) will increase

"Note that the observations correspond to the predictions in Equations and while

Nosonovsky et al.’s limit fail for the relevant dimensions

19
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Figure 14: Gibbs free energy of nucleation with increasing cavity dimension (Equation

(11)). The higher the dimension, the easier the formation of nuclei.

the nucleation rate by lowering the barrier towards nucleation. In the work
by Lo et al. [27] it is found that more nucleation and condensation occurs on
the CMG and PMG surfaces, compared to SINW surfaces, which supports the

theoretical results.

3.8.2. Surface with Hydrophilic and -phobic Domains

One of the main challenges in a dropwise condensation heat exchanger is
how to achieve high nucleation rates while maintaining sustainable shedding of
droplets. The two processes are determined by different and opposing mech-
anisms. While hydrophobic surfaces promote sustainable droplet departure,
they also reduce the nucleation density. There have therefore been several at-
tempts to develop a type of hierarchical surface structure with hydrophilic and
hydrophobic domains[32], [33].

Chen et al. [33] designed silicon surfaces with pyramidal structures covered
by nanograss everywhere except for the lower base of the sides of the pyra-

mids. Thus, surfaces with global superhydrophobicity, but local hydrophilicity

20
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were obtained. These surfaces were reported to exhibit sustainable dropwise
condensation behaviour with enhanced droplet nucleation and droplet depar-
ture volume. In fact, the surface with the smallest spacing between the pyra-
mids (S=20pm) showed a 450% increase in drop self-removal volume and a
65% increase in drop number density compared to the flat surface covered with
nanograss. The massive increase in droplet self-removal volume is attributed to
the coalescence driven out-of-plane jumping.

The coalescence driven out-of-plane-jumping is believed to be caused by
release of excess surface energy as two or more droplets coalesce. The released
energy propel the resulting droplet from the surface. While this behaviour is
observed on multiple surfaces with extremely low surface adhesion [34], [35] [30],
the mechanism of this self-removal is not fully understood. Enright et al. [36]
investigated the phenomenon further. Their study showed that this kind of self-
removal is fundamentally inefficient; less than 6% of the released surface energy
at coalescence was transferred to translational energy removing the droplet from
the surface. As a consequence, this kind of self-removal is unlikely to occur
for immobile or semi-mobile Wenzel droplets (as the adhesion energy between
the droplet and the surface is larger). Thus, the importance of promoting the
formation of Cassie droplets for heat exchange applications is reinforced.

On the other hand, the results from Boreyko et al.[9] indicate that the en-
ergy released during coalescence is higher than the Wenzel-to-Cassie-transition
energy barrier. Thus the coalescence may improve the droplet mobility, even
in cases where the resulting translational energy is not sufficient for complete
self-removal. Moreover, the yield of the self-removal may be increased by pre-
venting droplets from returning due to gravitational drag (for vertical surfaces)
or entrainment in the vapor flow (either adjacent to the surface or towards
the surface, depending on the conditions of the condensation). For example,
Miljkovic et al. enhanced the yield through the use of an external electric field

that prevented droplet return [37].
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3.4. Coating with a low surface energy chemical

In any case of surface structuring, either on one or more length scales, it is
often necessary to additionally coat the surface with a thin film of a low surface
energy compound to achieve superhydrophobicity [38,[89]. Common low surface
energy materials are polymers with surface functional groups, such as -CFa, -
CF3H and CF3. The fluorinated or perfluorinated materials do not influence
the roughness of the surfaces, but can largely influence the surface energy and

therefore the contact angle of the liquid.

3.4.1. Superhydrophobicity by Liquid-Infusion

So far in this paper, only surfaces with micro- and/or nanostructures have
been discussed. The superhydrophobicity of these surfaces depends on the sur-
faces’ ability to stabilize the droplets in the Cassie state. Although many of
these surfaces exhibit superhydrophobicity, they may not be suitable for indus-
trial use. In industrial applications, the surfaces will be subjected to varying
conditions and various contaminants that may destabilize the Cassie state [35].
In addition, many of the surfaces are vulnerable to mechanical abrasion due to
the fragile nature of the surface structures. Hence, the wetting properties may
be greatly affected[I1, 40]. One promising solution is to use slippery liquid-
or lubricant-infused porous surfaces (SLIPS) in-steadinstead. The main idea is
schematically shown in Figure [T5

JfLubricant
l l Capillary forces keeping
the lubricant in place

Solid

Figure 15: A SLIPS shown schematically

The capillary forces created by the micro- or nanostructure of the underlying

solid are utilized to contain a viscous lubricant within the structure. Since an
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excess of lubricant is applied on the solid surface, a semi-mobile, smooth top
layer is created. Thus, it is the properties of the lubricant that mainly deter-
mines the wetting properties of the entire system. As opposed to a normal flat
solid surface, the surface of a SLIPS can be molecularly smooth, resulting in a
small friction, and hence, small CAH. The surface will therefore be "slippery"
even when the surface tension of the lubricant is not small enough to attain su-
perhydrophobicity. In addition, the semi-mobile layer introduces an additional
robustness, as discussed later in this section.

Although the underlying surface of the SLIPS is less important for the surface
wetting properties, it is essential for the sustained containment of the lubricant
within the surface structure [40]. The surface structure induced capillary forces
are, as mentioned, important in this sense. In addition, the solid surface chem-
istry must be compatible with the lubricant, and reinforce the strong attraction
between the underlying solid surface and the lubricant. If the attractive forces
are too weak, water droplets condensing (or deposited) on the surface may dis-
place the lubricant. Hence, the surface may loose its slippery properties [I1].
Also, to further decrease probability of liquid displacement of the lubricant, the
lubricant and the liquid must be immiscible.

In the scenario of low attractive capillary forces, the impact of the underly-
ing surface chemistry was demonstrated by Kajiya et al. [4I]. They showed that
the water droplets may displace the lubricant during condensation and growth.
Nevertheless, the surface can retain its hydrophobic state if the underlying sur-
face is water repellent. At further growth, the droplets may detach from the
underlying surface.

The increased robustness of the SLIPS arises, as mentioned, from the semi-
mobile layer. While the wetting properties of a textured superhydrophobic sur-
face are compromised beyond repair upon contamination or mechanical abra-
sion, the mobility of the lubricant of a SLIPS causes the surface to be self-
healing[40], 42]. In addition, combinations of micro- and nanostructures can be
utilized to create superhydrophobic SLIPSs that are insensitive to the wetting
state of the droplet (i.e. whether it is in the Wenzel or the Cassie state). This
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was demonstrated in the study by Dai et al. [43]. In Figure a schematic
drawing of Dai et al.’s surfaces exhibiting (a) slippery Wenzel state (sliding an-
gle = 18°) and, (b) slippery Cassie state (sliding angle = 8°) is shown. The
slippery Cassie state is caused by the superhydrophobicity of the surface, while
the slippery Wenzel state occurs due to the slipperiness of the lubricant. Conse-
quently, the surface exhibited a low CAH and high droplet departure rate even
if the Cassie droplet for some reason collapsed. Thus, they created a surface

that will be less vulnerable to different conditions and contaminations.

Bur=18° Bui=8°
(a) (b)

Figure 16: Schematic of the droplets in different states on Dai et al.’s s SLIPS[43]. a)

Droplet in the slippery Wenzel state, b) droplet in the slippery Cassie state.

§ § Vapor ? § §

i

Nucla—»? .

High-surface- energy sites

Micropillar

Figure 17: SLIPS utilizing hydrophilic and -phobic domains on underlying surface for
controlled nucleation. Figure adapted from Xiao et al. (2013)[44]

Hierarchical structures may also be utilized in SLIPSs to promote dropwise
water vapor condensation. Xiao et al. [44] investigated the water condensation

on a SLIPS with hydrophilic domains in the underlying surface (see Figure [17).
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They observed that the lubricant layer covering the underlying pillars was thin
enough for the water vapor to penetrate. Thus the vapor nucleated on the
hydrophilic domains. During growth, the droplets detached from the underlying
surface and attained a hydrophobic stateﬂ Increased nucleation density and
decreased droplet departure diameter compared to the same surface without
infused lubricant was shown.

Several mechanisms can cause the failure of superhydrophobicity or the
transition to filmwise condensation on SLIPS .__Lubricant displacement
is_already mentioned, which can be caused by low capillary forces between
lubricant and solid, or that spreading coefficient of the lubricant on the condensate
in the presence of gaseous condensate is positive [46]. Miscibility of the condensate
and the lubricant will cause them to mix and depletion of lubricant will gradually
occur as the droplets are removed from the surface. Another failure mechanism
is cloaking, for which spreading of the lubricant on the condensate is the preferred
state and a thin film of lubricant will spread on the condensate droplet [47].
The removal of droplets, e.g. by gravity, will then cause removal of lubricant
and with time the lubricant is consumed. FEven if cloaking is avoided, there
is a chance that the lubricant will not spread on the structure in the presence
of the condensate and either spread only directly underneath the droplets or
everywhere except underneath the droplets, causing a Wenzel state.

3.5. Challenges and future outlook

To complicate things, experimental conditions such as temperature, presence
of non-condensable gases and gas flow may affect the condensation of water
vapor. In addition, the mechanical and thermal properties of the solid substrates
are important to consider when transferring the technology to the industry.

Most of the studies discussed in this work are performed under ideal condi-

tions for environmental Scanning Electron Micsroscope. That is, low temper-

8Xiao et al. claim superhydrophobicity, but although contact angle hysteresis was 3°,

contact angle was only 110°

25



455

465

ature, semi-vacuum and "static" conditions. This is far from industrial con-
ditions, where higher operating temperatures, gas flow and saturated water
vapor (as opposed to air or semi-vacuum) conditions are required. These condi-
tions might introduce additional challenges to promote and maintain dropwise
condensation. Increased temperatures reduce the surface energy of the water
droplets and therefore, make it challenging to obtain the Cassie state [38]. The
literature is, however, not conclusive on whether water vapor conditions will
affect the wetting state significantly. Weisensee et al. [6] observed a finite re-
duction of contact angles on flat surfaces of Teflon while the remainder of the
tested textured surfaces maintained their wetting states in saturated water va-
por conditions, compared to water condensation in an air environment.

Torresin et al. [38] investigated water vapor condensation and heat transfer
under vapor flow conditions at high operating temperatures (110 °C). The high
temperature caused formation of Wenzel droplets despite the fact that the sur-
face promoted Cassie droplet formation at lower temperatures. All the same,
they observed increasing heat transfer with increasing gas flow. The gas flow
created a shear force that moved the initially immobile Wenzel droplets, and
thus increased the heat transfer by decreasing the droplet departure radius. On
the other hand, the gas flow also introduced higher wear on the surface and
over time the degradation was significant. In fact, Torresin et al. found that
the condensation on their superhydrophobic nanotextured surfaces went through
a transition from dropwise to filmwise condensation after five days of testing.
This was caused by the degradation of the nanostructures and the deteriora-
tion of the hydrophobic monolayer from the shear stress generated by the vapor
flow. After the transition the surfaces performed worse than "normal" surfaces
for filmwise condensation with respect to the heat transfer. Degradation, of
any kind or reason, is therefore found to be detrimental to the performance of
superhydrophobic surfaces, and is still a huge unresolved issue, and therefore,
poses great challenges for industrial applications.

In most of the studies discussed in preceding sections, heat transfer rates have

not been measured. Instead, it is assumed and predicted by models, e.g. [48],
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that the heat transfer increases for dropwise condensation compared to filmwise,
and also for Cassie droplet formation rather than Wenzel. On the other hand,
the trapped vapor underneath the liquid droplets in the Cassie state may create
additional heat transfer resistance [38], reducing the condensation rate, and
it is therefore necessary to minimize this vapor volume while on the same time
ensuring droplet mobility. Therefore, there are indications that the quasi-Cassie
state (a metastable mix of Wenzel and Cassie) yields the highest heat transfer
[49]. Aiming for surfaces promoting the pure Cassie state could therefore be a

mistake.

Another solution could be not to aim for superhydrophobicity at all. Studies

have shown that a slightly hydrophilic surface could promote dropwise condensation

. In addition, high mobility of the droplets can be induces by introducin
superhydrohilic trenches (6 ~ 0) on the surface. The trenches can lead the
droplets away from the surface and a surface for efficient nucleation, growth

and drainage is possible. The heat transfer coefficient for such a surface is
measured to be up to 34.4 % higher than for a purely hydrophilic surface .

4. From Syperhydrophobicity to Superlyophobicity

While surfaces used for water vapor condensation have been subjected to
extensive research, literature on surfaces for dropwise CO2 condensation is vir-
tually non-existing. There is, however, an increasing amount of studies on su-
perlyophobic surfacesﬂ These are surfaces that per definition exhibit 6* > 150°
and Af < 10° for any liquid. Experimentally, it is of course immensely time
consuming to test the wetting properties of a surface for all possible liquids.
The focus have therefore been on liquids with low surface tension, mostly or-
ganic compounds, such as ethanol, hexane and hexadecane. To understand the

potential changes in surface chemistry and structure design criteria as water is

9A conglomeration of different terms appear in this field; superoleophobicity, superam-

phiphobicity etc., rigorous definitions of these terms can be found in the introduction, Section

[
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replaced by CO3, we therefore look into the similar changes as we move from
superhydrophobic to superlyophobic surfaces.

Although it is tempting to assume that the surface requirements for Cassie
droplet stabilization are equal for superlyophobic and -hydrophobic surfaces,
dramatic reductions in liquid surface tension cause the conditions for droplet
formation to change considerably. Recall from Section[2:2]that the Cassie state is
always thermodynamically more unstable than the Wenzel state for 6y < 90°.
As long as water is the condensate, there is a range of materials exhibiting
Ay > 90°. Thus, with the "right" surface structure, formation of stable Cassie
droplets is attainable. However, for the low surface tension condensates, the
range of materials diminishes. Formation of thermodynamically stable Cassie
droplets may therefore be impossible. On the other hand, from Section [3.1
we know that the surface structure can introduce energy barriers preventing
Cassie-to-Wenzel transition. Even though the design criteria described in this
section was developed for 8y > 90°, it may be possible to introduce similar
energy barriers for 6y < 90°. In that way, metastable Cassie droplets may be

attainable.

4.1. Impact of Texture on Static Cassie Droplet Formation

As with superhydrophobic surfaces, attempts have been made to rigorously
characterize the impacts of various surface features on the wetting properties of
superlyophobic surfaces [52, [53].

Tuteja et al. [52] investigated the advancing and receding contact angles
of liquids with a range of surface tensions on electrospun surfaces of blends
of (hydrophilic) PMMA andm (hydrophobic) fluorodecyl POSﬂ a polyhedral
crystalline solid material. Even at low weight percent of fluorodecyl POSS
(<2wt%), high apparent advancing contact angles, 6%, > 90°, with both water

and low surface tension liquids were observed. Since the surfaces are hydrophilic

10Poly(methyl methacrylate)
Hfuorodecyl polyhedral oligomeric silsesquioxane
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at these wt%, indicated by #y < 90° on the smooth corresponding surface, we
would expect 67 ,, < fagy < 90° according to Equation (I). The droplet must
therefore be in a metastable Cassie state that obstruct the transition to the
Wenzel state. This hypothesis was confirmed by releasing the droplets onto

the surfaces from a height, where the impact energy caused a Cassie-to-Wenzel-

*

- The metastable Cassie state was observed for a

transition and decreased 6
range of liquid alkanes even though all the surfaces were oleophilic (wettable for
oily substances). The CAH for the low surface tension liquids were, however,

large, especially for low wt% of fluorodecyl POSS.

4.1.1. Design Criteria

Wu et al. [53] investigated the impact of the surface texture on the intro-
duced energy barrier for Cassie-to-Wenzel-transition further. They formulated
design criteria for sustained superlyophobicity. Based on those design criteria,
they showed that the T-shaped structure satisfying the following inequalities
(Equation ), was the most mechanically robust geometryE

L 1D
pe D
n sinfy (12)

L 0
H > §tan7y

where R is the macroscopic radius of the droplet, H and D are height and diam-
eter of the T-shape, respectively (see Figure [1§(a)), L is the distance between
two adjacent caps and f; is the solid fraction from Equation . Schematic di-
agrams of the individual micropillars and the chemistry of the T-shaped surface

are shown in Figure [I§|b).

12NB. This model is derived for droplets deposited on the surface
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(a) (b)

Figure 18: (a) Ilustration of the geometry of the T-shape. Figure constructed after
model by Wu et al. [63]. (b) Chemistry of the T-shape shown schematically (up-

per). The colours describe different materials, with turquoise being 1H, 1H, 2H,

2H-perfluoro-octyltrichlorosilane PFOTSL red Si and blue SiO>. Sidewall features

of this T-shaped surface (lower). Figures adapted from Wu et al. [53]

Several geometries meeting the design criteria by Wu et al. were tested
for lyophobicity with water and hexadecane. Apparent contact angles, 6%, as
high as 170° for water and 167° for hexadecane were obtained for the surface
shown in Figure [18(a). The contact angle hysteresis, Af, on this surface was
approximately 8° for both liquids, which confirms the superlyophobicity of the
surface. Interestingly, the water and hexadecane 6* and Af were almost the
same for all the tested geometries (also those with 8% < 150°), but greatly
varying with solid fraction, f; (see Equations () and (2)). This indicates that
fs dominates the wetting properties of the surface when the droplet is in the
Cassie state. The role of increasing fs for a hexadecane droplet (fy = 50°) on
Si is shown in Figure The solid fraction on the surfaces in Figure [18(a) is
0.08 [53], which according to Equation results a contact angle of 169°. This
is in good agreement with the experimental results of 170° (water) and 167°
(hexadecane).

Wu et al. [53] also tested the values of Af against three existing models;
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the Wenzel and Cassie equations (Equation and ) for advancing and
receding contact angles, the linear average model by Extrand [54], and the local
differential parameter model by Choi et al. [55]. While the advancing contact
angles are in decent agreement with the two latter models, the receding contact
angles are not predicted satisfactory for all cases with any of the models. One
explanation is that the static contact angle, 8y, is assumed to be the same on a
flat and a rough surface. However, the static contact angle may vary according
to the degree of pinning on the asperities of the structures, and the predictions

of contact angles are therefore not exact.

4.1.2. Micro- and Nanostructured Surfaces

As with water condensation, hierarchical structures featuring micro- and
nanostructures have been observed to yield superlyophobicity [56]. Mazumder
et al. [I4] fabricated a superomniphobic {water—and-oil-repellent)—surface of
nanopillars (glass/SiOz) with branching structures on top (SiO3). Contact an-
gles of 172°, 163° and 153° with water, oleic acid and hexadecane, respectively,
were obtained. The contact angle hysteresis for the respective liquids were < 3°,
< 4° and < 6°. However, this structure is fragile and susceptible to mechanical
abrasion. To improve the robustness of the surface, nanonodules were deposited
instead of the branching structure. While the resistance to mechanical abrasion
improved, the contact angles decreased, and became only slightly higher than
those on the primary nanopillars.

Recall the criteria developed by Sarkar et al. [I8]. Not surprisingly, we find
that the geometry of the nanopillared structure (without a secondary structure
on top) does not satisfy the criteria for formation of hexadecane droplets in
the stable Cassie state. Moreover, the critical value for the spacing to width

ratio, (2

a)m, ,» assumes a negative value. According to Sarkar et al.’s criteria (see

Table, the metastable states for this geometry are automatically excluded too.

However, experiments show that the contact angle is * = 104 > fy. On the

other hand, the criteria for metastable (sagging) Cassie droplets are partially
b b

satisfied since 2 < (E)sag' Although this single example surface of Mazumder

31



595

600

610

et al. is not sufficient to conclude, it can be used as an indication of that
the design criteria developed by Sarkar et al. are applicable to superlyophobic
surfaces too. In any case, they can constitute a starting point for the design of

a superlyophobic surface.

4.1.8. Lowering the surface energy

As stated previously, a reduction in surface energy by coating with a low
energy material such as fluorines may be necessary for superhydrophobicity. To
achieve superlyophobicity, on the other hand, literature shows that this step
may be crucial [57]. A variety of low surface energy materials are used in the
literature, but a common feature is the small or large degree of fluorination of an
organic compound. Examples are 1H,1H,2H,2H-heptadecafluorodecyl [58] and
1H,1H,2H,2H-perfluoro-octyltricholorosilane [53, [11].

4.2. Formation of Condensing Cassie Droplets

As we move from liquid droplets deposited on the surface to condensation
of the liquid, we face the same challenges as discussed for superhydrophobic
surfaces. The major question is: Will the droplets nucleating at the base of
the surface structures transition to a Cassie state? This is, if possible, an even
greater challenge for superlyophobic surfaces compared to superhydrophobic
surfaces because we have fy < 90°. Thus, the Wenzel state is always thermo-
dynamically favourable. In addition, it is probable that the energy barrier for
a Wenzel-to-Cassie-transition becomes even greater. Consequently, the require-
ments on the surfaces become even stricter.

A few attempts have been made to create superlyophobic surfaces for con-
densation. Rykaczewski et al. [I1] tested the wetting properties during conden-
sation of several structures including Al-SiO; nanotextured, polymer solution
re-entrant (or overhanging) superomniphobic, Si micropost textured surfaces,
and lubricant infused surfaces (SLIPS). Condensation was also tested on all the
surfaces impregnated with a lubricant. The results from these experiments were

mixed. In fact, the overall performance of a fluorosilane-functionalized, smooth
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surfacﬂ was best. The impregnated surfaces were generally more likely to
induce dropwise condensation than the nanotextured and superomniphobic sur-
faces, which both showed filmwise condensation for all or nearly all liquids.

The formation of films on the nanotextured and superomniphobic surfaces in-
dicates that the condensates nucleate within the structure. Moreover, the struc-
tures are unable to surpass the energy barrier for a Wenzel-to-Cassie-transition.
As a consequence, the liquid floods the structure. Decreasing the dimensions
of the surface structure below the critical radius of nucleation may prevent nu-
cleation within the structure. This comes, however, at the cost of increased
fabrication cost and complexity.

Although the SLIPSs appear to perform better than the textured super-
lyophobic surfaces for dropwise condensation of liquids with low surface ten-
sion, several challenges stil remain. Some of these are illustrated in the above
described study by Rykaczewski et al.. The condensing liquid displaced the lu-
bricant on several occasions, and caused filmwise rather than dropwise conden-
sation. In addition, on some of the rougher underlying structures, the lubricant
layer was not thick enough to cover the structure, and instead filmwise conden-
sation was promoted. In other words, the lubricant must exhibit good adhesion
to the solid surface, while maintaining repellency towards a range of liquids.
In addition, the viscosity (dependent on the temperature) and the equilibrium
vapor pressure of the lubricant must be such that the lubricant is compatible
with the required environment. For example, if the viscosity is too high, the lu-
bricant may not spread homogeneously on the surface. Hence, the solid surface
may be exposed to the condensate, resulting in filmwise condensation. However,
if the viscosity is too low, the condensate might displace the lubricant, yielding
filmwise condensation as discussed above. The latter challenge could be reduced
by carefully choosing the underlying solid surface as indicated in the study by
Wong et al. [40]. They observed that lyophobic underlying surfaces decrease the

chance of lubricant displacement.

13 This is termed "oleophobic”" by Rykaczewski et al. (2014), but exhibit 8y < 90°
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5. CO; Condensation on Superlyophobic Surfaces

Now, we move away from the solid science and into the landscape of con-
jectures. If there was little literature on superlyophobicity in general, there is,
as far as we know, none on surfaces promoting dropwise condensation of COs.
As a result, an extrapolation from the knowledge attained in the former field is
necessary. First, we will compare relevant chemical and physical properties of
(liquid) CO2 with the condensates from the previous sections. Subsequently, we
will try to qualitatively comment on and evaluate the performance of suggested

surface morphologies (from the previous sections) using COg as the condensate.

5.1. Surface tension of COy compared with other liquids

Table [2| shows the surface tension of various low surface tension liquids, wa-
ter and CO5. At room temperature, CO2 has significantly lower surface tension
than the other fluids, however, the surface tension of COs increases dramati-
cally as the surrounding temperature decreases. At around —50 °C, the surface
tension of CO5 is comparable to the organic liquids, shown in Table By
assuming that surface tension is the determining factor, and that temperature
has no other influence, it is possible that previous results using e.g. pentane as

the test liquid [IT], may be transferable to CO5.

Table 2: Chemical and physical properties of liquid CO2 compared to other liquids

Liquid Surface Tension [%N] Temp [°C]

CO, 16.54 [59] -52.2
CO, 1.19 [60] 20
Hexadecane 28.12 [61] 20
Pentane 15:86162)-15.7 |58 21
Hexane 18.52 [63] 20
Ethanol 22.28 [63] 20
Water 72.75 [62] 20
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5.2. Candidate surfaces for promoting dropwise condensation of COs

In commercially available CO5 condensers, copper and copper oxide mate-
rials are commonly used, and filmwise condensation is the default mode. To
achieve dropwise condensation of COs, it is necessary to lower the surface en-
ergy of the copper. Functionalization of an untextured Cu surface with a fluid
with low surface energy alone, is however, an unlikely path due to low durability
and still too high surface energy. Nevertheless, the combination of functional-
ization and nano- and microscaled surface structuring has been shown to be
crucial for achieving superlyophobicity [57], and is probably imperative for the
case of CO2. Regarding low surface energy chemicals, e.g. fluorinated or perflu-
orinated materials, it must be pointed out that the literature does not contain
examples of tests done with surfaces coated with such materials in a CO4 envi-
ronment. Conduction of proper tests is therefore necessary for determining the
applicability of fluorinated compounds for dropwise condensation of COs.

Structured surfaces already proven to yield superlyophobicity are a good
starting point for achieving dropwise condensation of COs. The design criteria
by Wu et al. [53] in Equation should be fulfilled also for COs, and used for
designing a surface that promotes CO2 droplets in the Cassie state.

A previous review on superomniphobic surfaces pointed out the importance
of a re-entrant structure for achieving superlyophobicity [57]. One such surface
has been fabricated and tested by Tuteja et al. [58]. This surface has been
tested for fluids with surface tension down to +5-+mN+n—1-15.7mNm ' (pen-
tane), and is therefore a candidate for the COy case. HeweverLiu et al. also

pointed out the importance of re-entrant surfaces [64]. For achieving droplets
in the Cassie state for liquids of very low surface tension, even for fluorinated
compounds (CgF14;, 7= 10mNm~!). a doubly re-entrant structure is required.
However, Wu and Tuteja used fluorinated chemicals to achieve lyophobicity, and

the applicability of fluorine chemicals in a COy environment -and-is unknown.
In addition, the low temperature durability of the surface ;—are-is unknown,
and therefore impertant-issues-an important issue to address. In-additienAlso,

neither of the surfaces by Wu et al.er-, Tuteja et al. or Liu et al. are tested with
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condensing vapor, so the direct applicability to dropwise condensation of COq

is unknown. The re-entrant surfaces, both single and double, have no defence
against internal condensation within the structures and a Wenzel-to-Cassie
transition is not expected.

On the other hand, Rykaczewski et al. determined the condensation mode
for seven different low surface tension fluids and water, on three different sur-
faces, in which one is a SLIPS [II]. Even though the contact angle towards the
tested organic oils were less than 90° for all surfaces, the condensation occurred
in the dropwise mode for several of the liquids. Special attention should be
given to the condensation of pentane, which condensed in the dropwise mode
on two of the three tested surfaces, even though the surface tension is only
+5+mNm—115.7mNm ' It should also be noted that perfluorohexane with a

surface tension of 12mNm™!

condensed in the filmwise mode for all surfaces,
which indicates a limit as to how low the surface tension can be to achieve
dropwise condensation on this kind of surfaces. In any case, the flat oleopho-
bic surfaces and the SLIPS surface fabricated in this work are candidates for
dropwise condensation of COs.

For using SLIPS as a surface for condensation, the surface tension of COq
is again an issue, and the experiments have to be performed at low tempera-
tures. The requirement for low temperature introduces yet another challenge:
The ability of the surface and the infusion liquid to endure extreme conditions.
Thermal compression resulting in material cracking and failure is only one ex-
ample. Decomposition and/or freezing of the lubricant is another. However,
low temperatures do not necessarily cause low mechanical robustness, as shown
by Wang et al. [65]. They tested three different liquids for SLIPSs for anti-
icing applications, and found that the superhydrophobicity was maintained,
but reduced, down to —20 °C for one of the lubricants. The reduction in super-
hydrophobicity comes from increased pinning of water droplets on the surface,
which could also be the case for COy droplets. The work by Lu et al. [66] re-
sulted in a non-wetting SLIPS against water and various liquids, such as coffee

and cooking oils, also after thermal tests with liquid nitrogen (—196 °C). These
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results are promising for low temperature condensation of CO4 , but as for most
of the results in the literature, this work is also a test of non-wetting behaviour,
not for promotion of dropwise condensation. Even though superlyophobicity is
necessary for dropwise condensation, it is not the only requirement, and tests
with condensing vapor must be conducted at different thermal conditions.

Generally, SLIPS are promising candidates for COs condensation. However,
care should be taken to choose the proper lubricant. As said above, temperature
stability is important. Even more crucial is the immiscibility of the lubricant
towards CO,. If CO5 is miscible with the lubricant it would displace the lubri-
cant, and flood the underlying surface. Lubricants that are immiscible for low
surface tension fluids can be found by utilizing the model set _forth by Preston
et al . For CO5 it will not be easy to find a suitable lubricant. Liquid CO
is a good solvent for several oily substances that are often used as lubricants for
SLIPS repelling water.

CO, in its supercritical form is a superior solvent and even though liquid
and_ supercritical CO»_does not _have equal behayvior, this property will pose
a challenge when condenser surfaces are coated with chemicals. This is the
case both for STIPS and for surfaces where fluorinated compounds are used for
lowering the surface energy. This challenge has not been addressed previously,

and work has to be done on the matter.

6. Summary and ideas for further work

Through this literature review it is shown that comprehensive design criteria
for superhydrophobic surfaces have been developed, and that different sets of
criteria by different research groups, are consistent. Most of the work done
is applicable to static water droplets and the non-wetting behaviour of rough
surfaces. Less work is conducted on condensing water droplets, and even less
on condensing low surface tension liquids. Nevertheless, the previous work on
superlyophobic surfaces indicate that re-entrant surfaces with structures with

at least two length scales (hierarchical structures) that are coated with a low
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surface energy fluid such as a silane, is likely to yield superlyophobicity, i.e.
non-wetting behaviour towards all liquids, including COs. Examples of surface
designs that could be combined to give the above described surface are those by
Rykasczewski et al. [11I], Wu et al. [53], and Tuteja et al. [52], with the basic
design criteria of Sarkar et al. [18] as a basis.

Even with the design criteria at hand, there are still important parameters
of liquid CO4 that is not known. One very important parameter for using
the design criteria is the equilibrium contact angle of the liquid on the surface.
This parameter is not known for CO4 liquid in a CO5 vapor environment, and
a necessary starting point for future work is therefore to measure the contact
angle of a CO5 droplet on a flat surface. It is also necessary to test various low
surface energy chemicals, such as fluorines, for compatibility with COs. The
low temperature behaviour and immiscibility of candidate lubricants towards

COy for fabrication of SLIPS are other parameters to be tested.
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