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ABSTRACT

Several oil-water separation techniques have been proposed to improve the capacity of cleaning water. With the technological possibility of
producing materials with antagonist wetting behavior, for example, a substrate that repels water and absorbs oil, the understanding of the
properties that control this selective capacity has increased with the goal of being used as the mechanism to separate mixed liquids. Besides
the experimental advance in this field, less is known from the theoretical side. In this work, we propose a theoretical model to predict the
wetting properties of a given substrate and introduce simulations with a four-spin cellular Potts model to study its efficiency in separating
water from oil. Our results show that the efficiency of the substrates depends both on the interaction between the liquids and on the wetting
behavior of the substrates itself. The water behavior of the droplet composed of both liquids is roughly controlled by the hydrophobicity
of the substrate. Predicting the oil behavior, however, is more complex because the substrate being oleophilic does not guarantee that the
total amount of oil present on the droplet will be absorbed by the substrate. For both types of substrates considered in this work, pillared
and porous with a reservoir, there is always an amount of reminiscent oil on the droplet, which is not absorbed by the substrate due to the
interaction with the water and the gas. Both theoretical and numerical models can be easily modified to analyze other types of substrates and
liquids.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041070

I. INTRODUCTION droplets, these approaches are not effective, and follow-up steps in
treatment are often required. Some of the conventional techniques

Water separation and purification methods have been widely used to treat emulsions are chemical emulsification, ” centrifuga-

studied due to environmental, economical, and social issues.' * Par-
ticularly, there is an increased level of attention focused in oil-water
separation techniques mainly due to oil being the most common pol-
lutant in the world, principally from oil spill accidents and industry
oily waste water.””’

Oil/water mixtures can be classified in two different ways
depending on the diameter d of the dispersed phase: stratified
oil/water (d > 20 ym) and emulsified oil/water (d < 20 pm).’
Depending on the type of the mixture, different techniques are used
in order to separate oil from water.’

Gravity separation followed by skimming is typically used to
remove stratified oil from water and is considered an efficient,
low cost, and primary step in water treatment.'”'' For smaller oil

tion," "' heat treatment,'” and membrane filtration.”” Limitations of
these conventional approaches include high energy costs, operating
costs, sludge production, and limited efficiency.”

Recently, the role of wettability has been studied in order to
propose more efficient and low costs water/oil separation methods.
The wetting behavior of a certain surface will depend on the geom-
etry and chemistry of the substrate,'”'® and thus, by controlling
these key parameters, one can develop a material with antagonis-
tic wetting behavior for oil and water that propitiates the mixture
separation.

With that in mind, several materials with special wetting behav-
ior were developed and successfully applied in oil-water separa-
tion. These materials can be classified into oil-removing type of
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materials,”” ** characterized by superhydrophobic/superoleophilic
wetting behavior, and water-removing type of materials,”*’ char-
acterized by superhydrophilic/superoleophobic wetting behavior.
Despite the fact that oil-removing materials are more common,
they have the disadvantage of being easily fouled by oils due to
their oleophilicity nature and have not been suitable for gravity-
driven separation due to the higher density of the water. On
the other hand, water-removing materials are more difficult to
achieve due to the fact that most oleophobic materials are also
hydrophobic.”"*

Despite all the advances in this field, most of the studies are
focused on the fabrication and performance of these materials and
not in the underlying mechanisms that propitiate oil/water separa-
tion.” Therefore, more fundamental research toward understand-
ing the interactions between water, oil, and surfaces is extremely
necessary in order to build a robust theoretical background that
could be used as a guideline for further developments in this
area.

In this work, we address this issue by studying oil/water sep-
aration in two distinct oil-removing surfaces: a pillared surface
and a porous substrate. We concentrate in the case of small vol-
ume droplets, for which the dispersed phase size fits into the
range of emulsions, where gravity does not play any role in the
separation of oil and water. To do that, we first apply a the-
oretical continuous model, which takes into account the energy
of creating interfaces between solid, liquid, and gas phases when
a droplet of pure liquid (water or oil) is placed on a substrate.
By applying a minimization procedure, we obtain the wetting
state of the droplet that minimizes its energy. This allows us
to build a wetting phase diagram for the substrate, which indi-
cates for which range of geometrical parameters the substrate is
hydrophobic/oleophilic and the corresponding contact angle of the
droplet. To take into account the interaction between water and
oil, we simulate a cellular Potts model with four-states using Monte
Carlo simulations. It allows us to study the separation capacity of
both substrates and evaluate how different geometric parameters
affect the performance of these materials in separating oil from
water.

This manuscript is organized as follows: In Sec. II, we present
the continuous model and discuss the theoretical results. In Sec. 111,
we introduce the Monte Carlo four-spin cellular Potts model and
describe our simulations methods. The simulations results for both
surfaces are shown and discussed in Sec. IV. We close this work

with our conclusions and possible extensions of our results in
Sec. V.
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Il. THEORETICAL CONTINUOUS MODEL

The goal of this section is to develop a simple model to deter-
mine if a given substrate has the capacity to separate water from oil.
An ideal oil-removing material is such that when a mixed oil/water
droplet is deposited on its surface, the oil penetrates the material and
the water remains on its surface. It is then important to identify the
wettability states of a substrate.

For this purpose, we first address a following question: if a
droplet of fixed volume Vo = 4/37R; composed by a pure liquid
(water or oil) is placed on a rough surface, which is its favorable wet-
ting state? To answer this question, we assume that there are two
possible wetting states: one called Wenzel (W) and characterized by
the homogeneous wetting of the surface and the other called Cassie-
Baxter (CB) with air pockets trapped underneath the droplet. The W
state is associated with an omniphilic behavior, while the CB state is
associated with an omniphobic one.

In this model, we take into account all the interfacial energies
associated with the CB and W states and minimize these energies.
The wetting state with minimum energy is the one that is favor-
able from the energetic viewpoint. Similar ideas were used by other
authors, %% including two of us.”? !

The geometry of the surfaces and the three-dimensional droplet
considered in this work is shown in Fig. 1.

The total energy of each of the wetting states is given by the
sum of all interfacial energies between the droplet and the desired
surface. The energetic difference between the system with and with-
out the droplet is Eo = AE’ + Eg, where superscript s represents the
wetting state (CB or W) and E; is the gravitational energy. AE’ is the
difference in the interfacial energy between every pair formed from
liquid, solid, and gas after the droplet is placed on the surface in state
s and the energy of the surface without the droplet. The importance
of the gravitational energy depends on the droplet size and its com-
position. In this work, we consider droplets with small volumes such
that the gravitational energy is negligible compared to AE’.

The interfacial energy equations for pillared substrate, schema-
tized in Fig. 1(a), are developed in Ref. 29 and can be written as

AE}?I? = NCB[(USI, - USG)WZ + (dz - WZ)O'GL] + UGI.SSEn (1)

AE;Y] = N‘N[(d2 + 4hW)051,] + UGI.SXP' (2)

For the porous surface schematized in Fig. 1(b), the interfacial
energies are given by

FIG. 1. Definition of the geometric para-
meters of the substrates and the droplet.
(a) Pillared surface with width w, pillar
distance a, and height h. (b) Porous sur-
face with width w, porous distance a, and
height h. (c) Geometric parameters of the
droplet. We consider a spherical cap with
radius R, base radius B, height H, and
contact angle 6¢.
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TABLE I. Surface tensions used in this work in units of mN/m. These values were
obtained for T =25°C.

Water Solid Gas
Oil OWO = 53.5 Jso = 8.6 0GO = 27
Water osw =50.2 ogw =70
Solid osG =25

Angr =N [(d2 ~ W) (05— 0x) + wzaGL] +0aSce  (3)
AE;Y,, = NW[(d2 —wW 4hw) (g — 0) + wzoc,L] + UGLS‘C’XP. (4)

For Egs. (1)-(4), d =w + a and 05, 01, and ogr, are the surface
tensions for the solid-gas, solid-liquid, and liquid-gas interfaces,
respectively. The subscript “L” accounts for a liquid phase and can be

2
either water or oil. N° = % accounts for the number of pillars/pores

underneath the droplet and Sc., = 277R*[1 — cos(6%)] is the surface
area of the spherical cap, where B® = R® sin(6;) is the base radius and
6; is the contact angle of the droplet, as defined in Fig. 1(c).

In order to identify the favorable wetting state from the thermo-
dynamic point of view for the pillared surface, we minimize Eqgs. (1)
and (2) and compare the global minimal energy for each state. This
energy minimization process goes as follows for the pillared sub-
strate: first, we fix the surface parameters (a, h, and w) and the
volume Vj = %nR?, of the droplet. Next, we solve a cubic equation
to obtain the radius of the droplet, R, for each state, CB or W. Then,

Pillared

Porous

14
12
10

CB

4

4
% 6 8 10
a(um)
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we vary the contact angle 6, € [0,180°) and use Eq. (1) to obtain
AE®® and Eq. (2) for AEY. It allows us to build a curve of ener-
gies as a function of 6. We find the global minimum energy for
CB, AES® | and for the W state, AE";,. The thermodynamic wetting
state is the one with the smallest energy. In other words, for exam-
ple, if AESS > AEY. . then W is the thermodynamic wetting state.
This energy minimization process is explained with further details
in Refs. 29 and 30 and we present an example in the supplementary
material. For the porous substrate, the process is analogous, but we
use Egs. (3) and (4). Besides predicting the favorable wetting state,
this approach also allows the determination of the geometric param-
eters of the droplet associated with the most stable state, including
the contact angle, 0..

The continuous model and the minimization process are
employed to build a theoretical wetting diagram for both substrates
considered in this work. For the calculations, we considered sur-
face tensions obtained from experiments with water droplets on the
poly-dimethylsiloxane (PDMS) surface’ and with hexadecane oil
droplets on the same PDMS surface.’ Solid-liquid surface tensions
were obtained from Young’s relation ogr, cos(0) = osG — ost, where
0 is the contact angle on a smooth surface and assumes the values
0" = 114° for water’”” and 6° = 53° for oil.”* Water/hexadecane
surface tension was obtained from Ref. 33. These surface tensions
are summarized in Table I. We fix w = 5 ym and screen over the
parameters a € (0, 16] ym and h € (0, 15] ym.

Figure 2 summarizes our theoretical results for pure water/oil
droplets with initial radius R, = 50 ym. We first concentrate in the
case of the pillared surface and consider a droplet with pure water.
In this case, the surface presents two regions, as shown in Fig. 2(a):
for small a and high h, the favorable state is CB, but as the pillar

(b) 150
140 s
1308 FIG. 2. Theoretical wetting diagrams for
f_bg (a) the water droplet placed on a pil-
120 lared surface, (b) water droplet placed on
a porous surface, (c) oil droplet placed
110 on a pillared surface, and (d) oil droplet

placed on a porous surface as a function
of two geometrical parameters of the sur-
face: the height of the pillars h and the
interpillar/interporous distance a. Pillar
70 widths are kept constant w = 5 ym. The
solid line in (a) represents the predicted

60 thermodynamic transition between the

50 Cassie-Baxter (CB) and (W) states. Col-
@) ors indicate the droplet's contact angle in

40 == degrees.

30

20

10
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distance, a, increases, a transition to the W state is observed. This
transition occurs for different values of a depending on the initial
size of the droplet, as shown in Ref. 29. Results for other values of
R, are shown in the supplementary material. When the droplet is
composed of pure oil, W is the favorable state for any geometric
parameter, as shown in Fig. 2(c).

The same process is applied for the porous substrate. When we
consider a droplet of pure water, no phase transition is observed and
the favorable wetting state is CB for any geometric parameter, as
shown in Fig. 2(b). Nevertheless, lower contact angles were predicted
when compared to the pillared surface, indicating that this surface is
less hydrophobic. If a droplet of pure oil is taken into account, the
thermodynamic state is W in the whole diagram [Fig. 2(d)]. In com-
parison with the pillared surface, higher values of the contact angle
were observed for low values of porous height h.

The analysis presented here indicates that the porous surface
could function as a good oil removing material regardless of the
choice of the surface geometrical parameters, but higher values of
porous height h would favor the separation due to the lower con-
tact angles predicted for the oil droplets. For the pillared surface, we
expect a good oil/water separation in the region marked as CB in
Fig. 2(a).

However, this approach has the limitation of only consider-
ing pure water or pure oil droplets, disregarding the effects of
water—oil interaction. In order to overcome this limitation, we
perform numerical simulations of the cellular Potts model taking
into account the promising interval of parameters obtained by the
theoretical analysis discussed in this section.

lll. SIMULATIONS: FOUR-SPIN CELLULAR POTTS
MODEL

Monte Carlo simulations (MC) of the cellular Potts model have
been used to study wetting phenomena in textured surface’ *° but
is also a useful tool to study cell migration on substrates.”” *” The
coarse-grained approach used in these types of simulations (in oppo-
sition to the explicit atom approach commonly used in molecular
dynamic simulations) is a more consistent framework to treat meso-
scopic systems and, therefore, more appropriate for comparison
with experimental results.

Here, we expand the 3D cellular Potts model with three states
used to simulate the wetting properties of a pure liquid droplet’””’
to a four-spin model to be able to take into account a droplet com-
posed of a mixture of two liquids: water and oil. Our model con-
sists of a simple cubic lattice in which each state represents one
of the components: gas, water, oil, or solid. The Hamiltonian is
given by

2
1 w
H= E ZE;,,SJ(l — 85,,51) + (xw(z 65‘,1 - VT )
(1) i
2
+ “O(Z&il - VID") +g2(mih185i,1 + mihi(SSi,Z)) (5)

where the spin s; € {0, 1, 2, 3} represents gas, water, oil, and solid
states, respectively.

ARTICLE scitation.org/journalljcp

The first term in Eq. (5) represents the energy related to the
presence of interfaces between sites of different types. The summa-
tion ranges over pairs of neighbors, which comprise the 3D Moore
neighborhood in the simple cubic lattice (26 sites, excluding the cen-
tral one), E;, is the interaction energies of sites s; and s; of different
states at interfaces, and &psj is the Kronecker delta.

In the second and third terms in Eq. (5), V§’ and V7 are
the target water and oil volumes, respectively, the summations are
the water and oil volume, and the parameters a,, and «, mimic
the liquids compressibility. Thus, these terms maintain the liquids’
volumes and the desired composition of the droplet constant dur-
ing the simulation. The last term is the gravitational energy, where
g =10 m/s” is the acceleration of gravity and m; is the mass of the
site. In both the volumetric and gravitational terms, only sites with
liquid, s; = 1 or s; = 2, contribute.

In our simulations, the length scale is such that one lattice spac-
ing corresponds to 1 ym and the surface tensions values (shown in
Table I) are divided by 26, which is the number of neighbors that
contributes to the first summation of our Hamiltonian. Therefore,
the interfacial interaction energies Ei,5, = Ao, withA=1 ymz given
by Eoy = 2.70 x 107° pJ, Egp = 1.04 x 1077 yJ, Eg3 = 0.96 x 10™° yJ,
E12=2.06x 107 uJ, E13 = 1.93 x 10™° yJ, and Ez3 = 0.33 x 107° yJ.
The mass existent in a unit cube is m"” = 10™" kg for water and
m® =0.77 x 10~ " kg for oil. We fix ey = ao = 0.01 x 10 yJ/(um)°
(the choice of these values is justified in the supplementary material).

The total run of a simulation is 5 x 10° Monte Carlo steps
(MCSs), from which the last 2.5 x 10° MCSs are used to measure
observables of interest. Each MCS is composed of V! = V" + V°
number of trial spin flips, where V' is the volume of the liquid
droplet, which is composed by a volume of oil V° and water V".
A spin flip is accepted with probability min{1, exp(-fAH)}, where
B = 1/T. In the cellular Potts model, T acts as noise to allow the
phase space to be explored. In our simulations, a value of T = 9
was used, which allows an acceptance rate of ~15% while keeping
both water and oil in a liquid state (for further information, see the
supplementary material).

The initial wetting state is created using a hemisphere with ini-
tial volume VT » Vj = 4/3 7R} due to the discreteness of the lattice.
The droplet has Ry = 50 ym in a cubic box with L = 240 ym. The
composition of the droplet is defined by the oil fraction f,, and thus,
Ve=f, VT is the oil volume. One can also define the water volume
V" = £, VT, where f,, = 1 — f, is the water fraction. Oil and water
sites are randomly distributed in the droplet. As in Sec. II, two differ-
ent substrates are studied as possible oil-removing materials: pillared
surface and porous surface. When the porous surface is used a reser-
voir with volume, Vyes > 3 V7 is added to the bottom of the surface,
as shown in Fig. 3(b).

A. Definitions of the efficiencies

In order to evaluate the efficiency of the different substrates,
we calculated the percentage of the initial oil/water volume that is
between the pillars or inside pores, vﬁ,, and, for the porous case, the
percentage of the initial oil/water volume that is inside the reser-
voir, vl,. The superscription [ refers to water, w, or oil, o. Here, we
call these quantities percentage volumes and they are calculated as
follows:
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FIG. 3. Visual schematic of the initial

[]

(@)

vy = VIV, (6)
v = vV, @)

where VIZ, is the volume of the liquid (water or oil) between the pillar

or inside the pores and V/ is the volume of the liquid inside the reser-
voir. These percentage volumes allow us to define a liquid absorption
capacity for the pillared and porous surface that measures how much
of the initial liquid volume was absorbed by the substrate,

Epil = Up» ®)

I I
€por = Up + U 9)

The ideal substrate for oil and water separation, in our case,
is such that all the initial water volume remains above the surface
and all the initial oil volume is adsorbed by the substrate. We then
introduce a quantity to measure a separation efficiency that takes
into account the capacity of a substrate to simultaneously retain the
water and absorb the oil,

0 w
fs = M, (10)
2
where the index S refers to the pillared or porous surface.

We also measure in our simulations two efficiencies that are
commonly used in experiments. The first one measures the amount
of water that is not absorbed by the substrate.””"' In our case, this
efficiency is calculated as follows:

f;il: l—U:), (11)
Epor =10y — 0", (12)

The second one measures the oil rejection coefficient given by
R = (1 - C,/C,), where C, is the initial concentration of oil, which,

setup of the simulations for (a) the pil-

lared surface and (b) the porous surface.
Legend shows the label of the spins that
represent each state.

(b)

in our case, is f,, and C, is the concentration of oil in the remaining
water above the surface.””"’ In our simulation, this efficiency is
calculated as follows:

- Ve-vp 1 13

=t | o) "
. VO - (V5 +VP) 1
EP‘"‘“[w[(v;“+V:U>+(v;+Vé’>1fo]' "

IV. RESULTS AND DISCUSSION

In this section, we analyze the simulation results for pillared
surfaces [Fig. 1(a)] and porous surfaces, exemplified in Fig. 1(b). We
compare these results with the theoretical predictions presented in
Sec. II and discuss the efficiency of these two types of surfaces in
separating water from oil.

A. Pillared surface

The theoretical results summarized in Fig. 2 show that, if a
pure water droplet is placed on a pillared surface, it presents a CB
and W regions depending on the substrate’s geometrical parame-
ters. As previously explained, these wetting states are associated with
hydrophilic and hydrophobic behaviors, respectively. For any geo-
metric parameter, if a pure oil droplet is deposited on the substrate,
its favorable state is W, indicating that these substrates are oleophilic.
Then, we expect that pillared surfaces could work as an oil removing
material in the region where a pure water droplet is in a CB state. If
this is the case, these substrates would act as “sponges,” absorbing oil
and leaving water above the pillars.

With that in mind, here, we study surfaces with fixed pillar
height h = 10 ym and pillar width w = 5 ym and several values of
pillar distance a. In the supplementary material, we also show the
analyses for the case with h = 5 ym, which presents very similar
results. Figure 4 shows the interpillar percentage volume, vé, as a
function of the pillar distance a for f, = 0.10 [Fig. 4(a)] and f, = 0.90
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FIG. 4. Results for pillared substrates for several geometric parameters. Top: interpillar volume of water, v2*, and oil, vp, as a function of the pillar distance a for (a)
fo =0.10 and (b) f, = 0.90. Bottom: [(c)—(f)] cross sections of the final droplet configuration of Monte Carlo simulations for @ = 2 um and a = 14 um for each corresponding
fo. To build this figure, a mixed droplet with oil fraction given by f, (value specified above the figures) and total volume given by VT = 4/37R3 with Ry = 50 um is simulated
on a substrate with w = 5 um, h = 10 um, and varying pillar distance a. Blue represents water and orange represents oil. Dotted lines represent the CB-W transition predicted
by the theoretical model and the dashed line represents the maximum volume available between pillars Vmax normalized by the total oil volume, V°.

[Fig. 4(b)] and cross sections of the droplet configuration in the final
state of the Monte Carlo simulations corresponding to two different
pillar distances, a = 2 ym and a = 14 ym, for each f,. The vertical
gray dotted lines shown in Figs. 4(a) and 4(b) indicate the water
CB-W transition predicted by the theoretical continuous model
described above for the corresponding water volume. We empha-
size that the value of the interpillar distance, a, for which the CB-W
transition occurs varies with the droplet initial volume as mentioned
previously and is discussed in more detail in the supplementary
material.

The available volume to absorb oil is the maximum volume
between pillars, given by Viax = (%)2 (d* - w*)h. We normalize this
volume by the total oil volume present in the droplet V°, Vmax/V?,
and show that this quantity in Fig. 4(b) is represented by the gray
dashed line. This curve does not appear for the smaller oil fraction
fo because Vipax >> V? for all values of a.

For both cases, we observe that for low values of interpillar
distance a water does not penetrates the pore, v,” ~ 0 [Figs. 4(a)
and 4(b)], which is consistent with a CB wetting state. For higher
values of the interpillar distance a, we observed an increase in v;,“ s
which roughly coincides with the theoretical prediction from CB to
W states indicated by the vertical gray dotted line in Figs. 4(a) and
4(b). This is visually confirmed by the cross sections of the final con-
figurations shown in Figs. 4(c) and 4(d) where the water is in the CB
state for a = 2 ym and in the W state for a = 14 ym. We have checked
that it also happens for f, = 0.9 [Figs. 4(e) and 4(f)], but it is not pos-
sible to visualize because the oil sites dominate the image and do not
allow us to properly see the water behavior.

Although we obtain good agreement with the theoretical results
for the water behavior, we note that, when considering the mix-
ture, the phase transition occurs for higher values of the interpillar

distance a. This discrepancy is expected because the wetting dia-
gram, obtained by the theoretical continuous model, is built for a
pure water droplet or pure oil droplet, while in the simulations, there
is a composition of both liquids.

We now discuss the oil behavior. Theoretical calculations show
that a pure oil droplet does not undergo any wetting state transi-
tion, remaining in the W state for all values of interpillar distance
a. This is qualitatively confirmed by simulations, as shown by the
oil penetration in Figs. 4(a) and 4(b). For f, = 0.10 [Fig. 4(a)] and
low values of the interpillar distance, a vl‘; indicates that 88% of the
initial oil volume penetrates the substrate. As a is increased, the per-
centage decreases and a plateau is observed at vy ~ 0.73. For the
case with f, = 0.9, we observe an increase in v, with the increase
in a and a plateau is reached at v ~ 0.93. This change in the oil
absorption behavior is due to the substrate available volume, Vax.
For lower values of the interpillar distance, a, the pillared surface has
space to accommodate roughly 60% of the initial oil volume, as indi-
cated by the gray dashed line, resulting in a reduced oil absorption
capacity and the saturation of the substrate. Increasing the interpil-
lar distance a also increases the available volume, Vmax, and a better
oil absorption capacity is observed.

Despite the high percentage of the oil absorbed by the sur-
face, we note that from 7% to 27% of the initial oil remains above
the surface. We have checked that all the remaining oil is at the
interface of the droplet, which creates a water—oil-gas interface. We
note that reminiscent oil in the remaining water was also observed
experimentally.”**’

To understand this feature in our simulations, we analyzed the
terms of Eq. (5) related to the energy for creating interfaces and eval-
uated the necessary conditions for the appearance of a spin of type
“o0il” on the interface between the water and the gas. The calculations
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and more detailed arguments are discussed in the supplementary
material. This analysis led to two main conclusions: (i) the pres-
ence of an oil site on the interface of the droplet is favored when
there are other oil sites surrounding it, suggesting that in the exper-
iment, the oil would form a film on the interface of the droplet and
(ii) the formation of the oil film prevents a water—gas interface that
is energetically unfavorable due to the ogw-owo relation due to the
fact that ogw > owo. This suggests that changing the surrounding
gas in order to change the surface tensions relation may benefit the
separation of oil and water.

To conclude this section, we discuss the efficiency of this type
of substrate using three different definitions introduced in Sec. III.
We measure &y, defined in Eq. (11), which measures the amount of
water that is not absorbed by the surface, and f{,ﬂ, defined in Eq. (13),
which measures the capacity of the surface to exclude oil from the
water that remains above the surface. We compare these quanti-
ties with the proposed separation efficiency given by Eq. (10), which
takes into account both the capacity of maintaining water above the
substrate and the capacity of absorbing oil.

Figure 5 summarizes our results for all geometries considered
here. For both values of f o, &; follows the behavior of water: it shows
high efficiency when the water is in the CB state and decays when the
transition to W occurs. The f;ﬂ, on the other hand, follows roughly
the behavior of the oil where the efficiency is high for surfaces where
the oil percentage volume v} is also high.

These definitions of efficiency have the disadvantage of only
considering one aspect of the separation process, which is the
absorption of the oil or the amount of water remaining above the
surface. For instance, let us consider the case of f, = 0.90 and
a =2 pm. & indicates an efficiency of this substrate of ~100%
despite the fact that about 50% of the oil remains above the sur-
face, as shown in Fig. 4(e). In other words, f;il is high because
there is no absorption of water by the substrate, but it is misleading
because if the oil remains above the surface too, then the separation
of water and oil is not as good as its high value may suggest at the
first glance. On the other hand, &; has a low value despite the fact
that almost the whole amount the initial water remains above the
substrate.

The definition of efficiency &y introduced in this work for
oil removing materials takes into account both the water retention
above the substrate and the oil absorption, which are the mecha-
nisms that contribute to the water/oil separation. Thus, considering
the same case of f, = 0.90 and a = 2 ym discussed above, fpﬂ is lower
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than & because it considers the reminiscent oil above the surface
and &y is greater than &y because it considers the quantity and
purity of the absorbed oil.

Despite the good efficiency observed for some these pillared
surface, they have the limitation of only being able to absorb a cer-
tain volume of 0il, Vmax. In Sec. IV B, we evaluate the performance
of a surface that, in principle, does not have this problem.

B. Porous surface

In this section, we consider a porous substrate where the oil
can be drained into a reservoir. Here, we explore this surface for the
same oil fractions f, and similar geometrical parameters considered
for the pillared surface: w = 5 ym, h = 10 ym, and several values of
porous distance a. According to the theoretical predictions, for pure
water or pure oil, there is no wetting transition: the porous surface is
hydrophobic and oleophilic for all values of geometric parameters,
as summarized in Figs. 2(b) and 2(d).

Figure 6 shows the interporous percentage volume vll, and the

reservoir percentage volume v! as a function of porous distance a
for two oil fractions, f, = 0.10 and 0.90. For this type of surface, the
volume normalization is such that Vé, + VL + VL = V!, where V/,
is the remaining volume above the surface. For water, we observe
that v;” ~ 0 and v;” ~ 0 for all geometric parameters and oil frac-
tions considered here, which means that water remains above the
surface and does not enter the porous or the reservoir for both
values of f, and all values of a. This is in agreement with the the-
oretical predictions for pure water on porous substrates shown in
Fig. 2(b), which indicates that they are hydrophobic for all geometric
parameters.

Concerning the oil behavior, Fig. 6 shows its presence in the
pores vy and in the reservoir vy separately and also the sum of both
contributions. The available volume to absorb oil for the porous case
is given by Vimax = (%)zhw2 . This quantity is normalized by the ini-
tial oil volume in the droplet and is represented in Fig. 6 by a dashed
line.

Two things dictate the oil behavior for the porous surface: (i)
the available volume inside the pores and (ii) the solid surface area
above and below the substrate. For small values of the porous dis-
tance a, we have more interporous volume available for the oil and a
smaller solid surface above and below the substrate, and thus, the oil
remains inside the pores. As a is increased, vf, decreases due to the
limited volume of the porous and v? increases due to the increase in

FIG. 5. Efficiency for pillared substrates.
53", E”,“, and & as a function of the
interpillar distance a for (a) f, = 0.10
and (b) f, = 0.90. Dotted lines repre-
sent the CB-W transition predicted by the
theoretical model.
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FIG. 6. Results for porous substrates for several geometric parameters. Top: interporous volume of water v, and oil v} and reservoir volume of water v7” and oil vy as a
function of the pillar distance a for (a) f, = 0.10 and (b) f, = 0.90. Bottom: [(c)—(f)] cross sections of the final droplet configuration of Monte Carlo simulations for a =2 ym and
a =14 um for each corresponding f,. To build this figure, a mixed droplet with oil fraction given by f, (value specified above the figures) and volume given by VT = 4/37R?
with Ry = 50 um is simulated on a substrate with w = 5 yum, h = 10 um, and varying porous distance a. Blue represents water and orange represents oil. Dashed lines
represent the maximum volume available between porous Vax normalized by the total oil volume, V°.

FIG. 7. Results for porous substrates.
&fors Epors @Nd &por @s a function of inter-
pillar distance a for (a) f, = 0.10 and (b)
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the solid surface. However, the increase in the solid surface allows
for the formation of an oil film on the surface as well, which jeopar-
dizes the entry of the oil in the reservoir. Since gravity does not play
any role for this volume size, once the porous are filled with oil, it
creates a layer that prevents the rest of the oil present above the sub-
strate to be absorbed and stored in the reservoir. The formation of a
film in the interface between water and gas is also observed for the
porous surface. The existence of this film was discussed in Sec. IV A
and in the supplementary material.

Figure 7 shows the efficiency of these surfaces in terms of the
three measures defined previously in Eqgs. (10), (12), and (14). Sim-
ilar to the discussion we did for the pillar substrates, &, and &po;
follow the behavior of the water and oil absorption, respectively.
In other words, these quantities only reflect the hydrophobicity
or oleophilicity of the substrate and, therefore, ignore part of the
relevant mechanisms involved in water/oil separation. The alterna-
tive definition &por takes into account both the hydrophobicity and

oleophilicity by considering the total oil present in the droplet to
define efficiency, allowing us to have an idea of the reminiscent oil
above besides the information about the amount of water below the
substrate.

V. CONCLUSIONS

In this work, we propose a theoretical and a numerical model to
investigate the efficiency of a substrate in separating oil from water
by controlling its wetting properties. We apply these methods in pil-
lared and porous substrates. We first used the theoretical model””"’
to investigate the wetting behavior of the substrate when a droplet of
pure oil or water is deposited on it. This approach takes into account
the energy of creating interfaces between the liquid, the gas, and the
solid and employs a minimization procedure to obtain the thermo-
dynamic wetting state of a droplet, together with a determination of
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its contact angle. With this method, we built a wetting state diagram
of the substrates, which indicates the range of geometric parame-
ters for which the substrate is hydrophobic or oleophilic. With the
idea that an appropriate material to separate oil from water would
be oleophilic and hydrophobic, this diagram guides us in choosing
the adequate type of substrate and its range of geometrical param-
eters. Because the theoretical approach does not take into account
the interaction between water and oil, we introduced a four-state
Potts model and implemented Monte Carlo simulations to study the
efficiency of the substrates in separating water from oil at different
proportions of both liquids.

The theoretical analyses show that pillared substrates present a
hydrophobic and a hydrophilic phase [Fig. 2(a)] and are oleophilic
for all geometric parameters [Fig. 2(c)]. The porous substrates are
hydrophobic and oleophilic for all geometric parameters [Figs. 2(a)
and 2(c)]. We then simulated a droplet with fixed volume size but
different oil fractions on both types of substrates. In this work, we
concentrate on the case where the droplet is small enough to guar-
antee that gravity is not relevant compared to the energy scales
of the interfacial energies. Overall, our simulation results shown
in Figs. 4 and 6 allow us to conclude that the water behavior of
the mixed droplet can be explained by the hydrophobicity of the
substrate, but the oil behavior is more complex than just evaluat-
ing if the substrate is oleophilic. In other words, if the substrate is
hydrophobic when tested with pure water, when a mixed droplet
composed of water and oil is deposited on it, water remains above
the substrate. Predicting the oil behavior is more difficult because
the absorption capacity of the surfaces is limited for two reasons: (i)
some part the oil remains on the droplet, forming a film between
the water and the gas phase, and (ii) in the absence of gravity, once
the substrate is filled with the oil, even in the presence of a reservoir
(which is the case of our porous substrate), the oil does not fill it
completely.

Concerning the efficiency of the substrates in separating water
from oil, in the literature, there are some ways to define it and the
goodness of the definition depends on what is aimed to capture. In
this work, we investigated three different definitions of efficiency:
&" measures the percentage of water that remains above the sub-
strate, & measures the percentage of oil absorbed by the substrate,
and & measures the capacity of simultaneously retaining the water
and absorbing the oil. We compared these tree quantities for differ-
ent geometries of substrates and showed that, for a given substrate,
these efficiencies present different values. Since the definition of the
efficiency varies in different works,’ comparisons between different
experimental works should be done carefully.

Both theoretical and simulations models can be modified to
analyze other types of substrates and to take into account some
effects that are not considered in this work. We discuss some exam-
ples and their interests in the following. We studied in this work
situations where the mass of oil is small enough for gravity not
being relevant, which is the case for emulsions, for example. For
these situations, a superhydrophobic fractal substrate™*” could act
as an efficient sponge to absorb oil from water because it maxi-
mizes the contact surface between oil and the solid. We could also
analyze the situation where the volume of oil is bigger and grav-
ity would be an important element. This can be introduced in our
model by changing the length scale for the sites and it would allow
us to access phenomena that happen in free oil/water mixtures and
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dispersion. Another possible adaptation of this model is the study
of underwater wetting phenomena, which can be of practical inter-
est if the separation of oil and water happens without a presence
of gas.”’

SUPPLEMENTARY MATERIAL

See the supplementary material for a detailed description and
an example of the energy minimization process for the continuous
model, the methodology used in choosing the numerical parameters,
and supplementary results.
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