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Section 1. Derivation of the critical pressureP,,., andhe estimated values forP ., -
Consider a liquid in the Cassie-Baxter state orexuted surface composed of
periodic, non-woven cylindrical fibers with radiBsand half inter-fiber spacing (see Fig. 1f
in the main manuscript). The liquid-air interfasdacated at a local texture angleof the re-
entrant texture with a sagging anglé=6-¢ , as showkidn 1f of the main manuscript.

A force balance between the applied pressjre. dnolet and the surface tensigp
can be written as:

P.iea [{interfacial area) = s, [{ contact linelength) [sindd (S1)
For cylindrical fibers of length, Eq. S1 becomes:

P L 2(D + R-Rsing) = ,, 2L [sindd (S2)
Simplifying Eq. S2, we get:

_ ¥sin(6-y)

P = S3
e D+R-Rsiny (33)

For a given liquid and re-entrant texture geomdty, S3 indicates that the applied pressure
P

onica determines the local texture angfe where the liquid forms a stable composite

interface. We determine the critical texture angle, which corresponds to the maximum

pressureP, .. . that the liquid-air interface can withstand by sody

P P,
Fenies _ ¢ it I < g ary= g, (S4)
dy dy¢/

From Egs. S3 and S4 we obtain,
(D+R-Rsing, ) [{~cos(6- ¢, )) - sin(6- ¢, ) {-Rcosy, ) =0

= (D +R)Eos(6- ¢, ) —Rsind=0
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Simplifying further, we obtain,

fical = Vo Sin(0~ 4 ) ,Wherey, :0—cos‘1£—RSinHJ
"= D+R-Rsiny, “ R+D

(S35)

When B, i > P » the liquid-air interface spontaneously adeandownwards (i.e., to
Y <y,) and the liquid transitions to the Wenzel state.

Table S1 shows the values Bf, .,  for water and hexadgcwith and without
surfactants, on the dip-coated nylon membraRes 20.3um, 2D = 28 um). The estimation
of the Young'$! contact angled is discussed in supporting information sectionV\ge
estimated the surface tensioms for water and lemea with surfactants using the

capillary rise methoff’

Table S1 Calculated values oP,,.., for water and hexadecanghendip-coated nylon
membranesK = 20.3um, 2D = 28um), with and without surfactants.

P..

9 9 ,9 y12 critical

(oo Grc) (mN ) v (Pa)

Water 115 (122, 109) 72.1 57.F 3540

Water with

1.2 mg mC PS80 79 (9%, 65) 40.2 24.5 1265

Hexadecane 72 (77, 68) 27.5 16.% 794
Hexadecane with .

0.3 mg mL! PS80 68° (75°, 61°) 24.9 11.3 686
Hexadecane with .

1.4 mg mL* span80 68 (76", 6T) 25.7 11.3 708

Section 2. Electric field driven Cassie-Baxter to Wnzel transition.

Consider a polar liquid column in the Cassie-Bastate on the membrane module
used in this work (see the schematic inset in Egof the main manuscript). The membrane
module consists of a stack of three dip-coatedmyh@mbranes and an electrode, as shown

by the schematic in Fig. S1. When an electric fislédpplied across the electrode and the

polar liquid column on the textured substrate, axMell stressP,,,, q ZEOEdVZ/ 2% (with

parallel plate capacitor assumption) is exertetherliquid-air interfac& * When the liquid-

air interface is located ay= ¢, on the first layertetture (i.e., the top dip-coated nylon

membrane)f is given as (see Fig. S1):

ty =6R-R(L+cosy,) - R, o[ 1-cos{6-¢,)] (S6)
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Here, R, , =(D+R-Rsiny, )/sin(6- ¢, ) is the critical radius of curvature of tiguid-
air interface. Using Eq. S6, we estimaje = 81.1um for water and, = 69.7um for water

with 1.2 mg mL* of PS80.

Figure S1.A schematic showing the pressure-induced sagginigeoliquid-air interface on a
stack of three membranes with cylindrical texture.

The liquid-air interface can withstand the maximprassureP, .. ., when it is located

at ¢ =y, (see supporting information section 1). If the #mplvoltageV is such that

Papp,ied:(Phydrostaﬂc+PMaxwd,)>PCritical , the liquid-air interface spontaneously advances

downwards (i.e., tag< ¢, ) until it reaches the bottofrthe first layer of texture. At the

same applied voltag¥, the liquid cannot form a stable composite insf@an subsequent
layers of the texture (i.e., the middle or the dwttdip-coated nylon membranes) because

Piawer 1S amplified due to a decrease fp, , Which leadsato increase NP,

Consequently, once the liquid-air interface advammasty/ = ¢, on the first layer of texture,
the liquid transitions from the Cassie-Baxter statthe Wenzel state.

Note that the above analysis assumes a geometiharstm a parallel plate capacitor.
Our experimental observations for the permeatiowater (or the water-rich phase) through
the membrane, i.e., transition from the Cassie-8&astate to the Wenzel state, match well
with the predictions based on the above analysis ifsain manuscript). However, it should be

noted that the parallel plate capacitor assumptaght not be valid for all real systems, in

3
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which case the analysis for the Cassie-Baxter tom&fetransition can be significantly more
complex.
Section 3. Estimation of the Young’s contact angle.

While the advancing contact angfg,, and recedingamrangled, . are readily

measurable quantities, the Youry'sontact angléis not a measurable quantity. However,

it can be estimated frorf,,, ar@, [s:

0 - Cos—llradv Coseadv + I_rec Coserec] (S?)
I_adv + rrec
where,
sin’ @ e
I_adv :L = ] (88)
2-3cod,,, +CoS G,
and
sin®@ e
r_= rec S9
h [2—3cos€rec+co§9rec} (59)

The measured advancing and receding contact argheisthe estimated Young's contact
angles for water and hexadecane, with and withodaestants, on surfaces spin-coated with
50 wt% fluorodecyl POSS + x-PDMS blend are listed able S1.

Section 4. Size distribution of the dispersed phase the emulsions.

Surfactant stabilized mixtures of oil and water eeessified based on the diameter of
the dispersed phase. A mixture is considered fileend water if the diameter > 150, a
dispersion if the diameter is betweeni i and 15Qum, and an emulsion if the diameter < 20
um.® We determined the size distributions of the dispeémphase in the emulsions using two
techniques — optical microscopy image analysis rf@lys BH-2 optical microscope and
ImageJ software) for droplets aboveuth in diameter and dynamic light scattering (DLS,
Malvern Zetasizer Nano ZS instrument) for dropletkow 1um.

Figs. S2a and S2d show representative optical stomy images for the 50:50
vol:vol polysorbate80 stabilized hexadecane-in-watel the 30:70 vol:vol span80 stabilized
water-in-hexadecane feed emulsions, respectivedy. different images with more than 100
drops per image were analyzed to reduce the arritrei estimated size distribution. Figs. S2b
and S2e show the number size distributions of ibpetised phase determined using image
analysis, in hexadecane-in-water and water-in-hesake feed emulsions, respectively. The
average size of dispersed phase for both the heaaden-water and water-in-hexadecane

feed emulsions is between-D um. Figs. S2c and S2f show the number size distabstof

4
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the dispersed phase determined using DLS, for lemeat-in-water and water-in-hexadecane
feed emulsions, respectively. The size of disperphdse in hexadecane-in-water feed
emulsions is between 200-300 nm, while that in waidiexadecane feed emulsion is
between 200-400 nm.
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Figure S2.a) A representative optical microscopy image of th&adecane-in-water feed
emulsion. bjand c)The number size distributions for the hexadecanater feed emulsion
for droplets > lJum and < 1um, respectively. dA representative optical microscopy image
of the water-in-hexadecane feed emulsionam) f) The number size distributions for the
water-in-hexadecane feed emulsion for dropletgmnland < lum, respectively.

Fig. S3a shows the number size distribution for peemeate obtained from the
separation of a hexadecane-in-water emulsion detedrusing image analysis. The average
size of dispersed phase in the permeate is betd@e20 um. Comparing hexadecane-in-
water feed emulsion with the permeate, it is evideat nearly all hexadecane droplets above
30 um were removed during separation. Fig. S3b shoestimber size distribution for the
permeate obtained from separation of hexadecam&iar emulsion determined by using
DLS. The size of dispersed phase in the permedbetiseen 206300 nm. Comparing the
hexadecane-in-water feed emulsion with the permettes evident that the droplet size

distribution below Jum remains unchanged during separation.
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Figure S3.a) and b)The number size distributions of the permeate ftloenseparation of the
hexadecane-in-water emulsion obtained with optroalge analysis and DLS, respectively.
Section 5. Competitive wetting of water and hexadaoe in the presence of PS80.

In the case of hexadecane-in-water emulsions, g@ium surrounding the emulsified
hexadecane droplets is water. In order to study wietting behavior of hexadecane
surrounded by water upon applying an electric figld conducted EWOD of a hexadecane
droplet on a non-textured 50 wt% fluorodecyl POSSERDMS substrate submerged in water,
in the presence of PS80. Fig. S4a shows the mapiascontact angles for hexadecane as a
function of the voltagev applied across the dielectric layer. In contrastthe behavior

observed in Figs. 1la and 2a in the main manusdfigt, macroscopic contact angle for

hexadecanencreases from &

hexadecane

= 58° atV = 0 V (see inset (i) in Fig. S4a) until it

saturates ag"

hexadecane

= 115° (see inset (ii) in Fig. SA&)s is a direct consequence of the

decrease in the macroscopic contact angle for Wateg® = - 6" as shown in Fig.

hexadecane ’

S4b. The macroscopic contact angle for water deessiom@g . = 122° &t = 0 V until it

water

saturates ag"

water

= 65°, and this manifests as anasena the macroscopic contact angle for
hexadecane. Fof; = 1.9 (as was the case for tlaestatvn in Figs. 1a and 2a in the main

manuscript) and oil-water interfacial tensigy), 4 &N ni', the predictions from Young-

Lippmann equation (see Eg. 1 in the main manugampitch well with experimental data for

water.
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Figure S4.a) Competitive wetting of water and hexadecaneainmg PS80. The insets (i)
and (ii) show the macroscopic contact angle forakdexane before and after applying voltage,
respectively. b) A schematic illustrating the comitpee wetting of water and oil. The sum of
the macroscopic contact angles for water and di8(%.

We estimated the interfacial tensign, between watedl hexadecane in the

presence of PS80 by using the relationship posilay Fowkes’

You = Vou + Yo = 2\ VoV (S10)
Here, y,, is the hexadecane-water interfacial tensjgnand y,,, are the surface tensions,
while )2 and)f are the dispersive components of tirasel tensions for hexadecane and
water, respectively. Note thgt, = ygv for hexadecane paar liquid). Using the capillary
rise method?! we determined;, = 24.9 mNhwith 0.3 mg mL[* of PS80 andy,, = 40.2

mN mi' with 1.2 mg mLC' of PS80. In order to estimayg, , we combined thenys

equatiof! with the relationship postulated by FowResor the interfacial tension of a non-
polar solid (such as a 50 wt% fluorodecyl POSSPRDMS blend) and water to obtain:

Yo (1+COSH)
=t S11
Vo =725 7 (S11)
Here, )£ is the dispersive component of the solifaserenergy andis the Young's contact

angle for water. On a spin-coated surface of 50 Jh%rodecyl POSS + x-PDMS, the
contact angles for water with 1.2 mg thaf PS80 is6,..« = 95 Using this value in Eq. S11,

we obtainedy? = 32.6 mN nfor water with 1.2 mg mt of PS80. Substituting the values

of y.,, ¥ @nd)f in Eq. S10, we determinggl, =8.1 mNimthe presence of PS80.
Section 6. Methods to estimate separation efficiepc
We used the following three techniques to estintlageseparation efficiency of our

oil-water emulsion separation methodology:
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A. Thermogravimetric Analysis (TGA):

We determined the composition of the hexadecarmearc the water-rich phases after
separation using TGA (Perkin Elmer Pyris 1 TGA).pfgximately 50 mg of the sample was
heated from room temperature to 105at a rate of & s, and the temperature was held
constant at 10% for 60 minutes. Note that the boiling point okhdecane is 287°C. The loss
in weight of water was used to estimate the pwitthe water-rich phase. The loss in weight
of the hexadecane-rich phase was compared withla$e in weight of the as-obtained
hexadecane to estimate the purity of the hexademeimg@hase. Fig. S5a shows the data for
the hexadecane-rich retentates and the water{peimeates obtained from the batch
separation of both the hexadecane-in-water emwdsaod the water-in-hexadecane emulsions.
The data for pure water and as-obtained hexaddeddeare also shown for comparison. The
measurements show that the permeates contain wt@ Iof hexadecane while the retentates
contain ~ 0.1 wt% of water.

B. Transmittance measurements:

We conducted transmittance measurements using & G&r Bio UV-vis
spectrophotometer to estimate the permeate (waterphase) quality relative to the feed
emulsions. Fig. S5b shows the transmittance of depane-in-water and water-in-hexadecane
feed emulsions (absorbance normalized to 1), thesinittance of the corresponding
permeates, as well as, the transmittance of putervie@tween 390 nm and 750 nm (visible
spectrum). It is evident that both the feed emulsiare very turbid, while the corresponding
permeates are very clear. This indicates that eparation methodology leads to nearly

complete separation.

C. Karl Fischer Analysis:

Karl Fischer analysis is widely used to estimatéeweontent in various oif&> * The
water content in the hexadecane-rich phase wasieed by injecting samples ranging from
10 uL to 0.6 mL into an EM Science AquaStar C3000 Tardor coulometric Karl Fischer
titration analysis (ASTM D6304)The hexadecane-rich permeate from the continuous
separation of water-in-hexadecane emulsion cordain&8 ppm water (i.e., ~ 0.0088 wit%

water). Note that the solubility of water in hexealee at room temperature is ~ 20-50 pfm.
13]
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Figure S5. a) TGA data for the permeates and the retentates ngutairom the batch
separation of hexadecane-in-water and water-indeoane emulsions. @yansmittance data
for hexadecane-in-water feed emulsion, water-inadexane feed emulsion, and the
corresponding permeates after separation.

Section 7. Location and concentration of the surfaant after oil-water emulsion
separation

We estimated the amount of surfactant in the petenaad the retentate after emulsion
separation by measuring the permeate and reterdatact angles and comparing them with
calibration curves of contact angles for water &westadecane as a function of surfactant
concentration. The calibration curves were devaldpemeasuring the contact angles on flat
surfaces spin-coated with a 50 wt% fluorodecyl POSR-PDMS blend. The 50 wt%
fluorodecyl POSS + x-PDMS blend was chosen beciausessentially non-polar.

Figs. S6a and S6b show the advancing and recedinthat angles for water and
hexadecane, respectively, as a function of PS80erdration. After the batch separation of
PS80 stabilized hexadecane-in-water emulsion, dkarecing and receding contact angles for
the water-rich permeate are 94° + 2° and 64° Hi2lewthose of hexadecane-rich retentate are
76° £ 2° and 63° * 2°. By comparing these valudis kigs. S6a and S6b, it is evident that the
concentration of PS80 in the water-rich permeatddsveen 1.2-1.5 mg miLand the
concentration of PS80 in the hexadecane-rich reteris 0-0.3 mg mt This is because of
the higher solubility of PS80 in water when compaehexadecane.

In contrast to PS80, span80 is virtually insolublevater. The advancing and receding
contact angles for the water-rich permeates froen lhatch separation and the continuous
separation of water-in-hexadecane emulsions aré+223and 108+2°, respectively. By

comparing these values with those of water witlamyt surfactant (see Table S1), it is evident

9
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that there is no span80 in the water-rich phases€guently, after separation of the water-in-

hexadecane emulsions, we estimate that nearlgeaBgan80 is in the hexadecane-rich phase.
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Figure S6.a) and b) The advancing and receding contact arigiesater and hexadecane,
respectively, as a function of PS80 concentration.

Section 8. Fraction of emulsified water droplets rmoved from water-in-hexadecane feed
emulsions.

100 mL of 30:70 vol:vol water-in-hexadecane feedilsion contains 30 mL of water
and 70 mL of hexadecane. We determined the voluantidn of emulsified water droplets (<
20 pm) in our feed emulsions to be 0.016 from the vausize distribution (see Fig. S7).
Thus, the volume of emulsified water droplets ir® X8L of feed emulsion is 0.48 mL. In
continuous separation, 100 mL of feed emulsionltesu approximately 30 mL of water-rich
permeate and 70 mL of hexadecane-rich permeatd. scher analysis (see supporting
information section 6) indicates that the amountafer in the hexadecane-rich permeate is ~
0.0088 wt%, which is equivalent to ~ 0.0068 vol%hu$, the volume of water in the
hexadecane-rich permeate is 0.0047 mL. Even if sgrae that the size of all the water
droplets in the hexadecane-rich permeate is gr@0comparing the volume of the emulsified
water droplets in the feed emulsion (0.48 mL) &t th the hexadecane-rich permeate (0.0047
mL), we conclude that the volumetric fraction of wdsified droplets removed during

separation is at least 99%.

10
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Figure S7. Volume size distribution of water droplets for theter-in-hexadecane feed
emulsion. The dashed region represents dropletsvidd um (emulsified droplets).
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Movie Legends

Movie S1.This video demonstrates tloa-demand separation of free oil (hexadecane) and
water driven by gravity. A liquid column of hexadee (dyed red) and water (dyed blue) is
retained above the membrane before applying arnrieléeld. When a voltag®’ = 2.0 kV is
applied, water permeates through while hexadearetained above the membrane.

Movie S2.This video demonstrates tbha-demand separation of PS80 stabilized hexadecane-
in-water emulsion driven by gravity. A liquid colunof hexadecane-in-water emulsion is
retained above the membrane before applying anrieléeld. When a voltag® =~ 1.1 kV is
applied, the water-rich permeate passes throughe Wwkexadecane-rich retentate is retained
above the membrane. Water is dyed blue and hexadésayed red.

Movie S3.This video demonstrates tbha-demand separation of PS80 stabilized hexadecane-
in-water emulsion using the scaled-up apparatus.dijp-coating based membrane module is
easy to scale-up, and allows for the separatiotargfer quantities of hexadecane-in-water
emulsions. When a voltagé ~ 1.1 kV is applied, the water-rich permeate passesugh
while hexadecane-rich retentate is retained abbeentembrane. Water is dyed blue and
hexadecane is dyed red.

Movie S4.This video demonstrates tloa-demand separation of span80 stabilized water-in-
hexadecane emulsion driven by gravity. A liquiduroh of water-in-hexadecane emulsion is
retained above the membrane before applying artrieldeeld. The water-in-hexadecane
emulsion is demulsified into the water-rich and hiexadecane-rich phases when a voltdge
~ 2.0 kV is applied. After the onset of demulsifioat water-rich permeate passes through,
while hexadecane-rich retentate is retained abbeentembrane. Water is dyed blue and
hexadecane is dyed red.

Movie S5.This video demonstrates the continuous separafi@pan80 stabilized water-in-
hexadecane emulsion that is triggeoeedlemand. On continuously applying a voltayfe~ 2.0

kV, at steady state, water-rich permeate passesdghrthe membrane module at the bottom,
while hexadecane-rich permeate passes throughythreghobic and oleophilic membrane on
the sidewall. Water is dyed blue and hexadecadgéad red.
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