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Abstract 
This paper describes a novel approach for enhancing membrane technology for the removal of heavy metal cations in contaminated waters. A simple method of forming a positively charged polyamide (PA) nanofiltration (NF) membrane has been developed by attaching a layer of hyperbranched polyethylenimine (PEI) to the PA surface, involving the linking of PEI amino groups to the PA surface carboxyl groups. The nature of the PEI modified PA membrane, in terms of surface morphology, zeta potential and hydrophobicity was found to depend on the PEI molecular weight (MW), and the PEI concentration and membrane exposure time during preparation. In turn, the nature of the modified membrane determined its performance in terms of hydraulic flux and metal ion rejection. In tests using a model solution of 5 mg/L Cu2+ and a 70,000 MW PEI membrane the Cu rejection was >90%, with only a modest reduction in flux compared to blank water. The Cu2+ rejection was found to be a combination of electrostatic repulsion and adsorption, with the relative proportions depending on the nature of the PEI modified PA membrane. In addition, the Cu2+ rejection and membrane flux were found to be sustainable over repeated filtration cycles, and the rejection was not adversely affected by the presence of humic acid in solution (5mg/L).
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1 Introduction
[bookmark: OLE_LINK3][bookmark: OLE_LINK2]Nowadays, the occurrence of heavy metals in natural waters, arising from the discharge of industrial wastewaters, is a cause of serious public attention because of their potential toxicity to human beings and the environment [1-3], and bioaccumulation in animals and humans through the food chain [4-6]. Copper is one of the most important heavy metal pollutants which arises from industrial and household waste, refineries, mine washing waste, and toxic paints [7]. Although the typical daily intake of Cu element for an adult is 1.5~2 mg, toxic effects can be significant when the concentration of Cu2+ is higher than the guideline value of 2 mg/L [8]. 
In general, it remains a scientific challenge to remove Cu2+ efficiently in order to meet wastewater discharge standards [9-11]. Over the past few decades a large number of methods have been utilized to separate and concentrate Cu2+ and other heavy metal ions, including solid-phase extraction (SPE) [8, 12-14], liquid-liquid extraction [15, 16], ion-exchange [17-21], co-precipitation [22-24], electrochemical deposition [25-27], cloud point extraction [28, 29], membrane separation [30-33], and flotation. Among these methods, membrane separation one of the most promising technologies owing to its comparatively high efficiency, easy operation, decreased footprint, and potential for metal recovery [34, 35].
In general, membrane separation technologies for Cu2+ removal include ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). UF is a low-pressure membrane separation process with a much higher flux and lower investment cost than NF and RO; however, this method of removing heavy metal ions is limited by the large membrane pore size, and UF membranes are usually modified with functional groups with a saturated adsorption capacity that limits the continuous application of the UF process [36, 37]. In contrast, RO membranes can remove heavy metal ions efficiently, but require high operational pressures which increases their energy costs [38-40]. Thus, the lower energy and operational costs of NF, together with its treatment potential, represent the most promising form of membrane technology for heavy metal separation [35, 41, 42]. 
Both size exclusion and the Donnan effect are important mechanisms governing the rejection of heavy metal ions by NF membranes [43]. The surface chemical composition, and particularly the charge on the membrane surface, have a major influence on the interception of ions [44, 45]; in turn, the pollutants rejected by the NF membrane correspondingly influence the surface chemical composition and charge [43]. PA based composite membranes are widely used as NF membranes owing to their high permeation performance. However, the surfaces of PA membranes are negatively charged due to the presence of abundant carboxyl groups, which mitigates their effectiveness in the rejection of heavy metal ions. One approach to improve cation rejection is to reverse the charge on the membrane surface.
Recently, many methods have been used to prepare positively charged NF membranes, which have included interfacial polymerization [46], phase inversion [47, 48], surface crosslinking [34, 49, 50], layer-by-layer assembly [51, 52] surface grafting [53-55], and electrospinning[56]. However, most of these methods have been developed for ad-hoc membrane applications, and a simple and effective method for more general commercial use is currently required. In this paper, we describe the development of a novel NF membrane based on a commercial PA membrane modified with a single molecular layer of hyperbranched polyethylenimine (PEI). The resulting positively charged NF membrane has been evaluated in detail and has demonstrated an exceptional interception performance for Cu2+ ions; this is described in the following sections. 

2 Experimental methods and materials
2.1 Materials 
Commercial aromatic PA membranes were supplied by Beijing Separate Equipment Co., Ltd (Beijing, China). Hyperbranched PEI (Figure S1) with four different number-average molecular weights of 600 g/mol (99 w.t.% water solution), 1,800 g/mol (99 w.t.% water solution), 10,000 g/mol (99 w.t.% water solution) and 70,000 g/mol (50 w.t.% water solution), were used as the modifying agents and were purchased from Aladdin (Shanghai, China). N-Hydroxysuccinimide (NHS, purity 98 w.t.%) and N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, purity 98 w.t.%) were also purchased from Aladdin (Shanghai, China). Copper (II) nitrate trihydrate (Cu(NO3)2·3H2O, AR) and magnesium chloride hexahydrate (MgCl2·6H2O, AR) were obtained from Sinopharm Chemical Reagent Limited Corporation (Shanghai, China). Humic acid sodium salt (technical grade) was purchased from Sigma-Aldrich (Shanghai, China). All chemicals were used as received without further purification unless otherwise specified.

2.2 Chemical modification
Carboxyl activator was prepared by dissolving 0.45 g EDC (1.5 w.t.%) and 0.09 g NHS (0.5 w.t.%) in 29.46 g DI water [57, 58]. A PA membrane with a diameter of 7.8 cm was immersed in DI water for at least two days to remove protective agents contained in the membrane. The PA membrane was then immersed in the EDC and NHS solution for at least one hour to activate the carboxyl on the surface of the PA membrane. After washing at least three times with DI water to remove excess EDC and NHS, the PA membrane was immersed in PEI solution with different concentrations and for different times. Finally, the modified PA membrane was carefully rinsed with DI water to remove excess modifying agent and then kept in DI water for later use. The above chemical modification procedure for changing the charge on the PA membrane surface from negative to positive is shown schematically in Figure 1 (a) and Figure S1.

2.3 Characterization
The near-surface chemistry of the membranes was analyzed by X-ray photoelectron spectroscopy (XPS) (ESCALAB 250Xi, Thermo Fisher, UK) and energy dispersive spectrometry (EDS) (GM×30, Ortec, USA). The charge property of the membrane surface and the zeta potential of the PEI solutions for different pH conditions were characterized by zeta potential measurements performed with a Zetasizer Nano analyzer (ZS 90, Malvern, UK). Fourier transform infrared spectroscopy (FTIR) of PA membranes modified with PEI were measured by using a Thermo Fisher (Nicolet 8700, USA) instrument with a wavenumber range of 500~4000 cm-1. Water contact angles (WCAs) of the PA membranes were performed using a contact angle goniometer (OCA 15EC, Dataphysics, Germany). The morphologies of the PA membranes were observed by a field emission scanning electron microscope (FESEM) (SU 8020, Hitachi, Japan). The surface roughness of the PA membranes was measured by an atomic force microscope (AFM) (Fastscanbio, Bruker, Germany) with a scan area of 1.5 μm × 1.5 μm. The Cu concentration and conductivity of all feed solutions, filtrate solutions and concentrated solutions of Cu2+, were analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Optima 8300, Perkinelmer, USA) and conductivity meter (FD38-Standard, Mettler Toledo, USA), respectively.

2.4 Nanofiltration (NF) performance
The water flux of membranes (J, L·m-2·h-1·MPa-1) and Cu2+ ion rejection (Rs, %) were determined using a lab-scale ‘dead-end’ flow cell (8500, Millipore, USA) with an effective membrane diameter of 7.8 cm. The filtration experiments were carried out at room temperature under an applied pressure of 0.4 MPa, and an electronic balance (AX523ZH, Ohaus, USA) was used for recording the mass of flow continuously (Figure S6). 
The flux of water and Cu2+ solution (J, L·m-2·h-1·MPa-1) were determined using Eq. (1) [59]:
 J=V/(A·t·P)                                     (1)
Where V represents the volume of permeate (L), A is the effective membrane area (m2), t is the permeation time (h) and P is the applied pressure (MPa). The densities of pure water and Cu2+ solution were assumed to be 1 g/mL in both cases. 
The solute rejection Rs (%) was calculated using Eq. (2) [34]: 
Rs = (1－Cp/Cf )×100%                                        (2)
where Cp and Cf represent the solute filtrate and feed concentrations (mg/L), respectively. 
The value of Rs is determined by many factors, such as the pore size, hydrophilicity and surface charge of the PA membrane, with the latter, in this study, causing a repulsive force because of the positive charge of the PEI on the surface of the PA membrane. In addition, the adsorption of Cu2+ ions by the PEI surface modification of the PA NF membrane could also improve the Rs of the modified PA membrane for the Cu2+ ions. Therefore, in our analysis we divided the Cu2+ ion content during filtration into three parts, the mass of Cu2+ adsorbed by the PEI modification on the surface of the PA membrane (Ma, mg), the mass of Cu2+ rejected by PA membrane by other effects (Mi, mg), and the mass of Cu2+ permeating through the PEI-PA membrane (Mp, mg). Thus, the mass Mi of Cu2+ remains in the concentrated solution and the mass Mp of Cu2+ passes through the PEI-PA NF membrane in the permeate solution. In this analysis, the term Rs can be described as the apparent rejection, which represents all the factors contributing to the rejection of Cu2+ ions. Another term related to Rs, is the actual rejection, Ra (%), which represents the rejection performance of the membrane for the Cu2+ ions but excluding the adsorption effect of the PEI modification on the PA membrane. The four parameters, Ma, Mi, Mp and Ra, were calculated using the Eqs. (3) to (6), respectively:
Ma=Vf·Cf－Vp·Cp－Vc·Cc                                        (3)
Mi=Vp·Cf－Vp·Cp－Ma                                           (4)
Mp=Vp·Cf－Mi－Ma=Vp·Cp                                       (5)
Ra=Mi/(Vp·Cf)×100%                                            (6)
where Vf, Vp, Vc represent the volume (L) of total feed solution, permeate solution and concentrated solution; Cf, Cp, Cc represent the solute concentration (mg/L) of the feed, permeate and concentrated solutions, respectively. As the mode of filtration was ‘dead-end’, the volume ratio of permeate and concentrate was 1:1 unless otherwise specified.
As the filtration process was conducted under a constant applied pressure with no stirring, a concentrated polarization layer of Cu2+ will occur at the surface of the PA membrane during the filtration process. However, little Cu2+ in the concentrated solution would be expected to diffuse into the surface of the PA membrane and pass through into the permeate solution. Therefore, it was assumed that the adsorbance Ma, interception Mi and permeate Mp quantities could be determined approximately by Eqns (3) ~ (5). As indicated above, the calculated values of Rs (%) in this study represented all the solute rejection effects, while the calculated values of Ra (%) excluded the effect of physico-chemical adsorption and represented the Cu2+ separation arising from the pore size exclusion, hydrophilicity and electrostatic repulsive force from the positively charged PEI-PA membrane surface; thus, the role of the latter can be inferred from the values of Ra.

3 Results and discussion
3.1 Characterization of modified PA NF membranes
It has been reported previously that negative charges are widely distributed on the surface of PA membrane owing to the dissociation of carboxyl groups [60, 61]. These negative charges on the solid surface can adsorb positively charged species by weak electrostatic attraction, such as some heavy metal ions. To improve the separation performance of the membrane for heavy metal ions like copper ions (Cu2+), a method of chemically modifying the membrane with PEI, comprising abundant amino groups, was employed in this study.
Based on the fundamentals of amide chemistry, the reaction between carboxyl and amino groups can occur at room temperature in an aqueous environment by using carboxyl activator agents, such as the NHS (Figure S1 c) and EDC used in this study (Figure S1 d) [62, 63]. PEI, of four different molecular weights (Figure S1 b), was utilized to react with the carboxyl groups on the surface of PA membranes (Figure S1 a) to form alternative PEI-PA membranes. Since the carboxyl group activation by EDC and NHS was unstable, the activated and rinsed PA membranes needed to be immersed in the PEI solution as soon as possible. Figure 1 (a) and Figure S1 (e) show schematically the process of PA membrane modification with PEI. Figure 1 (a) also highlighted the mechanism of rejecting Cu2+ by the modified PA membrane. Thus, the PEI was able to change the surface charge from negative to positive by reducing the content of carboxyl groups and increasing the presence of amino groups on the membrane surface. Owing to the presence of ample positive charged amino groups, copper ions initially bind to the amino groups by means of coordination bonds, which then leads to electrostatic repulsion between the PEI-PA membrane surface and the copper ions in the bulk solution. In addition, the presence of the PEI polymer structure covering the membrane surface reduced the effective pore size of the NF membrane which also contributed to the rejection of the copper ions. With enrichment of the copper ions on the membrane surface, a concentrated polarization layer of copper ions formed, which continued to intercept subsequent copper ions in the feed solution. Thus, the combination of the above phenomena led to the substantially greater interception of copper ions by the PEI modified membrane, compared to the unmodified PA membrane (Figure 5c).
X-ray photoelectron spectroscopy (XPS) is a useful analytical technique for providing quantitative and qualitative information about the surface composition of the unmodified and PEI modified membranes. Prior to XPS analysis, samples were oven-dried at 30 C overnight. Figure 1 (b) summarized the XPS results for the pristine PA membrane, the pristine PA membrane after filtering Cu2+ solution, the PA membrane modified with 1 w.t.% PEI 70,000 for 4 h and this modified PA membrane after filtering Cu2+ solution. The XPS spectra of the four samples all displayed emission peaks at 283.1 eV for C1s, 398.0 eV for N1s and 531.0 eV for O1s. After filtering the Cu2+ solution, the peaks of Cu 3p (77.0 eV) and Cu 2p (~940 eV) appeared only for the modified PA membrane, and there were no detectable peaks corresponding to the Cu element in the spectra of the other three samples. Magnified images of the spectra in the 925-970 eV range are shown on Figure 1 (c) to highlight the characteristic peaks of Cu 2p. The peaks at 955.0 eV and 935.6 eV were assigned to Cu 2p1/2 and Cu 2p3/2, respectively [64]. The two main peaks and the shake up satellites at a higher energy of 943.9 eV and 964.5 eV identified the presence of Cu2+. The peak at 933.0 eV was also observed, which corresponds to the Cu 2p3/2 peak of Cu1+ [65], while the peak at 952 eV, corresponding to the Cu 2p1/2 peak of Cu0, was not observed. The XPS information implied that the Cu element on the surface of the PEI-PA membrane was in two states, these being Cu2+ and Cu1+. The appearance of Cu1+ might be the result of chemical reduction of the Cu2+ to Cu1+ by the amino groups on the PEI chain. A surface element analysis of the four samples is given in Table S1, which indicated that the PEI modification increased the nitrogen content of the PA membrane from ~10% to ~12% and decreased the C/N ratio from 7.3 to 5.8. The quantity of copper present on the surface of the modified PA membrane after filtration of the Cu2+ solution was 2 w.t.%. FTIR spectroscopy was used to reveal the functional groups of the modified and unmodified PA membranes (Figure S2). The magnitude of the peak at 1,680 cm-1 assigned to the amide group increased slightly with the molecular weight of the PEI used in the modification. Since the modification corresponded to only a single molecular layer of PEI, the differences in the FTIR spectra of the pristine and modified PA membranes were not obvious or significant which indicated that the method of membrane modification used in this study is substantially different from other methods (e.g. spin, deposition, soaking, etc.) [66]. In summary, these results showed that the surface of the PA membrane was successfully modified by PEI and that the amino groups could bind the Cu2+ during the filtration of influent Cu2+ solution.
Zeta potential measurements can indicate the electrical charge properties of the PEI polymer and the membrane surface. Figure 1 (d) shows the variation of zeta potential with pH for the PEI of different molecular weights. It can be seen that the pattern of variation was similar for all membranes, whereby the zeta potential generally increased with pH value from 2 to 7, with a positive charge, and then decreased to zero (or negative) with pH value from 7 to 11. The maximum zeta potential of all PEI at neutral pH is believed to be a consequence of the decreasing cationic charge of PEI with pH. Thus, at low pH the PEI is strongly cationic and this leads to a more linear polymer structure and greater contact with the negatively charged PA surface (carboxyl groups) and charge neutralization. At higher pH (6-8), the PEI cationic charge is less, which leads to less surface contact and more polymer loops and tails, and thus more residual cationic charges. With the change of pH from neutral to basic, the overall zeta potentials decrease as the PA surface becomes increasingly negative and the PEI less cationic. And it could be seen that the zeta potential decreased with the molecular weight of PEI decreasing at the neutral environment which might be because of the bigger loops and tails for the higher molecular weight PEI. The two reasons conspired to cause the zeta potential of PEI 70,000 reaching the highest value of 45 mV at the natural environment.
Figure 1 (e) summarized the surface zeta potentials of the pristine and PEI modified PA membranes at neutral pH. It can be seen that the zeta potential of the pristine PA membrane was negatively charged (ζ = -6.97 mV), and after modification with PEI 600, PEI 1,800, PEI 10,000 and PEI 70,000, the surface charge became increasingly positive with potentials of +16.2 mV, +17.8 mV, +26.9 mV and +35.5 mV, respectively. For the latter case (PEI 70,000) the zeta potential declined from +35.5 mV to +23.8 mV after filtration of Cu2+ solution, which was attributed to the negative charge of nitrate ions located around the Cu2+ binding to the amino group of the PEI by coordination bonding. To verify this experimental phenomenon, we prepared other PEI modified PA membranes and immersed the membranes in Zr4+ solution for 1 hour. Similar results were obtained with the zeta potential value of “PA + PEI + Zr” of 26.9±1.9 mV was lower than the 35.5±1.4 mV of “PA+PEI”. In summary, the results confirmed that the PEI-based modification method successfully modified to the surface of the PA membrane by changing the surface charge from negative to positive.

3.2 Morphology of modified PA NF membranes 
The morphology of the functional layer of the pristine and modified PA membranes was examined by SEM analysis and details are shown in Figure 2 (a)~(c). The granular analogue appeared in all of the three SEM graphs with little variation. The mathematical statistics and Gaussian distribution of the granular analogue size embedded in the three SEM maps were based on at least 500 particles counted by using Nano Measure software. The average size and principal size range of the granular analogue for the pristine PA membrane was 53.7 nm and 30~70 nm, and after modification with PEI 70,000 the average size increased to 57.7 nm and the principal size range narrowed slightly to 40~70 nm. After filtration of the Cu2+ solution with the latter membrane (PEI 70,000) there was little change in both the average size and size range of the granular analogue, which were 56.4 nm and 40~70 nm respectively. Figure 2 (d) shows the EDS mapping of C, N, O and Cu for the PEI 70,000 membrane after filtration of the Cu2+ solution. The corresponding EDS energy graph and element contents are shown in the Supporting Information (Figure S3 and Table S2). The elemental content for C, N, O and Cu were 66.94%, 12.41%, 18.64% and 2.00% respectively, which were consistent with the XPS results that showed the surface binding of Cu2+ ions to the PEI modified membrane.
Further information regarding the membrane surface morphology was provided by AFM analysis and stereo AFM pictures are presented in Figure 3 (a)~(d), and with quadruple magnification in Figure 3 (e)~(h). The calculated arithmetic mean roughness (Ra) of the pristine PA membrane was 3.88 nm, and this increased to 4.08 nm and 3.96 nm after modification with PEI 1,800 and PEI 70,000 respectively. The corresponding root-mean-square roughness (Rq) of the pristine PA membrane was 4.98 nm, and this similarly increased to 5.09 nm and 5.16 nm after modification with PEI 1,800 and PEI 70,000. The Ra and Rq values were relatively close due to the relatively small quantity of PEI on the surface of the PA membrane, and which was obvious distinct from the handing method of multiple spin. After filtration of Cu2+ solution, the Ra and Rq of the PA membrane modified with PEI 70,000 increased to 4.55 nm and 5.86 nm, which was attributed to the deposition of copper nitrate and its conversion to copper hydroxide in the process of drying the membrane. Complementary depth analysis results for the PA and PEI-PA membranes are shown in Figure 3 (i)~(l). Compared to the pristine PA membrane, the depth distribution of the PA membranes modified with PEI 1,800 and PEI 70,000 varied in two directions because the PEI 1,800 with smaller polymer chains was more easily modified at lower depths on the membrane surface than the larger PEI 70,000 polymer. After filtering Cu2+ solution, the solutes deposited at the lower depths on the membrane leading to the depth distribution moving toward smaller depths. 

[bookmark: OLE_LINK4]3.3 Flux and water contact angles of modified PA NF membranes 
Figure 4 (a) (c) (d) (f) (g) summarized the variation of flux for the PA membrane with different modification conditions (i.e. PEI MW, concentration and exposure time). The initial pure water flux of the PA membrane was approximately 100 L·m-2·h-1·MPa-1 and this decreased by more than 10% after modification with PEI under all conditions. As could be seen in Figure 4 (a), the decrease of flux was greater as the molecular weight of the PEI increased, possibly because increasing molecular weight of PEI reduces the effective flow openings, and/or increases the PEI layer thickness (Figure 3(l)), of the PA membrane. The influence of PEI concentration on membrane flux can be seen in Figure 4 (c) and (d). For PEI 70,000 it was clear that the flux decrease due to the PEI was greater with increasing PEI concentration. Thus, the percentage decrease of flux was 13.9% at a concentration of 0.1%, which rose to 26.2% at a concentration of 2% of PEI 70,000. In contrast, for the membrane modified with PEI 1,800 there was less reduction in flux compared to the membrane modified by PEI 70,000, which can be attributed to a reduced blocking effect on the membrane pores with the lower MW of PEI 1,800, but also an opposite trend with PEI concentration was evident. The corresponding values for PEI 1,800 were a percentage decrease of flux of 15.4% at a concentration of 0.1%, which decreased to 13.2% at a concentration of 2% of PEI 1800. The reason for this contrasting behavior is unclear but may be related to a PEI morphology which is flatter (reduced depth) with the smaller polymer chain length of PEI 1,800, and increasing concentration leads to a slightly more porous PEI layer. 
Meanwhile, the membrane hydrophilia increased with the added modified content. And in Figure 4 (f) and (g), we could see that when the PA membranes were modified with 0.1% PEI 70,000 for 0.5, 1, 2, 4, 6 and 8 hours, the decrease percentage of fluxes were 17.5%, 18.8%, 19.0%, 20.2%, 18.8% and 17.6%. The decrease percentage of fluxes firstly increased with the time of modification for the amino of PEI reacting with the carboxyl that resulted in the decrease of the membrane hydrophilia. And then the decrease percentage of fluxes decreased with the time of modification for the amino of PEI increasing with the deposition of PEI on the membrane that resulted in the increase of the membrane hydrophilia. When the PA membranes were modified with 1% PEI 70,000 for 0.5, 1, 2, 4, 6 and 8 hours, the decrease percentage of fluxes were 25.6%, 24.1%, 22.2%, 25.4%, 26.5% and 27.7%. It was the exact opposite of modifying 0.1% PEI 70,000 for modifying 1% PEI 70,000. The decrease percentage of fluxes firstly decreased with the time of modification for the amino of PEI increasing with the deposition of PEI on the membrane that resulted in the increase of the membrane hydrophilia. Whereafter the decrease percentage of fluxed increased with the time of modification for the great amount PEI depositing on the membrane that resulted in the increase of blockage effect on the membrane. 
The water contact angle (WCA) is widely used as an indication of the relative hydrophilicity / hydrophobicity of membranes in water/wastewater treatment. The WCA was found to vary with time and so measurements were made within the first 180 seconds of the measurement procedure, and the variation of the WCA with the PEI modification conditions are displayed in the Supporting Information (Figure S7 (a)~(f)). The contact angle for all the membranes was calculated in each case as an average for the initial 180 seconds, and the results are shown in Figure 4 (b) (e) (h). The WCA was found to be influenced by the modification conditions, specifically the exposure time, the concentration and molecular weight of PEI, and the behavior can be described with reference to four different conditions (labelled I-IV in Figure 4 (b) (e) (h)): (I) under the modification corresponding to short time, low concentration and small molecular weight of PEI, the carboxyl groups on the membrane surface were consumed by reactions with the amine group of PEI which resulted in a decrease in the hydrophilicity of the membrane and increase in the WCA; (II) at greater modification time, concentration and molecular weight of PEI, the amount of amine groups of PEI increased, which resulted in an increase in the hydrophilicity of the membrane and decrease of WCA; (III) for particular combinations of modification time, concentration and molecular weight of PEI whereby the PEI layer obstructs the nanochannels in the PA membrane so that the flow of water through the PA membrane is impeded. For this case the hydrophilicity of PA membrane decreased and the WCA increased; (IV) when the modification time and concentration of PEI were at their greatest, the thickness of the PEI deposition on the PA membrane significantly exceeded that of a single molecular layer. In this case, the WCA of the PA membrane was determined principally by the properties of PEI, and the measured WCA decreased with longer time and higher concentration.  

3.4 Rejection performance of modified PA NF membrane for Cu2+
Filtration tests were conducted using the laboratory system shown schematically in the Supporting Information (Figure S6) and ICP-OES analysis to measure the Cu2+ rejection by the modified PA membranes under different conditions. All the feed solutions had a Cu2+ concentration of ~5 mg/L and all the volume ratios of filtrate and concentrate was 1:1 unless otherwise specified. 
The results shown in Figure 5 consider the role of the PEI molecular weight. In Figure 5 (a), it can be seen that the flux of the Cu2+ solution decreased for the unmodified and modified PA membranes because of the enriched Cu2+ on the membrane surface forming an additional resistance to flow. The decreases in flux were 9.6% for unmodified PA, 9.4% for PEI 600, 6.2% for PEI 1,800, 9.2% for PEI 10,000 and 9.0% for PEI 70,000. Although the average flux reduction was slightly lower for PEI 1,800, the difference was within the experimental variation of the tests and therefore of uncertain significance. In Figure 5 (b), it was evident that the filtrate Cu2+ concentrations decreased significantly and systematically with increasing PEI molecular weight of the modified membrane. Thus, the lowest filtrate Cu2+ concentration of 0.38 mg/L was obtained with the PA membrane modified with PEI 70,000 (1%, 4h), in sharp contrast to the filtrate concentration of the unmodified PA membrane which only decreased to 3.15 mg/L. This is regarded as an important and promising result whereby the modified PA membrane was able to treat a high concentration (5 mg/L) of Cu2+ to a concentration well below the drinking water standard. The corresponding rejection values, calculated by the two methods, are shown in the Figure 5 (c). The apparent rejection value, Rs, was only 38.9% of the unmodified (blank) membrane, but reached a very high value of 92.5% with the membrane modified with PEI 70,000. For the actual rejection value, Ra, there was a major difference between 36.0% for the unmodified membrane and 68.2% for the membrane modified with PEI 70,000. The proportions of Cu2+ adsorbed, intercepted and in the permeate (permeance) by the modified membrane with different PEI molecular weights are shown in Figure 5 (d). It can be seen that the adsorbance and interception ratio of Cu2+ increased with the molecular weight of PEI, with PEI 70,000 achieving the greatest separation of Cu2+ through adsorption and interception. These results showed that the high degree of Cu2+ rejection was not only due to adsorption by PEI, but also due to the repulsion of copper ions by the positive charge of PEI.
In Figure 6, the influence of PEI concentration is summarized with respect to the use of PEI 70,000 for the membrane modification. As shown in Figure 6 (a). the decrease in flux with the Cu2+ solution was not significantly affected by the PEI 70,000 concentration in the range of 0% to 2%. In terms of separation performance, a high degree of Cu2+ removal was found with all PEI 70,000 concentrations (Figure 6 (b)), with the lowest Cu2+ concentration of 0.35 mg/L achieved by the 2% PEI. The corresponding Cu2+ rejection values are shown in Figure 6 (c). Although the apparent rejection (Rs) was consistently high for all PEI concentrations, with the highest at 2% PEI, the actual rejection (Ra) also increased up to 1% PEI but decreased at the higher PEI concentrations of 1.5% and 2%. It is suggested that this might be because of greater adsorption of Cu2+ ions at higher PEI 70,000 concentrations, and this was indicated by the results shown in Figure 6 (d) where the proportion of adsorbed Cu2+ was greater for 1.5% and 2% PEI 70,000, than lower concentrations. Thus, the high level of Cu2+ rejection by the PA membrane modified with 1.5% and 2% PEI 70,000 was due more equally to adsorption of Cu2+ ions by the PEI 70,000 layer and the repulsive, interception effect on the Cu2+ ions.
The corresponding results for the PA membrane modified by PEI 1,800 are given in the Supporting Information (Figure S8). In summary, the results (Figure S8 (a)) show that the decrease of Cu2+ flux was 9.6%, 12.8%, 11.6%, 6.2%, 9.7% and 11.6% for PEI concentrations of 0%, 0.1%, 0.5%, 1%, 1.5% and 2%, respectively. The results of the filtration test with the PEI 1,800 modified membrane showed a significantly lower apparent rejection to the PEI 70,000 modified membrane, but only a slightly lower actual rejection (Figure S8 (c)). This appeared to be because the PEI 1,800 did not adsorb the Cu2+ ions as much as the PEI 70,000 (Figure 8 (c) and (d)) and the positive charge of the PEI 1,800 membrane was much lower than that of the PEI 70,000. Finally, solution conductivity was investigated as a surrogate for Cu2+ concentration owing to close linear correlation between the two parameters (Figure S9 (a)). The results of the Cu2+ filtration tests based on conductivity measurements were very similar to those obtained by ICP analysis, as summarized in Figure S9 (b) ~ (d).
[bookmark: OLE_LINK1]The sustainability of the filtration performance was evaluated by conducting a series of 10 filtration tests with the PEI 70,000 modified membrane (1%, 4h), and the decrease of Cu2+ flux was consistently in the range of 3.6% ~ 7.7% (Figure 7 (a)). An additional filtration test was undertaken, indicated in Figure 7 by the symbol “∞”, in which the modified PA membrane was immersed in a high concentration of Cu2+ (5 g/L) overnight and then  rinsed by filtering pure water until the measured Cu2+ concentration of the filtration solution was less than 0.1 mg/L Cu2+, to remove residual copper ions, prior to filtration of the Cu2+ feed solution. It was clear that the decrease of flux of the Cu2+ solution for the “∞” test was in the same range as the previous tests. In addition, the sustainability of the filtration performance of the PEI 70,000 membrane was evaluated in the same way, by repeated tests, and the results are shown in Figure 7 (b). While the initial value (test 1) of the filtrate Cu2+ concentration was 0.28 mg/L, and increased slightly with repeated tests, the concentration was consistently low for all tests, including the “∞” test. Furthermore, the zeta potential and XPS test results of the “1” and “∞” samples are given in Figure S4 and Figure S5, respectively. It can be seen that the zeta potential values of “1” and “∞” samples were very close and the copper element was found in the XPS results of both “1” and “∞” samples, which indicated that the properties of PEI modified PA membrane surfaces were similar no matter how many times the membranes filtered the Cu2+ solution. Thus, the results made it clear that repeated exposure of the membrane to high concentrations of Cu2+ did not have a significant adverse impact on the membrane rejection, as demonstrated in Figure 7 (c) and (d).
In the practical application, the effect of heavy metal ion concentration on water treatment is very important. The effect of the Cu2+ feed solution and the filtrate volume percentage on PEI modified membrane performance were studied and the results are shown in Figure 8 and 9, respectively. In Figure 8 (a), it can be seen that the percentages decrease of flux between pure water and Cu2+ solution did not vary greatly with the feed solution concentration. The apparent/actual rejection increased from ~70%/~25% to ~90%/~60% with the feed solution concentration from 1 to 5 mg/L, and fell just slightly with the feed solution concentration from 5 to 10 mg/L; the results are represented in Figure 8 (b)~(c). An unexpected result was that the PEI modified PA membrane had a lower rejection for Cu2+ ions at a lower feed solution concentration, which was investigated by calculating the permeate, intercepted and absorbed Cu2+, as shown in Figure 8 (d). When the lower concentration of feed solution was filtered with the PEI modified PA membrane, a larger proportion of Cu2+ was adsorbed on the membrane surface. The adsorption rate of Cu2+ for the lower concentration feed solution was not fast enough so that the stable double positive charge layers of PEI and Cu2+ formed slower than that at a higher concentration feed solution. Thus a higher proportion of Cu2+ passed through the PEI modified PA membrane. 
In Figure 9 (a), the results show that the percentage decrease of flux between pure water and Cu2+ solution increased slightly with the volume percentage of flux increasing from 50% to 90%. With the continuous process of filtration, the concentration of the concentrate increases, which led to a lower flux. It was found, as expected, that the apparent rejection decreased from ~90% to ~65% with the volume percentage of flux, as shown in Figure 9 (c), which could be ascribed to an excessive concentration factor and the Cu concentration of the concentrate increasing rapidly, as indicated in Figure 9 (b). It was surprising that the actual rejection, given in Figure 9 (c), did not decrease at a higher volume percentage of filtrate. These results illustrate that the rejection performance of the PEI modified PA membrane, due to electrostatic repulsion and size exclusion effects, was not affected by the volume percentage of filtrate. The proportion of intercepted Cu2+, shown in Figure 9 (d), also supported these results. With respect to, the proportion of absorbed Cu2+ (Figure 9 (d)), this decreased with the volume percentage of filtrate and this was exactly the reason for the decreased apparent rejection, as indicated in Figure 9 (d).
In addition, we also studied the effect of pH on the modified membrane performance using Cu2+ solutions prepared at pH 4.5 and pH 5.5. The results, summarized in Figure S10 (a)~(c) showed that the filtrate concentration and apparent rejection were similar for the two pH conditions, but the concentrated concentration and the actual rejection were lower for pH 4.5 than for pH 5.5. This can be explained by the greater degree of adsorbed Cu2+ by the modified PA membrane at pH 4.5, as indicated in Figure S10 (c). As illustrated in Figure 1 (d), the lower zeta potential at pH 4.5 may reflect a flatter, more widely distributed morphology of the PEI 70,000 on the membrane surface, and therefore greater adsorption opportunities, compared to a lower surface coverage with more lops and tails at the higher pH, as well as less charge repulsion at pH 4.5. Thus, adsorption was principal separation effect for the Cu2+ ions at pH 4.5, while interception was principal effect at pH 5.5.
     Finally, the effect of carboxyl activators on PA performance for Cu2+ was studied and the results are summarized in Figure S11. Before backwash, all the parameters shown in Figure S11 for the PEI modified PA membrane with and without EDC/NHS were almost the same. This showed that the PEI could attach to the PA membrane surface because of the attraction of the negatively charged carboxyl group and the positively charged amino group without EDC/NHS. Hence, the PEI modified PA membrane without EDC/NHS retained an acceptable rejection performance for Cu2+. After backwash, the apparent rejection without the use of EDC/NHS decreased from ~90% to ~65%, and the actual rejection with the use of EDC/NHS increased from ~60% to ~80%, as indicated in Figure S11 (a)~(b). This might be because that most of the physical adsorption of PEI was washed away by the backwash so that the proportion of adsorbed Cu2+ fell sharply for the PEI modified PA membrane without/with EDC/NHS, as summarized in Figure S11 (c). Only a small amount of PEI was left on the membranes and this could enhance the rejection performance of the PA membrane for Cu2+ by the electrostatic repulsive-forces. In summary, the use of EDC/NHS carboxyl activators could strengthen the binding capacity of the PA membrane for PEI via the amide bond and improve the service life of the PEI modified PA membrane. 
3.5 The influence of HA on the modified PA NF membrane 
Since most natural and waste waters contain background levels of organic matter which typically carry negative charges, the comparative performance of the PEI modified membrane was investigated in the presence of 5 mg/L humic acid (HA), as a representative natural organic component. In these tests, the membrane rejection performance for the metal ions, Cu2+ and Mg2+, both at 5 mg/L, was determined and the results are summarized in Figure 8. The influence of the HA was considered in two ways: either where the HA solution was filtered before the metal ion solution (denoted as ‘HA*M’), or where the HA and metal ion were mixed (denoted as ‘HA+ M’). It can be seen that the rejection (apparent rejection) of Cu2+ (Figure 10 (c)) and Mg2+ (Figure 10 (d)) was not significantly decreased (by 1-2 %) by the presence of HA in the influent solution. In contrast, the Cu2+ rejections of the unmodified and modified PA membranes both increased slightly (reaching 39.2% and 94.1% respectively) when HA solution was filtered in advance. We have established that the HA is retained to a high degree on the PA NF membrane (95% removal). Based on the results obtained, it is evident that the negatively charged HA did not decrease the Cu2+ and Mg2+ rejections by the PEI modified PA membrane and the reason for this can be speculated as follows. For the HA*M case, the filtration of the 5 mg/L HA solution led to the distribution of negative charges on the surface of the modified PA membrane. In simple terms this created a ‘sandwich’ surface structure with a PEI middle layer that was positively charged, and upper and lower layers that were negatively charged (HA and PA membrane, respectively). Consequently, during filtration the positively charged Cu2+ and Mg2+ ions were excluded by a combination of electrostatic repulsion by the positively charged PEI and attraction by the negatively charged HA. For the HA+M case, a similar but less formalized arrangement of the HA on the membrane surface may have led to the slightly reduced rejection compared to the HA*Cu (Figure 10 (c)). In addition to electrostatic effects it is possible that metal ion separation occurred as a result of chemical complexation by HA. Overall, the results indicated that the presence of HA had no deleterious impact on the Cu2+ and Mg2+ rejection by the modified PA membrane. 
However, the anti-fouling performance is also an important characteristic of the membrane. The test results given in Figure S12 show the effect of humic acid (5mg/L) on the flux recovery of the pristine “PA” membrane and the “PA+PEI” membrane. The two membranes were operated through three cycles of 60 mL humic acid solution (5 mg/L) and were backwashed with 15 mL pure water between each cycle. It was found that the normalized flux (J/J0) of the pristine PA membrane decreased from 1.0 to 0.86 in the first filtration cycle and increased to 0.92 after the first backwash. Then the J/J0 of pristine PA membrane decreased to 0.83 in the second filtration cycle and recovered to 0.88 after the second backwash. Finally, the J/J0 of pristine PA membrane decreased to 0.81 in the third filtration cycle. In comparison, the J/J0 of the “PA+PEI” membrane decreased dramatically from 1.0 to 0.62 in the first filtration cycle, which indicated that the humic acid had a substantially negative effect on the flux of the modified PA membrane on account of the electrostatic attraction of the positively charged PEI and negatively charged humic acid. However, the J/J0 of the “PA+PEI” membrane tended towards a stabilized value of 0.6 in the following two filtration cycles which indicated that the degree of humic acid fouling to the “PA+PEI” membrane had reached a maximum. In view of the moderate and stable nature of, the humic acid fouling of the “PA+PEI” membrane, this would indicate that the “PA+PEI” membrane has the practical application value. 

4 Conclusions
In this study, we have developed a successful method for modifying a conventional polyamide NF membrane to carry a substantial positive surface charge (+40 mV) through the attachment of a layer of hyperbranched PEI. Using a range of PEI molecular weights and preparation conditions, the nature of the modified membrane was found to vary in terms of surface morphology, zeta potential and hydrophobicity. The membrane performance was related to these properties and a high degree of cation rejection was found (>90%) in tests using 5 mg/L Cu2+ solutions with a 70,000 MW PEI modified membrane. The rejection was the result of both electrostatic charge repulsion and surface adsorption, with the proportions depending on the PEI modification. Repeated filtration cycles showed consistent performance in Cu2+ separation and flux, and no significant adverse effect from the presence of humic acid as a surrogate for natural organic matter. Future work will focus on loading both Zr4+ ions and PEI simultaneously on to the PA membrane surface to increase the positive surface charge of the PA membrane surface, so as to improve the interception/rejection performance of the PA membrane for other heavy metal ions and positively charged organic pollutants. 
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Figure 1. Details of the preparation and properties of PEI modified PA membrane (before and after Cu2+ filtration): (a) schematic of modification and Cu2+ filtration/rejection; (b) XPS spectra of PA and PEI-modified PA surfaces; (c) magnified XPS peaks of Cu 2p of pristine PA membrane (orange), pristine PA membrane after filtration of Cu2+ solution (green), PA membrane modified with 1 w.t.% PEI 70000 for 4 h (purple), and the PA membrane modified with PEI 70,000 after filtration of Cu2+ solution (blue); (d) variation of zeta potential of PEI with pH for different PEI molecular weights (1w.t.% for all PEI); (e) Surface zeta potentials of the PEI modified membrane with different molecular weight PEI at neutral pH.
Figure 2. SEM morphology for: (a) pristine PA membrane; (b) PA membrane modified with PEI 70,000; (c) PA membrane modified with PEI 70,000 after filtration of Cu2+ solution; (d) EDS mapping and element content (C, N, O, Cu) on the PA membrane modified with PEI 70,000 after filtration of Cu2+ solution. Figure insets (a-c), show the mathematical statistics and Gaussian distribution of the granular analogue size of the functional surface layer of respective PA membranes. (a)
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Figure 3. AFM morphology for: (a) pristine PA membrane; (b) PA membrane modified with PEI 1,800; (c) PA membrane modified with PEI 70,000; (d) PA membrane modified with PEI 70,000 after filtration of Cu2+ solution; (e-h) corresponding AFM morphologies of (a-d) at quadruple magnification, respectively; depth analysis for (i) pristine PA membrane, (j) PA membrane modified with PEI 1800, (k) PA membrane modified with PEI 70,000, and (l) PA membrane modified with PEI 70,000 after filtration of Cu2+ solution.0.5 μm
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Figure 4. Variation of hydraulic flux and contact angle with properties of PEI modified membranes: (a) flux change with PEI molecular weight (1 w.t.%, 4 h); (c) and (d) flux change with PEI concentration of PEI 70,000 and PEI 18,00 (4 h), respectively; (f) and (g) flux change with contact time for 0.1 w.t.% and 1 w.t.% PEI 70,000, respectively; (b) variation of contact angle with PEI molecular weight (1 w.t.%, 4 h and 8 h); (e) variation of contact angle with concentration of PEI 70,000 and PEI 1,800 (4h); (f) variation of contact angle with contact time for 0.1 w.t.% and 1 w.t.% PEI 70,000. 
(a)
(b)
(c)
(f)
(d)
(g)
(e)
(h)

Figure 5. Effect of PEI molecular weight on modified membrane performance for Cu2+ solutions: (a) variation of flux; (b) Cu2+ concentration of filtrate and concentrate; (c) apparent and actual rejection; (d) the proportion of Cu2+ adsorbed, intercepted and in the permeate (1 w.t.%, 4 h; blank – unmodified membrane). (a)
(b)
(c)
(d)



Figure 6. Effect of PEI concentration on modified membrane performance for Cu2+ solutions: (a) variation of flux; (b) Cu2+ concentration of filtrate and concentrate; (c) apparent and actual rejection; (d) the proportion of Cu2+ adsorbed, intercepted and in the permeate (1 w.t.% PEI 70,000, 4 h).(a)
(b)
(c)
(d)



Figure 7. Variation of modified membrane performance for Cu2+ solutions with repeated filtration cycles: (a) variation of flux; (b) Cu2+ concentration of filtrate and concentrate; (c) apparent and actual rejection; (d) the proportion of Cu2+ adsorbed, intercepted and in the permeate (1 w.t.% PEI 70,000, 4 h). (Between filtration cycles the modified PA membrane was filtered with 30 mL of pure water. The symbol “∞” meant that before filtering Cu2+ solution, the modified PA membrane was immersed in high concentration (5 g/L) Cu2+ solution overnight and then rinsed by filtration of pure water until the filtrate Cu2+ concentration was lower than 0.1 mg/L.(a)
(b)
(c)
(d)







   
Figure 8. Effect of the Cu2+ feed solution on modified membrane performance for Cu2+ solutions: (a) variation of flux; (b) Cu2+ concentration of filtrate and concentrate; (c) apparent and actual rejection; (d) the proportion of Cu2+ adsorbed, intercepted and in the permeate (1 w.t.% PEI 70,000, 4 h).
















 


   
Figure 9.  Effect of the volume percentage of filtrate on modified membrane performance for Cu2+ solutions: (a) variation of flux; (b) Cu2+ concentration of filtrate and concentrate; (c) apparent and actual rejection; (d) the proportion of Cu2+ adsorbed, intercepted and in the permeate (1 w.t.% PEI 70,000, 4 h).








Figure 10. The effect of humic acid (HA) on the rejection (apparent rejection) performance of the modified and unmodified PA membrane for Cu2+ and Mg2+. The filtrate and concentrate concentrations of Cu2+ (a) and Mg2+ (b) by different filter method with “PA” and “PA+PEI” NF membranes; the rejection (apparent rejection) of Cu2+ (c) and Mg2+ (d) by different filter method with “PA” and “PA+PEI” NF membranes. The filter methods of “HA*M”, “M” and “HA+M” were as follows: “HA*M” meant the NF membrane initially filtered the humic acid solution and then filtered the M2+ solution; “M” meant filtration of the M2+ solution only; “HA+M” meant filtration of the mixture solution of HA and M2+. All the concentrations of HA and M2+ feed solutions were 5 mg/L. The “PA” was the original PA NF membrane and the “PA+PEI” was the PEI modified membrane with 1 w.t.% PEI 70,000 for 4 h.(a)
(b)
(c)
(d)
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1. [image: ][image: ]Process of PA membrane modification with PEI by using NHS and EDC
Figure S1. Chemical structure of (a) PA membrane, (b) hyperbranched PEI, (c) NHS and (d) EDC; (e). schematic process of PA membrane modification with PEI by use of NHS and EDC.



1. FTIR analysis of modified PA membranes


Figure S2. The FTIR spectra of PA membranes modified with different molecular weights of 1 w.t.% PEI for 4 h. 






1. Surface element analysis and surface zeta potentials of modified PA membranes
Table S1. XPS surface element analysis of modified PA membranes: (1). Original PA membrane; (2). Original PA membrane after filtration of Cu2+ solution; (3). PA membrane modified with 1 w.t.% PEI 70,000 for four hours; (4). Modified membrane (as #3) after filtration of Cu2+ solution.

	Element
	C
(%)
	N
(%)
	O
(%)
	Cu
(%)
	C/N

	1PA
	74.11
	10.12
	15.68
	0.09
	7.32

	2PA+Cu
	70.02
	9.71
	20.15
	0.12
	7.21

	3PA+PEI
	70.89
	12.18
	16.74
	0.2
	5.82

	4PA+PEI+Cu
	66.71
	12
	19.18
	2.11
	5.56










Figure S3. EDS spectra of modified PA membrane (1 w.t.% PEI for 4h) after filtration of Cu2+ solution





Table S2. Element content of the modified PA membrane (1 w.t.% PEI for 4h) after filtration of Cu2+ solution

	Elt.
	Line
	Intensity (c/s)
	Conc
	Units

	C
	Ka
	11607.27
	66.94
	w.t. %

	N
	Ka
	184.90
	12.41
	w.t. %

	O
	Ka
	905.12
	18.64
	w.t. %

	Cu
	Ka
	101.30
	2.00
	w.t. %







Figure S4. Surface zeta potentials of the PEI modified membrane with different filtration times. The “0” of filtration time was the sample of the modified PA membrane before filtrating Cu2+ solution in Figure 1(e), the “1” and “∞” filtration times were the samples shown in Figure 7 (b). 





Figure S5. XPS spectra of the sample of “1” and “∞” filtration times in Figure 7(b)


















1. [image: ]Schematic of NF dead-end filtration system

Figure S6. NF dead-end filtration system: (1) nitrogen gas cylinder; (2) ultrafiltration cup; (3), electronic balance; (4), computer (recording one measurement per second).


1. Measurement of the water contact angles of the modified PA membrane

(c)
(a)
(b)
(d)
(e)
(f)

































Figure S7. The initial temporal variation of water contact angles of the PA membrane modified with different PEI molecular weights for: (a) 4 h and (b) 8 h; different concentrations of (c) PEI 1,800 and (d) PEI 70,000 for 4 h; (e) 0.1 w.t.% and (f) 1 w.t.% PEI 70,000 for different polymer contact times.

1. Analysis of nanofiltration performance(a)
(b)
(c)
(d)


Figure S8. Effect of PEI concentration on modified performance for Cu2+ solutions: (a) variation of flux change; (b) Cu2+ concentration of filtrate and concentrate; (c) apparent and actual rejection; (d) the proportion of Cu2+ absorbed, intercepted and in the permeate (1 w.t.% PEI 1,800, 4 h).


Figure S9. Use of electrical conductivity as a surrogate for Cu2+ concentration: (a) correlation between conductivity (by conductivity meter) and Cu2+ concentration; (b) the corresponding Cu2+ concentration of filtrate and concentrate of PA membrane modified with different molecular weights (1 w.t.% PEI, 4 h); (c) Cu2+ concentrations for different concentrations of PEI 70,000 (4 h); (d) Cu2+ concentrations for different concentrations of PEI 1,800 (4h).(a)
(b)
(c)
(d)

Figure S10. Influence of Cu2+ solution pH on Cu2+ rejection: (a) Cu2+ concentration of filtrate and concentrate; (b) apparent and actual rejection; (c) the proportion of Cu2+ absorbed, intercepted and in the permeate (1 w.t.% PEI 70,000, 4 h).(a)
(b)
(c)












Figure S11. Effect of carboxyl activators on PA performance for Cu2+ solutions before and after backwash: (a) Cu2+ concentration of filtrate and concentrate; (b) apparent and actual rejection; (c) the proportion of Cu2+ absorbed, intercepted and in the permeate (1 w.t.% PEI 70,000, 4 h).

1. Anti-pollution performance test


Figure S12. Effect of humic acid (5mg/L) on the flux recovery of pristine PA membrane (PA) and PA membrane modified with PEI 70,000 (PA+PEI, 1 w.t.%, 4h).
[bookmark: _GoBack]
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