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Abstract 
This paper focuses on the functionalization of double positively charged polyethylenimine (PEI)/Zr4+-polyamide (PA) nanofiltration (NF) membrane by connecting Zr4+ with positively charged PEI-PA NF membrane surface. In particular, the properties of prepared PEI/Zr4+-PA NF membrane, performance on removing aquatic contaminants (Cr3+ and trimethoprim), and its antifouling ability were evaluated in detail. In this regard, zirconium acetate was successfully adopted as the zirconium source for stable membrane surface charge control. Zr4+ loading increased the hydrophilicity of the PEI-PA NF membrane, improved permeate flux, and enhanced the removal behavior of PEI/Zr4+-PA NF membrane especially when exposed to Cr3+ and trimethoprim at high concentrations. Furthermore, effectiveness of PEI/Zr4+-PA NF membrane was not affected by high filtering degree, filtration cycle, and negatively charged macromolecules, such as bovine serum albumin (BSA). Also, antifouling ability of PEI/Zr4+-PA NF membrane could be further improved by continuously loading Zr4+.
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1. Introduction
NF is a kind of pressure-driven separation technique between reverse osmosis and ultrafiltration [1-5]. Due to its low energy consumption and high water flux, NF has a broad application prospect in the precise separation of small molecular substances (200‒1000 Da) [6-8]. In general, in addition to electromigration, the separation mechanism of NF membranes depends on the size-sieving and Donnan exclusion effects [9-14]. When nanochannel diameter of NF membrane is larger than molecular size of the solute in feed, an electrostatic-repulsion force between charged membrane wall and charged solute plays a dominant role in separation process [15, 16]. Therefore, in the past decades, charged NF membranes have become one of the most attractive and competitive choices for separating small molecules [17-20].
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Until now, the majority of commercial NF membranes on the market are rich in carboxyl groups with negative charge [21-23], fabricated via interfacial polymerization, i.e. active layer formation on the surface of NF membranes. As one of the most important NF membranes, PA NF membrane is effective in removing negatively-charged macromolecules and multivalent anions [12, 24-26]. In this way, this negatively-charged property limits its application in water softening and removal of positively-charged contaminants (e.g. cationic dyes, heavy metal ions and antibiotics) [27]. Consequently, to develop positively-charged NF membranes is highly desired. 
PEI, a kind of high molecular polymer with abundant reactive amine groups, has been widely used as a modifier with positive charge [28-32]. Especially, PEI has been successfully adopted for preparing positively-charged functionalized NF membrane [33-36] or changing the charge of commercial NF membrane to the positive [37-39]. Of course, heavy metal ions, a group of substances with plentiful positive charge, are easily chelated by amine group of PEI. For example, PEI and heavy metal ions (such as Ag+, Fe3+, Co2+ and Zn2+) were employed for preparing chelation-induced active layer on the surface of hydrolyzed polyacrylonitrile (PAN) membrane, showing excellent dye desalination performance [40-44]. Heavy metal ions can not only occupy the chelating site of PEI, which is expected to prevent the adsorption of PEI to other substances and thus reduce the membrane fouling, but also increase permeate flux of membrane owing to the hydrophilia of metal ions. Therefore, the chelation of PEI with heavy metal ions, namely as chelation-induced self-assembly, has gradually become a promising technique.
A tetravalent cation, Zr4+ is also an excellent positive charge modifier [45, 46]. Here, the aim of this work is to prepare a double positively-charged PA NF membrane by grafting with PEI and Zr4+ in sequence. Specifically, PEI was firstly grafted onto the surface of negatively-charged PA NF membrane by amide reaction. Then Zr4+ was chelated by PEI when the PEI-PA NF membrane was immersed into the Zr4+-containing solution. We selected Cr3+ and trimethoprim (TMP) as two representative pollutants of heavy metal ions and positively charged antibiotics separately. The potential of additional Zr4+ loading is also expected to have an ability to further improve the rejection performance of positively-charged PA NF membrane on some positively-charged contaminants, to increase permeate flux, and to reduce membrane fouling.
2. Experimental
2.1. Chemicals
Commercial aromatic polyamide nanofiltration (PA NF) membranes (Beijing Separate Equipment Co., Ltd, China) were used as this experimental study of membranes. Hyperbranched polyethylenimine (PEI, Mw = 70,000 g/mol, 50 w.t. %, Aladdin, Shanghai, China) were used as the modifying agents. N-Hydroxysuccinimide (NHS, 98 w.t. %, Aladdin, Shanghai, China) and N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, 98 w.t. %, Aladdin, Shanghai, China) were used as the carboxyl activators. Chromium (III) nitrate nonahydrate (Cr(NO3)3·9 H2O，AR) and trimethoprim (AR) were purchased from Aladdin (Shanghai, China). Zirconium (IV) tetrachloride (ZrCl4, 98 w.t. %, OKA, Beijing, China) and zirconium (IV) acetate (Zr(CH3COOH)4, 15.0 ~ 16.0 w.t. %, Alladin, Shanghai, China) were used as two selective sources of zirconium ions. Bovine serum albumin (BSA, 98 w.t. %) and TMP (98 w.t. %) were purchased from sigma-aldrich (USA). All chemicals were used as received without further purification unless otherwise specified. The molecular structures of the polyamide layer, PEI, NHS, EDC and trimethoprim were shown in Figure S1.
2.2. Membrane fabrication
All the PA NF membranes were immersed in the pure water at least two days to remove the residual protective agents. Although the membranes used in this paper were commercial NF membranes, it could be not guaranteed that each part of the membrane was uniform. The pure water flux of each membrane with a diameter of 7.6 cm need to be test and the NF membranes with similar pure water flux were placed in one group for the filtration experiment. The NF membranes grouped according to the pure water flux were modified in two steps to form a double positive-functional membrane.
Firstly, the PEI modification of PA NF membranes in our previous work were as follows [15]. The PA NF membranes were dipped in 30 mL mix water solution of 0.45 g EDC and 0.09 g NHS for 1 hour at room temperature. Then the carboxyl-activated PA NF membranes were washed with DI water at least three times and immersed the 1 w.t. % PEI water solution for 4 hours at room temperature. The activated carboxyl on the PA NF membrane surface could be easily reacted with amino in the PEI molecule and the positive charged PA NF membrane (named as PEI-PA NF membrane) was obtained.
Secondly, the PEI-PA membrane were immersed in the Zr4+ water solution for 20 min at room temperature. The modification procedure of double positive-functionalized PA NF membrane (named as PEI/Zr4+-PA NF membrane) was shown in Figure 1. It was also worth mentioning that the zirconium (IV) tetrachloride hydrolyzed to produce large amounts of hydrogen chloride and the ZrCl4 water solution needed to boil for an hour in order to remove the hydrogen chloride before loading Zr4+ on the surface of PEI-PA NF membrane.
2.3. Characterization
The surface elements analysis of membranes was detected by X-ray photoelectron spectroscopy (XPS) (ESCALAB 250 Xi, Thermo Fisher, UK) and the water contact angles (WCAs) of the membranes were performed by a contact angle goniometer (OCA 15 EC, Dataphysics, Germany). The zeta potentials of liquid samples were measured with a Zetasizer Nano analyzer (ZS 90, Malvern, UK) and the surface zeta potentials of solid membranes were measured with a surface zeta potential analyzer (Sur Pass 3, Anton Paar, Austria). The fourier transform infrared spectra (FTIR) were measured by the FTIR spectroscopy (NICOLET 8700, Thermal, USA, with the ATR accessory) after the membrane samples had been dried in the drying oven at 35℃. The trimethoprim concentrations were detected and analyzed by the UV-vis analyzer (UV-2600, Shimadzu, Japan). The concentrations of heavy metal ions were analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Optima 8300, Perkinelmer, USA). 
2.4. NF performance
A lab-scale “dead-end” flow cell (8500, Millipore, USA) was used for determining the water flux of membranes (J, L·m−2·h−1·MPa−1) and the rejections (Rs, %) of heavy metal ions and trimethoprim. The effective diameter of membranes in the flow cell was 7.8 cm and all the filtration experiments were carried out at room temperature under 0.4 MPa unless otherwise specified. An electronic balance (AX523ZH, Ohaus, USA) was used for recording the mass of flow continuously. All sections of the “dead-end” filtration system was shown in Figure S2.
The flux of pure water and feed solution (J, L·m−2·h−1·MPa−1) were determined by using Eq. (1) [47]:
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). All the densities of pure water, feed solution, filtrate solution and concentrate solution were assumed to be 1 g/mL in all cases.
The feed solution rejection (Rs, %) was calculated by using Eq. (2) [48]:
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Rs = (1 – Cp/Cf ) × 100 %                                   (2)
where Cp and Cf represent the concentrations (mg/L) of filtrate solution and feed solution, respectively.
In a previous study [15], the Rs was referred to as the apparent rejection. Correspondingly, we also define a parameter of Ra (%) as the actual rejection. The Rs and Ra are explained in detail as follows:
During the filtration process, the solute in the feed solution is divided into three part (Figure S3). The first part of solute can pass through the nanofiltration membrane into the filtrate; the second part of solute can be adsorbed on the surface of nanofiltration membrane by physical or chemical adsorption; and the third part of solute will be rejected by the charge repulsion on the membrane or by the size effect of nanochannel in the membrane and will remain in the concentrate. These three parts of the solute in this study are respectively referred to as the permeance (Mp, mg), adsorption (Ma, mg) and interception (Mi, mg). The Ma, Mi and Mp were calculated by using the Eqs. (3) ~ (5), respectively [15].
Ma=Vf·Cf－Vp·Cp－Vc·Cc                                        (3)
Mi=Vp·Cf－Vp·Cp－Ma                                           (4)
Mp=Vp·Cf－Mi－Ma=Vp·Cp                                       (5)
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. In addition, the densities of pure water and all solute solutions were assumed to be 1 g/mL in all cases. 
The sum of Ma and Mi can reflect all the ability of the nanofiltration to reject the solutes in the feed liquid. Hence, the ratio of the sum of Ma and Mi to the original solute content in the filtrate is the rejection of the nanofiltration membrane to the solute, namely the apparent rejection (Rs, %). While the Mi can only reflect the ability of the nanofiltration membrane to reject solutes by its own nanachannel size effect and surface charge force. The ratio of the Mi to the original solute content in the filtrate is the rejection of nanofiltration membrane to the solute without considering its adsorption on solute, namely as the actual rejection (Ra, %). The value of Ra can represent the ability of nanofiltration membrane to reject solute by electrostatic repulsion. The Rs and Ra were calculated by Eq. (6) and Eq. (7), respectively and the relevant data meanings in Eq. (6) and Eq. (7) has been shown above[15].
 Rs=(Mi+Ma)/(Vp·Cf)×100 %                                        
=(Vp·Cf－Vp·Cp)/(Vp·Cf)×100 %                                   
 =(1–Cp/Cf)×100 %                                            (6)
Ra=Mi/(Vp·Cf)×100 %                                           (7)
2.5. The effect of BSA on the NF membrane performance
In previous study [15], 5 mg/L humic acid (HA) solution was used as a simulation solution of negatively charged substances in water to study the effect of negatively charged substances on the rejection performance of positively charged PEI-PA NF membrane on positively charged copper (II) ions . In this study, 5 mg/L bovis serum albumin (BSA) substituted for HA was used as a simulation solution of negative charge substances in water. The initial PA NF membrane, PEI-PA NF membrane and PEI/Zr4+-PA NF membrane were used to filter 5 mg/L Cr3+ feed solution by three different methods, respectively. The effects of negatively charged substance of BSA on the Cr3+ rejection of three kinds of membranes were measured. The three filter methods were as follows: (1) the three kinds of NF membranes filtrated the 5 mg/L BSA solution before filtrating 5 mg/L Cr3+ solution (marked as "BSA*Cr"); (2) the three kinds of NF membranes filtrated only 5 mg/L of Cr3+ (marked as "Cr"); (3) the three kinds of NF membranes filtrated a mixture solution of 5 mg/L Cr3+ and 5 mg/L BSA (marked as "BSA+Cr").
3. Results and discussion
3.1. Characterization of PEI/Zr4+-PA NF membranes
[bookmark: _GoBack]A schematic diagram of PEI/Zr4+ double positively charged functionalization modification of PA NF (polyamide nanofiltration) membrane was shown in Figure 1. The PA NF membrane was divided into two sections of substrate and PA active layer. The substrate supported the membrane, and made the PA NF membrane had a certain mechanical strength. There were abundant nanoscale water channels in the PA active layer, which were used for screening and rejecting the solute. Moreover, there were plentiful carboxyl groups on the surface of the PA active layer, which could ionize into negatively charged carboxyl groups in the water environment so that the PA active layer was rich in a large number of negative charges. After the carboxyl groups on the surface of the PA active layer were activated by EDC/NHS, the amine groups in PEI molecules were easy to undergo the amide reaction of dehydration condensation with the carboxyl groups. The amine groups of PEI and the carboxyl groups of PA were consumed at the same time, which reduced the content of negative charge on the surface of PA NF membrane. In addition, the excess amine groups in PEI molecule were positively charged at a neutral pH value. The combined action of these two factors transformed the negative charge on the surface of PA NF membrane into positive charge. Then, the PEI-modified PA NF membrane was placed in Zr4+ solution. The Zr4+ ions would be loaded on the surface of PEI-PA NF membrane in three ways shown in the Figure 1. One was that the Zr4+ ions bind to the positive charged amino groups through coordination bonds. The other was that the Zr4+ ions were absorbed on the negative charged carboxyl through electrostatic attraction. And the third way was the result of both coordination bonds and electrostatic attraction. The second loaded Zr4+ increased the thickness of the positive charge functional layer on the surface of PA NF membrane. The increase of the thickness of the positive charge functional layer contributed to improve the rejection performance of PA NF membrane for positively charged contaminant.
In order to obtain the changes of surface chemical composition of PA NF membrane before and after modification, XPS test was necessary and the XPS results were shown in Figure 2. The Figure 2 (a) presented the total XPS spectra of PA, PEI-PA and PEI/Zr4+-PA NF membrane, and the peak of Zr3d for PEI/Zr4+-PA NF membrane at 180 ~ 185 eV was clearly obvious. The Figure 2 (b) was the magnified figure of peak of Zr3d at the range of 170 ~ 190 eV. The content and ration of elements on the surface of three kinds of NF membranes were list in the Table S1. The contents of C, N and O elements on the PA NF membrane were 69.51 %, 9.39 % and 20.07 %, respectively. After modified with PEI, the content of N element increased from 9.39 % to 15.89 % because of the enrich N elements in the PEI molecules. Correspondingly, the O/N and C/N ratios decreased from 2.14 and 7.40 to 0.83 and 4.42. And the PEI molecules lacked of O elements but was rich in C element, so the C/O ratio increased from 3.46 to 5.29. When the Zr4+ was secondary loaded on the surface of PEI-PA NF membrane, there was no significant change in either the content of C, N and O elements or the O/N, C/O and C/N ratios of elements, but the content of Zr element increased to 0.19 %. The peak of Zr3d and the content of Zr element indicated that the Zr4+ was successfully loaded on the surface of PEI-PA NF membrane.
In the process of loading PEI and Zr4+ on the surface of PA NF membrane, there was always only one kind of N element (N-C) on the surface of PA NF membrane, so only peak separation fitting processing was carried out for the peak positions of C element and O element. The relevant results were shown in Figure 2 (c) ~ (e) (C element) and Figure 2 (f) ~ (h) (O element), respectively. The peak of C1s could be separated into three peeks of 287.2 eV, 285.5 eV and 284.4 eV, which were assigned to C=O, C-N and C-C. The peak of O1s could be separated into two peeks of 531.9 eV and 530.5 eV, which were assigned to O-H and O=C. The contents of C=O, C-N, C-C, O-H and O=C were list in the Table 1. Before modification with PEI, the contents of C=O, C-N, C-C, O-H and O=C on the surface of PA NF membrane were 16.27 %, 23.12 %, 60.61 %, 55.67 % and 44.43 %, respectively. When the PA NF membrane was modified with PEI, the amine groups in the PEI molecule would undergo an amide reaction with the carboxyl group on the surface of PA NF membrane. In this process, abundant of C-N was produced and O-H was rapidly consumed by the amide reaction. Therefore, the C-N of PEI-PA NF membrane increased from 23.12 % to 36.74 %, and the O-H of PEI-PA NF membrane decreased sharply from 55.67 % to 18.34 %. After loaded with Zr4+, the content of O-H on the surface of PEI/Zr4+-PA NF membrane increased from 18.34 % to 20.91 %, which might be attributed to the zirconium source of zirconium acetate containing plentiful O-H. 
In this article, zirconium acetate and zirconium chloride were selected as two zirconium sources of Zr4+. Both of the two zirconium ion solutions need to be boiled before use to remove other acidic substances generated by hydrolysis of Zr4+. After the two kinds of Zr4+ were loaded on the PEI-PA NF membranes, the PEI/Zr4+-PA NF membranes were washed with pure water and placed in the ultrafiltration cup to continue filtering the pure water and removing the residual Zr4+ left in the nanochannel of the PEI/Zr4+-PA NF membranes until no Zr4+ could be detected in the filtrate. The zeta potentials on the surface of the two PEI/Zr4+-PA NF membranes were then measured and compared with the results of the initial PA NF membrane and the PEI-PA NF membrane, as shown in Figure 3 (a). It could be seen from the figure that the surface zeta potentials of the initial PA NF membrane and PEI-PA NF membrane were - 54 mV and + 30.16 mV, respectively. After the zirconium acetate was reloaded onto the surface of PEI-PA membrane, the surface zeta potential of the PEI/Zr4+-PA membrane was + 28.11 mV, which was only a slightly lower than that of the PEI-PA NF membrane. However, the surface zeta potential of the PEI/Zr4+-PA NF membrane decreased significantly after the secondary loading of zirconium chloride to the surface of PEI-PA NF membrane and reached + 16.89 mV. The reasons for this might be that: (1) The two zirconium sources contain acetate ions and chloride ions, respectively. The acetate ions and chloride ions could be loaded onto the surface of the PEI-PA NF membrane together with the Zr4+. These two negatively charged groups surrounded the zirconium ions, forming a double electric layer with positive and negative charges. The side of the double electric layer near the water phase was abundant of negatively charged acetate ions and chloride ions, which made the measured zeta potentials decreased. At the same time, the hydrophilicity of chloride ions was much greater than that of acetate ions. The chloride ions tended to be much closer to the water phase side than acetate ions, which made the zeta potential on the surface of PEI/Zr4+-PA NF membrane by use of zirconium chloride decreased more greatly. (2) Zirconium acetate and zirconium chloride could undergo hydrolysis, and the pH value of the solution after hydrolysis of zirconium chloride was lower than that of zirconium acetate. The lower pH value made the adsorbed PEI molecules on the surface of PA NF membrane by physical adsorption more positively charged, which increased the repulsive force between PEI molecules and contributed the PEI molecules much more easily washed away by water, thus reducing the positive charge on the surface of PA NF membrane modified with PEI and Zr4+. In conclusion, zirconium acetate was a better source of Zr4+ than zirconium chloride, and subsequent experiments in this research would use zirconium acetate as the source of Zr4+. It was worth mentioning that the acetate ions in zirconium acetate also had a strong chelating ability to heavy metal ions. In the filtration solution of heavy metal ions, the rejection performance of PEI/Zr4+-PA NF membrane for heavy metal ions might be enhanced due to the "capture" ability of acetate ions for heavy metal ions.
The hydrophilicity of membrane is one of the most important properties of NF membranes. Figure 3 (b) showed the dynamic water contact angles of four kinds of NF membranes within 180 seconds. The four NF membranes were the initial PA NF membrane ("PA"), the PA NF membrane modified with PEI 70,000 ("PEI-PA"), the PA NF membrane modified with PEI and Zr4+ ("PEI/Zr4+-PA") and the PA NF membrane exposed only to zirconium ions ("Zr4+-PA"). The water contact angles at the initial moment of "PA" NF membrane was about 38°. With time increasing, the water contact angles decreased gradually, and the water contact angle decreased quickly in the initial stage and slowly in the later stage. The results indicated that the surface of "PA" NF membrane was well hydrophilic and the water droplets could spread quickly on the membrane surface. After modified with PEI 70,000, although PEI with high molecular weight also contained hydrophilic amine group, most of its molecular chain structure was hydrophobic carbon chain, and the PEI with high molecular weight covered the water channel in the NF membrane, which hindered the speed of water molecules entering the water channel. Therefore, the initial water contact angles of "PEI-PA" NF membrane was relatively large and reached about 60°, and the water contact angles decreased slowly. When PEI and Zr4+ were loaded on the surface of PA NF membrane at the same time, as mentioned above, PEI 70,000 captured zirconium ions and zirconium ions were hydrophilic. Therefore, compared with "PEI-PA" NF membrane, the water contact angles of "PEI/Zr4+-PA" NF membrane was about 40° at the initial moment and decreased to a greater extent. The downward trend was fast in the early period and slow in the later period. The dynamic water contact angles of "Zr4+-PA" NF membrane was identical with that of "PEI/Zr4+-PA" NF membrane, which indicated that the carboxyl group on the surface of PA NF membrane could also capture zirconium ions. However, the spatial position of the acetate ions around the zirconium ion was in the form of the carboxyl groups pointing towards the zirconium ion and the methyl groups pointing outwards, in other words, the closest to the water phase was the hydrophobic methyl group. Therefore, compared with "PA" NF membrane, the dynamic contact angles of "Zr4+-PA" NF membrane increased slightly.
In order to more accurately understand the influence of PEI/Zr4+ double modification on the pure water flux of PA NF membrane, twelve PA NF membranes were specially selected as the research objects, as shown in Figure 3 (c). Before the experiment, the pure water flux of twelve initial PA NF membranes was measured. The PA NF membranes were arranged in order of pure water flux from large to small and were numbered "01" to "12". The twelve PA NF membranes were divided into three groups according to the pure water flux. The first membrane in each group was modified with nothing as a blank control sample, the second membrane in each group was only modified with PEI 70,000. The third and fourth membranes in each group were modified with PEI and Zr4+ at the same time. Then the pure water flux of each membrane before and after modification was tested. As could be seen from Figure 2 (c), the maximum and minimum pure water flux of the twelve initial PA NF membranes were 88.5 L/(m2·h·MPa) and 81.2 L/(m2·h·MPa). Even for the same batch and the same large group, the maximum pure water flux of the initial PA NF membrane was about 9.0 % higher than the minimum value. Because the difference of water flux between the initial PA NF membranes could be so large, all the experiments in this research needed to test the initial pure water flux of each PA NF membrane, and grouped several PA NF membranes whose pure water flux were close to each other into a group, so as to reduce the systematic error in the experiments as much as possible. The maximum and minimum values of pure water flux were 66.3 L/(m2·h·MPa) and 62.6 L/(m2·h·MPa) after PEI modification on nine of twelve PA NF membranes. Compared with the initial PA NF membrane, the decreased percentages of pure water flux of nine PEI-PA NF membranes were 19 % ~ 28 %. The main reason for the decrease of pure water flux was that the macromolecules of PEI covered the surface of PA NF membranes and reduced the effective pore size of water channel. Another possible reason for the decrease of pure water flux was that the thickness of functional layer of PA NF membrane was theoretically increased after modified with PEI. Six of the nine PEI-PA NF membranes were loaded with Zr4+, and the maximum and minimum values of pure water flux were 75.6 L/(m2·h·MPa) and 71.6 L/(m2·h·MPa). Compared with PEI-PA NF membranes, the increased percentages of pure water flux of six PEI/Zr4+-PA NF membranes were 12 % ~ 15 %. The main reason for the increase of pure water flux was that after loading Zr4+, not only Zr4+ increased the hydrophilicity on the surface of PA NF membranes, but also the acidic Zr4+ solution cleaned PEI deposited on the surface of PA NF membranes, which reduced the degree of blocking of PA NF membranes water channel by PEI. In conclusion, the continuous loading of zirconium acetate on the surface of PEI-PA NF membrane was helpful to improve the pure water flux of positively charged functionalization PA NF membrane.
The Figure 3 (d) showed the FTIR spectra of PA, PEI-PA, Zr4+-PA and PEI/Zr4+-PA NF membranes. The peak of 1680 cm-1 was attributed to the amide group and the 3500 cm-1 was attributed to the N-H or O-H. It could be seen from the Figure 2 (d) that no matter what process the surface of PA NF membrane had undergone, there was no significant difference between the two peaks of 1680 cm-1 and 3500 cm-1. The FTIR results were identical to those of previous studies [15] and showed the contents of PEI and Zr4+ loaded on the surface of PA NF membrane were extremely low, which could not be detected by FTIR. 
3.2. Rejection performance for Cr3+
Figure 4 (a) ~ (c) and (d) ~ (e) showed the removal results of 1 mg/L Cr3+ and 10 mg/L Cr3+ by the initial PA NF membrane, PEI-PA NF membrane and the PEI/Zr4+-PA NF membrane, respectively. By comparing the Figure 4 (a) and (d), when the concentration of feed solution was relatively low (1 mg/L), the Cr3+ concentrations in the filtrate by filtering with PA, PEI-PA and PEI/Zr4+-PA NF membranes gradually decreased, while the Cr3+ concentration in concentrate by filtering with PEI-PA NF membrane was the largest. When the concentration of feed solution was relatively high (10 mg/L), the Cr3+ concentration in filtrate also showed a downward trend. Different from filtering the low concentration feed solution, the Cr3+ concentration in filtrate by filtering with initial PA NF membrane was much higher than that of by filtering with the latter two kinds of PA NF membranes modified with PEI and PEI/Zr4+, while the Cr3+ concentrations in the concentrate showed a gradually increasing trend. The Cr3+ rejections calculated based on filtrate and concentrate concentrations were shown in Figure 4 (b) and (e). It could be seen from the two figures that the initial PA NF membrane also had a higher apparent rejection (~ 75 %) for low concentration of Cr3+ feed solution, and the PA NF membranes modified with PEI and PEI/Zr4+ had a certain improvement in apparent rejection for low concentration of Cr3+ feed solution. However, the initial PA NF membrane had a low apparent rejection for high concentration of Cr3+ feed solution, which only reached about 40 %. The PA NF membrane modified with PEI and PEI/Zr4+ had a significant increase in the apparent rejection for high concentration of Cr3+ feed solution, and the apparent rejection of Cr3+ reached the level of filtering the low concentration feed solution. These results indicated that the initial PA NF membrane had a low ability to remove high concentration of Cr3+, while the PA NF membranes modified with PEI and PEI/Zr4+ had a high ability to remove low and high concentration of Cr3+, and the secondary load of Zr4+ could continue to improve the performance of PA NF membrane to intercept high concentration of Cr3+.
For the filtration results of feed solution with different concentrations, another noteworthy phenomenon was that the actual rejection of PEI-PA NF membrane for low concentration Cr3+ was the highest and reached about 70 %. While the actual rejection of PEI/Zr4+-PA membrane for high concentration of Cr3+ was the highest and reached about 84 %, which was only slightly lower than the apparent rejection of 88 %. The differences in the actual rejections of the three kinds of PA NF membranes for the feed solutions with different concentrations of Cr3+ could be analyzed from the three directions of Cr3+, as shown in Figure 4 (c) and (e). When the concentration of feed solution was low, both the carboxyl on the surface of the initial PA NF membrane and the acetate ions around the zirconium ions had strong chelating ability to Cr3+, and the PEI molecules had a weak ability to adsorb Cr3+ due to its own positive charged amine groups and the speed of saturated adsorption might be slower. Therefore, the adsorption proportion of Cr3+ on the surface of PEI-PA NF membrane was relatively low and the higher rejection of PEI-PA NF membrane for Cr3+ was due to its positive repulsive force for Cr3+ and water channel aperture, which made the actual rejection of PEI-PA NF membrane to low concentration of Cr3+ feed solution was the highest. For the high concentration of Cr3+ feed solution, as the filtration process gone on, the concentration of Cr3+ in the concentrate became higher and higher, and the content of Cr3+ on the surface of three kinds of PA NF membranes rapidly exceeded the Cr3+ adsorption capacity of carboxyl and acetate ions (that was, the surface of all the three kinds of PA NF membrane could quickly reach the maximum adsorption capacity to Cr3+). Therefore, the excessive Cr3+ either passed through the NF membrane or was rejected by the NF membranes. The water channel aperture of the initial PA NF membrane was larger and lacked of rejection performance for Cr3+. Much more Cr3+ penetrated the PA NF membrane and went into the filtrate. However, the PEI and PEI/Zr4+ modification could enhance the surface positive charged performance of PA NF membrane and reduce the effective pore size of water channel, which improved the Cr3+ rejection ability. Therefore, much more Cr3+ was rejected and remained in the concentrate. As mentioned above, the PEI content on the surface of PEI/Zr4+-PA NF membrane was lower than that of unloaded Zr4+, and the reduction of PEI content meant that the adsorption capacity of high-concentration Cr3+ was also reduced. The adsorption capacity and permeance of Cr3+ decreased at the same time, corresponding to the increase of Cr3+ rejection, that was, the PEI-PA and PEI/Zr4+-PA membranes for high concentration of Cr3+ had the highest actual rejection.
Figure 5 showed the dynamic water contact angles of the three kinds of PA NF membranes after filtration of pure water, low and high concentration of Cr3+. It could be seen that no matter whether PA NF membrane was modified or not, the dynamic water contact angles after the filtration of Cr3+ varied from 30° to 40°, and the dynamic water contact angles for the filtration of high concentration Cr3+ was slightly lower than that for the filtration of low concentration Cr3+. This was because the surface of three kinds of PA NF membranes could absorb the hydrophilic Cr3+, and the Cr3+ had a great influence on the dynamic water contact angles, so that the water contact angles on the surface of PA NF membranes were determined by the hydrophilic Cr3+. When high concentration of Cr3+ was filtered, more content of Cr3+ was adsorbed and deposited on the surface of PA NF membranes, so the measured dynamic water contact angles were lower than that of filtering the low concentration of Cr3+.
Figure 6 showed the effect of filtrate volume percentage on the rejection of Cr3+ with different concentrations by PEI/Zr4+-PA NF membrane. The feed solution concentrations in Figure 6 (a) ~ (c) and (d) ~ (f) were 1 mg/L and 10 mg/L, respectively. By comparing Figure 6 (a) and (d), it could be seen that for both low and high concentration of feed solutions, the concentration of filtrate increased slightly with the increase of the filtrate volume percentage, and the concentration of concentrate also increased with the increase of the filtrate volume percentage, and the increase of concentrate concentration was far greater than that of filtrate concentration. Figure 6 (b) showed that when the feed solution concentration was low (1 mg/L), the apparent rejections of Cr3+ for all filtrate volume percentages were about 90 %, with almost no difference; the actual rejections of Cr3+ for all filtrate volume percentages were also greater than 60 %. Although the actual rejections of Cr3+ fluctuated, the overall trend was relatively stable. The results in Figure 6 (e) were slightly different from those in Figure 6 (b). When the feed solution concentration was high (10 mg/L), the apparent rejection of Cr3+ gradually decreased from 88 % to 75 % with the increase of the filtrate volume percentage, and the actual rejection of Cr3+ also presented a downward trend on the whole, from the maximum value of 84 % to 57 %. Three locations of Cr3+ were analyzed, and the results were shown in Figure 6 (c) and (f). When the feed solution concentration was low, with the gradual increase of filtration degree, all the percentages of adsorbed Cr3+, intercepted Cr3+ and permeated Cr3+ were relatively stable, which made both the apparent rejection and actual rejection of Cr3+ remained stable. However, when the feed solution concentration was high, it could be seen that the percentage of adsorbed Cr3+ and permeated Cr3+ presented an increasing trend on the whole, so that the percentage of intercepted Cr3+ decreased with the increase of filtration degree, and then the actual rejection of Cr3+ decreased on the whole. The above results could be explained as follows: the concentration of Cr3+ in the concentrate did not exceed the adsorption capacity and rejection ability of the PEI/Zr4+-PA NF membrane for Cr3+, even though the filtration degree of the low concentration of feed solution was large, so that the apparent and actual rejection of Cr3+ could remain at a high and stable level. When feed liquid concentration was higher, the concentration of enriched Cr3+ in the concentrate increased rapidly with the increase of filtration degree. The resulting concentration polarization effect of Cr3+ gradually made the Cr3+ overcome the positive repulsive force on the surface of the modified PA NF membranes and entered into the filtrate, eventually making the apparent rejection and the actual rejection of Cr3+ decline trends as a whole. In conclusion, even if the filtration degree of feed solution was up to 90 %, there was still no significant decline in the Cr3+ rejection performance of PEI/Zr4+-PA NF membrane. This result was of great significance in practical application.
The effect of multiple and repeated filtration on the Cr3+ rejection performance was also an important research content of the PA NF membrane modified by PEI/Zr4+ double positive charge functionalization. Figure 7 was the result of repeated filtration of feed solution by PEI/Zr4+-PA membrane for ten cycles. The feed solution concentration of (a) ~ (c) was 1 mg/L, and the feed solution concentration of (d) ~ (f) was 10 mg/L. The treatment method of "∞" sample in the Figure 7 was as follows: PEI/Zr4+-PA NF membrane was immersed in a high concentration of Cr3+ solution (5 g/L). After the Cr3+ was adsorbed and saturated by the membrane, the PEI/Zr4+-PA NF membrane was washed with pure water and then was placed in a ultrafiltration cup to filter pure water with continuous cleaning until the concentration of Cr3+ detected in the filtrate was below 0.01 mg/L. As could be seen from Figure 7 (a) ~ (c), when the feed solution concentration was low (1 mg/L), the apparent rejection of PEI/Zr4+-PA NF membrane for Cr3+ was relatively stable, which kept at the level of 90 % all the time, and did not decrease with the increase of filtration times. However, the actual rejection of Cr3+ increased gradually from ~ 40 % to ~ 70 % with the increase of filtration times. This was because with the increasing of filtration cycles, the adsorbed Cr3+ on the surface of PEI/Zr4+-PA NF membrane gradually saturated, and backwashing with a short period of time could not completely washed away the adsorbed Cr3+, the percentage of adsorbed Cr3+ gradually reduced, which made a contribution to the improvement of percentage of intercepted Cr3+ due to the electrostatic repulsion and water channel, resulting in the increasing actual rejection of Cr3+. The results of the "∞" sample for the filtration of Cr3+ were almost similar to the results of the first filtration of Cr3+, indicating that the PEI/Zr4+-PA NF membrane after repeated use could be restored to the initial state after a long time of pure water cleaning, so as to achieve the purpose of reuse of the PEI/Zr4+-PA NF membrane. Figure 7 (d) ~ (e) were the results of multiple filtration of Cr3+ by PEI/Zr4+-PA NF membrane when the concentration of feed solution was 10 mg/L. It could be seen that when the concentration of feed solution increased by ten times, the apparent rejection of Cr3+ was relatively stable, while the actual rejection of Cr3+ fluctuated and there was no significant change for the actual rejection of Cr3+ in the overall. At this time, there was no significant difference between the "∞" sample and the results of the first filtration. These above results indicated that the PEI/Zr4+-PA NF membrane also had a relatively stable reusable performance when it was exposed to high concentration of Cr3+ feed solution.
3.3. The effect of BSA on the rejection performance of Cr3+
As could be seen from Figure 8, when the PA NF membrane was modified with nothing, no matter which filter method was adopted, the rejection of PA NF membrane for Cr3+ was all lower than 30 %, indicating that PA NF membrane could not effectively intercept the Cr3+.
When PEI was modified on the surface of PA NF membrane, the filtrate concentrations of PEI-PA NF membrane were all low and only slightly increased with the order of the three filter methods, but the concentrate concentrations gradually increased in the order of the three filter methods. The corresponding results were that the apparent rejection of PEI-PA NF membrane for Cr3+ was about 90 %, and the actual rejection gradually increased with the order of the three filter methods. When the "BSA*Cr" filter method was used, BSA was first intercepted by PEI-PA NF membrane, and a large amount of BSA was adsorbed on the surface of PEI-PA NF membrane. When Cr3+ feed solution was filtered again, both BSA and PEI on the surface of PEI-PA NF membrane could adsorb Cr3+. When "Cr" filter method was used, only the PEI on the surface of PEI-PA NF membrane could adsorb Cr3+. When "BSA+Cr" filter method was adopted, Cr3+ would bind to BSA in advance, which not only reduced the negative charge of BSA, but also occupied the binding site of Cr3+ and PEI, so that neither Cr3+ nor BSA could be effectively adsorbed by PEI on the surface of PEI-PA NF membrane. However, the permeance proportions of Cr3+ of the three filter methods were similar, so the proportion of intercepted Cr3+ of "Cr" filter method was higher than that of "BSA*Cr" and lower than that of "BSA+Cr". This made the Cr3+ actual rejection of "Cr" higher than that of "BSA*Cr" and lower than that of "BSA+Cr". These results indicated that the negatively charged substance of BSA could only affect the actual rejection of PEI-PA NF membrane for Cr3+, but could not affect the apparent rejection of PEI-PA NF membrane for Cr3+.
For the PEI/Zr4+-PA NF membrane, there was no difference between the apparent rejection and the actual rejection of Cr3+. The apparent rejection of PEI/Zr4+-PA NF membrane for Cr3+ was slightly higher than that of PEI-PA NF membrane, and the actual rejection of PEI/Zr4+-PA NF membrane was higher than that of PEI-PA NF membrane. When the zirconium acetate was secondary loaded onto the surface of PEI-PA NF membrane, the zirconium ions of zirconium acetate could bind with PEI, and the acetate ions were toward the side of the concentrate solution. Therefore, when "BSA*Cr" filter method was used, the content of BSA attached to the surface of the PEI/Zr4+-PA NF membrane was less due to the action of negatively charged acetate ions, and the PEI, which binded with zirconium ions, lost the binding site to Cr3+, and the adsorbed Cr3+ proportion did not increase. When the "Cr" filter method was used, there was not enough site for PEI to bind to Cr3+ on the surface of PEI/Zr4+-PA NF membrane, so that the adsorbed Cr3+ proportion was not high. Similarly, when "BSA+Cr" filter method was adopted, the BSA could absorbed Cr3+ first, and the combination of BSA and Cr3+ could not be deposited on the surface of PEI/Zr4+-PA NF membrane. Therefore, the adsorbed Cr3+ proportion on the surface of PEI/Zr4+-PA NF membrane was not high. It could be seen from Figure 8 that the Cr3+ permeance proportions of the three filter methods were almost the same, so the Cr3+ rejections were relatively high, and the difference was not significant. In summary, the PEI/Zr4+-PA NF membrane had a high and similar Cr3+ actual rejection when the three filter methods were adopted, which indicated that negatively charged substances in water (such as BSA) could not have any adverse effect on the rejection performance of PEI/Zr4+-PA NF membrane for Cr3+.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]3.4. Rejection performance for trimethoprim
In addition to heavy metal ions, positively charged contaminants in water also included positively charged organics, such as TMP of positively charged antibiotics. Figure 9 showed the rejection performance of 1mg/L and 10mg/L TMP by PA, PEI-PA and PEI/Zr4+-PA NF membranes. The Figure 9 (a) and (d) were the UV-vis spectra of TMP with concentrations of 0 ~ 2 mg/L and 0 ~ 20 mg/L, respectively. The peak of UV-vis at 272 nm was the characteristic absorption peak of TMP. The peak intensity at 272 nm was linearly fitted with the concentrations of TMP, and the standard curves of TMP detection was obtained and inserted into the Figure 9 (a) and (b). Three kinds of PA NF membranes were then used to filtrate 1 mg/L and 10 mg/L TMP feed solutions, respectively. The UV-vis spectra of all filtrates, concentrates, and feed solutions were shown in Figure 9 (b) and (d). The inserted figures in Figure 9 (b) and (d) were the magnified images at the wave length range of 260 nm ~ 360 nm. Finally, the TMP concentrations in all the filtrates, concentrates and feed solutions were calculated according to the TMP standard curve and UV-vis spectra peak intensity at 272 nm of TMP, and then the rejections of the three kinds of PA NF membranes for TMP at different concentrations were obtained. The results were shown in Figure 9 (c) and (e).
It could be seen from the Figure 9 (c) that after the three kinds of PA NF membranes filtered the low concentration (1 mg/L) of TMP feed solution, the TMP concentrations in the filtrates were similar and about 0.573 mg/L, 0.572mg/L and 0.516mg/L respectively, while the TMP concentrations in the concentrates showed a slight increase trend with the two modifications of PEI and PEI/Zr4+ on the surface of PA NF membrane and were about 1.385 mg/L, 1.425 mg/L and 1.52 mg/L, respectively. After calculation, the rejection of the PA, PEI-PA and PEI/Zr4+-PA NF membranes for low concentration (1 mg/L) TMP were not high, and were about 40.37 %, 40.47 % and 46.31 %, respectively. The results indicated that the rejection of PEI-PA NF membrane for 1 mg/L TMP was almost not improved, while the rejection of PEI/Zr4+-PA NF membrane for 1 mg/L TMP was only slightly improved by about 6 %. The Figure 9 (e) were the results of filtration of high concentration (10 mg/L) TMP feed solution by three kinds of PA NF membranes. The TMP concentrations in the filtrates decreased obviously, and were about 5.475 mg/L, 4.121 mg/L and 3.389 mg/L, respectively. While the TMP concentrations in the concentrations also increased significantly, and were about 14.789 mg/L, 16.562 mg/L and 17.233 mg/L, respectively. The corresponding rejections of TMP (10 mg/L) were 46.30 %, 59.59 % and 66.76 %, respectively. It could be seen that for the feed solution with high concentration (10 mg/L) of TMP, the rejections of both PEI-PA and PEI/Zr4+-PA NF membranes for TMP were significantly improved compared with the blank PA NF membrane, which increased by about 13 % and 20 %, respectively. Through the above data analysis, it could be seen that the increased percentage of rejection of PEI/Zr4+-PA NF membrane for the high concentration (10 mg/L) of TMP was nearly three times higher than that of for the low concentration (1 mg/L) of TMP. The reasons for this result might be that the high concentration (10 mg/L) of TMP solution had more positive charge inside and higher positively electric potential, so the repulsion force on the surface of the positively charged PA NF membrane to the TMP was larger, which leaded to a higher rejection of the high concentration (10 mg/L) of TMP.
Figure 10 showed the dynamic water contact angles of the PA, PEI-PA and PEI/Zr4+-PA membranes after filtrating pure water, 1 mg/L TMP solution and 10 mg/L TMP solution, respectively. When the PA NF membrane filtered two different TMP solutions, the negative charged carboxyl group on the surface of PA NF membrane attracted the positive charged TMP and caused the amino groups of TMP molecule to point to the surface of the membrane and the methoxy groups to point to the concentrate. The outermost part of the membrane was the hydrophobic methoxy group of TMP, which made the dynamic contact angles increased greatly and reached the range of 40° ~ 50°. However, the results of PEI-PA and PEI/Zr4+-PA NF membranes were just the opposite. This was because the surface of these two membranes were positively charged and repelled the TMP so that the methoxy groups of TMP faced the surface of the membranes and the positively charged amine groups of TMP faced the concentrates. The hydrophilic amine groups of TMP were near the outermost layer of the membrane. Therefore, the dynamic contact angles on the surface of PEI-PA and PEI/Zr4+-PA NF membranes after filtration of two kinds of TMP solutions were both low and within the range of 30° ~ 40°.
3.5. The anti-fouling performance of the PEI/Zr4+-PA NF membrane
As in previous study [15], this study also used 5 mg/L humic acid (HA) as the simulated solution of pollutants in water. The PA, PEI-PA and PEI/Zr4+-PA NF membranes were used to filter 60 mL of HA solution, respectively. Each membrane filtered the HA solution for three times (i.e., three cycles). In addition, a backwashing process was inserted in each of the two filtration processes of HA. The pure water of backwashing was 15 mL, and the operating pressure of backwashing was 0.1 MPa. The continuous flux changes in all the processes of HA filtration were recorded and calculated, and the fluxes were normalized (J/J0). The results were shown in Figure 11.
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]The normalized flux (J/J0) of PA NF membrane decreased from 1.0 to 0.92 in the first filtration cycle, and increased to 0.96 after the first backwash. In the second cycle, the J/J0 of PA NF membrane decreased to 0.89 and recovered to 0.95 after the second backwash. In the third filtration cycle, the J/J0 of the PA NF membrane decreased to 0.91. In contrast, the normalized flux (J/J0) of PEI-PA NF membrane decreased sharply from 1.0 to 0.66 in the first filtration cycle. In the subsequent two filtration cycles, although the J/J0 of PEI-PA NF membrane recovered to some extent, the J/J0 of PEI-PA NF membrane decreased to 0.66 after filtration of 60 mL HA solution. For PEI/Zr4+-PA NF membrane, J/J0 decreased from 1.0 to 0.70 in the first filtration cycle, and recovered to some degree in the two subsequent filtration cycles. After filtration of 60 mL HA solution, J/J0 also decreased to 0.70 in both cycles. These results indicated that there was a maximum limit for the fouling degree of both PEI-PA and PEI/Zr4+-PA NF membranes by HA, and the fouling degree of the former was greater than that of the latter. The results showed that the secondary loading of Zr4+ could not only increase the rejection performance of positively charged PA NF membrane for Cr3+, but also reduce the fouling degree of positively charged PA NF membrane, which was helpful to improve the practical application ability of positively charged PA NF membrane to remove Cr3+.
4. Conclusions
Zr4+, provided by zirconium acetate, was loaded on the surface of PA NF membrane with PEI 70,000, and thus double positively charged PA (denoted as "PEI/Zr4+-PA") NF membranes were successfully obtained. Filtration performance of these PEI/Zr4+-PA NF membranes were evaluated when treating Cr3+ and trimethoprim as model aqueous contaminants, and their anti-fouling capabilities and recoverability were also investigated. Some specific conclusions are as follows:
(1) PEI 70,000 firstly changed surface charge of virgin PA NF membranes, from the negative to positive. Compared with zirconium chloride, zirconium acetate was selected as a Zr4+ source for additional loading due to its charge stability, without a significant influence on surface charge of PEI-PA membranes.
(2) Secondary loading of Zr4+ could improve water flux of the prepared PEI/Zr4+-PA NF membranes, supported by the decrease of water contact angle of PEI/Zr4+-PA NF membranes, comparing with PEI-PA membranes.
(3) Apparent rejection of PEI-PA NF membrane to Cr3+ (more than 90 %) could be further improved by secondary loading of Zr4+ in the presence of both low and high Cr3+ concentrations respectively.
(4) Retention rate of NF feed, filtration cycle, and coexisting substances (e.g., BSA) in water exerted a limited effect on Cr3+ removal efficiency by PEI/Zr4+-PA NF membranes.
(5) TMP removal efficiency was significantly improved by PEI/Zr4+-PA NF membranes when TMP was at a high concentration (10 mg/L); however, little improvement was observed when TMP was at a low concentration (1 mg/L).
(6) Secondary loading of Zr4+ could reduce PEI/Zr4+-PA NF membrane fouling caused by HA, and thus improve its anti-fouling ability.
For future studies, it is suggested that the rejection of the double positively charged functionalization of PEI/Zr4+-PA NF membrane to mixed heavy metal ions can be evaluated. In addition, the removal effect of PEI/Zr4+-PA NF membrane on positively charged organic matter has a great potential for improvement.
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Figure 1. Schematic diagram of double positively charged PA NF membrane modification with PEI/Zr4+.
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[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Figure 2. XPS spectra of PA, PEI-PA and PEI/Zr4+-PA NF membranes: (a) XPS spectra and (b) their Zr3d peaks; the C1s of XPS spectra of (c) PA, (d) PEI-PA, and (e) PEI/Zr4+-PA NF membranes; the O1s of XPS spectra of (f) PA, (g) PEI-PA, and (h) PEI/Zr4+-PA NF membranes.
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Figure 3. Characterization of the prepared PA, PEI-PA, Zr4+-PA, and PEI/Zr4+-PA NF membranes: (a) solid surface zeta potentials, (b) dynamic water contact angles, (c) pure water flux, and (d) FTIR spectra. The “Zr4+-PA” means that PA NF membrane was only treated with Zr4+, without PEI.



Table 1 The contents of C1s and O1s components on the surface of PA, PEI-PA and PEI/Zr4+-PA NF membranes.
	
	C1s (%)
	O1s (%)

	
	C=O
287.2 eV
	C-N
285.5 eV
	C-C
284.4 eV
	O-H
531.9 eV
	O=C
530.5 eV

	PA
	16.27
	23.12
	60.61
	55.67
	44.33

	PEI-PA
	12.96
	36.74
	50.30
	18.34
	81.66

	PEI/Zr4+-PA
	11.67
	36.48
	51.85
	20.91
	79.09
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Figure 4. Cr3+ rejection performance of PA, PEI-PA, and PEI/Zr4+-PA NF membranes. (a) and (d) Cr3+ concentrations of filtrates and concentrates; (b) and (e) apparent and actual rejection; (c) and (f) the proportion of Cr3+ adsorbed, intercepted and in permeate. (a) ~ (c) the concentration of feed solutions was 1 mg/L; (d) ~ (f) the concentration of feed solutions was 10 mg/L.
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Figure 5. Dynamic water contact angles of the PA, PEI-PA and PEI/Zr4+-PA membranes after filtrating pure water, 1 mg/L and 10 mg/L Cr3+ solutions, respectively.
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Figure 6. Effects of filtrate volume on PEI/Zr4+-PA NF membranes performance for Cr3+ rejection: (a) and (d) Cr3+ concentrations of filtrates and concentrates; (b) and (e) apparent and actual rejection; (c) and (f) the proportion of Cr3+ adsorbed, intercepted and in permeate. (a) ~ (c) the concentration of feed solutions was 1 mg/L; (d) ~ (f) the concentration of feed solutions was 10 mg/L.
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Figure 7. Influence of filtration cycle on PEI/Zr4+-PA NF membranes performance for Cr3+ rejection. (a) and (d) Cr3+ concentrations of filtrates and concentrates; (b) and (e) apparent and actual rejection; (c) and (f) the proportion of Cr3+ adsorbed, intercepted and in permeate. (a) ~ (c) the concentration of feed solutions was 1 mg/L; (d) ~ (f) the concentration of feed solutions was 10 mg/L. Each PEI/Zr4+-PA membrane was flushed with 30 mL pure water before the next filtration cycle. The symbol “∞” means that before filtering Cr3+ solutions, the PEI/Zr4+-PA membranes were immersed in high concentration (5 g/L) Cr3+ solution overnight and then rinsed using pure water until Cr3+ concentrations in the filtrates were lower than 0.01 mg/L, respectively.
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Figure 8. Effects of BSA on apparent rejection performance of PA, PEI-PA, and PEI/Zr4+-PA NF membranes for Cr3+ removal by different filter methods. (a) Cr3+ concentrations in filtrates and concentrates; (b) apparent rejection rate of Cr3+; (c) proportions of Cr3+ adsorbed, intercepted, and in permeate. The filter methods of “BSA*Cr”, “Cr” and “BSA+Cr” were as follows: “BSA*Cr” means the NF membrane initially filtered with BSA solution and then filtered with Cr3+ solution; “Cr” means filtration of Cr3+ solution only; “BSA+Cr” means filtration of a solution containing BSA and Cr3+. All the concentrations of BSA solutions, Cr3+ feed solutions, and solutions of BSA and Cr3+ were 5 mg/L, respectively.
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Figure 9. Apparent rejection performance of the PA, PEI-PA, and PEI/Zr4+-PA NF membranes for trimethoprim. UV-vis spectra of trimethoprim with concentrations of (a) 0 ‒ 2 mg/L and (d) 0 ‒ 20 mg/L (the inserted figures were the standard curves of trimethoprim at 272 nm); (b) and (e) UV-vis spectra of trimethoprim in filtrates, concentrates and feed solutions (the inserted figures were the magnified images at a wave length range of 260 nm ‒ 360 nm); (c) and (f) trimethoprim concentrations in filtrates and concentrates, and its removal efficiency. (b) and (c) the concentration of feed solutions was 1 mg/L; (e) and (f) the concentration of feed solutions was 10 mg/L.
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Figure 10. Dynamic water contact angles of the PA, PEI-PA and PEI/Zr4+-PA membranes after filtrating pure water, 1 mg/L and 10 mg/L TMP solutions, respectively.




Figure 11. Effects of BSA (5 mg/L) on flux recovery of PA, PEI-PA, and PEI/Zr4+-PA NF membranes.
21
image1.png
Carboxyl Activation PEI Modification

Polyamide ] I

layer

1
1
Substrate 1 NHS and EDC
1
1

PA membrane PEI-PA membrane

Zr* ion @

(? Negative Charge —COOH
20 min, RT

@ Positive Charge  —NH,

2+ Load | Amido Bond —CO-NH-

PEI/Zr*-PAmembrane




image2.png
CPS

287.2 eV

Cls v ——PA (b) Zr3d v PA
" PEI-PA a PEI-PA
¢ ——PEV/Zr*-PA ¢ ——PEI/Zr*-PA
wn
% .
@)
WMMWWMWW
v
T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 1100 170 175 180 185 190
Binding Energy(eV) Binding Energy(eV)
Cls ® Ols
PA PA
C-N
285.5eV
Cc-C -0-H 0=C
284.4 eV 531.9 eV 530.5 eV
C=0

T T T
535 530 525

T T T
295 290 285 280 275 540 o 520
Binding Energy (eV) Binding Energy (eV)
(@ Cls ® Ols
PEI-PA PEI-PA

C-N

285.5 eV
0=C
530.5eV
-O-H

531.9 eV

T T T
535 530 525

T T T
295 290 285 280 275 540 o 520
Binding Energy (eV) Binding Energy (eV)
(e) Cls (h) Ol1s
PEU/Zr**-PA PEL/Zr*-PA
C-N

285.5 eV

c-C
c=0 284.4 eV
287.2 eV

295

T T
285 280

Binding Energy (eV)

T
290

275 40

T T
530 525

Binding Energy (eV)

T
535 520




image3.png
—_
]
~
=)
<>

Potential (mV)
= =

[
S

-60

(c) 150

o
[
=

\o
=

=)
=

w
=

Flux (L-m?-h!-M Pa™)

Zr(CH,CO0),

e zrcy,

28.11+0.79 mV

-54.40 £ 0.97 mV -

30.16 £ 1.55 mV 16.89 £ 1.90 mV

Membrane

1 1 1
PA PEI-PA PEI/Zr*-PA PEI/Zr*'-PA

@ PA
H PEI-PA A Before and After Modified with PEI

L PEVZr*"-PA WV Before and After Modified with r

88.5

G e 81.2
ol ‘ ‘ ‘ ?\ ‘ e ‘ \/\:\/\
* B716 o 8756 &
Pt N7 \/.\ . .
6w ® = RT3 -
vV v v ¥V v ¥
A A A A A A A A A

— —
01 02 03 04 05 06 07 08 09 10 11 12
Number of PA NF membrane

(b) 100
e PA
o Zr*-PA
30 - =t PEI-PA
= ~—PEV/Zr*-PA
A
g
?‘0 60 M
=
<
~—
9
8 40
=]
S
@)
20
0 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
Til/llle (s)
150 (d) &4
ry =N T
2
S
00 —~——
=
]
)
o
50 %n * N Y
~—
=]
o
g
- & N T
0 g \ stretching of
g *—PA  NHorO-H
= . Zr*PA \ 4
&) ¥ ——PEI-PA 1680 cm
& ——PEVZr*-PA amide group
-50 //
1 1 77 1 1
4000 3500 3000 1500 1000 500

Wavenumber (cm™?)




image4.png
(@ 2.5 - (b)120 — (c) 150
Feed solution 7/ Filtrate 7/ Apparent R.e]ec.tlun Permeate Cr**
1 mg/L Cr3t -Cuncentrate - Actual Rejection - Intercepted Cr**
2.0 4 _ 7/ Absorbed Cr*
= 90 - s
=
=
Eﬂ _ ,i'L 100
E 15 X )
: N
=5 £ 5
= S 60 =
: 3 E
S 10 - - - RS - - o NN - - - o 3 g
5] iy ©
8 I~ L 50
=1 Feed Solution ~
6 30
0.5
0.0 = 0 0
PEI-PA PEV/Zr*-PA PEI-PA PEV/Zr*-PA PEL-PA PEVZr*-PA
Membrane Membrane Membrane
25 100 150
@ i © M
. Filtrate -Apparem Rejection 3
Feed solution - Concentrate Actual Rejection il Permeate Cr .
10 mg/L Cr** Intercepted Cr®
20 - 80 - 120 4 1/ Absorbed Cr**
-~
! S
<
£ 2 =
~ 154 X 60 & 904
£ = S
=)
= = =
= 5 =
A (U B N e i <\ et - D 40 T 60+
5] S 5
8 2 &
g Feed Solution =
=%
O s 20 304
0 0 0

PEI-PA PEVZr*-PA
Membrane

PEI-PA PEVZr*-PA
Membrane

PEI-PA PEUZr*-PA
Membrane





image5.emf
10

20

30

40

50

20

40

60

80

0 20 40 60 80 100 120 140 160 180

20

30

40

50

 After Filtrating Pure Water

 After Filtrating 1 mg/L Cr

3+

 Solution

 After Filtrating 10 mg/L Cr3+ Solution

Contact Angles (°)

PA

 After Filtrating Pure Water

 After Filtrating 1 mg/L Cr

3+

 Solution

 After Filtrating 10 mg/L Cr

3+

 Solution

PEI-PA

PEI/Zr

4+

-PA

 After Filtrating Pure Water

 After Filtrating 1 mg/L Cr3+ Solution

 After Filtrating 10 mg/L Cr3+ Solution

Time (s)


image6.png
@?* (b)120 (c)150
Feed solution -Filtrate - Apparent Rejection
7 1 1 mg/L ot -Concentrate - Actual Rejection NN Intercepted Cr™*
- - Absorbed Cr**
. . X
S° 2 S
El £ 100
~_ -
Es- g %
= et o
o = =
S 4 .2 60 8]
< - =
= @ —
N ] =)
91 g &
§ &
2 - -
© Feed Solu 30
0 0 0
50 60 70 . 80 920 50 60 70 . 80 90 50 60 70 . 80
Volume Percentage of Filtrate (%) Volume Percentage of Filtrate (%) Volume Percentage of Filtrate (%)
(d) 80 (6)100 (f)lSO
Feed solution “// Filtrate - Apparent Rejection Permeate Cr’*
70 10 mg/L o’ -Concentrate Actual Rejection - Tntercepted Cr**
80 - 120 - 7/ Absorbed Cr**
S 60 \?
0 & S
£ 50+ < +
~ 60 o 90
= g L
£ 40+ £ ®)
[ S [=]
= z =
= 30 ~ 40 60
g Q
= Feed Solutit %‘
S 20 - =
© A~
20 + 30 4
10 4 - — = -=- - -
0
90 0 0

Volume Percentage of Flltrate (%)

Volume Percentage of F]ltrate (%)

50

920

60 70 80
Volume Percentage of Filtrate (%)




image7.png
L WA | A,
O % % O
[CRL-Y) = (SR -
223 = g 23
- S|2¢8%
ELG o | E 52 g
g =2 = s = =2 o=
-V = -V m
-// oo 2 -// 3
A P N @
- +
0O Fe"
mb @]
. o0
-\ = -
= g
o= e &
= =
SN\ -+
& 2
NN E [ £
= £
=
7777272\ S\ i L
777777772\ o
: z : : P
T = K Z 5] ES 2 3 <
- = o I1)) uorfiodo.
o a0 uonaodou, = = (% D ot d
> (%) {10 uopdodoayg = +€
2 =
ln 5 .II
FUULLUUUUUU SRR 8 2 g PSR 8
g g £3
E=IC) o 3 > G a=
3 g = 23 A TR =
23
& g g 53 =
Fis 2 | &£ 7////////////9.m
¥ ERRE :
e R zzz e
Awm ron e R RS 2 N R R = 2
N WLLLLLLLLLLLLLL84444 5 | N A SIS IS ST ILIT SIS S e
//- INSRRNCCEECE RS EE S AR 5.
Mb en
i L .8 o L e £
B 5
o L LKL "= AR RSN =
= =
b WAL s
R Te rocsllilliiiiiiiiill =
g g
A LLLLLLLLLLLLLLL L
R R LKL 3m o SRR g B
=
R L P L L L e
_////////////////ﬂ//////////-1 SRR
T T T T T T
8 & 8 R < 8 & 8 3 <
< (%) uonaofoy > (9,) uonloy
L
g o 8 o I (NN
| ="
2 e LS e ] o £ io
£ \ NN %8 N
&E - !
I N B - R R
gZ I e | E | N
O = // E
N |: = // WAL SIS S STV SIS TS0 7T TN
/ N I N2
N 1 + | G
e S VA 4 WS T|7ﬁl
N
1 = FOVb = 1 - @]
0
L2, ™ L (L e ™
. T F—! TS
i =] i g
2 4 1 = h Sm = " Sm
I
£ e L A = & I4W
RS X INRE g = [N )
@ =l e} |
[=} 5} - wn
= e W B I B R o s s I
L)
M g I N & S 1 N m
= 3 2 RSP0 SN0 000000770 =
« =) ~
X N o o— | [N
i ce g WSS LSS S A
i N[ o
T T T T T T __ T
n N n < 0 < w < w o w =)
o « - - S S a Q — -
= (7/38w) uopeUIIUO) = ("1/w) uope.UIIUC)
N’ R




image8.png
(a)!4 BH)150
Feed Solution - Filtrate ® 77/ Apparent Rejecti (OR P
4 5 mg/L - Concentrate PP ejection ermeate Cr
1 NN Actual Rejection Intercepted Cr**
1
! 120 J A 3+
S0l PA PEI-PA | PEUZr*-PA 0 PA | pELPA ! 1201 | W Absorbed C
? i i - i B i PEVZr*-PA | @ PA PEI-PA PEI/Zr*-PA
T s ' ' < 90 i i +
£ = i 901
= k= O
5 6 3 s
= >
g & 7 60
g 4 £
o 5
2
304 g
2 £304
0 0d ol
& & & (o) &
g %vp I {yp K ¢ %vp I N R - S S SR <
< § b & 5 > L £
Filter Metl?od N ® $ <& & & & & & & &
Filter Method Filter Method




image9.png
(b)04 (c)20

TMP~1 mgll. Fecd Solution Coants
[t N\ T 1 mell. = Relcton
T i 1
03 -l | I
2
)
En
o2 H
2 H
Lo
]
R I A ] o1 £
Concentration (mg/L) 5]
04
' 00
0
B I T T R R A A I . ) L Frira Pz
Wave Length (nm) Wave Length (nm) Membrane
f ®»
5 s
© " TP 10mgL Feed Solution Conemrne
10meL. o e
[Ep—— 1
R=0.99997 3 -~
3
)
En
) z
ED £
- H
N
§
1 g
LIPS W PR | 4
‘Wave Length (nm)
0
0
20 - - W am Y P ™ By rrirs Pz
‘Wave Length (nm) ‘Wave Length (nm)

Membrane

2

&
(9%) uopoaloy

2

B
(/) uopdafoy.




image10.emf
10

20

30

40

50

60

0

30

60

90

0 20 40 60 80 100 120 140 160 180

20

30

40

50

 After Filtrating Pure Water

 After Filtrating 1 mg/L TMP Solution

 After Filtrating 10 mg/L TMP Solution

Contact Angles (°)

PA

 After Filtrating Pure Water

 After Filtrating 1 mg/L TMP Solution

 After Filtrating 10 mg/L TMP Solution

PEI-PA

 After Filtrating Pure Water

 After Filtrating 1 mg/L TMP Solution

 After Filtrating 10 mg/L TMP Solution

PEI/Zr

4+

-PA

Time (s)


image11.emf
0 60 120 180

0.6

0.7

0.8

0.9

1.0

1.1

1.2

¨

ª

©

¨

ª

Backwash

Normalized Flux 

(

J/J

0

)

Volume (mL)

 PA

 PEI-PA

 PEI/Zr4+-PA

Backwash

©


oleObject1.bin

