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Supplementary Information 

Detergency mechanisms 

Simulations have indicated that, after covering the water-oil interface, the excess 

surfactants interact with the oil molecules on the oil-substrate interface. This hydrophobic 

interaction of surfactant tails with the oil molecules provides the driving force for the “rolling up” 

effect and ultimately detachment [1]. It appears that this mechanism probably does not 

necessarily rely on the alteration of substrate-water interfacial energy, rather the gradual increase 

in the contact angle of the oil droplet can be attributed to the invasion of surfactant molecules to 

the oil-water interface as surfactant-laden water is able to penetrate between the oil and solid 

phase and ultimately provides an intermediary layer of surfactant molecules between the oil drop 

and the substrate.[2-4] 

Alternatively, depending on the substrate characteristics, the surfactant may be adsorbed 

at the water-substrate interface and ultimately affect the water-substrate interfacial tension. The 

adsorption of surfactants at solid-liquid interfaces is however much more complex than surfactant 

adsorption at air-liquid or liquid-liquid interfaces due to the wider range of molecular interactions 

that can occur between solid and surfactant molecules [5]. In the case of ionic surfactants, which 

is of pertinence to SDS (due to the anionic nature of its hydrophobic head), the interactions that 

govern the adsorption process are not only determined by the hydrophilic/phobic nature of the 

substrate, but also determined by possible electrostatic forces between the surfactant and the 

substrate [6]. 
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Droplet distribution 

The terminal velocity of a fluid sphere of radius , density , and viscosity  

moving freely under gravity through an immiscible fluid that is otherwise undisturbed of density 

 and viscosity  can be written as [7] 
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where  is the kinematic viscosity of the surrounding fluid and ˆg=g z  is the acceleration 

due to gravity. If the surrounding fluid is flowing with a uniform velocity, ˆu=u z , then the above 

equation can be re-written as 
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where ˆ
z

V = ⋅V z  and z
u V−  is the flow velocity relative to the object. For the situation where the 

fluid is flowing in the opposite direction of the fluid sphere ( 0u <  and 0
z

V > ) there should be a 

critical sized sphere (diameter, cd ) that experiences no net motion ( 0
z

V = ). This can be written 

as 
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In this study, we investigated hexadecane droplets in a water environment; therefore, the above 

variables have the following values: ρ = 0.77 g cm-3, µ = 0.03 Poise, ρ =1.0 g cm-3, and µ =

8.9·10-3 Poise [8]. With this, we can now plot cd  vs. u , as shown by Figure 5. In order to 

investigate the sieving effect for our experimental conditions—mesh wire spacing, w ≈ 20µm—
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we selected a value of u  such that we would observe a large number of droplets, N , where 

d w> . Therefore, we chose 0.35u ≈ − mm s-1. 

Separation efficiency 

The manufacturer of the commercial filter that we purchased (GxF/PSF 0.45 µm pore 

size, 25 mm diameter) states that to achieve a flow rate of 195 mL min-1 ( 1Q ) with water, the 

pressure differential across the filter should be -2.1 bar ( 1p∆ ). To estimate the value of the 

pressure differential across the filter in our experiment ( 2p∆ )—assuming no clogging—we can 

use Darcy’s law, which relates flow rate, Q , to pressure differential, p∆ , for flows in porous 

media, as 
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where κ  is the permeability of the medium, A  is the cross-sectional area of the filter, and L is 

the thickness of the filter. When comparing our experiment with the manufacturers, ( )/A Lκ µ  

remains unchanged; therefore, there is a linear relationship between Q  and p∆ . In the 

experiment that we conducted in Figure 7, where we demonstrated complete separation of 

microscale droplets from an emulsion, we had a mean flow rate of 12 mL min-1 ( 2Q ). 

Substituting into Darcy’s Law using the manufacturer’s values and our values, we obtain 
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our flow rate, we calculate 2p∆  to be -0.13 bar. Based upon 2Q , A , and 2p∆ we calculate a 

separation flux of  ~11,000 L m-2 hr-1 bar-1 ( 491A =  mm2).  
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Figures 

 

Figure S1. Micrographs obtained with atomic force microscopy (AFM) of surfaces used for 

contact angle measurements. The surfaces depicted in the micrographs are a, aluminum, b, 
stainless steel, c, PVDF, d, PMMA, e, glass. 

 

 

Figure S2 Effect of surfactant concentration in water (c) on the interfacial tension between 
oil and water. Interfacial tension, γow, for FC 770-water (■ and □) and hexadecane-water (●, ○, 
and ○) interfaces without (■ and ●) and with (□ and ○, ○) surfactant. We made the following 
water-oil-surfactant mixtures: water-FC 770-Triton X 100 (—□—), water-hexadecane-Triton X- 
100 (—○—), and water-hexadecane-sodium dodecyl sulfate (SDS, - - ○ - -). The interfacial 
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energy was determined by the pendant droplet technique. The critical micelle concentrations 
(CMC) are 8E-3 mol L-1 [9] and 0.22E-3 mol L-1  [10] for SDS and Triton X-100, respectively. 

 

Figure S3. The effect of surfactant concentration on the underwater wetting behavior of 
hexadecane on aluminum. Plot of advancing (○) and receding (●) underwater hexadecane 
contact angle on aluminum as a function of sodium dodecyl sulfate (SDS) concentration. The 
CMC concentration of SDS is 0.0082 mol L-1. 

 

 

Figure S4 Effect of surfactant concentration (Triton X-100) in water on the wetting 

behavior of FC 770 oil droplets on metallic substrates. Square (black) data points represent 
stainless steel, circular (red) data points represent aluminum, non-filled data points represent 
advancing contact angles and filled data represent receding contact angles. 
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Figure S5. Underwater hexadecane contact angle measurement on PMMA (image is rotated 

180° for clarity). The scale bar is 1.0 mm. SDS 0.03 mol L-1. 

 

Figure S6. Plot of the relative frequency of oil droplet diameters in a surfactant stabilized oil-in-
water emulsion for four separate experiments (see legend). Here, the emulsion flows in the 
direction opposite to that of the force due to buoyancy acting on the oil droplets ( , where 

 and  are the density of oil and water, respectively). The emulsion had a concentration of ~4 

wt.% hexadecane and its flow rate was 382 µL min-1 in a pipe of diameter 4.8 mm; therefore, 

the mean flow velocity was mm s-1 and 1.9, where  is the 

viscosity of water. Surfactant concentration: SDS 0.03 mol L-1.  
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Figure S7. Dynamic light scattering characterization of surfactant stabilized oil-in-water 

emulsions before and after filtering (sub-micron pore size). a, Intensity vs. effective diameter 
for surfactant stabilized (SDS 0.03 mol L-1) oil-in-water emulsions (5 wt.% hexadecane) before 
(—) and after (- - -) filtering with a sub-micron filter (pore size 450 nm). b, Control experiment: 
Intensity vs. effective diameter for an aqueous surfactant solution (SDS 0.03 mol L-1) before (—) 
and after (- - -) filtering with a sub-micron filter (pore size 450 nm).  
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Videos 

Suppl. Video 1. PMMA substrate initially wet with hexadecane then submerged into an aqueous 

surfactant solution (SDS 0.03 mol L-1). Note the increase in the contact angle with time (initial 

contact angle was 0°). The playback rate is real-time. 

Suppl. Video 2. Sieving a surfactant stabilized oil-in-water emulsion: Demonstrating droplet 

“blocking”. The emulsion consists of hexadecane, water, and sodium dodecyl sulfate (0.03 mol L-

1). The hexadecane droplets contain a fluorescent dye to facilitate imaging. Here, the droplet 

diameter is too large and it is blocked by the small pore size. The stainless steel mesh (635) is 

false colored yellow. 

Suppl. Video 3. Sieving a surfactant stabilized oil-in-water emulsion: Demonstrating droplet 

“passing”. The emulsion consists of hexadecane, water, and sodium dodecyl sulfate (0.03 mol L-

1). The hexadecane droplets contain a fluorescent dye to facilitate imaging. Here, the droplet 

diameter is small enough to pass through the mesh pore.  The stainless steel mesh (635) is false 

colored yellow. 

Suppl. Video 4. Natural oil separation behavior from an oil-in-water emulsion (5 wt.%) due to 

buoyancy with and without the presence of surfactant (SDS 0.03 mol L-1). Emulsion was 

prepared by mechanically mixing with a magnetic stir bar at 1500 s-1. 

Suppl. Video 5. Heavy oil droplet (FC-770) resting on an aluminum mesh (20 mesh) is initially in 

a water environment (20 mL) that is exposed to a water-surfactant solution (Triton X-100, 0.06 

mol L-1), which is being introduced into the water environment at a rate of 100 µL min-1. 
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Suppl. Video 6. Separating a surfactant (0.03 mol L-1 SDS in water) stabilized hexadecane-in-

water emulsion (~5 wt.% hexadecane) with a commercially available filter with a minimum pore 

size of 450 nm. The emulsion volumetric flux was ~1,800 L m-2 hr-1. 

 

Supplementary Information References 

References 

[1] Wang, S.; Li, Z.; Liu, B.; Zhang, X., and Yang, Q. Molecular Mechanisms For 

Surfactant-aided Oil Removal From A Solid Surface. Appl. Surf. Sci. 2015, 359, 98–105. 

[2] Kao, R. L.; Wasan, D. T.; Nikolov, A. D., and Edwards, D. A. Mechanisms of Oil 

Removal From a Solid Surface in The Presence Of Anionic Micellar Solutions. Colloids Surf. 

1989 34, 389–398. 

[3] Liu, Q.; Yuan, S.; Yan, H., and Zhao, X. Mechanism of Oil Detachment from a 

Silica Surface in Aqueous Surfactant Solutions: Molecular Dynamics Simulations. J. Phys. 

Chem. B 2012, 116, 2867–2875. 

[4] Kralchevsky, P. A.; Danov, K. D.; Kolev, V. L.; Gurkov, T. D.; Temelska, M. I., 

and Brenn, G. Detachment of Oil Drops from Solid Surfaces in Surfactant Solutions: Molecular 

Mechanisms at a Moving Contact Line. Ind. Eng. Chem. Res. 2005, 44, 1309–1321. 

[5] Eastoe, J. and Tabor, R. F. Surfactants and Nanoscience. In Colloidal Foundations 

of Nanoscience, Berti, D. and Palazzo, G., editors, chapter 6. Elsevier 2014. 



12 
 

[6] Dowding, P.; Eastoe, J., and Tabor, R. Surfactant Adsorption and Aggregation 

Kinetics Surfactants in Tribology. Surfactants in Tribology. Informa UK 2008. 

[7] Batchelor, G. K. An Introduction to Fluid Mechanics. Cambridge University Press 

1967. 

[8] Lide, D. R., editor. CRC Handbook of Chemistry and Physics. CRC Press, Boca 

Raton, FL, 85 edition 2005. 

[9] Dominguez, A.; Fernandez, A.; Gonzalez, N.; Iglesias, E., and Montenegro, L. 

Determination of Critical Micelle Concentration of Some Surfactants by Three Techniques. J. 

Chem. Educ. 1997, 74, 1227. 

[10] Tiller, G. E.; Mueller, T. J.; Dockter, M. E., and Struve, W. G. Hydrogenation Of 

Triton X-100 Eliminates Its Fluorescence and Ultraviolet Light Absorption While Preserving Its 

Detergent Properties. Anal. Biochem. 1984, 141, 262–266. 

 


