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1. Supplementary Introduction  18 

 19 
Table S1 | Typical hydraulic radius of various surfactants. 20 

Surfactant 

type 
surfactant 

Stokes radius 

(concentration ≥ CMC) 
Reference 

Non-ionic 

Triton X-100 
1.8~11.9 1 

2.9~8.5 2 

Tween 80 3.7~3.9 3 

Eumulgin ES ~7.5 4 

Ionic 

SDS 4.5~5.0 5 

CPClO3 3.0~7.5 6 

CPCl ~7.5 7 

Note: CMC refers to critical micelle concentration, which is regarded as a charcteristic 21 
feature of surfactant. Surfactant is an amphiphilic compound that consists of both hydrophilic 22 
part and hydrophobic part. In polar solvents (e.g. water), the amphiphilic character of 23 
surfactant can lead to the self-aggregation phenomenon. The surfactant molecules arrange 24 
themsleves into an organized supramolecular assembly i.e. “micelle” with their hydrophibic 25 
parts aggregated into the core of micelle while their hydrophilic parts settled outwards in 26 
contact with water molecules to lower down the interfacial energy of micelle-water interface8. 27 
For each surfactant, there is a threshold of concentration below which surfactant molecules 28 
only exist in monomer form (i.e. free molecule) while above which micelle will form. And 29 
this concentration threshold is termed as critical micelle concentration (CMC). The Stokes 30 
radius of the micelle is related to both surfactant monomer radius and the number of 31 
monomers to form the micelle (i.e. the aggregation number, usually 10~100)9. Since 32 
monomer is much smaller than micelle in size, monomer is more difficult to be rejected by 33 
pore-flow membrane compared with micelle. This is also the reason that motivates this study 34 
to investigate the effect of surfactant concentration on the separation of surfactant-stabilized 35 
oil-in-water nanoemulsion by as-synthesized nanocomposite membrane (presented in the 36 
Results section of main text). SDS refers to sodium dodecyl sulfate, which is an anionic 37 
surfactant. CPClO3 stands for cetylpyridinium chlorate while CPCl stands for 38 
cetylpyridinium chloride. Both CPClO3 and CPCl are cationic surfactant. 39 
 40 
 41 
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2. Supplementary Results and Discussion 42 

Elaborate mathematical analyses on the design of nanoemulsion separating 43 

membrane 44 

(1) Tortuosity (τ) 45 

Membrane tortuosity (τ) represents the ratio of the average distance for water molecules 46 

travelling through membrane to the thickness of membrane10, as expressed in equation S1. 47 

𝜏 = 𝑙
𝐿                               (S1) 48 

where l is the average distance that water molecules take to travel through membrane, L is 49 

membrane thickness. In an ideal pore-flow membrane, the pores are in cylindrical shape that 50 

form parallel channels (perpendicular to membrane surface plane) connecting membrane top 51 

surface with bottom surface. For such ideal membrane, the value of τ is 1 (Figure S1-a). In 52 

reality, the value of τ is bigger than 1 (Figure S1-b). In other words, τ reflects the 53 

interconnectivity of pores in cross-sectional direction (perpendicular to membrane surface 54 

plane). The higher τ value, the lower pore interconnectivity is, and vice versa. 55 

 56 

(2) Pore number density (N) 57 

Pore number density (N) is defined as the number of pores per unit membrane area, 58 

which is in the unit of m-2 or μm-2. The link between membrane surface porosity (ε) and pore 59 

number density (N) is expressed in equation S2. 60 

𝜀 = 𝑁𝜋𝑟𝑚2                                (S2) 61 

where ε is membrane surface porosity, rm is membrane pore radius. This equation is based 62 

upon the assumption that the membrane pores are in circular shape. 63 
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 64 

(3) Hagen-Poiseuille equation 65 

 66 

 67 

Figure S1 | Schematic diagram for the structure of (a) an ideal pore-flow membrane and 68 
(b) a hierarchical pore-flow membrane. 69 

An ideal pore-flow membrane has isoporous structure as illustrated in Figure S1-a. 70 

According to Hagen-Poiseuille equation, the water flux of ideal pore-flow membrane can be 71 

expressed as follows10. 72 

𝐽𝑤,𝐷𝐼 = 𝜀𝑟𝑚2

8𝜂 × 𝑇𝑀𝑃
𝜏𝐿                           (S3) 73 

where JW,DI is pure water flux, η is the viscosity of DI water, and TMP is transmembrane 74 

pressure. 75 

Equation S6 is obtained through substituting equation S2 into S3 and further dividing 76 

the resultant equation by TMP. 77 

𝐽𝑤,𝐷𝐼 = 𝑁𝜋𝑟𝑚2 ×𝑟𝑚2

8𝜂 × 𝑇𝑀𝑃
𝜏𝐿                         (S4) 78 

𝐽𝑊,𝐷𝐼
𝑇𝑀𝑃 = 𝑁𝜋𝑟𝑚4

8𝜂 × 𝑇𝑀𝑃
𝜏𝐿 × 1

𝑇𝑀𝑃                     (S5) 79 

𝑃𝑊𝑃 = 𝜋
8𝜂 × 𝑁𝑟𝑚4

𝜏𝐿                           (S6) 80 

where PWP is pure water permeability of ideal pore-flow membrane. 81 

The resistance induced by membrane itself for water molecules to pass through (Rm) can 82 
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be determined through using DI water as feed solution, as shown in equation S7. 83 

𝑅𝑚 = 𝑇𝑀𝑃
𝜂×𝐽𝑊,𝐷𝐼

                            (S7) 84 

JW, DI can be expressed in equation S8 through the transformation of equation S7. 85 

𝐽𝑊,𝐷𝐼 = 𝑇𝑀𝑃
𝜂×𝑅𝑚

                            (S8) 86 

Therefore, the expression of Rm as the function of membrane intrinsic properties can be 87 

obtained through substituting equation S8 into equation S4. 88 

𝑅𝑚 = 8𝜏𝐿
𝜋𝑁𝑟𝑚4

                             (S9) 89 

For hierarchical pore-flow membrane (Figure S1-b), the resistance of selective layer R1 90 

and the resistance of support layer R2 constitute the total resistance of membrane Rm 91 

(equation S10). 92 

𝑅𝑚 = 𝑅1 + 𝑅2                         (S10) 93 

Similarly, the expression of R1 and R2 as the function of membrane intrinsic properties 94 

can be obtained, as shown in equation S11 and S12, respectively. 95 

𝑅1 = 8𝜏1𝐿1
𝜋𝑁1𝑟14

                             (S11) 96 

where τ1 is tortuosity of selective layer, L1 is thickness of selective layer, N1 is pore number 97 

density of selective layer, r1 is average pore radius of selective layer. 98 

𝑅2 = 8𝜏2𝐿2
𝜋𝑁2𝑟24

                             (S12) 99 

where τ2 is tortuosity of support layer, L2 is thickness of support layer, N2 is pore number 100 

density of support layer, r2 is average pore radius of support layer. 101 

Hence, Rm of hierarchical membrane can be expressed as equation S13.  102 

𝑅𝑚 = 8𝜏1𝐿1
𝜋𝑁1𝑟14

+ 8𝜏2𝐿2
𝜋𝑁2𝑟24

= 8
𝜋 (𝜏1𝐿1

𝑁1𝑟14
+ 𝜏2𝐿2

𝑁2𝑟24
)                (S13) 103 

Therefore, the PWP of hierarchical membrane can be obtained through substituting 104 
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equation S13 into equation S8 and further divided the resultant equation by TMP. 105 

𝑃𝑊𝑃 = 𝜋
8𝜂

1
( 𝜏1𝐿1

𝑁1𝑟14
+ 𝜏2𝐿2

𝑁2𝑟24
)
                        (S14) 106 

 107 

(4) Ferry equation 108 

Membrane rejection of solute is dominated by the pore size of selective layer (r1). In 109 

Ferry equation, the ratio of solute size (ds) to selective layer pore size (d1) is defined as λ. 110 

𝜆 = 𝑑𝑠
𝑑1

= 𝑟𝑠
𝑟1

                             (S15) 111 

where rs is solute radius. 112 

When 0 ≤ λ ≤ 1 (0 ≤ rs ≤ r1), Ferry equation is defined as equation S1611.  113 

𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = [𝜆(2 − 𝜆)]2 = [𝑟𝑠
𝑟1

(2 − 𝑟𝑠
𝑟1

)]2              (S16) 114 

When λ > 1 (0 ≤ r1<rs), Ferry equation is defined as equation S17.  115 

𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 1                        (S17) 116 

The plot of rejection as the function of λ is shown in Figure S2 according to Ferry 117 

equation. It’s clear that rejection is increased monotonously along with the increase of λ 118 

within the range of 0 ≤ λ ≤ 1 (0 ≤ rs ≤ r1). Therefore, given at a certain rs value, the increase of 119 

r1 leads to the decrease of λ and thus the decrease of rejection. This quantifies the negative 120 

correlation between r1 and membrane rejection. 121 

Noteworthily, Ferry equation is based upon the assumptions that (1) membrane rejection 122 

relies on size exclusion principle, (2) there is no interaction (e.g. electrostatic repulsion) 123 

between membrane surface and solute, and (3) the shape of solute is fixed, particularly 124 

independent on solute concentration. However, for the virtual nanoemulsion separation 125 

process, the applicability of this equation is limited. This is because unlike solid particles, oil 126 
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droplets are soft and can be deformed under pressure, resulting in the squeezing of oil 127 

through membrane pores that are smaller than oil droplet in size12. Moreover, both oil and 128 

surfactant can cause severe membrane fouling in the form of pore-plugging or cake-forming. 129 

Therefore, the virtual rejection can be smaller than the value predicted from Ferry equation. 130 

Here, Ferry equation only provides the negative correlation between r1 and membrane 131 

rejection in a simplified way, which indicates that larger r1 generally leads to smaller 132 

rejection. 133 

 134 

Figure S2 | The graph of Ferry equation. 135 

 136 

(5) Theoretically maximum water flux of hierarchical membrane during nanoemulsion 137 

separation process 138 

Membrane antifouling property can be evaluated via the resistances-in-series model13, 139 

which is represented mathematically by equation S18 when concentration polarization (CP) is 140 

negligible. 141 

𝑅𝑡 = 𝑅𝑚 + 𝑅𝑓𝑜𝑢𝑙𝑖𝑛𝑔                         (S18) 142 
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where Rt is the total resistance, Rm is the resistance induced by membrane itself, and Rfouling is 143 

fouling induced resistance respectively. 144 

During the separation of oil-in-water nanoemulsion, the breakthrough pressure is the 145 

minimum pressure at which the oil droplet will be pushed through the pore of membrane 146 

despite otherwise unfavorable wetting property and geometrical constraints. And the 147 

breakthrough pressure follows Young-Laplace equation given that selective layer pore radius 148 

is smaller than oil droplet radius14. 149 

𝑃𝑏𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ = 2𝛾𝑜𝑤𝑐𝑜𝑠𝜃
𝑑1

= 𝛾𝑜𝑤𝑐𝑜𝑠𝜃
𝑟1

                  (S19) 150 

where γow is oil-water interfacial tension, θ is oil contact angle of surface in the presence of 151 

water, d1 is pore diameter of selective layer. 152 

And the water flux with nanoemulsion as feed solution (JW, nanoemulsion) can be expressed 153 

by equation S20 according to resistances-in-series model. 154 

𝐽𝑊,𝑛𝑎𝑛𝑜𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛 = 𝑇𝑀𝑃
𝜂×𝑅𝑡

= 𝑇𝑀𝑃
𝜂×(𝑅𝑚+𝑅𝑓𝑜𝑢𝑙𝑖𝑛𝑔)                (S20) 155 

Therefore, theoretically maximum JW, nanoemulsion of hierarchical membrane can be 156 

obtained by setting TMP equal to breakthrough pressure. Accordingly, equation 4 in main text 157 

is obtained through substituting equation S13 and S19 into S20. 158 

𝐽𝑤,𝑛𝑎𝑛𝑜𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛 = 𝛾𝑜𝑤𝑐𝑜𝑠𝜃
𝜂𝑟1(8

𝜋(𝜏1𝐿1
𝑁1𝑟14

+ 𝜏2𝐿2
𝑁2𝑟24

)+𝑅𝑓𝑜𝑢𝑙𝑖𝑛𝑔)
                (S21) 159 

Noteworthily, Rfouling is determined by the interactions between foulants and membrane. 160 

Particularly, membrane pore structure can influence membrane-foulant interactions. For 161 

example, when selective layer pore radius r1 is larger than foulant radius, internal fouling can 162 

be triggered in the way that foulants enter membrane pores and plug these pores. On the 163 

contrary, when r1 is smaller than foulant radius, membrane fouling takes place mainly in the 164 
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way of external fouling that foulants only deposit on membrane surface. External fouling is 165 

more reversible compared with internal fouling, because external fouling can be mitigated 166 

through washing membrane surface while internal fouling cannot be mitigated by this method. 167 

In short, Rfouling can be regarded as a function of r1. 168 

 169 

(6) The positive correlation between fouling induced resistance (Rfouling) and fouling 170 

ratio (FR). 171 

In this study, fouling ratio (FR) is utilized as the indicator of fouling induced resistance 172 

(Rfouling). The merits by doing so include (1) to make the characterization of membrane 173 

fouling easy and simple, and (2) to provide the direct link between flux decline and Rfouling. 174 

Noteworthily, the effect of concentration polarization is minimized through increasing flow 175 

turbulence on membrane surface, and hence Rt consists of only two parts Rm and Rfouling, as 176 

aforementioned in equation S18. The expression of Rt can be obtained through the 177 

transformation of equation S20. 178 

𝑅𝑡 = 𝑇𝑀𝑃
𝜂×𝐽𝑊,𝑛𝑎𝑛𝑜𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛

                         (S22) 179 

The expression of JW, nanoemulsion as the function of FR can be obtained through 180 

conducting the transformation of equation 6 of main text. 181 

𝐽𝑤,𝑛𝑎𝑛𝑜𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛 = (1 − 𝐹𝑅) × 𝐽𝑊,𝐷𝐼                  (S23) 182 

Equation S24 is obtained through substituting equation S18 and S23 into equation S22.  183 

𝑅𝑚 + 𝑅𝑓𝑜𝑢𝑙𝑖𝑛𝑔 = 𝑇𝑀𝑃
𝜂×(1−𝐹𝑅)×𝐽𝑊,𝐷𝐼

                      (S24) 184 

Equation S25 is obtained through substituting equation S7 into equation S24.  185 

𝑅𝑚 + 𝑅𝑓𝑜𝑢𝑙𝑖𝑛𝑔 = 𝑅𝑚
1−𝐹𝑅                         (S25) 186 
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Therefore, the correlation between FR and Rm can be obtained through conducting the 187 

following transformations of equation S25. 188 

1 − 𝐹𝑅 = 𝑅𝑚
𝑅𝑚+𝑅𝑓𝑜𝑢𝑙𝑖𝑛𝑔

                         (S26) 189 

𝐹𝑅 = 𝑅𝑓𝑜𝑢𝑙𝑖𝑛𝑔
𝑅𝑚+𝑅𝑓𝑜𝑢𝑙𝑖𝑛𝑔

                         (S27) 190 

𝐹𝑅 = 1
𝑅𝑚

𝑅𝑓𝑜𝑢𝑙𝑖𝑛𝑔
+1

                         (S28) 191 

For a given type of membrane, Rm is a constant value. Therefore, FR can be regarded as 192 

a function of only one variable ‘Rfouling’. More importantly, equation S28 clearly demonstrates 193 

the positive correlation between Rfouling and FR. In short, FR can be used as the direct 194 

indicator of fouling induced resistance (Rm). 195 

 196 

(7) The calculation of selective layer pore radius r1,MWCO based upon membrane 197 

rejection performance. 198 

In this study, polyethylene glycol (PEG) and polyethylene oxide (PEO) are used for the 199 

evaluation of membrane selectivity. Stokes radius (hydraulic radius) of PEG and PEO can be 200 

calculated from their molecular weight according to the following equations15. 201 

For PEG,  202 

𝑟𝑠,𝑝𝑒𝑔 = 1.673 × 10−2 × 𝑀𝑝𝑒𝑔0.557                   (S29) 203 

where rs,peg is the Stokes radius of PEG in the unit of nm; Mpeg is the molecular weight of 204 

PEG, in the unit of g/mol. 205 

For PEO,  206 

𝑟𝑠,𝑝𝑒𝑜 = 1.044 × 10−2 × 𝑀𝑝𝑒𝑜0.587                  (S30) 207 

where rs,peo is Stokes radius of PEO in the unit of nm; Mpeg is the molecular weight of PEO in 208 
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the unit of g/mol. 209 

Molecular weight cutoff (MWCO) was determined according to solute transport 210 

method16, with different molecular weights of PEG and PEO used as feed solutions. The 211 

value of MWCO refers to the molecular weight of solute corresponding to membrane 212 

rejection of 90%. Therefore, Stokes radius of PEG and PEO corresponding to MWCO can be 213 

obtained based upon equation S29 ~ S30 by setting Mpeg or Mpeg equal to MWCO. 214 

Considering PEG and PEO are neutrally charged solutes, Ferry equation is applicable to 215 

model the correlation between selective layer pore radius r1 and hydraulic radius of solute rs 216 

in a simplified way. By setting membrane rejection equal to 90%, the ratio of rs/r1 (λ) can be 217 

solved out from equation S16, with the result shown in equation S31. 218 

𝜆 = 𝑟𝑠
𝑟1

= 0.774  𝑤ℎ𝑒𝑛 𝑟𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 90%                (S31) 219 

Therefore, membrane selective layer pore radius can be calculated based upon MWCO 220 

through substituting equation S29 or S30 into equation S31. 221 

For MWCO tested from PEG, 222 

𝑟1,𝑀𝑊𝐶𝑂 = 𝑟𝑠,𝑝𝑒𝑔
0.774 = 2.162 × 10−2 × 𝑀𝑝𝑒𝑔0.557              (S32) 223 

For MWCO tested from PEO, 224 

𝑟1,𝑀𝑊𝐶𝑂 = 𝑟𝑠,𝑝𝑒𝑜
0.774 = 1.349 × 10−2 × 𝑀𝑝𝑒𝑜0.587              (S33) 225 

where r1,MWCO is selective layer pore radius (membrane top surface pore radius) calculated 226 

from MWCO in the unit of nm. 227 

 228 

 229 

 230 
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 231 

Figure S3 | The characterizations of as-synthesized GO sheet. (a) FESEM image of 232 
as-synthesized graphite oxide (scale bar, 5 μm). Plenty of wrinkles are formed on the 233 
microplates of as-synthesized graphite oxide, indicating the crystal structure of graphite is 234 
disturbed by the intercalation (of concentrated H2SO4

17) and oxidation (with KMnO4 and 235 
H2O2 in the presence of NaNO3) processes during the synthetic steps. (b) TEM image of a 236 
single layer graphene oxide sheet (scale bar, 500 nm). The central part of graphene oxide 237 
monolayer appears almost transparent owing to its nanometer scale thickness while its edges 238 
form curls and foldings due to uneven mechanical support from the sample holder (copper 239 
grid). 240 
 241 
 242 
 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 
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Table S2 | Membrane selective layer (top surface) pore number density measured by gas 254 
adsorption-desorption method. 255 

 P membrane GO-P membrane GO-P-S membrane 

Typical 
Pore radius 

distribution curve 

   
Average selective 
layer pore radius 

r1,gas (nm) 
8.6 14.3 5.8 

Surface porosity 
ε1 (cm2/g) 1.05 ± 0.17 5.98 ± 0.79 0.68 ± 0.10 

Surface porosity ε1 
(10-2 cm2/cm2, %) 1.31 ± 0.21 7.26 ± 0.96 0.86 ± 0.12 

Selective layer 
pore number 

density  
N1,gas (μm-2) 

56 ± 9 113 ± 15 81 ± 11 

Note: the experimental procedure contains multiple steps in sequence as follows: (1) 256 
freeze-dry membrane samples, (2) cut the sample into a square shape with the lateral size of 3 257 
cm × 3 cm (area is 9 cm2), (3) measure the weight of this square shape membrane sample (e.g. 258 
~0.1 g), (4) further cut this membrane sample into smaller pieces that can be loaded into 259 
testing tube, (5) conduct gas adsorption-desorption experiment using nitrogen gas 260 
(Quadrasorb evoTM), (6) obtain the porosity result in the unit of cm2/g sample (BET 261 
calculation method), (7) convert the result into surface porosity in the unit of cm2/cm2 sample, 262 
(8) calculate surface pore number density based upon equation S2: N1 = ε1 / (π × r1

2). This 263 
method takes account of that only the top surface of as-synthesized membranes is in 264 
mesoporous structure (2~50 nm, IUPAC). Noteworthily, the selective layer pore number 265 
density calculated indirectly from gas adsorption-desorption method (N1,gas) is considerably 266 
smaller than that is estimated directly from FESEM image. This is possibly because FESEM 267 
image cannot differentiate well effective pores (surface pore that is connected with 268 
sub-surface pores) from dead pores (false surface pore that is not connected with sub-surface 269 
pores). Moreover, N1,gas follows the order of GO-P membrane > GO-P-S membrane > P 270 
membrane. This trend is consistent with FESEM observations as presented in main text. 271 

 272 

 273 

 274 

 275 
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 276 

Figure S4 | The existence of GO nanosheet in as-synthesized nanocomposite membranes. 277 
(a) Enlarged FESEM image on GO-P-S membrane (bottom surface, scale bar, 2 μm). The red 278 
circle highlights the embedded GO nanosheets. (b) XRD pattern of P membrane, GO-P 279 
membrane and GO, respectively. The purple arrow indicates that there exists a characteristic 280 
peak at 11.6° on the XRD pattern of GO-P membrane, which originates from the XRD 281 
pattern of GO nanosheets embedded into the nanocomposite membrane18 and is totally absent 282 
from the XRD pattern of the P membrane alone. Hence these XRD characterization results 283 
also confirm the presence of GO in the matrix of as-synthesized nanocomposite membranes. 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 
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 297 
Figure S5 | The separation of nanoemulsion prepared from different kinds of oil by 298 
GO-P-S membrane. The oil concentration is 1200 mg/L and the surfactant/oil ratio is 0.15. 299 
The detailed composition of vegetable oil is presented in Table S4. Oleic acid (≥99% purity) 300 
and n-hexadecane (≥99% purity) are purchased from Sigma-Aldrich. This figure shows that 301 
the fouling ratio of GO-P-S membrane is 16.2% ~ 22.5%; the oil rejection by GO-P-S 302 
membrane is >99.80%; and the concurrent rejection of surfactant by GO-P-S membrane 303 
is >90.0%. These results demonstrate that GO-P-S membrane can achieve good performance 304 
when investigated with oil-in-water nanoemulsion prepared from different kinds of oil. 305 
 306 

 307 

 308 

 309 

Vegetable oil Oleic acid n-hexadecane
0

5

10

15

20

25

 

Fo
ul

in
g 

ra
tio

 (%
)

Vegetable oil Oleic acid n-hexadecane
96.0

96.5

97.0

97.5

98.0

98.5

99.0

99.5

100.0

 

R
ej

ec
tio

n 
of

 o
il 

(%
)

Vegetable oil Oleic acid n-hexadecane
0

20

40

60

80

100
 

C
on

cu
rr

en
t r

ej
ec

tio
n 

of
 su

rf
ac

ta
nt

 (%
)



S16 
 

 310 
Figure S6 | The separation of nanoemulsion prepared from different surfactants by 311 
GO-P-S membrane. The oil concentration is 1200 mg/L and the surfactant/oil ratio is 0.15. 312 
SDS stands for ionic surfactant sodium dodecyl sulfate. The fouling ratio of GO-P-S 313 
membrane is lower under the emulsion prepared with ionic surfactant SDS (16.5% ± 2.6%) 314 
than that with non-ionic surfactant Triton X-100 (19.8% ± 2.5%). Remarkably high rejections 315 
of oil by GO-P-S membrane can be achieved for the emulsion prepared with each surfactant 316 
separately (both >99.8%). The concurrent rejection of surfactant by GO-P-S membrane is 317 
higher under the emulsion prepared with Triton X-100 (90.3% ± 2.9%) than that with SDS 318 
(85.1% ± 3.4%). Moreover, the total organic carbon (TOC) concentration of the permeate for 319 
the emulsion prepared with each surfactant separately is lower than 30 ppm, which meets the 320 
discharge standards on oil & gas produced wastewater by U.S.A. Environmental Protection 321 
Agency (40 CFR Part 435)19. 322 
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 333 
Figure S7 | The comparison between hydrophilic surface modification (GO-P-S 334 
membrane) and amphiphilic surface modification (GO-P-Sa membrane). The 335 
amphiphilic polymer used for surface modification is PBMA-g-PEGMA, which is 336 
synthesized through grafting hydrophilic polymer poly(ethylene glycol) methacrylate 337 
(PEGMA, Sigma-Aldrich) on hydrophobic backbone poly(butyl methacrylate) (PMBA, 338 
Sigma-Aldrich) through free radical polymerization. The experimental details about grafting 339 
polymerization follow the method of published article by Liu Y et al.20. The amphiphilic 340 
modification of GO-P membrane employs the same procedure with hydrophilic modification. 341 
And as-synthesized membrane with amphiphilic surface modification is termed as GO-P-Sa 342 
membrane, wherein “a” refers to amphiphilic modification. The water contact angle of 343 
GO-P-Sa membrane is 61° ± 3.3° and the underwater oil contact angle of GO-P-Sa 344 
membrane is 55° ± 3.4°. Through controlling the concentration of PBMA-g-PEGMA solution, 345 
the pure water permeability of GO-P-Sa membrane (156 ± 10 L m-2 h-1 bar-1) is purposely 346 
adjusted to be nearly the same with that of GO-P-S membrane (162 ± 18 L m-2 h-1 bar-1). 347 
Figure S6 indicates that GO-P-S membrane possesses better antifouling capability, higher oil 348 
rejection and higher concurrent surfactant rejection than GO-P-Sa membrane during the 349 
separation of oil-in-water nanoemulsion (the oil concentration is 1200 mg/L and the 350 
surfactant/oil ratio is 0.15). The relatively poor fouling-mitigation of GO-P-Sa membrane is 351 
mainly attributed to its (underwater) oleophilicity. This result also indicates that GO-P-S 352 
membrane is the best membrane among all the membranes synthesized to separate 353 
oil-in-water nanoemulsion. 354 
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Additional discussion on Table S3.  366 

Table S3 compares membrane separation of oil/water emulsion between this study and 367 

previous works. Five points need to be emphasized as follows. 368 

Firstly, both the study from Zhang W et al.21 and the study from Solomon B et al.25 369 

synthesized the membrane with hydrophobic surface to separate water-in-oil emulsion. Oil is 370 

allowed to permeate through this kind of membrane while water droplets are retained owing 371 

to its surface hydrophobicity. However, this kind of membrane has several intrinsic problems. 372 

For example, the flux of this kind of membrane is limited at high solvent (oil) viscosity, 373 

according to Hagen-Poiseuille equation10. 374 

Secondly, the solvent flux during the separation of oil/water emulsion is noticeably high 375 

for the study from Zhang W et al.21 (~104 L m-2 h-1 bar-1) and the study from Chen P et al.24 376 

(7,500 L m-2 h-1 bar-1). This is mainly because the surface pore diameter of their membranes 377 

is 1~2 orders of magnitude larger than that of GO-P-S membrane synthesized in this study. 378 

However, the rejection of solid solute by membrane has a negative correlation with 379 

membrane pore size, according to Ferry equation11. And these two membranes are designed 380 

primarily for the separation of microsized oil/water emulsions but not for the rejection of 381 

nanosized pollutants (e.g. surfactant micelles). 382 

Thirdly, Hu L et al. used single walled carbon nanotube derived nanomaterial to 383 

fabricate a nanoporous membrane to separate oil-in-water nanoemulsion28. This membrane 384 

has ultrahigh pure water permeability of 35,000 ~ 61,000 L m-2 h-1 bar-1, which is mainly 385 

because the thickness of this membrane is as thin as only 77 ± 25 nm. However, it’s worthy to 386 

note that the ultrathin thickness inevitably compromises the mechanical strength of this kind 387 

of membranes, which adversely affect their practical applicability. Moreover, a considerably 388 

high fouling ratio is observed for this membrane, though a high rejection of nanosized oil 389 

droplets can be obtained. 390 
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Fourthly, our GO-P-S membrane demonstrates the remarkable advantage in terms of 391 

antifouling capability over most previous works listed in Table S2, as evidenced by that the 392 

fouling ratio of GO-P-S membrane is the lowest. Particularly, Liu Y et al.20 and Rajasekhar T 393 

et al.26 conducted respective research to use the polymeric membrane with amphiphilic 394 

surface modification to separate surfactant-stabilized oil-in-water emulsion. And the fouling 395 

results observed in their amphiphilic membranes are considerably heavier than that of our 396 

GO-P-S membrane. This is also in agreement with our result that the antifouling capability of 397 

hydrophilic (oleophobic) surface functionalized nanocomposite membrane (GO-P-S 398 

membrane) is better than that of amphiphilic surface functionalized nanocomposite 399 

membrane (GO-P-Sa membrane). 400 

Fifthly and most importantly, this study for the first time clearly demonstrates that 401 

concurrent high rejection of surfactant can be achieved besides high rejection of nanosized oil 402 

droplet, using our deliberately designed nanocomposite membrane (GO-P-S membrane). 403 

 404 
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3. Supplementary Experimental Details 416 

 417 

Table S4 | Detailed composition of the vegetable oil used in this study. 418 
 Average quantity per 1 L 
Energy 34,160 kJ 

8,160 kcal 
Protein 0.0 g 
Fat, total 900 g 
——saturated fat 107 g 
——trans fat 6 g 
Cholesterol  0 mg 
Carbohydrate 7 g 
Sugars, total 0.0 g 
Dietary fiber 0.0 g 
Sodium  0 mg 
Calcium  1 mg 

 
Note: this table is quoted from the product label, which is shown in the inserted photos. This 419 
vegetable oil is purchased from a local supermarket named “Giant”. The brand name of this 420 
vegetable oil is “Sunflower & Olive Oil” (92% sunflower oil and 8% olive oil). And the 421 
producer of this oil is DFI Brands Limited Hong Kong. 422 
 423 
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 430 
Figure S8 | Schematic diagram of the filtration setup. In order to mitigate concentration 431 
polarization (CP), a mechanical agitator was stirred ~3 mm above membrane surface at 800 432 
rpm during the separation of oil-in-water nanoemulsion. 433 
 434 
 435 
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 439 

 440 
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 441 
Figure S9 | The effect of tip sonication on oil droplet size distribution. (a) Dynamic laser 442 
light scattering (DLS) data of the same oil-in-water emulsion before and after tip sonication, 443 
respectively. The tip sonication at strong power (750 W) could reduce oil droplet size from 444 
micrometer scale to nanometer scale. The inset pictures are the optical photo of the same 445 
emulsion before and after tip sonication, respectively. (b) Turbidity data of the same 446 
oil-in-water emulsion before and after tip sonication, respectively. The oil concentration is 447 
1200 mg/L with 0.15 surfactant/oil ratio. 448 
 449 
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