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Abstract
The hyper-sensitivity of state-of-the-art polyamide-based membranes to chlorine is a major source of premature membrane failure and module replacement in water desalination plants. This problem can currently only be solved by implementing pre- and post-treatment processes involving additional chemical use and energy input, thus increasing environmental, capital, and operational costs. Herein, we report a chlorine-, acid-, and base-resistant desalination membrane comprising a cross-linked epoxide-based polymer selective layer with permanent positive charges. These novel membranes exhibit high mono- and divalent salt rejection (81% NaCl, 87% CaCl2, 89% MgCl2) and a water permeance of ~ 2 L m-2 h-1 bar-1, i.e., desalination performance comparable to that of commercially available nanofiltration membranes. Unlike conventional polyamide-based membranes, this new generation of epoxide-based membranes takes advantage of the intrinsic chemical stability of ether bonds while achieving the polymer and charge density needed for desalination. In doing so, the stability of these membranes opens new horizons for sustainable water purification and many other separations in harsh media in a variety of applications (e.g., solvent recovery, gas separations, redox flow batteries).
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Introduction
Tackling water scarcity is a global challenge as it affects two-thirds of the world population and its natural ecosystems.1–5 The interdependence of water production and energy consumption, the so-called water–energy nexus, calls for the use of energy-efficient water treatment technologies.6 Pressure-driven membrane desalination using reverse osmosis (RO) and nanofiltration (NF) enables the production of freshwater from saline water sources at an order of magnitude lower energy cost than thermal processes.7,8 Since 2000, the number and capacity of membrane desalination plants has increased substantially. Currently, they produce 65.5 million m³ water per day, accounting for 69% of the volume of desalinated water produced worldwide.9 
	State-of-the-art RO membranes exhibit high rejection for monovalent (> 99.4%) and divalent salts (~ 100%), but operate at elevated pressures (~ 60 bar) with a water permeance of ~ 2 L m-2 h-1 bar-1. Conversely, NF membranes allow a significant fraction of monovalent salts to pass through while largely rejecting divalent salts (> 80%), resulting in higher water fluxes at lower operational pressures (< 20 bar).10 Typically, RO/NF membranes are thin-film composite (TFC) membranes consisting of a dense polyamide (PA) selective layer on top of a porous support.11
Desalination of seawater or brackish water is one of the most important applications for TFC membranes. Modern desalination plants comprise a number of process steps (Figure 1), including (i) pre-treatment of the feed water for biofouling control using chlorine, an oxidant added in low doses (0.2–2.5 ppm NaOCl);12–14 (ii) chlorine removal (to levels < 0.01 ppm) using (meta)sodium bisulfite, to protect the PA membrane;13,15 (iii) membrane desalination; and (iv) freshwater rechlorination (1–2 ppm NaOCl) to avoid microbial growth in the utilities network.14 The chlorine sensitivity of PA membranes requires the use of this chlorination–dechlorination–rechlorination sequence that is inefficient, unsustainable, and difficult to operate. Accidental membrane chlorination due to incomplete dechlorination currently accounts for 18% of all desalination membrane failures.16 Therefore, the development of chlorine-resistant membranes is a strategic priority as it could reduce total plant costs by 30%13 by simplifying the process scheme, avoiding premature replacement of membrane modules, and allowing chlorine to be used as a membrane cleaning agent to avoid another 27% of membrane failures caused by biofouling.16 By reducing membrane failures and minimizing the quantity of chemicals needed for chlorination, dechlorination, and rechlorination, chlorine-resistant membranes are expected to substantially improve the sustainability of desalination processes. 
There has been an ongoing quest for chlorine-resistant membranes since the advent of PA-based membranes in the 1980s.14 Several approaches have been evaluated, but none could improve chlorine resistance without compromising salt rejection or water flux. These strategies include: using monomers that are less susceptible to chlorine-attack;15 applying protective coatings;15 embedding chlorine-quenching nanoparticles in the PA-selective layer;15 and replacing PA with various polymers.17–22 Recently, a polyester membrane with enhanced chlorine stability and performance similar to state-of-the-art RO membranes was developed, but showed signs of ester bond hydrolysis under alkaline conditions.23 Thus, despite the variety of approaches that have been attempted, a need exists for novel materials that achieve excellent chemical resistance and desalination performance. 
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Figure 1. Selected unit operations of a water desalination plant with conventional pre-treatment.24–26 Water is chlorinated for biofouling control, dechlorinated to avoid membrane oxidation, and rechlorinated before leaving the desalination plant to prevent microbial growth in the utilities network. The dechlorination and rechlorination steps become obsolete when the membranes are chlorine-resistant, thereby increasing the efficiency and sustainability of the process. 
A promising candidate material for chemically stable membranes is based on the use of epoxide chemistry, a versatile and well-established chemistry which yields products with high chemical resistance in applications ranging from protective coatings to adhesives.27 Epoxides can polymerize through their reactive oxirane ring to form poly(epoxyether) (PEE) networks. Recently, epoxides were utilized in membrane synthesis to obtain thin PEE layers using interfacially initiated polymerization (IIP) rather than bulk polymerization.28 Despite the excellent chemical resistance imparted by their ether bonds, this first generation of epoxide-based membranes was unsuitable for desalination because its loose polymer structure did not provide the necessary water–salt selectivity.
	Herein, the novel synthesis of water–salt selective and chemically resistant epoxide-based membranes is reported. This new generation of epoxide-based membranes comprises a dense and positively charged cross-linked poly(epoxyether) (XL-PEE) selective layer. Membrane selective layer properties are characterized to demonstrate the role of charge repulsion and size exclusion to reject dissolved ions. These chemically stable membranes achieve excellent water–salt selectivity (i.e., 81% NaCl, 87% CaCl2, 89% MgCl2 salt rejection and 2 L m-2 h-1 bar-1 water permeance), with future development anticipated to yield further improvements in performance. Membrane stability was also demonstrated by confirming desalination performance is unchanged after exposing membranes to harsh conditions (i.e., 200 ppm NaOCl, pH 3 HNO3, pH 10 NaOH).
Materials and Methods
Epoxide-based membranes with water–salt selectivity were prepared through IIP followed by a cross-linking treatment under conventional and scalable synthesis conditions (Figure 2). Briefly, the porous poly(acrylonitrile) (PAN) support is impregnated with an initiating aqueous tertiary diamine (N,N,N′,N′-tetramethyl-1,6-hexanediamine, TMHD, Figure S1) solution, and exposed to a tetrafunctional epoxide (tetraphenolethane tetraglycidylether, EPON, Figure S1) in toluene solution to initiate the ring-opening polymerization (Figure S2). After surface rinsing with toluene, the membrane is either immersed in water, causing chain termination, to obtain a ‘PEE membrane’, or further subjected to a cross-linking treatment. This treatment comprises contacting the IIP layer with the epoxide in toluene solution, rinsing with toluene, and contacting with the aqueous diamine solution. After a final rinse with toluene and immersion in water, a ‘XL-PEE membrane’ is obtained (Figure 2). The physicochemical properties, water–salt selectivity, and chemical resistance of membranes with (XL-PEE) and without cross-linking (PEE) were investigated to understand the benefits of the cross-linking treatment. For salt-selective membranes, stability in acidic, basic, and oxidizing conditions was then compared to that of commercial NF membranes. Full details on membrane synthesis and characterization techniques are provided in the Supporting Information. In general, cross-linking yielded a denser polymer network comprising more permanent positive charges, properties which contribute to substantially improved water–salt selectivity for XL-PEE membranes.
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Figure 2. Synthesis scheme of the cross-linked epoxide-based membranes. Interfacially initiated polymerization (IIP) of an epoxide in toluene solution by a diamine in water solution results in the formation of a selective layer on top of a porous support. After rinsing and immersing in water, a thin film composite poly(epoxyether) ‘PEE’ membrane is obtained, of which the hypothesized structure is shown. Cross-linking treatment of the IIP layer consists of sequentially applying a fresh epoxide solution, a toluene wash, and a fresh diamine solution. After rinsing and immersing in water, a cross-linked poly(epoxyether) ‘XL-PEE’ membrane is obtained. The assumed chemical structure of the XL-PEE network is shown, containing ammonium groups from TMHD incorporation and from protonation of the dangling amine groups of TMHD. 
Results and Discussion
The membrane chemical structure and composition were studied with infrared spectroscopy, X-ray photoelectron spectroscopy (XPS), and elastic recoil detection (ERD). Infrared spectra demonstrate the presence of a poly(epoxyether) layer on top of a PAN support for both the PEE and XL-PEE membranes (Figure S3). Complete disappearance of the oxirane C-O at 909 cm-1 confirms the successful ring-opening polymerization (Figure S4).29 High-resolution XPS spectra show signals originating from carbon, oxygen, and nitrogen atoms (Table S1-7). Interestingly, ammonium groups (NR4+ and NR3H+) are observed, and their abundance increases drastically from 0.2 at% for PEE to 1.6 at% for XL-PEE (Figure 3a, Table S6). NR4+ groups are expected as the product of the polymerization initiation, through the reaction of an EPON epoxide ring and a TMHD tertiary amine (Figure S2), while NR3H+ groups originate from protonation of dangling tertiary amine groups (pKa~10).30 During the cross-linking treatment, TMHD thus helps to densify the membrane by re-initiating the ring-opening polymerization and may also act as a cross-linker itself while the tetra-functional EPON serves as both monomer and cross-linker. In addition to the effect of crosslinking and selective layer density, the greater presence of ammonium groups in XL-PEE yields a membrane with a permanent positive charge. This charge hinders the transport of positively charged species which increases salt rejection in desalination applications. It should be noted it is possible a charged membrane surface may contribute to increased fouling via electrostatic interactions. Nevertheless, the chemical stability of XL-PEE allows for the use of intensified cleaning procedures which may offset or avoid detrimental fouling.
[image: ]
Figure 3. (a) Quaternary ammonium content (NR4+ and NR3H+) of the PEE and XL-PEE membranes as determined by high-resolution X-ray photoelectron spectroscopy (XPS). Standard deviations are based on 4 replicates, but are hidden by the symbols. (b) Elastic recoil detection (ERD) and XPS depth-profile results of the XL-PEE membrane. The ERD data (dark colors) are plotted on the upper x-axis up to a depth of 1300×1015 atoms cm-2 (equivalent to ~160 nm), solely probing the selective layer. The XPS data (light colors) are plotted on the bottom x-axis, probing both the selective layer and the support layer. Inset: transmission electron microscopy (TEM) cross-sectional images of the XL-PEE membrane. An average thickness of 176 nm is calculated for the selective layer. A blue box indicating the selective layer position is displayed on both the depth profiles and TEM image. (c) Top-view scanning electron microscopy (SEM) images and (d) atomic force microscopy (AFM) images of the PEE and XL-PEE membranes, with a root-mean-square roughness (RRMS) of 4 and 12 nm, respectively. The SEM and AFM scale bars apply to both images. (e) Diameter of the free-volume elements (FVE) inside the selective layer of the PEE and XL-PEE membranes, as determined via positron annihilation lifetime spectroscopy (PALS) measurements at 1 keV (~30 nm probing depth). Error bars represent standard deviation from the fitting routine, but are hidden by the symbols. 
With depth-profiling XPS and ERD, the elemental composition over the XL-PEE membrane thickness was investigated. XPS probed both the selective and support layers while ERD exclusively sampled the selective layer, with the results of both techniques in close agreement (Figure 3b, Figure S5a and b). The decreasing oxygen signal deeper into the selective layer, and concurrent nitrogen signal increase, indicate the transition from the selective layer (C−O−C and C−N+−C bonds) to the PAN support layer (C≡N bonds) (Figure S6). The gradual evolution, rather than a step function, is expected for ERD measurements of TFC membranes and has been demonstrated for conventional RO/NF membranes.31,32 Nonetheless, the selective layer thickness can be deduced from the O-N signal cross-over point on the XPS and ERD spectra. With depth-profiling XPS, this point is reached after ~ 60 s of sputtering, and with ERD after the detection of ~ 1300×1015 atoms cm-2, coinciding with a selective layer thickness around 160 nm (Figure 3b).
	Membrane morphology was investigated using scanning and transmission electron microscopy (SEM and TEM), as well as atomic force microscopy (AFM). Top-view SEM images show bulky protrusions on a flat membrane surface (Figure 3c). These protrusions likely originate from the abrupt termination of the living polymerization resulting in loose, hollow vesicles. AFM topography at higher magnification than SEM reveals extremely smooth membrane surfaces exist between these protrusions, with a root-mean-square (RMS) roughness of 4 and 12 nm for the PEE and XL-PEE membranes, respectively (Figure 3d). The low roughness of the epoxide-based membranes is similar to that of some conventional NF membranes (~ 10 nm), and is far lower than that of conventional RO membranes (80–100 nm),33 offering the potential to reduce fouling for these novel epoxide-based membranes.34 Cross-sectional TEM images show the XL-PEE selective layer fully covers the porous PAN support and has an average thickness of 176 nm, in agreement with XPS and ERD results (inset Figure 3b, thickness in Figure S7), and similar to the thickness of conventional desalination membranes.33 The PEE membrane could not be imaged due to likely detachment of the relatively loose selective layer from the support during microtome sectioning, as observed elsewhere.35 
	Positron annihilation lifetime spectroscopy (PALS) was used to investigate the size and abundance of free-volume elements (FVEs) in the selective layer (i.e., ~ 30 nm probed depth). The PEE membrane contains FVEs of 5.9 Å in diameter while those of XL-PEE are 5.3 Å (Figure 3c), providing evidence the cross-linking treatment increased membrane density and reduced FVE size to a value approaching that of conventional RO membranes (i.e., 4.9 Å).36,37 The ortho-positronium intensity, linked to the relative abundance of FVEs, is constant (16–19%) (Figure S8). Assuming a similar o-Ps formation probability for both membranes, these data indicate the number of FVEs in the selective layer remains largely unaffected by densification. The reduction in FVE size for XL-PEE increases salt transport resistance which contributes to improved water–salt selectivity as compared to the PEE membrane.
	Membrane performance was investigated with respect to RO/NF applications. The pure water permeance (expressed as water permeability coefficient A) of PEE and XL-PEE membranes was found to be 3.2 and 2 L m-2 h-1 bar-1, respectively, performance comparable to conventional RO membranes (Figure 4a). The reduction in water permeance after cross-linking treatment is consistent with the densification observed with PALS. The XL-PEE membrane further exhibits tremendously improved water–salt selectivity for both mono- and divalent salts compared to the PEE membrane due to its increased selective layer density and charge. Specifically, rejection increased from below 30% to 81% for NaCl, and from below 30% to 89% and 87% for MgCl2 and CaCl2, respectively (Figure 4b). Compared to commercial NF membranes, the divalent salt rejections are similar,38 but the NaCl rejection is far greater for the XL-PEE membranes (~ 40% NaCl rejection for Filmtec® NF27039 and Synder® NFX40). While it is often difficult to classify membrane performance as either NF or RO, salt rejection is considered to be more important than water permeability in making such designations. In light of the monovalent and divalent salt rejection, XL-PEE is therefore categorized as a ‘tight’ NF membrane, and holds great potential for applications such as water softening.10 
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Figure 4. (a) Water permeance, expressed as water permeability coefficient (A), of the PEE and XL-PEE membranes. The value of A for industrial RO applications is highlighted with a vertical dashed line. (b) NaCl, MgCl2, and CaCl2 rejection (R) of the PEE and XL-PEE membranes. The minimum required rejection for ‘tight NF’ applications is highlighted with a vertical dashed line. (c) NaCl rejection after chlorine (200 ppm NaOCl, 15 h), acid (HNO3, pH 3, 15 h) and caustic (NaOH, pH 10, 15 h) treatment of the XL-PEE and polyamide-based NF270 membranes, normalized to the rejection of the pristine membranes. Unaltered performance is highlighted with a vertical dashed line.
The chemical resistance of the epoxide-based membranes was investigated by immersing membranes in acidic (HNO3, pH 3, 15 h), alkaline (NaOH, pH 10, 15 h), and oxidizing (200 ppm NaOCl, 15 h) solutions prior to filtration. This diverse set of conditions was selected to demonstrate XL-PEE stability across a range of the most important harsh environments. While the acid and alkaline test conditions were limited by the PAN support pH stability,41 membrane stability is validated in each of these conditions which can be explored further through intensified experiments in future studies. In each harsh condition, the XL-PEE membrane maintained its excellent NaCl rejection owing to its inherently stable ether backbone (Figure 4c). Although a slight change in the average normalized NaCl rejection is observed for XL-PEE, the standard deviations overlap the pristine membrane performance, and thus no significant change in NaCl rejection was observed. No change in the characteristic infrared bands was also observed, further confirming membrane chemical integrity is maintained (Figure S9). Conversely, state-of-the-art Filmtec® NF270, a commercial polyamide membrane with comparable salt rejection, lost 80% of its separation capacity after chlorine treatment. Whereas the polyamide selective layer of NF270 was susceptible to chlorine degradation, the inherently stable ether backbone of XL-PEE imparts excellent chlorine resistance to the epoxide-based membrane. 
These results demonstrate that XL-PEE is suitable for NF applications and can withstand severe cleaning conditions with acidic, alkaline, and chlorine solutions to remove a variety of detrimental foulants and scale-forming species. Importantly, chlorine can also be dosed throughout the water treatment process without concern for negatively impacting membrane performance. Further, the ether bonds are expected to remain stable at pH < 3 and pH > 10, enabling opportunities for separations in extremely harsh media when PAN is replaced with alternative support materials for specific applications.
	The mechanisms governing salt rejection for the XL-PEE membrane appear to be dominated by the anion (Cl-), as relatively similar rejections for monovalent and divalent chloride-containing salts are obtained (81% NaCl, 87% CaCl2, and 89% MgCl2) (Figure 4b). These results indicate the strong ion-pairing between chloride anions and permanent positive charges in the membrane contribute substantially to salt rejection, in agreement with ion association models for membranes with fixed charges (detailed information in the Supporting Information).42 Additionally, XL-PEE salt rejection is independent of pH (pH 3–11, Figure S10), providing additional evidence for the presence of permanent quaternary ammonium groups inside the network that increase salt rejection.
Several variations on the cross-linking treatment were also performed which highlight the role of crosslinking and charge incorporation to yield a water–salt selective membrane (Figure S11 and S12). Specifically, during the densification of XL-PEE membranes, EPON acts as a monomer and cross-linker to densify the network, while TMHD acts as a polymerization re-initiator, a source of charge-bearing groups, and possibly also as an additional cross-linker. Repeated cross-linking treatments did not yield any further improvements in performance (Figure S13), nor significantly change the membrane physicochemical properties (Table S1–7, Figure S7, S8, and S12).
This work introduces epoxide-based membranes which are able to compete with conventional polyamide membranes for water desalination applications, but with strongly increased chemical resistance. By improving membrane stability, significant cost savings and improved sustainability are expected which may offset any increased cost of using a novel membrane technology. The membranes presented here are the first epoxide-based membranes to demonstrate water–salt selectivity, with additional development anticipated to yield further improvements in desalination performance. A promising approach to the development of chlorine-resistant membranes is demonstrated by synthesizing membranes comprising materials with inherent chlorine stability, such as the ether backbone of the epoxide-based TFC membranes. The results of this study demonstrate how post-treatment of IIP-synthesized layers is a powerful strategy for polymer densification and charge incorporation. The presence of permanent charges is not only key to achieving a high water–salt selectivity, but also offers opportunities for tailored solute–solute selectivity and application as ion-exchange membranes.43 Furthermore, the outstanding chemical resistance of epoxide-based membranes will help enhance the robustness of membrane processes, extend the application window of membrane technology to harsher conditions of extreme pH, and allow application of intensified, thus more efficient, membrane cleaning procedures to improve process sustainability.

Supporting Information
Please refer to the Supporting Information available online for detailed information on materials, synthesis and characterization methods, ion rejection mechanisms, and supporting tables and figures referred to in the main text.
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