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Supplementary Discussion 1. Assumptions for forces acting in the nanochannel 

The following discussion summarises the assumptions relevant for calculating the forces acting on 

the steroid hormone (SH) molecule, such as 17β-estradiol (E2) inside the carbon nanotube (CNT) 

channel. 

1.1. The continuum theory in the 1.7−3.3 nm nanopores 

 The continuum hydrodynamic framework does not break down for CNT channel size >1 nm, 1 so 

equation (3) in the main text used to calculate the (viscous) hydrodynamic drag force is applicable.  
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 The ethanol present at 15−30 mg L−1 concentrations in the feed solution is considered a part of 

the continuum. 

 The viscosity of water does not deviate from the bulk in ~2 nm CNT channels. 2, 3 

1.2. Hydrodynamic drag force 

 Coulombic drag caused by water flow in the nanochannel 4-6 is excluded because the solute (SH) 

is uncharged. 

 The hydrodynamic drag force is the result of the viscous friction force acted by the water flow on 

the SH.  

 SHs (e.g. E2) are treated as spherical molecules, with the hydrodynamic diameter of 0.8 nm. 7 

This assumption allows the same projection area of E2 in all directions. In reality, SHs (e.g. E2) 

are not spherical but elongated, with the estimated width, height and length of 0.5, 0.6 and 1.1 nm 

(measured from the molecular structures with Chem3D software 8 (PerkinElmer Informatics, 

USA). 

 Plug-like flow behaviour in the VaCNT membrane pore is satisfactory given the high slip length 

compared with the channel radius. As a result, the water flow velocity at the fluid−wall interface 

is equal to that in the pore centre. 9, 10 

 With the no-slip condition (e.g. in UF/NF membrane pores), the water flow velocity at the wall is 

zero and the flow velocity in the pore centre is highest, hence the drag force reduces drastically 

at the wall. 

 When the SH is bound to the CNT wall, shear forces arise because the lateral water flow that 

drives the SH movement is opposed by the static CNT wall that resists SH movement. 

 The wall correction factor that can yield an increased drag force is not considered assuming the 

slip condition. The flow is considered ‘unbound’, and the wall has no impact on the flow. 11 

 From the literature, when the no-slip condition was applied with more macroscopic systems 

(where the spheres and pores that are micrometres in diameter), the wall effect relevant to a 

sphere-to-pore diameter ratio similar to this study (0.4−0.5) can yield an increase in drag force of 

2−6 times. 11, 12 

1.3. Adhesive (van der Waals) force 

 The adhesive force 𝐹A at the CNT surface is the primary non-directional van der Waals interaction. 

13 
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 The Hamaker constant (see equation (4) in the main text) is independent of the geometries of the 

SH and CNT wall. In reality, some specific groups (namely the π-rings) of the two species may 

form stronger interactions. 14 

 When the molecule is at the liquid−wall interface, 𝐹A is balanced by the repulsive force caused 

by the repulsion 𝐹R between the electrons of the SH and the electron of the CNT. This force 

balance results in the 0.32 nm gap on the CNT surface, as below this distance repulsion occurs 

(𝐹R > 𝐹A). 15 

 The Hamaker constant specific for the interaction between an SH molecule and the CNT pore 

wall is corrected for the water medium 16 according to equation (S1). 

𝐻 = (√𝐻CNT − √𝐻water)(√𝐻SH − √𝐻water) (S1) 

 

where 𝐻CNT, 𝐻water, and 𝐻SH are the Hamaker constants for the pair-wise interaction between 

two identical CNT, water, and SH molecules, respectively. 

 The Hamaker constant for water−water interaction 𝐻water 16 is reported to be 3.7 ∙ 10−20 J. 

 𝐻CNT = 1.8 ∙ 10−19 J for SWCNT with an external diameter of 2 nm, 17 although this value is given 

for the external surface instead of the internal surface. It should be noted that the curvature inside 

the CNT pore was neglected, which results in an overestimation of van der Waals interaction. 

 𝐻SH has not been reported, although for non-conducting liquids, 18 the Hamaker constant takes 

the values of (5−10) ∙ 10−20 J. 

 Based on the above values of 𝐻CNT, 𝐻water, and 𝐻SH, 𝐻 is then approximated to be 3.5 ∙ 10−20 J. 

This value is then applied in the adhesive force calculation with equation (4), main text. 

 In reality, the CNT−hormone affinity is affected by hydrophobicity, polarity of the CNT wall and 

the SH molecules, 19 and the property of the medium that separates the SH and CNT wall. Hence, 

a uniform 𝐻 value does not provide the correct determination of adhesive force. 

 With the assumption of a uniform 𝐻, at a fix distance between the CNT and SH (for example, 

0.32 nm), 𝐹A is then dictated by the SH diameter, as such molecules with larger diameters result 

in stronger 𝐹A. 

The balance between the repulsive (𝐹R) and adhesive forces (𝐹A) can be visualised through the 

Lennard−Jones-type potential in a much simpler system consisting of two atoms (Supplementary 

Figure 1). 20 When these two atoms (e.g. one of the hormone molecule and one of the CNT wall) are 

very close to each other, the electrons of these atoms repel each other and generate a positive potential 
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energy, although this is countered by the negative potential energy due to attraction/adsorption (𝐹A < 

𝐹R). The repulsion energy vanishes at a shorter distance than the adhesion energy. The total potential 

energy reaches a minimum (where 𝐹R = 𝐹A) at a separation distance of ~0.3 nm. 15 When the hormone 

atom is further from the wall atom, 𝐹A > 𝐹R and the hormone atom is driven towards the wall. The 

power scales of the attractive and repulsive potentials will deviate if the system now involves multiple 

atoms in the hormone molecule and multiple atoms in the CNT wall. 

 

Supplementary Figure 1. The Lennard−Jones potential energy of the interaction between two atoms 

as a function of the separation distance. Adapted from Atkins, de Paula, and Keeler. 20 

1.4. Friction force 

 The viscous friction applied to characterise fluid dynamics in the CNT pores 6, 21, 22 is formed 

when the surrounding solvent (water) molecules or the pore wall inflict resistance on the moving 

solvent or solute molecule.  

 This viscous friction is distinguished from the friction that must be exceeded for an adsorbed 

molecule to start moving. 23 This second type of friction is referred to in the study as this study 

investigates the transition of the SH molecule from the static (adsorbed) state to the dynamic state. 

 The surface of CNTs is considered perfectly smooth and defect-free, which allows an ultra-low 

friction of molecules on this surface. 24 

1.5. Dependence of the forces on material properties 

From the above explanations and assumptions of the forces, the dependence of these forces on 

material properties (both the adsorbent surface and neutral adsorbate molecule) in the water medium 

is summarised in Supplementary Table 1. 
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Supplementary Table 1. Material properties that affect the force magnitude. Note: The adhesive and 

repulsive forces depend on the solute−surface distance. 

Force Material properties that affect the force 

Neutral solute (SH) Surface 

Adhesive (van der 

Waals) 𝐹A  

Geometry 

Orientation / polarity 

Hydrophobicity 

Dimension (or hydrodynamic diameter) 

Roughness (nanoscale) 

Hydrophobicity 

Curvature (e.g. CNT diameter) 

Repulsive 𝐹R Geometry 

Orientation / polarity 

Hydrophobicity 

Dimension (or hydrodynamic diameter) 

Roughness (nanoscale) 

Hydrophobicity 

Curvature (e.g. CNT diameter) 

Hydrodynamic drag 𝐹H Geometry 

Orientation in medium (water) / polarity 

Dimension (or hydrodynamic diameter) 

Hydrophobicity 

Roughness (nanoscale) 

Tortuosity (pore-size scale) 

Friction 𝐹F Geometry 

Orientation / polarity 

Hydrophobicity 

Dimension (or hydrodynamic diameter) 

Roughness (nanoscale) 

Hydrophobicity 

Curvature (e.g. CNT diameter) 

Supplementary Discussion 2. Enhanced flow in VaCNT membranes 

2.1. Determination of water flow velocity in VaCNT, UF and NF membranes 

A summary of membrane properties and experimental conditions in the comparison of SH (E2) 

adsorption is provided in Supplementary Table 2. The UF membrane data at 1 bar and NF membrane 

data at 5 bar were taken from Nguyen et al. 25 and Imbrogno and Schäfer, 26 respectively. 

Supplementary Table 2. Brief summary of the properties of VaCNT, UF and NF membranes, and the 

experimental conditions (flux / pressure) for the comparison of SH adsorption. 

Parameter Units Membrane 

VaCNT UF NF 

Origin (type, brand, 

company) 

 Fabricated 27 UF 10 kDa, PLHGC, 

Millipore, USA 

NF270, Dupont, 

USA 

Pore diameter nm 1.7 ± 0.7 5.4 a 0.8 ± 0.1 b, 28 

Separation layer 

thickness 

µm 43−57 0.5−1 29 0.02−0.04 30, 31 

Total membrane 

thickness 

µm 43−57 230 32 130 30, 31 

Membrane porosity % 3.4 ± 2.0 c 18 ± 4 c 3 ± 1 7, 33 

Pure water permeability L m−2 h−1 bar−1 8−64 87 ± 8 25, 34 14 ± 2 35 

Water flux in the 

experiment 

L m−2 h−1 57 ± 3 88 ± 5 

(at 1 bar) 

80 ± 10 

(at 5 bar) 
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Avg. water flow velocity 

in a membrane pore d 

10−4 m s−1 4.7 ± 1.5 1.3 ± 0.3 7.4 ± 2.2 

Average hydraulic 

residence time in the 

separation layer e 

S 0.11 ± 0.07 0.007 ± 0.003 (5 ± 3) ∙ 10−5  

a Calculated from the membrane molecular weight cut-off (10 kDa) following Worch 36 
b Calculated based on the steric hindrance pore model described by Deen 37 
c Estimated from the Hagen−Poiseuille equation (equation (1) in the main text) with a tortuosity correction factor equal 

to 1 38 
d Calculated from the flux and porosity via equation (S14) 
e Calculated from the flow velocity and separation layer thickness via equation (S15) 

The experimental fluxes in the comparison between the VaCNT, UF and NF membranes vary within 

a relatively small range, between 60 and 90 L m−2 h−1. With this flux range, the flow velocity in the 

respective membrane pores varies within an order of magnitude, from 1 ∙ 10−4 to 9 ∙ 10 −4 m s−1. 

The VaCNT membrane allows a water flow velocity of water similar to the flow velocities in UF and 

NF membranes, while the thickness of the separation layer is 2−3 order of magnitudes larger than 

that of UF/NF membranes. This implies a low resistance of the VaCNT membrane.  

2.2. Pure water permeabilities, slip lengths and enhancement factors 

To determine how water transport was facilitated in the filtration with the VaCNT membranes, the 

pure water permeability, slip length and enhancement factor (EF, experimental permeability divided 

by Hagen−Poiseuille theoretical permeability) are shown in Supplementary Figure 2. 

 

Supplementary Figure 2. Calculated enhancement factor (EF) and slip length 𝑏 (B) as functions of 

experimentally-determined pure water permeability 𝐿𝑝, aggregated from 16, 3 and 1 data of VaCNT 

membranes with average pore diameters 1.7, 2.6 and 3.3 nm, respectively. Error bars represent 

propagated error from operational parameter variations. 
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The permeabilities of VaCNT membranes with pore diameter 𝑑𝑝 of 1.7 nm are 9−67 L m−2 h−1 bar−1, 

which is in the approximate range of NF 26, 39 and dense UF 40 membranes. The EFs and slip lengths 

of VaCNT membranes with 𝑑𝑝 = 1.7 nm are 700−6000 and 75−655 nm, respectively (similar to the 

ranges reported by Holt et al. 41). 

The permeabilities of VaCNT membranes with 𝑑𝑝 = 2.6 nm were similar to those of 1.7 nm diameter 

membranes, although both the EF and slip length of the 2.6 nm diameter ones were lower. The 

membrane with 𝑑𝑝 = 3.3 nm has lower permeability (3 L m−2 h−1 bar−1), slip length (30 nm) and EF 

(150) than those of the membranes with smaller pore diameters.  

In all permeability tests, the slip length is very high (i.e. 𝑏 ≫
𝑑𝑝

2
) and EF is 2−4 orders of magnitude. 

Because of that, a plug-like flow condition can be assumed. The perfect plug flow is hypothetical and 

correspond to 𝑏 = ∞ and hence EF = ∞. 21 The assumption of plug-like flow condition is applied for 

water only and may not be valid for other solutes such as SHs. 

The exceptional water transport in VaCNT membranes compared with those of UF and NF (NF270) 

is also demonstrated via the thickness-independent expression of water permeability 𝐿𝑝 · 𝐿 

(Supplementary Table 3). The values of 𝐿𝑝 · 𝐿 attained with VaCNT membranes are much higher 

than those attained with UF and NF membranes.  

Supplementary Table 3. Comparison of water permeability between VaCNT membranes (three pore 

diameters) and UF/NF membranes. 

Membranes VaCNT 1.7 

nm 

VaCNT 2.6 

nm 

VaCNT 3.3 

nm 

UF 

membranes 

NF270 

Pore diameter (nm) 1.7 ± 0.7 2.6 ± 0.7 3.3 ± 0.8 1.6−5.4 0.8 ± 0.1 a, 28 

Membrane / active layer 

thickness (μm) 

45−56 26 ± 2 69 ± 1 0.5−1 29 0.02−0.04 30, 31 

Water permeability 𝐿𝑃 (L 

m−2 h−1 bar−1) 

9−67 38−65 3.1 ± 1.0 4−88 13 ± 3  

Thickness-independent 

expression of water 

permeability 𝐿𝑝 · 𝐿 (L μm  

m−2 h−1 bar−1) 

500−2770 996−1680 215 ± 72 6−125 0.4 ± 0.2 

Slip length (nm) 75−650 112−190 36 ± 6 - - 

Enhancement factor (EF) 720−6200 690−1200 174 ± 70 - - 

 a Calculated based on the steric hindrance pore model described by Deen 37 
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2.3. Surface hydrophilicity of the VaCNT membrane 

Surface hydrophilicity facilitates water entry in the VaCNT membrane pores. The surface contact 

angle was measured with the captive bubble and sessile drop methods. The lower the contact angle, 

the more hydrophilic the membrane surface, and water may better penetrate the CNT pores. 

Photographs of the air bubble and water drop at the VaCNT membrane surface after <1, 10, 30 and 

60 s are given in Supplementary Figure 3. 

 

Supplementary Figure 3. A−D: an air bubble at the VaCNT membrane surface (captive bubble 

method) after <1, 10, 30 and 60 s since its release. The contact angle α is annotated in A. E−F: a water 

drop on the VaCNT membrane surface (sessile drop method) after <1, 10, 30 and 60 s since its release. 

The contact angle in the captive bubble method was small (29.8° ± 0.3°), implying that the membrane 

surface is hydrophilic because of the strong capillary effect that saturates the membrane pores with 

water 42, 43 and functionalisation of carboxylate groups at the tip of the CNTs. 27 The size of the air 

bubbles and the contact angle did not change with time. With the sessile drop method, the contact 

angle decreased over time from 36° to 33° in 60 s due to the capillary effect caused by the pores, 42, 

43 and water spreading on a non-flat surface (this surface can be observed in Figure 4 of the main 

text). It is then confirmed that the VaCNT membrane surface is hydrophilic and has moderately good 

wettability. 

Supplementary Discussion 3. Experimental results 

3.1. Hormone adsorption by the MF membranes 

E2 breakthrough and adsorbed mass with the MF support membranes at varying fluxes are given in 

Supplementary Figure 4. The adsorbed mass of E2 by the VaCNT membranes can be determined by 

subtracting the VaCNT−MF membrane data from the MF membrane data. System adsorption 

(without dampener) is shown with the black diamond symbol. 
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Supplementary Figure 4. Permeate E2 concentration 𝑐p (A) and specific adsorbed mass (B) of MF 

support membranes vs. permeate volume at different fluxes. 100 ng/L E2, 1 mM NaHCO3, 10 mM 

NaCl, pH 8.1 ± 0.2, 23.0 ± 0.2 °C. Adsorbed mass by the filtration system (without dampener) was 

0.15 ng cm−2 (the black arrow in A indicate the feed concentration in this test, of 95 ng L−1). Error 

bars represent propagated error from operational parameter variations and analytical error. 

Complete breakthrough was achieved with all fluxes where the MF membrane material was saturated 

with SH, and adsorption was no longer significant 44 (in this case, where the permeate concentration 

reached the feed concentration). The adsorption saturation was approached at around 0.22 ng cm−2 

where the permeate volume reached 45 mL in all experiments. 

3.2. Removal of electrical conductivity 

The electrical conductivities (ECs) of the feed and permeate were measured with in-line sensors to 

determine if there was any significant removal of salt by VaCNT membranes (Supplementary Figure 

5). In the early experiments (30 L m−2 h−1 repeat 1, 45 L m−2 h−1, and 6 L m−2 h−1 fluxes), some 

bubbles were stuck in the contactless permeate EC sensor and caused erroneous data. The tubing was 

later adjusted to ensure no bubbles accumulated. The EC of collected permeate samples from 5 mL 

were then determined with an external EC sensor (described in the Methods).  
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Supplementary Figure 5. Electrical conductivity (EC) in experiments with the VaCNT membranes 

measured with different sensors: in-line sensor for the feed (dotted line), in-line sensor for the 

permeate (solid lines), and offline sensor for the permeate samples (scatters).  

The EC of the feed and permeate samples are the same, which implies that there was no significant 

removal of background electrolytes (1 mM NaHCO3 and 10 mM NaCl).  

3.3. Removal of ethanol 

To investigate whether ethanol retention and hence concentration polarization of ethanol was 

significant, ethanol in the feed and permeate samples were quantified with the TOC analyser 

(Supplementary Figure 6). 
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Supplementary Figure 6. Total organic carbon (TOC) concentrations measured with a TOC analyzer 

from all filtration experiments with VaCNT−MF membranes, with varying flux (A and B), pore 

diameter (C) and SH type (D). Filled points indicate the feed concentrations. Error bars represent 

propagated error from operational parameter variations and analytical error.  

Insignificant retention of ethanol by VaCNT−MF membranes was observed, and the concentrations 

of ethanol in experiments with VaCNT membranes fall between 10 and 20 mgC L−1. 

3.4. Breakthrough of various hormones with 1.7 nm pore diameter VaCNT membranes 

To verify whether a trend in adsorption can be identified with adhesive force, the breakthrough curves 

and adsorbed masses of the four SHs were compared in Supplementary Figure 7. 
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Supplementary Figure 7. Permeate concentration 𝑐p (A) and specific adsorbed mass 𝑞ads,A (B) vs. 

permeate volume 𝑉p with different SHs. Flux 27 ± 3 L m−2 h−1, 100 ng L−1 E2, 1 mM NaHCO3, 10 

mM NaCl, pH 8.1 ± 0.2, 23.0 ± 0.2 °C. Error bars represent propagated error from operational 

parameter variations and analytical error. 

No retention of E1, E2 and T was observed. For P, permeate concentration appeared to be level at 70 

ng L−1 but this may be because of adsorption instead of retention. P (0.86 nm in diameter) is larger 

than E1, E2, and T (0.79−0.82 nm) but smaller than the VaCNT membrane pore diameter (~1.7 nm).  

The adsorption of E1, E2 and T by VaCNT−MF membranes approached saturation after 100 mL. The 

adsorption of P by both VaCNT−MF and MF membranes did not reach saturation. The adsorbed mass 

of P by both MF and VACNT−MF membranes was higher than those of E1, E2 and T. 

In conclusion, SH adsorption by the VaCNT membranes is specific to the SH type.  

3.5. Adsorption affinity of VaCNT membrane for steroid hormones 

Static adsorption with the VaCNT membrane was performed where convection through the pores is 

irrelevant, hence adsorption was dictated by the surface affinity for the SH (E2). The adsorption 

performance of the VaCNT membrane was benchmarked against other carbon-based nanoparticles to 

compare the surface accessibility. The relative adsorption affinities of the external and internal CNT 

surfaces were determined with the comparison between VaCNT membrane and single-walled carbon 

nanotube (SWCNT). 

Data of carbon-based nanoparticles (MW-/SWCNT, graphene and fullerene C60 at the same mass of 

2.5 mg) were taken from Nguyen et al. 45 (Supplementary Figure 8). 
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Supplementary Figure 8. Specific E2 adsorbed mass (𝑞ads,s) vs. time for different carbon-based 

nanoparticles and VaCNT membrane with the same mass of 2.5 mg (A), and E2 adsorbed mass per 

adsorbent surface area (𝑚ads,s/ 𝑆) between SWCNT and VaCNT membrane (B). Data of polymer-

based spherical activated carbon, multi-/single-walled carbon nanotube (MW-/SWCNT), graphene 

(GP), and C60 are taken from Nguyen et al. 45 100 ng L−1 E2, adsorbent, 1 mM NaHCO3, 10 mM 

NaCl, 20.0 ± 0.5 °C, pH 8.1 ± 0.2. Error bars represent propagated error from operational parameter 

variations and analytical error. 

SWCNT and graphene displayed fast and high adsorption because their surfaces are accessible, 

whereas the adsorption by MWCNT suggests surface availability but lower accessibility. Adsorption 

by C60 was low because C60 formed strong aggregates that prevent surface access. 45 The specific 

adsorbed mass by VaCNT membrane was very low (around 0.22 µg g−1, or 0.45 ng per cm2 of 

filtration area, slightly higher than the filtration result at 6 L m−2 h−1 flux) which may imply the weak 

adhesive interaction. This adsorbed mass was even lower than that of an NF membrane (NF270), 46 

of around 0.7 ng cm−2. Weak adsorption at the internal surface is confirmed as the adsorbed mass per 

surface area of the VaCNT membrane was 30 times lower than that of SWCNT. 

In conclusion, E2 adsorption was more favoured on the external surface, which could be attributed to 

the low electronic density at the internal surface 47, 48 that inhibits the non-covalent interactions 

(namely van der Waals interaction 49) with E2. 

3.6. E2 breakthrough with varying VaCNT membrane pore diameter 

To determine whether the VaCNT membrane pore diameter in the nanometre range limited adsorption, 

the E2 breakthrough curves and adsorbed masses with VaCNT membranes that have three pore 

diameters (1.7, 2.6 and 3.3 nm) were compared in Supplementary Figure 9.  
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Supplementary Figure 9. Permeate E2 

concentration 𝑐p  (A), adsorbed mass per 

CNT surface area (B) and specific adsorbed 

mass (C) of VaCNT−MF membranes with 

varying VaCNT pore diameter. 100 ng L−1 

E2, 1 mM NaHCO3, 10 mM NaCl, pH 8.1 

± 0.2, 23.0 ± 0.2 °C. Error bars represent 

propagated error from operational 

parameter variations and analytical error. 

 

Complete breakthrough was observed with 

all pore diameters. Adsorption saturation 

(where the adsorbed mass no longer 

increases) was approached at around 100 

mL. No trend in the specific adsorbed mass 

with pore diameter can be determined.  

From the trend in adsorbed mass per CNT 

surface area, it appears that the CNT surface 

did not limit adsorption. The trend in 

adsorption kinetics could not be determined 

because the data points for different 

membrane pore diameters overlap. 

 

3.7. Estimation of the diffusion time in the membrane pores 

The pore diffusivity of E2 in a VaCNT membrane (with a pore diameter 1.7 nm) was determined. 

The feed and permeate E2 concentrations and the adsorbed mass of E2 are given in Supplementary 

Figure 10.  At the quasi-steady state/adsorption equilibrium, SH was no longer significantly adsorbed, 

the diffusivity was determined from equation (S6) in Supplementary Table 6. The diffusivity 

measurement was not corrected with the actual number of conducting CNTs, while the diffusion 

hindrance by the membrane boundary layer and pore entrance had not been accounted.  
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Supplementary Figure 10. Feed and permeate E2 concentrations (A), and adsorbed mass (B) vs. time 

in diffusion cell experiment. The initial feed solution contained 105 ng L−1 E2, 1 mM NaHCO3 and 

10 mM NaCl, 23.5 ± 0.5 °C, pH 8. Error bars represent propagated error from operational parameter 

variations and analytical error. 

The adsorbed mass at the steady state, or adsorption equilibrium (0.20 ± 0.05 ng) was reached in 7 to 

24 h. The concentration gradient between the feed and permeate sides was 80 ng L−1 after 75 h of 

diffusion. 

The measured diffusivity of E2 is 1.0 ∙ 10−10 m2 s−1 from equation (S6) is lower but in the same order 

of magnitude as the bulk diffusivity (5.6 ∙ 10−10 m2 s−1), 36 and similar to the hindered diffusivity (1.2 

∙ 10−10 m2 s−1). 37 The measured diffusivity ia probably underestimated because this value is not only 

the result of pore diffusion, but also the hindrance from membrane boundary layer and the pore 

entrance effect. 

The (radial) diffusion time in the membrane pores allows the determination of whether the SH reaches 

the membrane surface and allows adsorption to occur. This radial diffusion time from the pore centre 

to the pore wall is estimated via the follow equation. 50 

𝑡𝐷 =
𝑥2

𝐷
  (S2) 

where 𝐷 (m2 s−1) is the SH diffusivity in the pore and 𝑥 (between 0 and 
1

2
𝑑𝑝) is the diffusion distance 

in the radial direction. If the diffusion time is larger than the hydraulic residence time 𝑡𝑅, the SH 

molecule is not adsorbed to the pore wall. The orders of magnitude of the maximum 𝑡𝐷 (defined when 
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𝑥 =  
1

2
𝑑𝑝) and 𝑡𝑅 for the VaCNT, UF and MF membranes are given in Supplementary Table 4. For 

NF membranes, the pore diameter is close to the SH diameter, so the diffusion time is negligible. 

Supplementary Table 4. Membrane properties, hydraulic residence time and radial diffusion time 

summarised for the VaCNT, NF, UF and MF membranes. 

Parameter Units NF VaCNT UF MF 

Pore diameter nm 1 28 2 20 200 51 

Separation layer thickness µm 0.03 30, 31 50 0.5 29 100 51 

Porosity % 3 12, 13 3 8 25 70 51 

Modelled flux L m−2 h−1 100 100 1000 1000 

Hydraulic residence time a s 10−5 0.1 0.1 0.1 

Radial diffusion time a, b, c s Instantaneous d 10−11 10−7 10−5 

Adsorption - High Zero Low Low 

a Only the order-of-magnitude estimation is given. 
b Diffusion is from the pore centre to the wall. The contribution of the van der Waals interaction to the radial movement 

of SH is neglected. 
c In UF and MF membrane pores, the bulk diffusivity of SH in the pores of 5.6 ∙ 10−10 m2 s−1 (calculated with the equation 

proposed by Worch 36) is used to calculate the diffusion time. 
d Negligible radial diffusion distances because the pore diameter is approximately the diameter of SH (0.8 nm).  

The diffusion time in VaCNT membranes was very short, indicating that the SH reached the pore 

wall as soon as it entered the membrane pore. The diffusion times in UF and MF membranes were 

longer than that in the VaCNT membrane, but are still several orders of magnitude shorter than the 

hydraulic residence time. This means the SH molecules could reach the pore wall during filtration, 

and adsorption of these molecules was relevant.   

Supplementary Methods 

Supplementary Discussion 4. Materials 

4.1. Properties of steroid hormones 

The properties of the four steroid hormones (SHs) are given in Supplementary Table 5. The lower 

solubility values in water than those in ethanol/methanol imply the capability of SH to partition 

towards ethanol in an ethanol/water mixture and form clusters. Since ethanol can interact more 

strongly with the carbon nanotube (CNT) wall than water, 52, 53 ethanol and the formation of 

hormone−ethanol clusters can affect the hormone−wall interaction.  
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Supplementary Table 5. Molecular structures, molecular weights, hydrodynamic diameters and 

solubilities in water and alcohols (ethanol and methanol) of four SH types. N.D.: not determined. 

Parameter E1 E2 T P 

Chemical 

formula 

C18H22O2 C18H24O2 C19H28O2 C21H30O2 

Molecular 

structure 

   
 

Molecular 

dimension (nm ∙ 

nm ∙ nm)* 

0.35 ∙ 0.48 ∙ 1.05 0.36 ∙ 0.48 ∙ 1.05 0.35 ∙ 0.55 ∙ 1.12 0.35 ∙ 0.55 ∙ 1.19 

Molecular 

weight (Da)  

270 272 288 314 

Stokes diameter 

(nm) 36  

0.79 0.80 0.82 0.86 

Solubility in 

water at 25°C 

(mg L−1) 

0.80−1.3 54-56 0.16−5.0 54, 56-59 20−48 57, 59-63 7.9−17  

57, 59, 60, 64, 65 

Solubility in 

methanol at 

30°C (g L−1) 

4.5−5.4 66, 67 35.3 68 

 

224 69 N.D. 

Solubility in 

ethanol (g L−1) 

5.4−7.1  

(30°C) 66, 67 

37−42  

(30°C) 68 

N.D. 54  

(21°C) 70 

* Estimated from Chem3D (ChemOffice, PerkinElmer, USA) models. 71 

4.2. Summary of vertically aligned carbon nanotube (VaCNT) membrane fabrication 

The fabrication of vertically aligned carbon nanotube (VaCNT) membranes is schematically 

described in Supplementary Figure 11 and includes the following steps: 1) deposition of catalyst 

nanoparticles (Fe/Mo or Fe only) on a silicon support by thermal evaporation, 2) chemical vapour 

deposition growth of aligned CNTs, 3) chemical vapour deposition of parylene-N as barrier material, 

and 4) plasma etching to open the CNT pores and introduce oxygen containing groups at the tips. 

 

Supplementary Figure 11. Schematic of the VaCNT membrane fabrication steps, adapted from Bui 

et al. 72 
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4.3. Estimation of VaCNT pore diameter 

The average size of nanotubes in the single-walled carbon nanotube (SWCNT) ‘forest’ after the CNT 

growth step was determined from a rich dataset of transmission electron microscopy (TEM) images 

(for example, Supplementary Figure 12 A) with >200 measurements as described by Bui et al. 72 

From this value, the width (diameter) of the VaCNT membrane inner pores where water and solutes 

accommodate was then determined. 

 

Supplementary Figure 12. A – TEM image of an SWCNT in the forest taken from Buchsbaum et al., 
73 showing a CNT diameter of 2.32 nm. B – Schematic of the cross-section along the axial direction 

of a CNT with a measured diameter of 2.02 nm, in which the van der Waals radii of carbon and 

oxygen atoms, and the internal CNT diameter (also the VaCNT pore diameter), are illustrated. 

The CNT size obtained from TEM images is roughly the distance between the two carbon atoms at 

their atomic centres. A 0.32 nm (vacuum) gap where the electron density is minimal (Supplementary 

Figure 12 B) is determined as the sum of the van der Waals radii of the carbon (0.17 nm) and oxygen 

atoms (0.15 nm). 74 When two atoms are at a shorter distance than the van der Waals distance, they 

will repel each other to reduce the interaction potential energy. 15 

The VaCNT membrane inner pore diameter is the average CNT size determined from TEM imaging 

minus twice the van der Waals radius of CNT’s carbon (0.34 nm). 75 
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Supplementary Discussion 5. Analytical techniques 

5.1. Calibration of liquid scintillation counter for steroid hormone quantification 

SH calibration curves are given in Supplementary Figure 13 A. Supplementary Figure 13 B shows 

the calibration curves with low-concentration data to estimate the detection limit (LOD). The standard 

solutions (concentrations 0.2, 1, 10, 50 and 100 ng L−1) were prepared directly by dilution from the 

fresh stock solutions with a concentration 10 µg L−1. 

 

Supplementary Figure 13. A – Multiple calibration results (activity vs. standard SH concentration) in 

this study. B – Average activity vs. expected SH concentration with another E2 batch, determined 

from >40 measurements for each concentration; the error bar indicates the standard deviation between 

calibrations. 

A linear relationship was found between activity and standard concentration. A little deviation (below 

2% for concentrations 10−100 ng L−1 and 10% for the low concentration 1 ng L−1) was obtained 

between calibration repeats for E2, which indicates the high accuracy of LSC. The LOD is estimated 

by inspecting a break in the calibration regression 76 to be around 0.1−0.2 ng L−1. 

5.2. Calibration of the total organic content analyser for ethanol quantification 

Total organic carbon (TOC) calibration in the range of 0.2−10 mgC L−1 with potassium hydrogen 

phthalate (dissolved in Milli-Q water from powder, 99.5%, Merck Millipore) is shown in 

Supplementary Figure 14. 
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Supplementary Figure 14. Total organic carbon (TOC) calibration with three data sets, presented as 

signal reported by the TOC analyzer vs. expected concentration. The error range indicates the 

maximum variation between calibrations. 

A linear relationship was found between the TOC signal and expected concentration in the range of 

0.5−10 mgC L−1. The deviation between calibration repeats (4% for 1.5−10 mgC L−1, 16% for 0.5 

mgC L−1 and 25% for 0.2 mgC L−1 concentrations) was large compared with the LSC method with 

its respective measurement range. The LOD estimated via inspecting a break in the calibration 

regression 76 is 0.2 mgC L−1. 

Supplementary Discussion 6. Calculations 

6.1. Formulae to calculate experimental parameters 

Supplementary Table 6. List of formulae applied in static adsorption, diffusion, and filtration 

experiments. 

Eq. 

No. 

Parameter Units Formula Ref. 

Static adsorption 

(S3) Adsorbed mass at time 𝑡 (𝑚𝑎𝑑𝑠(𝑡)) ng 𝑚𝑎𝑑𝑠(𝑡) = (𝑐𝑓 − 𝑐(𝑡)). 𝑉𝑓  

(S4) Specific adsorbed mass (𝑞𝑎𝑑𝑠,𝑠(𝑡)) ng g−1 
𝑞𝑎𝑑𝑠,𝑠(𝑡) =

𝑚𝑎𝑑𝑠(𝑡)

mass of VaCNT membrane
 

 

Diffusion 

(S5) Adsorbed mass at time 𝑡 (𝑚𝑎𝑑𝑠(𝑡)) ng 𝑚𝑎𝑑𝑠(𝑡) = 𝑐𝑓(𝑡) 𝑉𝑓(𝑡) − 𝑐𝑝(𝑡)𝑉𝑝(𝑡)  

(S6) Diffusivity (𝐷) of SH in VaCNT 

membrane pore* 

m2 s−1 
𝐷 = −

𝐿 ∙ 𝑉

2 ∙ 𝜀 ∙ 𝐴𝑚 ∙ 𝑡
∙ ln

𝑐𝑓(𝑡) − 𝑐𝑝(𝑡)

𝑐𝑓0 − 𝑐𝑝0

 
77 

Filtration  

(S7) VaCNT membrane porosity (𝜀) - 
𝜀 = 𝜋 (

𝑑𝑝

2
)

2 𝑁CNT

𝐴m

 

72 
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(S8) Tortuosity (𝛼) - 
𝛼 =

Length of actual path 

Length of hypotherical straight path 
 

78 

(S9) Water flux (𝐽𝑒𝑥𝑝) L m−2 h−1 
𝐽𝑒𝑥𝑝 =

𝑑𝑉

𝐴m 𝑑𝑡
=

𝑑𝑚

𝜌 𝐴𝑚 𝑑𝑡
 

78 

(S10) Membrane permeability (𝐿𝑃,𝑒𝑥𝑝)  L m2 h−1 bar−1 
𝐿𝑝,𝑒𝑥𝑝 =

𝐽𝑒𝑥𝑝

Δ𝑃
 

78 

(S11) Slip length (𝑏) nm 
𝑏 =

𝐿𝑃,𝑒𝑥𝑝  𝜇 𝐿

16𝜋 𝜀 𝑑𝑝 
−

𝑑𝑝

8
 

41 

(S12) Theoretical permeability 

(Hagen−Poiseuille equation) 

L m2 h−1 bar−1 
𝐿𝑝,𝐻𝑃 =

𝜀

8 𝜇 𝐿 
(

𝑑𝑝

2
)

2

 

38 

(S13) Enhancement factor (EF) - 
EF =

𝐿𝑝,𝑒𝑥𝑝

𝐿𝑝,𝐻𝑃

= 1 +
8 𝑏

𝑑𝑝

 
41 

(S14) Average flow velocity in 

cylindrical pores (𝑣water) 

m s−1 
𝑣water =

𝐽𝑒𝑥𝑝

𝜀
 

78 

(S15) Hydraulic residence time in 

cylindrical pores (𝑡𝑅)  

s 
𝑡𝑅 =

𝐿

𝑣𝑤𝑎𝑡𝑒𝑟

=
𝜀 𝐿

𝐽𝑒𝑥𝑝

 
 

(S16) Péclet number (𝑃𝑒) - 
𝑃𝑒 =

𝐿 𝑣water

𝐷water

 
 

(S17) Adsorbed mass of E2 (𝑚𝑎𝑑𝑠) ng 𝑚𝑎𝑑𝑠 = 𝑚𝑓 − ∑ 𝑚𝑝

= 𝑐𝑓 ∑ 𝑉𝑝 − ∑(𝑉𝑝 𝑐𝑝) 

 

(S18) Specific adsorbed mass of E2 

(𝑞𝑎𝑑𝑠,𝐴) 

ng cm−2 𝑞𝑎𝑑𝑠,𝐴 =
𝑚𝑎𝑑𝑠

𝐴𝑚

 
 

where: 

𝐴m= 2 cm2 is the membrane area, 

ρ (g L−1) is the water density (ρ = 1000 ± 3 g L−1 at a temperature of 23.0 ± 0.2 °C 79) 

𝑑𝑉

𝑑𝑡
 (mL min−1) and 

𝑑𝑚

𝑑𝑡
  (g min−1) are the changes in permeate volume and mass with time; 𝑚 is measured with a 

balance 

Δ𝑃 (bar) is the applied pressure, measured by subtracting the pressure measured with the permeate-side sensor from 

that with the feed-side sensor 

𝜀 is the VaCNT membrane porosity (see Table 1 of the main text), 

𝑁CNT is the number of CNTs determined from the CNT growth during membrane fabrication 

𝐷water is the diffusivity of water in the nanopore (a bulk diffusivity value of 2.3 ∙ 10−9 m2 s−1 is assumed 80) 

𝑑𝑝 (m) is the VaCNT membrane pore diameter (given in Table 1 of the main text) 

𝜇 (kg m−1 s−1) is the viscosity of water (𝜇 = 9.33 ∙ 10−4 kg m−1 s−1 at a temperature of 23 °C 79) 

𝐿 (m) is the VaCNT membrane thickness (see Table 1 of the main text) 

𝑚𝑓 (ng), 𝑉𝑓 (L) and 𝑐𝑓 (ng L−1) are the E2 mass, solution volume and E2 concentration of the feed 

𝑚𝑝 (ng), 𝑉𝑝 (L) and 𝑐𝑝 (ng L−1) are the E2 mass, solution volume and E2 concentration of the permeate 

𝑐(𝑡) (ng L−1) is the E2 mass and concentration at time 𝑡 in static adsorption 

*Quasi-steady-state in diffusion cell experiment assumes that the flux of the solute leaving the feed compartment is 

equal to the flux of the solute entering the permeate compartment. Another assumption is that the difference in liquid 

volume between the feed and permeate is negligible because of very weak osmotic pressure. The actual diffusion, 

pore entrance effect and membrane boundary layer resistance may affect the determined diffusivity so the 

measurement cannot be accurate. 
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6.2. Calculations of VACNT surface area and adsorption capacity 

The specific surface area (SSA) of the VaCNT membrane was estimated from the membrane pore 

diameter, porosity, and thickness. The theoretical adsorption capacity was then determined from the 

SSA. The assumptions included a uniform membrane pore diameter of 1.7 nm, membrane porosity 

of 3.4%, and membrane thickness of 50 µm (Supplementary Table 7). 

Supplementary Table 7. Calculations to determine the porosity, internal surface area and E2 

adsorption capacity for the 1.7 nm VaCNT membrane. Note: it is assumed that the capping percentage 

is 0% (all the nanotubes are uncapped). For instance, if the capping percentage increased to 50%, the 

porosity, internal surface area and E2 adsorption capacity would be reduced to half.  

Parameter (units) Value Comments 

VACNT membrane thickness 𝐿 (µm) 50 Measured at LLNL (SEM cross-section and optical 

microscopy) 27 

VACNT average distance between the 

wall’s centres (nm) 

2.0 Measured at LLNL (TEM analysis of multiple 

nanotubes (>300) from the same batch) 27 

VaCNT average internal tube diameter, i.e. 

membrane pore size 𝑑𝑝 (nm) 

1.7 Distance between the wall’s centres subtracted by the 

van der Waals diameter of carbon (0.34 nm) 

Area of a single VaCNT pore cross-section 

𝐴𝑝 (m2) 

2.2 ∙ 10−18 
𝐴𝑝 = 𝜋 (

𝑑𝑝

2
)

2

 

Internal surface area of each VaCNT tube 

𝐴int (m
2) 

2.6 ∙ 10−13 𝐴int = 𝜋 𝑑𝑝 𝐿 

No. of nanotubes per m2 of VaCNT surface  
𝑁CNT

𝐴m
 (m−2) 

1.5 ∙ 1016 Calculated from the experimental weight gain method 

considering the VaCNT tube length / diameter as 

described elsewhere 27 

VaCNT membrane porosity 𝜀 0.034 See equation (S7). For comparison, the porosity of NF 

membranes is between 2% and 32% 7, and the 

porosity of UF membranes ranges between 1% and 

20% 81-83. MF membrane porosity can reach 70%. 51 

External surface area per m2 of filtration 

(membrane) area 𝐾ext (m
2 m−2) 

0.97 
𝐾ext = 1 − 𝐴𝑝  

 𝑁CNT

𝐴m

 

Internal surface area per m2 of filtration 

(membrane) area 𝐾int (m
2 m−2)  

4000 
𝐾int = 𝐴int  

𝑁CNT

𝐴m

 

Membrane density 𝜌m (weight per filtration 

area) (g m−2) 

22 𝜌m =
𝑚m

𝐴m

 

where 𝑚𝑚 is the mass of a membrane coupon. The 𝜌m 

value was determined from 𝑚m and 𝐴m of 10.6 mg 

and 4.91 cm2, respectively. 

Theoretical specific surface area (SSA) of 

VaCNT membrane 𝑺𝒊𝒏𝒕 (m
2 g−1) 

180 
𝑆int =  

𝐾int

𝜌m

= 𝐴𝑝  
𝑁CNT

𝑚m

 

Cross-sectional area of each E2 molecule 

(nm2) 

0.5 Estimated from the hydrodynamic diameter of the SH 

𝑑SH (for example, 𝑑SH = 0.8 nm for E2) assuming that 

the SH molecule is spherical. 𝐴SH = 𝜋 (
𝑑SH

2
)

2

 

Max no. of E2 molecules that can occupy 

the internal surface of 1 cm2 of VaCNT 

membrane 𝜌𝐸2 (cm−2) 

1.7 ∙ 1015 
𝜌𝐸2 =

𝑆SH

𝐴SH 

𝐴m

𝑚m 
=

𝑆SH

𝐴SH 𝜌m
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Weight of each E2 molecule 𝑚𝐸2 (ng) 4.5 ∙ 10−13 𝑚𝐸2 = MW𝐸2 𝑁 

where MW𝐸2 and 𝑁 are the molecular weight of E2 

(272 g mol−1) and Avogadro constant (6.022 ∙ 1023 

mol−1). 

Max E2 adsorption capacity per cm2 of 

membrane 𝒒𝒎𝒂𝒙,𝑨 (ng cm−2) 

770 𝑞𝑚𝑎𝑥,𝐴 = 𝜌𝐸2 𝑚𝐸2 

 

Supplementary Discussion 7. Filtration system characterisation 

7.1. Membrane filtration protocol 

The filtration protocol is adapted from Nguyen et al. 25 and described in Supplementary Table 8. The 

main modifications in this work are: filtration was done in dead-end mode (with the needle valve 

closed the pump flow rate is set to ≤ 0.2 mL min−1), and more samples were collected at the start of 

filtration (in the first five samples, the volume collected in each sample was 1 mL). 

Supplementary Table 8. Filtration protocol, adapted from Nguyen et al. 25 

No. Step Conditions Justification 

1 Membrane 

conditioning 

The VaCNT membrane is submerged in Milli-Q 

water for 1 h and then carefully rinsed. 

The MF membrane is submerged in 50/50 

ethanol/water (v./v.) for 15 min, and then rinsed 

thoroughly with Milli-Q water. 

To permeate the membrane and 

wash off additives 

2 System flushing Without the membrane, set the pump flow rate at 

100 mL min−1 and flush the entire system with 

Milli-Q water for 3 min. 

To prepare for a new experiment 

3 System drying Connect the outlet of purge valve PV (see Figure 

10, main text) with the synthetic air line. Flush the 

system with synthetic air for 5 min. 

To remove water residues, 

especially in the membrane cell 

outlet and switching valve. 

4 Pure water 

permeability test 

(before SH 

filtration) 

Mount the membranes (VaCNT membrane on top 

of an MF membrane) with a torque of 2 N m (using 

a torque wrench). The water chiller is set at 23 °C. 

Pump flow rate is set at 0.1 mL min−1 (equivalent 

flux is 30 L m−2 h−1). It then takes around 30−60 

min until the permeate flux is stable. Filtration 

continues for at least 15 min at constant permeate 

flux to determine the permeability.  

To determine the pure water 

permeability of the membrane 

and make sure the membrane has 

no defects (if the membrane is 

broken or has pinholes, the 

pressure will be below 0.2 bar). 

5 Filtration test 

with SHs 

Feed volume is 250 mL. Disconnect the inlet to the 

membrane cell and replace the water inside the 

tubing with feed solution (this takes 1 min with the 

pump flow rate set to 50 mL min−1).  

Turn off the pump and reconnect the inlet to the 

membrane cell. The water chiller is set at 23 °C. 

Operate the filtration at experimental fluxes*. 

Sample collection was based on permeate volumes: 

Samples 1−5: 1 mL each 

Samples 6−9: 5 mL each 

Samples 10 onwards: 20 mL each   

To investigate SH removal by 

VaCNT membranes. 

The system’s dead volume is 24.5 

mL and the dead volume of the 

permeate tubing is 0.42 mL. 

Therefore, the purging with 50 

mL of feed solution is justified.  

The first and second permeate 

samples (each 1 mL) might 

contain residue water from the 

membrane cell. 
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In all experiments, the filtration system was 

operated overnight. 

6 Pure water 

permeability test 

(after filtration) 

Change the feed to Milli-Q then follow the same 

procedure described in step 4. 

To determine the pure water 

permeability after the filtration 

7 Membrane 

removal and 

storage 

The membrane coupons are removed, dried in air 

for 1 h and stored in a plastic petri-dish. 

 

8 System flushing The system is flushed with 1 M NaOH solutions for 

15 min, then with warm deionised water (~40 °C) 

for 15 min, and finally with Milli-Q water for 15 

min. The pump flow rate was set at 30 mL min−1 in 

all the steps. 

NaOH and warm water flushing 

remove residual organic matter.  

 

* In the experiment with the lowest flux (6−7 L m−2 h−1, or 0.02 mL min−1), the needle valve (NV in Figure 10, main text) 

was partially open, letting only ~30% of the feed solution to pass through the membrane. The other 60% was collected in 

a bottle that was connected to the NV outlet. 

7.2. Adsorption by the filtration system (without membrane) with varied flow configurations 

The adsorption of SHs to the filtration system (stainless steel and plastic tubes, pump, membrane cell 

and switching valve; without membranes) is a source of error and must be avoided as much as possible, 

especially when the membrane can adsorb very little SHs. Different configurations (dead-end vs. 

cross-flow, with or without a dampener) were evaluated for the filtration protocol via the adsorbed 

mass of E2 (Supplementary Figure 15).  

In dead-end mode, the flux was fixed at 300 L m−2 h−1 and multiple permeate samples were collected 

in separate vials. In cross-flow mode with cross-flow velocities of 0.4−0.8 m s−1, all the permeate and 

retentate are recycled into the feed bottle and the concentration in this bottle was determined at time 

intervals. The cross-flow data were obtained from Imbrogno and Schäfer. 26 

 

Supplementary Figure 15. E2 concentration (A) and adsorbed mass 𝑞ads,A (B) of the filtration system 

(without any membrane) vs. time. Crossflow data are taken from Imbrogno and Schäfer. 26 Filled 
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symbols indicate feed concentration values. CV: crossflow velocity. 100 ng L−1 E2, 1 mM NaHCO3, 

10 mM NaCl, pH 8.1 ± 0.2, 23 ± 1 °C. Error bars represent propagated error from operational 

parameter variations and analytical error. 

The amount of E2 adsorbed by the filtration system in dead-end mode was low (0.15 ng cm−2) and 

reached saturation after 50 min. The adsorbed mass by the system in different crossflow 

configurations was 4−8 times higher than in dead-end mode. The dampener could cause extra 

adsorption. Hence, the system was operated in dead-end mode and without a dampener for VaCNT 

membranes to minimise system adsorption. 

7.3. Variation of pressure in filtration with VaCNT membranes 

The pressure increased in most filtration experiments with SHs, and this increase varied between 

experiments. Besides, a dampener was not used, which might induce local pressure variation due to 

pump pulsation. Supplementary Figure 16 and Supplementary Figure 17 show the pressure data vs. 

time in all experiments acquired every second. 

 

Supplementary Figure 16. A – Pressure vs. time in E2 filtration with varying flux (A). B – A zoom-

in of pressure data in A in the time range 0−24 h and pressure range 0−5 bar. CNT pore diameter 1.7 

nm, 100 ng L−1 E2, 1 mM NaHCO3, 10 mM NaCl, pH 8.2 ± 0.1. Arrow indicates a temporary switch-

off of the pump after the core experiment at 30 L m−2 h−1 was complete. 
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Supplementary Figure 17. A – Pressure vs. time in E2 filtration with varying SH and pore diameter. 

B – A zoom-in of pressure data in A in the time range 0−24 h and pressure range 0−5 bar. 100 ng L−1 

E2, 1 mM NaHCO3, 10 mM NaCl, pH 8.2 ± 0.1, 23.0 ± 0.2 °C. 

 

The pressure fluctuation caused by pump pulsation was around 7% in most experiments, and 10% in 

the experiments with the 3.3 nm diameter VaCNT membrane, in which the pressure was consistently 

high at 7.3 ± 0.7 bar. This results in flow variation and hence variation of the drag force in the VaCNT 

membrane pores. In most experiments, the pressure increased, which caused a loss of membrane 

permeability over time. 

The reasons for pressure increase in VaCNT membrane filtration experiments are illustrated 

schematically in Supplementary Figure 18. 

 

Supplementary Figure 18. Potential reasons for the pressure increase throughout the filtration 

experiments with VaCNT membranes. A – Internal pore blocking caused by the adsorption of SH 

and/or ethanol. B – External pore blocking caused by the retention of hormone−ethanol clusters and 

contaminants. C – VaCNT membrane deformation caused by the applied pressure. The membrane 

thickness, pore size, and the sizes of ethanol, SH and contaminant are not to scale. 
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In cases A and B, the number of conducting CNTs reduces over time, which increases the flow 

velocity (hence flow rate) per unblocked CNT. In case C, the number of conducting CNTs is 

unchanged and hence, the flow velocity is unchanged given the constant flux. 

To determine which of the above cases (A, B or C) was relevant, a specific experiment was performed 

at around 30 L m−2 h−1 flux with a VaCNT 2.6 nm membrane coupon. Before the experiment, the 

system was thoroughly cleaned with bleach (calcium hypochlorite 0.5 wt.%), HCl 0.1 M, NaOH 0.1 

M, warm tap water, and Milli-Q water. Filtration was firstly done with Milli-Q until 100 mL of 

permeate was obtained, and subsequent simulated background (1 mM NaHCO3, 10 mM NaCl and 30 

mg L−1 ethanol) until 100 mL of permeate, and then 1000 ng L−1 feed E2 (which includes 1 mM 

NaHCO3, 10 mM NaCl and 300 mg L−1 ethanol) for 65 mL of permeate (Supplementary Figure 19).  

 

Supplementary Figure 19. Changes in pressure (A), flux (B), permeability (C), and permeability loss 

(D) seen with a VaCNT membrane (2.6 nm) in the filtration with Milli-Q water and subsequent 

simulated water matrix (1 mM NaHCO3, 10 mM NaCl and 30 mg L−1 ethanol), and 1000 ng L−1 E2 

solution (with 1 mM NaHCO3, 10 mM NaCl and 300 mg L−1 ethanol). Temperature was controlled 

at 23.0 ± 0.2 °C. 

In the first 4 h of Milli-Q water filtration, the pressure was constant at 0.45 bar. Similar stability was 

achieved in pure water flux tests before the SH filtration experiments. In the next 16 h of Milli-Q 
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water filtration, the pressure increased to 0.8 bar, resulting in a permeability loss of 42% at 18 h (so 

cases A and B are not likely). The membrane could be compressed because of long exposure to 

pressure and water (case C). In the subsequent experisments with simulated background and 1000 ng 

L−1 E2 solution, pressure increased only gradually to 1.0 and 1.5 bar, corresponding to a permeability 

decrease of 60% and 70% from initial pure water permeability, respectively. 

A shorter filtration test (5 h) with a VaCNT 1.7 nm was performed with only Milli-Q water, and 

pressure and permeability data are compared with those of the above 2.6 nm membrane experiment 

in Supplementary Figure 20. 

 

Supplementary Figure 20. Changes in pressure and permeability in Milli-Q water filtration tests with 

1.7 and 2.6 nm membrane coupons. Temperature was controlled at 23.0 ± 0.2 °C.  

In the first 2−4 h, the pressure was constant in both experiments, and there was no change in 

membrane permeability over time. After these first hours, the pressure started to increase and caused 

a permeability drop from 38 to 22 L m−2 h−1 bar−1 within 3 h and from 60 to 47 L m−2 h−1 bar−1 within 

6 h with the tested 1.7 nm and 2.6 nm pore diameter VaCNT membranes, respectively. 

The permeability loss appears to not be not directly linked to the water quality, while both membrane 

compression and pore blocking are possible mechanisms. The permeability loss occured for both 

membrane pore diameters 1.7 nm and 2.6 nm. The quantity of blocked pores could not be determined 

in the current experiments. 

To determine any significant compression caused by the filtration, the cross-section of a VaCNT 

membrane piece after a filtration experiment at a pressure of up to 12 bar was visualised with helium 

ion microscopy, as shown in Supplementary Figure 21.  
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Supplementary Figure 21. A – Cross-section of a VaCNT membrane after filtration at a pressure of 

up to 12 bar. B, C and D – Zoom-ins of the cross-section at the top surface, at the bottom surface, and 

in the middle of the membrane. 

From Supplementary Figure 21 A, the membrane thickness (62 µm) was similar to the value 

determined for the pristine membrane (57 ± 2 µm) of the same batch (Batch 3, see Table 1 in the main 

text). From Supplementary Figure 21 B, at the top surface, the cylindrical structures in front are zig-

zag probably because of the artefacts during cross-section preparation, while the cylindrical structures 

in the back appeared linear. The artefacts were more prominent at the bottom surface (Supplementary 

Figure 21 C) preventing the observation of structures in the back. From Supplementary Figure 21 D, 

the cylindrical structures with very low tortuosity were clearly observed. In summary, although 

VaCNT membrane compression during filtration is possible, the membrane cross-section 

micrographs show that the compression did not significantly alter the membrane structure. 
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