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■ ABSTRACT 39 

Membrane-based water reuse through reverse osmosis (RO) and nanofiltration (NF) faces the 40 

critical challenge from organic micropollutants (OMPs). Conventional polyamide RO and NF 41 

membranes often lack adequate selectivity to achieve sufficient removal of toxic and harmful 42 

OMPs in water. Tailoring membrane chemistry and structure to allow highly selective removal 43 

of OMPs has risen as an important topic in membrane-based water reuse. However, a critical 44 

literature gap remains to be addressed: how to design membranes for more selective removal 45 

of OMPs. In this review, we critically analyzed the roles of membrane chemistry and structure 46 

on the removal of OMPs and highlighted opportunities and strategies towards more selective 47 

removal of OMPs in the context of water reuse. Specifically, we statistically analyzed rejection 48 

of OMPs by conventional polyamide membranes to illustrate their drawbacks on OMPs 49 

removal, followed by a discussion on the underlying fundamental mechanisms. Corresponding 50 

strategies to tailor membrane properties for improving membrane selectivity against OMPs, 51 

including surface modification, nano-architecture construction, and deployment of alternative 52 

membrane materials, were systematically assessed in terms of water permeance, OMPs 53 

rejection, and water-OMPs selectivity. In the end, we discussed the potential and challenges of 54 

various strategies for scale up in real applications. 55 

 56 

Keywords: membrane, organic micropollutants, water reuse, selectivity, surface modification, 57 

membrane nano-architecture, alternative membrane materials. 58 

 59 

■ SYNOPSIS 60 

This review highlights the fundamental mechanisms and overarching design principles to tailor 61 

membrane selectivity for the effective removal of organic micropollutants in water reuse.  62 
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■ INTRODUCTION 63 

Water scarcity in many parts of the world is the underlying driver for dedicated scientific efforts 64 

to develop new, sustainable, and reliable technologies for a secured water supply.1, 2 Water reuse 65 

through advanced membrane technology is a promising strategy to augment alternative water 66 

resource, which has been successfully implemented in many countries including the United 67 

States, Singapore, Australia, and several European nations.3-6 The state-of-the-art plants for 68 

potable water reuse generally employ thin film composite (TFC) polyamide reverse osmosis 69 

(RO) and nanofiltration (NF) membranes.7-9 These polyamide-based membranes have been 70 

historically developed and optimized for desalination, showing superior rejection of inorganic 71 

salts and a range of other contaminants.10  72 

 73 

 74 

Figure 1. Boxplot of rejection values of mineral salts and different types of OMPs with MW < 500 Da 75 
by commercially available polyamide RO and NF membranes. The data were extracted from 50 76 
references (Supporting Information S1). The quartile was calculated by the OriginLab software. PhACs, 77 
EDCs, and DBPs stand for pharmaceutically active compounds, endocrine disrupting compounds, and 78 
disinfection by-products, respectively. 79 
 80 

A critical deficit of commercially available polyamide RO and NF membranes is their 81 

insufficient rejection of neutral and small molecular weight (MW) organic micropollutants 82 

(OMPs), especially those highly hydrophobic or highly polar (Figure 1). For example, 83 
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hydrophobic EDCs often show low rejections by NF/RO membranes as a result of their strong 84 

hydrophobic interaction with the membrane,11-15 even though they typically have larger MWs 85 

compared to NaCl. Similarly, poor membrane rejections as low as < 50% were also observed 86 

for N-nitrosodimethylamine (NDMA) due to its high polarity in addition to the small molecule 87 

size.16-18 Intrinsic defects within the ultrathin rejections layer of the membrane19 can further 88 

reduce the removal efficiency. Consequently, membrane rejection of some toxic OMPs is below 89 

50%,11-15, 17, 20 raising critical concerns over the safety of recycled water.6, 21, 22 Improving 90 

membrane rejection of OMPs deserves to be a prioritized research pillar for membrane-based 91 

water reuse. 92 

 93 

This paper reviews the recent progress of tailoring membrane chemistry and structure towards 94 

targeted removal of OMPs. Various strategies, including tailoring23-27 and modification15, 28-32 95 

of polyamide membranes as well as developing non-polyamide membranes,33, 34 are 96 

summarized, and the governing mechanisms are systematically highlighted. Our work paves a 97 

paradigm shift towards designing membranes for OMPs removal based on first principles and 98 

provides important perspectives on its future development. 99 

 100 

■ BASIC PRINCIPLES 101 

Typical TFC membranes consist of a top thin rejection layer (e.g., polyamide), a microporous 102 

supporting layer, and a non-woven substrate.10 The thin polyamide layer governs the transport 103 

of water and solutes (e.g., OMPs) through the membrane. Following the classical solution-104 

diffusion theory,35 the rejection of a solute R is given by:36 105 

𝑅𝑅 =
𝐴𝐴
𝐵𝐵(∆𝑃𝑃−∆𝜋𝜋)

𝐴𝐴
𝐵𝐵(∆𝑃𝑃−∆𝜋𝜋)+exp�𝐽𝐽w𝑘𝑘 �

                              (1) 106 

where A is the water permeance, ΔP is the applied hydraulic pressure, Δπ is the osmotic 107 
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pressure difference across the membrane, B is the solute permeability coefficient, Jw is the 108 

water flux, k is the mass transfer coefficient, and the term exp(Jw/k) accounts for the effect of 109 

concentration polarization (CP). Under relatively mild CP (Jw << k), Eq. (1) shows that the 110 

rejection of an OMP is governed by the competition of water permeation and solute transport 111 

through the membrane. A high water permeation at a given B value would effectively dilute the 112 

solute concentration in the permeate water and thus enhance its rejection. From membrane 113 

design point of view, this may be achieved by increasing the membrane water permeance (the 114 

A value), e.g., through the incorporation of porous nanofillers with selective water channels in 115 

the case of thin film nanocomposite (TFN) membranes.8, 37-40 However, the applied water flux 116 

in many practical applications is constrained by CP and fouling,41 so that the dilution strategy 117 

is only effective up to a certain “sustainable flux”.42-44 118 

 119 

An effective way to enhance the rejection of an OMP is to reduce the solute permeability 120 

coefficient (B value) of the membrane. Solute transport through a polyamide NF/RO membrane 121 

is governed by solute partitioning into the membrane rejection layer. This is influenced by size 122 

exclusion, electrostatic repulsion, and a range of physiochemical interactions between the 123 

solute and the polymeric matrix of the rejection layer such as hydrophobic interaction and polar 124 

interaction (Figure 2A).45 In general, tighter membrane pores46-48 and enhanced solute-125 

membrane electrostatic repulsion49, 50 are beneficial in reducing OMPs permeation. On the 126 

other hand, stronger hydrophobic interaction11, 12 or polar interaction51 tends to reduce 127 

membrane rejection. Accordingly, the properties of a polyamide layer can be tuned by 128 

controlling its formation during interfacial polymerization (IP)52 or deploying post-treatment. 129 

For example, increasing crosslinking degree of polyamide by extending IP reaction time can 130 

effectively enhance solute rejection owing to improved size exclusion.53 However, this 131 

approach often results in a reduction in membrane water permeance, a phenomenon well-132 



7 
 

known in the membrane field as the “upper bound” tradeoff relationship.36 The rejection of 133 

OMPs is also hampered by the highly heterogeneous nature of polyamide rejection layers,54-56 134 

which creates localized “hot spots” for solute transport (e.g., through hydrophobic moieties11, 135 

15 and/or nanosized defects19). Techniques to synthesize more homogeneous and defect-free 136 

polyamide rejection layer could be beneficial for enhanced rejection of OMPs.  137 

 138 

■ STRATEGIES FOR IMPROVED SELECTIVITY OF OMPs  139 

As discussed above, the key to improve membrane rejection of OMPs of a membrane is to 140 

enhance its selectivity (i.e., the A/B value) by facilitating its water transport and/or suppressing 141 

the passage of target compounds. Generally, membrane water permeance A can be improved 142 

through tuning its nano-architecture (e.g., creating additional water transport pathways by 143 

nanofillers,26, 40, 57 Figure 2B). On the other hand, solute permeability coefficient B can be 144 

tailored via controlling membrane-solute interactions (e.g., surface modification,15, 30, 58 panel 145 

3, Figure 2C). Towards a better improved selectivity, membrane chemistry and structure can 146 

be altered via introducing an interlayer59 (panel 4, Figure 2C) or deploying alternative 147 

membrane materials60-65 (panel 1 & 2, Figure 2C) to achieve simultaneously enhanced A and 148 

reduced B. 149 
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 150 

Figure 2. (A) Schematic illustration of membrane-solute interactions including size exclusion, 151 
electrostatic interactions, hydrophobic interactions, and polar interactions. (B) Incorporation of various 152 
nanofillers in TFN membranes to introduce additional water channels (e.g., intrinsic nanochannels 153 
within porous nanofillers,37, 57 induced nanochannels around hydrophilic nanofillers,25, 26 and selective 154 
water channels inside aquaporins23, 24) for accelerated water transport. (C) Materials and potential 155 
strategies for tailoring membrane chemistry and structure with improved selectivity against OMPs. 156 
(Panel 1) Materials used for membrane modification and construction.62, 65 (Panel 2) Ideal water 157 
transport and solutes retention by alternative membrane materials, e.g., carbon nanotube (CNT),61 158 
nanosheet with well-defined pores,64 polyelectrolyte film,63 and stacked 2D laminates.33 (Panel 3) 159 
Mechanistic illustration of enhanced membrane rejection of OMPs through controlling membrane-160 
OMPs interactions (e.g., suppressed hydrophobic interactions,15, 30 enhanced size exclusion,30, 58 and 161 
increased electrostatic repulsion28) using surface coating. (Panel 4) Water pathways and OMPs rejection 162 
by interlayered thin film nanocomposite (TFNi) membranes in the cases of using gutter layer66 and 163 
sacrificial nanofillers67. 164 
 165 

Surface modification 166 

Commonly adopted strategies for surface modification include surface coating and grafting.68 167 

In principal, a coating/grafting layer could introduce additional barrier to resist the transport of 168 

both water and solutes according to the resistance-in-series model (Supporting Information 169 

S2).69 Specifically, the overall resistance of a modified membrane for water (1/Aoverall) and 170 

solutes (1/Boverall) can be simplified as the sum of resistance from the base membrane and that 171 
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of the coating/grafting layer as:  172 

1
𝐴𝐴overall

= 1
𝐴𝐴base

+ 1
𝐴𝐴c

                          (2) 173 

1
𝐵𝐵overall

= 1
𝐵𝐵base

+ 1
𝐵𝐵c

                          (3) 174 

where the subscripts overall, base, and c represent the modified membrane, base membrane, 175 

and coating/grafting layer, respectively.  176 

 177 

Figure 3A presents the permeance enhancement factor (Aoverall/Abase or Boverall/Bbase) on the basis 178 

of Eqs. (2) and (3). According to this figure, an ideal coating/grafting layer should have a high 179 

water permeance (Ac >> Abase) to minimize its adverse impact on overall water permeance. At 180 

the same time, a low solute permeance of the layer (e.g., Bc << Bbase) is essential to reduce 181 

solute permeation and thus enhance its rejection (Eq. (1)). To achieve lower Bc values, the 182 

coating/grafting components need be highly resistant to the target compounds by tailoring 183 

solute-membrane interactions. For example, coating the NF membrane with hydrophilic 184 

polydopamine (PDA) has shown improved rejection of hydrophobic EDCs despite little change 185 

in effective membrane pore size, but long-duration PDA coating decreased water permeance 186 

(e.g., nearly 50% reduction for 4 hours coating).15 Other hydrophilic surface coating/grafting 187 

materials such as polyvinyl alcohol,70 polyethylene glycol,71 and zwitterionic polymer72 could 188 

also be potentially exploited to enhance membrane rejection of hydrophobic OMPs, a direction 189 

that requires further systematic investigations. Surface modification can also be used to tailor 190 

membrane effective pore size and surface charge properties (Supporting Information S3). 191 

 192 

However, reducing solute permeance alone is not sufficient to ensure an enhanced rejection of 193 

OMP. According to Eq. (1), the rejection is governed by the water to solute selectivity (S = 194 

A/B), which is dependent on both water permeance and solute permeation. High solute rejection 195 



10 
 

calls for membranes with improved overall selectivity (Aoverall/Boverall) against OMPs.73 As 196 

shown in Figure 3B, membrane selectivity can be enhanced (i.e., Soverall/Sbase> 1) if and only if 197 

the selectivity of coating/grafting layer (Sc) is greater than that of base membrane (Sbase). Indeed, 198 

for a coating layer whose Sc is identical to that of the base membrane, both the water permeance 199 

and the solute permeance of the resulting membrane will be reduced by the same degree, 200 

leading to an unchanged overall selectivity (also see Eq. S8 and related derivations in 201 

Supporting information S2). In addition, a more selective coating/grafting layer is generally 202 

beneficial for the improvement of the overall selectivity. For example, compared to a pure PDA 203 

coating on a base NF90 membrane without post-treatment, the more selective silver-nitrate-204 

treated PDA coating could achieve much more effective enhancement in water-EDC selectivity 205 

(more than one order of magnitude enhancement), resulting in better rejection of EDCs.30  206 

 207 

Figure 3B also shows a strong dependence of the selectivity enhancement (Soverall/Sbase) on the 208 

water permeance of the coating/grafting layer relative to that of the base membrane (Ac/Abase). 209 

A highly permeable (Ac >> Abase) and highly selective (Sc >> Sbase) coating layer has relatively 210 

limited contribution to improve membrane selectivity (e.g., blue line, Figure 3B) despite that 211 

it can minimize the overall water permeance loss for the coated membrane. In comparison, a 212 

less permeable but highly selective coating layer can significantly enhance the overall 213 

selectivity of the coated membrane (e.g., red line, Figure 3B). These results reveal an inherent 214 

trade-off relationship between water permeance and selectivity for the surface modified 215 

membranes. The results presented in Figure 3A&B suggest coatings with moderate water 216 

permeance (Ac/Abase of 3-10) and high selectivity (Sc/Sbase ~ or > 10) are preferred for enhancing 217 

solute rejection while avoiding severe reduction in water permeance.  218 

 219 
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 220 

Figure 3. (A) The dependence of permeability enhancement factor (Aoverall/Abase or Boverall/Bbase) on the 221 
ratio of Ac/Abase or Bc/Bbase for surface modified membranes (based on Eq. S8). (B) The dependence of 222 
selectivity enhancement factor (Soverall/Sbase) on the ratio of coating layer selectivity over the base 223 
membrane selectivity (Sc/Sbase) for surface modified membranes. Three cases were analyzed, namely, 224 
the ratio of coating/grafting layer water permeance (Ac) over base membrane water permeance (Abase) 225 
equals to 1, 10, and 100, respectively. (C) The dependence of the permeability enhancement factor 226 
(ATFN/APA or BTFN/BPA) on the ratio of An/APA or Bn/BPA for TFN membranes based on Eqs. S9 and S10. 227 
The red, green, and blue lines represent the TFN membranes with the coverage ratio φ of 0.01, 0.1, and 228 
0.5 for nanofiller-containing regions, respectively. Detailed derivations of Eqs. S8, S9, and S10 can be 229 
found in Supporting information S2. (D) The dependence of selectivity enhancement factor (STFN/SPA) 230 
on the ratio of selectivity of nanofillers over the polyamide membrane selectivity (Sn/SPA) for TFN 231 
membranes with a coverage φ of 0.1 for nanofiller-containing regions. It was analyzed in three cases, 232 
namely, the ratio of intrinsic water permeance for nanofillers (An) over polyamide membrane water 233 
permeance (APA) equals to 1, 10, and 100, respectively. Results in parts A-D were simulated based on 234 
Eq. (2)-(5). (E) Schematic illustration of water and solutes transport through a TFC membrane and (F) 235 
a TFNi membrane. Interlayer could enhance the formation of polyamide layer and thus improve 236 
membrane separation performance.66 In addition, the presence of interlayer could also facilitate 237 
selective water transport through the membrane by creating additional nanosized water channel25, 26 and 238 
providing gutter effect66, thereby improving membrane water-solute selectivity.   239 
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 240 

Membrane nano-architecture 241 

Polyamide structure 242 

Polyamide membrane nano-architectural features such as roughness,74, 75 pore size and 243 

distribution,76 and interior voids/channels25, 77 play important roles in its water permeance and 244 

solutes rejection. Controlling IP reaction conditions could tailor membrane nano-architecture 245 

to enhance the separation performance. For example, the addition of NaHCO3 into aqueous 246 

amine solution (as a precursor for CO2 nanobubbles)75 or the use of more volatile organic 247 

solvents78 in the IP process could enhance the formation of nanovoids in polyamide layer as a 248 

result of promoted interfacial degassing/vaporization,77, 78 leading to the improved water 249 

permeance. Introducing additional reactive monomer (e.g., zwitterionic compound,79 250 

polyethyleneimine,80, 81 bipiperidine,82 or melamine83) into aqueous amine solution could also 251 

affect the IP reaction and thus shape membrane nanostructure to achieve high rejections of 252 

OMPs. For instance, adding polyethyleneimine into aqueous piperazine solution during IP 253 

could tune the pore size and distribution of formed NF membrane thereby enabling highly 254 

selective removal of antibiotics from nutrient water.81 255 

  256 

TFN membranes 257 

A more popular approach to tailor membrane nano-architecture is to incorporate nanofillers 258 

into polyamide matrix to form the TFN membrane (Figure 2B).37, 84 These nanofillers often 259 

have intrinsic nanochannels, which could introduce additional pathways for selective water 260 

transport to enhance membrane water permeance. Meanwhile, the specific properties (e.g., 261 

well-defined pore size, hydrophilicity, and charge) of the nanofillers could be tailored to reduce 262 

the passage of OMPs through the TFN membrane (thus enhance rejections).26, 85 Therefore, the 263 

overall water permeance (ATFN) and solute permeability coefficient (BTFN) of a TFN membrane 264 
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are greatly affected by the intrinsic properties of the nanofillers and their loadings in the 265 

polyamide layer. The water and solute permeation for a TFN membrane can be analyzed using 266 

a resistance-in-parallel model: 267 

𝐴𝐴TFN = 𝜑𝜑𝐴𝐴n + (1 − 𝜑𝜑)𝐴𝐴PA                        (4)        268 

𝐵𝐵TFN = 𝜑𝜑𝐵𝐵n + (1 − 𝜑𝜑)𝐵𝐵PA                        (5) 269 

where φ is the coverage ratio of the nanofiller-containing regions, and the subscripts n and PA 270 

represent the nanofiller-containing regions and polyamide layer, respectively. 271 

 272 

Figure 3C shows the permeance enhancement factor for a TFN membrane over the TFC 273 

polyamide counterpart (ATFN/APA or BTFN/BPA). As expected, highly water-permeable 274 

nanofillers (An >> APA) with high coverage ratio φ are desirable to improve the overall 275 

membrane water permeance ATFN. In practice, however, an over-dosage of nanofillers often 276 

results in more defects (typically caused by severe aggregation of nanofillers59), which affects 277 

membrane integrity and compromises rejection of solutes.86 As shown in Figure 3D, to enhance 278 

the selectivity of a TFN membrane, it is essential that nanofillers shall have higher selectivity 279 

than the polyamide matrix (Sn > SPA). This is possible through the careful design of the selective 280 

channels of nanofiller to promote water transport (An > APA) and/or reduce solute passage (Bn 281 

< BPA). For example, a hydrophilic MOF of MIL-101(Cr) with precise openings of 1.2/1.6 nm 282 

had low permeation of hydrophobic EDCs together with fast permeation of water, such that the 283 

corresponding TFN membrane demonstrated significantly enhanced EDC rejection.57 284 

Negatively charged MOFs (e.g., MIL-53 and NH2-UiO-66) could increase the negative charge 285 

of TFN membranes thereby enhancing their rejection for anionic pharmaceuticals as a result of 286 

enhanced electrostatic repulsion.87 A proper design of the charge for nanofillers (e.g., dually 287 

charged MOF85) could further allow the TFN membrane to simultaneously better reject both 288 

cationic and anionic OMPs. In some cases, the addition of nanofillers could impact the 289 
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membrane formation process, thus affecting the crosslinking and effective pore size of 290 

polyamide layer.87, 88 Unlike the case of surface coating, Figure 3C&D shows that more 291 

permeable nanofillers (e.g., An >> APA) are generally preferred for simultaneously enhancing 292 

the selectivity and permeance of the resultant TFN membranes. More permeable nanofillers 293 

would allow a greater portion of water to permeate through their selective water channels 294 

instead of the bare polyamide regions, resulting in increased production and improved quality 295 

of permeate water.      296 

 297 

In addition to porous nanofillers, non-porous nanofillers (e.g., solid nanoparticles) have also 298 

been used to fabricate TFN membranes.84, 86 These non-porous nanofillers are often used as 299 

sacrificial templates for nanovoids generation89 or as precursors for interfacial nanochannel 300 

formation25. For example, the incorporation of silver nanoparticles could induce the formation 301 

of interfacial nanochannels (~2.5 nm in channel gap) by suppressing the formation of 302 

polyamide around the nanoparticles.25 These nanochannels tripled the membrane water 303 

permeance while significantly enhancing the rejection of EDCs and antibiotics at the same time.  304 

 305 

Integrating biomimetic water channels such as aquaporin90 and artificial water channels91 into 306 

membrane matrix has also been explored for selective removal of OMPs. For the case of 307 

aquaporins, their channels allow ultrafast transport of water molecules (at a rate of 308 

approximately 1 billion water molecules per second through each single channel) while 309 

virtually rejecting all solutes,90 resulting in an ultrahigh water-solute selectivity. An early 310 

attempt by Madson and co-workers23 demonstrated >97% rejection for three pesticides by an 311 

aquaporin-incorporated forward osmosis membrane. The removal of a wider range of OMPs 312 

(30 compounds in total, including EDCs, PhACs, and pesticides) using another aquaporin-313 

based biomimetic membrane were reported in wastewater treatment24 and in an osmotic 314 
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membrane bioreactor,92 and the membrane showed high rejection (>90%) for most OMPs 315 

accompanying with a moderate water permeance of 2.1 Lm-2h-1bar-1. Compared to aquaporins, 316 

artificial water channels offer potential advantages such as lower cost, easier incorporation, 317 

higher loading, and better material stability.93 Future studies are needed to further investigate 318 

their feasibility in simultaneously enhancing membrane water permeance and improving OMP 319 

removal. Despite the apparent success of aquaporin-incorporated TFN membranes for 320 

enhancing the removal of OMPs, its polyamide matrix generally dominates the overall 321 

membrane resistance and allow the “leakage” of OMPs at the same time, which limits the 322 

overall water permeance and selectivity of the membrane. This observation calls for the further 323 

optimization of membrane structure to fully unleash the unique features of biomimetic water 324 

channels for highly selective separation of OMPs.  325 

 326 

TFNi membranes 327 

In recent years, an emerging type of TFN membrane prepared on an interlayered substrate 328 

(TFNi) has drawn increasing attention.59, 94 The presence of an interlayer during IP reaction has 329 

multiple impacts on the formation of polyamide, including: (1) improved interfacial conditions, 330 

(2) increased storage of amine monomer, (3) controlled release of amine monomer during IP 331 

reaction, and (4) eliminated polyamide intrusion in the substrate pores.66, 95, 96 As a result, the 332 

resultant TFNi membrane often showed a thinner rejection layer featuring with a higher water 333 

permeance, better selectivity, and more regulated solutes passage (Figure 3F) than that of a 334 

conventional TFC membrane (Figure 3E). In addition, the interlayer could play as a gutter to 335 

further facilitate water transport through the membrane (Figure 3F). For example, a 336 

polydopamine interlayered TFNi membrane demonstrated simultaneously enhanced water 337 

permeance and rejection of OMPs in comparison with the control TFC membrane, leading to 338 

its significantly improved water-OMP selectivity.66 These results indicate that TFNi 339 
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membranes are promising for selective removal of OMPs from contaminated water. 340 

Nevertheless, how the interlayer regulates the transmembrane behavior of OMPs still needs to 341 

be quantitatively modelled in future studies. 342 

  343 

Alternative membrane chemistry 344 

In recent decades, the rapid development of alternative desalination materials offers 345 

unprecedented opportunities to synthesize novel membranes for highly efficient water 346 

treatment (panel 2, Figure 2C).97 Carbon-based materials (e.g., CNT,98 graphene, and graphene 347 

oxide (GO)99, 100), MOF,101 and covalent organic framework (COF)102, 103 have been considered 348 

as promising materials to fabricate next-generation high-performance membranes for replacing 349 

existing polyamide-based membranes. These novel materials often possess tailored pore 350 

structure and chemistry, offering great potential to overcome the permeability-selectivity trade-351 

off through achieving significantly higher water permeance and better regulated rejection of 352 

solutes.36 Although some materials have relatively large intrinsic pore size (e.g., 0.8-4.7 nm for 353 

COF), improving the monomer design during the fabrication process could effectively adjust 354 

the pore size (e.g., < 0.6 nm) to achieve precise separation of solutes.103 The pore chemistry 355 

could also be tuned through a modification step to tailor its interaction with OMPs thereby 356 

enabling highly selective removal of OMP. Indeed, well designed pores with uniformly 357 

distributed size could greatly benefit membrane separation performance. For example, Yuan et 358 

al. reported a single layer graphene membrane with well-defined sub-nanometer pores (~ 0.63 359 

nm), which exhibited a high water permeance up to ~37 Lm-2h-1bar-1 and a NaCl rejection of ~ 360 

98% for high-efficiency separation.104 These results demonstrated its remarkable water-solute 361 

selectivity compared to existing polyamide membranes.36 Nevertheless, the fabrication of such 362 

intact single layer graphene membrane in large-scale remains as a critical challenge and thus 363 

severely limits its applications in practice. Compared with single layer membrane, stacked 364 
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graphene/GO membranes are much easier to prepare through the vacuum-assisted deposition 365 

or layer-by-layer assembly of these 2D materials.33, 99, 105 Nevertheless, the stacked membrane 366 

often had small imperfections within its lamellar structure, which could result in the formation 367 

of defects that significantly impair membrane integrity and selectivity.106     368 

  369 

In addition, thin films assembled through metal-ligand complex,34, 107 self-polymerization,108 370 

chemical crosslinking,109, 110, and layer-by-layer deposition111 were also explored to remove 371 

OMPs from water. Compared with traditional polyamide membrane, these membranes often 372 

had unique physicochemical properties to regulate the partitioning of OMPs into membrane 373 

thereby improving the rejection of OMPs. For example, a tannic acid-iron (TA-Fe) complexed 374 

thin film (~ 30 nm) showed a two orders of magnitude reduction for the sorption of EDCs 375 

compared to a commercial polyamide membrane, leading to its remarkably high EDCs 376 

rejection of up to 99.7%.34 Such novel thin films often have better flexibility to allow further 377 

membrane modification and optimization for targeted removal of OMPs.111 Apart from the 378 

above novel membrane materials, other emerging materials such as novel 2D nanosheets (e.g., 379 

MoS2, MXene, and graphite carbon nitride),112 porous organic cage,113 etc. can also be 380 

considered as potential candidates. Some materials have been successfully used in membranes 381 

for gas separation and ion-sieving liquid separation,114 which drives the research efforts to 382 

further explore their capability for the selective removal of OMPs in water treatment and reuse.   383 

 384 

■ PERSPECTIVES AND OUTLOOK 385 

Tailoring membrane chemistry and structure for highly selective removal of OMPs is essential 386 

for further progress in membrane-based water reuse over the coming decades. To achieve this 387 

target, we shall shift the current membrane design focus from historically emphasized high salt 388 
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rejection to reduced permeation of OMPs through RO and NF membranes. Figure 4A 389 

summarizes the relative enhancement in both water-OMP selectivity and water permeance by 390 

surface modified TFC membranes, TFN membranes, and TFNi membranes. Similar to 391 

conventional TFC membranes, these three types of membranes can be relatively easy to scale 392 

up using existing polyamide RO/NF production lines (with possibly minor modifications). 393 

Indeed, TFN membranes and surface coated TFC membranes have already been 394 

commercialized.84, 115 Compared with TFN and TFNi membranes, surface modified TFC 395 

membranes could potentially offer better enhancement in water-OMP selectivity (up to an order 396 

of magnitude). An extra advantage of this approach is that a well-designed surface modification 397 

could also impart antifouling properties, which happens to be the main reason for existing 398 

commercially coated TFC membranes (e.g., BW30 from Dupont FilmTecTM and LFC3 from 399 

HydranauticsTM/Nitto Denko115). Nevertheless, as predicted by the simple model in this study 400 

(Figure 3A and Eq. S5 in Supporting information S2), surface modified TFC membranes tend 401 

to suffer from reduced water permeance (up to 50%, see Figure 4A), which could translate into 402 

significantly increased specific energy consumption. Future studies shall choose more OMP-403 

selective coating materials and optimize coating conditions to further improve OMP selectivity 404 

without major loss in water permeance.  405 

 406 

TFNi membranes provide another promising strategy for enhancing OMP selectivity (Figure 407 

4A). Due to the beneficial gutter layer effect, this approach enables simultaneously enhanced 408 

water permeance and selectivity against inorganic salts, OMPs, and other contaminants (e.g., 409 

boron and arsenic).59 In addition, a recent study has also revealed the possibility of reduced 410 

membrane fouling tendency by including an interlayer to achieve more uniform flux 411 

distribution over the membrane surface.116 Nevertheless, the number of studies on the design 412 

of TFNi membranes for OMP removal are still limited, which calls for more systematic 413 
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investigations. For example, comparing a continuous interlayer (e.g., a PDA interlayer) with 414 

an interlayer staggered by discrete nanomaterials (e.g., a CNT interlayer), which form is 415 

preferred? How to ensure the long-term stability of TFNi membranes through proper interlayer 416 

design? These critical issues need to be experimentally investigated. In addition, analytical 417 

models need to be developed to further understand the transport phenomena in TFNi 418 

membranes. Although TFN membranes could also potentially improve OMP selectivity in 419 

addition to water permeance, these beneficial effects are not as promising as their TFNi 420 

counterparts (Figure 4A). This is partly due to the relatively low dosage of nanofillers (Figure 421 

3C and D). In addition, severe aggregation of nanofillers in TFN membranes could even result 422 

in reduced membrane selectivity/integrity in some cases.59 Some studies have also reported the 423 

use of aquaporin-based TFN membranes for OMP removal.23, 24 Nevertheless, these bench-424 

scale studies (often conducted in forward osmosis experiments) are not fully supported by a 425 

recent pilot scale RO test.117 The cost-benefit and long-term performance of these membranes 426 

also need to be systematically investigated to verify their suitability for water reuse applications. 427 

 428 

In addition of the state-of-the-art polyamide membranes, a wide range of alternative membrane 429 

materials are also available, such as polyphenols, polyelectrolytes, COF, MOF, graphene, and 430 

GO (Figure 4B). Among them, polyphenols have demonstrated excellent selectivity of OMPs 431 

in a recent study.34 The scale up of polyphenol-based membranes also deem to be easier 432 

compared to other emerging materials (e.g., single layer porous graphene/GO membranes). 433 

Nevertheless, there has not been any report on the full-scale production of such membranes, 434 

and their long-term stability for water reuse application has not been verified. Indeed, scale up 435 

and stability issues are the two most critical concerns facing the emerging membrane materials. 436 

For example, despite that single layer porous graphene/GO membranes show good potential in 437 

bench-scale tests, these membranes generally involve stringent fabrication conditions, high 438 
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cost, and difficult for producing large membrane areas, making them unlikely suitable for water 439 

reuse applications at current stage. Similar constraints are also applicable to COF and MOF 440 

membranes, though to a lesser degree. In view of the limited stability (for the case of stacked 441 

2D laminates of GO) or the lack of report on long-term stability (for single layer porous 442 

graphene/GO membranes or COF/MOF membranes), it will take a long way to translate these 443 

novel materials from lab research into practical applications. Nevertheless, the potential reward 444 

of precise selectivity along with ultrahigh water permeability warrantees the continued search 445 

for the next-generation RO/NF membrane materials.      446 
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 447 
Figure 4. (A) The enhancement in water permeance and water-OMP selectivity for surface modified 448 
TFC, TFN, and TFNi membranes over that of conventional TFC membranes (represented by the dash 449 
lines). The data were extracted from 17 references.15, 25, 26, 28-32, 57, 66, 85, 87, 88, 118-121 (B) Outlook of various 450 
membranes for selective removal of OMPs. The horizontal axis represents the difficulties of full scale 451 
manufacturing for the different membranes. The vertical axis represents the water-OMP selectivity for 452 
the different membranes.  453 
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