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[bookmark: OLE_LINK13][bookmark: _Hlk89961628][bookmark: OLE_LINK5][bookmark: OLE_LINK7][bookmark: OLE_LINK3][bookmark: OLE_LINK8][bookmark: OLE_LINK39]Abstract: Nanofiltration (NF), highly prospective for drinking water treatment, faces a challenge to simultaneously remove emerging contaminants while maintaining mineral salts particularly divalent cations. To overcome this challenge, NF membranes possessing small pores concomitant with highly negatively-charged surfaces were synthesized via a two-step fabrication strategy. The key is to generate a polyamide active layer having a loose and carboxyl groups-abundant segment on top and a dense barrier segment underneath. This was achieved by a restrained interfacial polymerization between trimesoyl chloride and partly protonated piperazine to form a highly depth-heterogeneous polyamide network, followed by a second amidation in organic environment to remove untethered polyamide fragments and associate malonyl chlorides with reserved amine groups to introduce more negative charges. Most importantly, first-principle engineering the spatial architecture of polyamide layer, amplifying asymmetric charge distribution was paired with thinning the vertical structure. The optimized membrane exhibits high salt/organics rejection selectivity and water permeance superior to most NF membranes reported previously. The rejections of eight emerging contaminants were in the range of 66.0 - 94.4%, much higher than the MgCl2 rejection of 41.1%. This new fabrication strategy, suiting for various diacyl chlorides, along with the new membranes so produced, offers a novel option for NF in potable water systems.
[bookmark: OLE_LINK14]Synopsis: Pre-protonation of piperazine and then amidation with diacyl chlorides in organic milieu modulate the asymmetry of active layer, including polyamide density and charge distribution, to achieve the enhanced water permeance and multivalent cations/organics selectivity.

1. INTRODUCTION
Increasingly as the complexity of modern societies accelerates, the security of drinking water is challenged by an unintended, but accompanying introduction of numerous synthetic chemicals into the aquatic environment.1-3 These new chemicals perhaps already in the millions2 are termed “emerging contaminants (ECs)”.3 Many ECs, even in trace levels in drinking water, may pose risks to human health.4,5 Furthermore, many ECs are hardly eliminated from water by using conventional water treatment technologies.1,2,5 
[bookmark: _Hlk93652225]Nanofiltration (NF) has been gradually utilized as an alternative technology to purify drinking water. With a typical molecular weight cut-off (MWCO) of 200-400 Da, usually corresponding to an average diameter of membrane pores being less than 1 nm which can be defined as sub-nanopores, NF has the potential to efficiently remove ECs. 4-6 However, currently available NF membranes are often associated with a high rejection of mineral salts,7 which is problematic as the inorganic components including bicarbonate and divalent cations are essential for water chemical stability, palatability and likely human health.8-10 Thus, NF systems may require downstream post-treatment to replenish the key ions.10,11 To overcome this obstacle, the chemistry of the NF membrane itself may require adjustment. NF researchers have already revealed solute rejection is mainly dictated by size exclusion plus charge effects.7,12 An elevated surface charge environment aids the permeation of high-valent counter-ions and low-valent co-ions through the membrane. Therefore, to reject ECs yet preserve the essential ions, NF membranes with small pores and abundant surface negative charges, to ensure the respective strong steric and Donnan effects, need to be available. In particular, a high selectivity between divalent cations and ECs, along with a high water permeance, is of great significance for the cost-efficient production of drinking water. 
[bookmark: OLE_LINK17][bookmark: _Hlk93762621][bookmark: OLE_LINK1][bookmark: OLE_LINK18][bookmark: OLE_LINK25]Polyamide (PA)-based thin-film composite membranes are the current gold-standard in NF.4,13,14 The basic chemistry of these membranes are routinely fabricated by interfacial polymerization (IP) between an aqueous solution of diamine monomer (e.g., piperazine, PIP) and an organic solution of acyl chloride monomer (e.g., trimesoyl chloride, TMC), atop a porous support.13-15 Since chemical reactions occurring in IP are intrinsically irreversible and almost instantaneous, purposely customizing NF membrane performance solely via a standard IP is difficult. This lack of reaction control is especially restrictive when tuning more than one functionalities of the NF membrane. Though NF studies have made great progress to manipulate the IP process by introducing interlayer 16,17 as well as adding surfactants 18,19 or mixed monomers,5, 20 the preferred membrane properties including small pore size, high charge density and high water permeance could hardly be achieved simultaneously. Surface modification after IP is thought to be an essential step to tune the membrane functionality in a more independent manner. For example, a plethora of studies have exploited residual acyl chloride groups to perform surface modification in aqueous environments, so as to tune membrane surface charge density, enhance hydrophilicity and endow with other functionalities.21-24 By far, the whole spatial architecture of PA network is often neglected as an adjustable object and thus rarely reformed significantly, just like the small-pored, highly negative NF membranes are rarely reported to date. 
[bookmark: OLE_LINK36][bookmark: OLE_LINK21][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: _Hlk93652591][bookmark: OLE_LINK29]Generally, a freshly formed PA network constitutes a non-uniform and vertically asymmetric structure comprising of a thin while dense barrier segment underneath a thick while loose segment with more unpolymerized groups. 13,25,26 Considering that the lower dense segment and the upper loose segment of the membrane separation layer play relatively independent roles, we proposed a synergy of the restrained IP and the second amidation could be achieved to synthesize NF membranes of small pores and abundant negative surface charges. Moreover, both the loose and dense segments, thus generated, are projected to be closely commensurate in vertical thickness (Figure 1a). Firstly, manipulating to restrain IP will, not only tailor the underneath dense structure so as to achieve the small-pored barrier layer as a prerequisite, but also form an upper loose structure with increased abundance of functional groups, contributing to the asymmetry. Apart from the enriched carboxylic groups (originating from unreacted acyl chloride groups), the increased amine groups are initially designed as chemical anchors. In the subsequent amidation step, small-molecule diacyl chlorides were utilized in an organic milieu to flexibly exert that high reactivity on those residual amine groups, which on one hand decreased the positive charges and on the other hand increased the negative charges. The use of organic solvent is essential since, without destroying the water/organic interface, the freshly formed PA network could be remoulded as an open micro-reaction zone, thereby probable to be remarkably re-shaped in an organic environment. In addition, solvent activation could take place when the freshly formed PA layer was in contact with the organic solvent, improving membrane water permeance.27 In short, the advantages of second amidation in organic environment can then be taken to further modulate the asymmetry of nascent active layer, especially pursuing the concentrated (high-density) negative charges and the thinner thickness. Hence, in quest of a high negative charge density on small-pored NF membranes, an investigation into the feasibility of using a stepped strategy drawing on (a) the reactivity differences of PIP versus protonated PIP plus (b) the selection of acyl chloride monomers was conducted. Decoupling the nexus of structure and performance in this new strategy, the overall spatial architecture of active layer was especially stressed on for designing the active layer of a high selectivity as well as a high water permeance.
2. MATERIALS AND METHODS
Fabrication of PA composite NF membranes via interfacial polymerization and a second amidation reaction. Generally, the polysulfone UF membrane, as the support layer, was firstly fixed upwardly on a lab-made module (15 × 15 cm2), and impregnated in the aqueous solution of PIP (0.8 wt%) for 2 min. A relatively high PIP concentration was adopted to ensure the formation of a dense barrier segment. After draining off the excess PIP solution, 0.15 wt% TMC in n-hexane was poured in and left for 1 min to form the PA active layer via IP (Figure 1b). Subsequently, after pouring off the surplus solution, the membrane was cured at 60 °C for 5 min in an oven, and then rinsed with deionzed water. The membrane as-prepared was entitled 8P. To produce a more asymmetric PA active layer especially on the top with more unreacted amines, the aqueous PIP solution added with an acid was adopted, and the same procedure described above was followed. The membranes were named with 8Px, with x denoting the pH of PIP solution adjusted by the acid. For synthesizing a series of more negatively charged membranes, a second amidation reaction by using malonyl chloride (MC) dissolved in n-hexane to react with residual amines of freshly formed PA layer was performed. MC as a representative acyl dichloride was selected for the second reaction as it offers both linear flexibility and strong reactivity. The procedure was that, once the surplus organic phase was dropped off after the completion of IP between TMC and PIP (or protonated PIP), MC in n-hexane of varying concentrations were immediately poured on the surface of the freshly formed PA layer and kept for a specified time (Figure 1c) before curing at 60 °C for 5 min in an oven. These membranes were marked as 8Px-cMCt, with x, c and t representing the pH of aqueous solution of PIP, the concentration of MC in n-hexane and the time of second reaction, respectively. As a control, the pure n-hexane solvent was used to cover the freshly formed PA layer following the same procedure except that no MC was dissolved in n-hexane. These membranes were denoted as 8Px-Ht, with H, x and t representing n-hexane, the pH of aqueous solution of PIP and the contact time, respectively. The detailed information of membranes are listed in Table S2. Some experimental trials were also conducted using other small acyl chlorides for the second amidation reaction, following the identical procedures above, unless with special instructions.
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Figure 1. (a) The sub-nanopores with a more open upper negatively-charged zone. Schematic illustration of (b) the conventional IP of PIP and TMC, and (c) the new two-step IP process, including IP of protonated PIP and TMC, and an amidation of remaining amines by MC, both of which were carried out in n-hexane.
3. RESULTS AND DISCUSSION
[bookmark: OLE_LINK27][bookmark: OLE_LINK26]3.1. The Stratergy of Preparing Highly Selective NF Membranes and the Performance. The potential for synthesizing novel highly selective (HiSEL) NF membranes was examined using a two-step process (Figure 1c, Figures S1 and S2). In Step 1, IP was manipulated using PIP that were partly protonated, achieved by carefully lowering the pH of the PIP solution, and TMC in n-hexane. In Step 2, a second amidation was initiated at the interface of a freshly formed PA network by employing small-molecule diacyl chlorides, such as malonyl chloride (MC), dissolved in an organic solvent (n-hexane). Step 1 aimed to form a nascent PA layer with highly asymmetric structure comprising of a lower, dense segment with pores of practical size (nanopores) and an upper, loose segement with enhanced unreacted amine and acyl chloride groups. Step 2 was designed to use MC as a chemical “tool” to interact with pre-reserved amine groups in the already formed PA layer (particularly the upper loose segment), thereby producing a highly negative surface. The n-hexane milieu of Step 2, in virtue of swelling the freshly formed PA network and diluting the risidues of Step 1, could contribute to the reduction of membrane thickness and the exposure of remaining amine groups, and also deliver the small-molecule MC downward to participate grafting or crosslinking reactions. Thus, in the new IP process, a very asymmetric negative charge distribution is engineered in the upper portion of a thin active layer with an apporitate pore size. 
[bookmark: OLE_LINK40]During the investigation of our novel fabrication strategy, a systematic study of IP variables (pH, MC concentration, and time of second amidation or solvent activation) provided a family of HiSEL NF membranes and the controls. Their performance in terms of water permeance (A), and the solute rejection as well as the solute permeability coeﬃcient (B), passage selectivity (or inverse water/solute selectivity) (B/A) and solute selectivity (B/B) were examined. If more suitable for drinking water treatment, the HiSEL membranes should feature a lower passage selectivity for xylose (as a measure of ECs rejection) as well as a higher passage selectivity for MgCl2 (being a measure of preserving mineral ions, particularly divalent cations).
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[bookmark: _Hlk111181309][bookmark: OLE_LINK4]Figure 2. The comparison of 8P10-0.5MC30 with commercial NF270 in terms of (a) MWCO, water permeance and BMgCl2/Bxylose, (b) B/A with the corresponding rejections, and (c) rejections of eight PhACs. A, B and B/A represents the water permeance, solute permeance and passage selectivity, respectively.
One optimized membrane (8P10-0.5MC30) exhibited a superior selectivity (BMgCl2/Bxylose) of 3.6 in comparison with 2.4 for NF270, with a comparable water permeance (Figure 2a). A (slightly) higher value for BMgCl2/Bxylose is expected since the rejection of CaCl2 is usually lower than that of MgCl2 due to the similar charge effect while a lower steric hindrance effect, as long as the concentration and solute environment are the same. More specifically, 8P10-0.5MC30 had the xylose rejection of 71.3 ± 3.7% and the MgCl2 rejection of 41.1 ± 6.0% while NF270 separately owned the counterpart rejections of 57.4 ± 2.3% and 33.7 ± 1.7% (Figure 2b). Further on, a great difference has been made between B/A of xylose (1.96) and MgCl2 (6.96) by 8P10-0.5MC30 membrane, signifying an efficacious barrier for ECs yet a great channel of permeating divalent cations. Comparatively, whereas NF270 uprised the B/A of xylose (3.69) as well as that of MgCl2 (9.81), its corresponding selectivity would be disabled facing small-size ECs. In the testing of rejecting eight pharmaceuticals (PhACs, as the representative of the ECs), the 8P10-0.5MC30 membrane could effectively reject six of the PhACs (by >80.0%), with the inferior rejections of 73.4% and 66.0% for the positive, small atenolol and trimethoprim, respectively; while NF270 retained five out of the eight PhACs by less than 80.0% (Figure 2b, c). These results not only complied well with the predominating effects of size sieving (corresponding to relatively low MWCO or small pores), but also matched well with the physicochemical properties of the membrane. In other words, compared to NF270, 8P10-0.5MC30 membrane was equipped with the smaller membrane pores and thus gifted with overall higher rejections of PhACs. Meanwhile, for both negatively-charged NF membranes, the rejections of neutral and negatively-charged PhACs were generally higher than that of positively-charged PhACs. That is because the increased surface negative charge density enhanced the electrostatic interaction of positively-charged PhACs on the membrane surface, which in turn facilitated their passage through the membrane. These results indicate that, comparing with well-known, negatively-charged NF270, our HiSEL NF membrane remarkably improved the divalent cations/ECs selectivity, with the competency of ensuring the effective elimination of ECs.
[image: ]
Figure 3. (a) The relationship between solute passage selectivity (for xylose and MgCl2) and water permeance of all lab-made NF membranes and commercial NF270. Blue, yellow, red, green and black symbols represent data for membranes entitled 8Px (8P), 8P10-Ht, 8P10-0.5MCt (including: 8P-0.5MC30 and 8P9-0.5MC30), 8P10-cMC30 and NF270. The numbers of 2.1 and 7.5 are set for the arbitrary rejections of 70% and 40%, respectively. (b) The correlation between MgCl2 rejection and MWCO of our NF membranes ( with or  without second amidation), commercial NF membranes ( , NF270 tested in this work) and polyamide composite NF membranes in literature ( , red shading () represents negativity-intensified membranes).
[bookmark: OLE_LINK30][bookmark: OLE_LINK9]In the A vs. B/A plot (Figure 3a), the B/A values of 2.1 and 7.5 were set as reference criteria for xylose and MgCl2, respectively, which corresponded to a rejection of 70% and 40% (under an operation pressure of 5 bar), respectively. The control membranes including 8Px (8P) and 8P10-Ht, rejecting xylose by no less than 70%, had a low B/A value of MgCl2, even lower than conresponding B/A value of xylose, which were not quatified as HiNEG membranes. But, by performing the amidaton reaction between MC and amine groups rooted in the new-born PA network as a necessary step, the resulatant NF membranes were imparted with greatly higher B/A value of MgCl2 than xylose, and thereby termed as HiNEG membranes. Three HiNEG membranes, including 8P10-0.5MC30, 8P10-0.2MC30 and 8P10-0.5MC60, showed filtration performances close to above reference criteria, with the 8P10-0.5MC30 membrane having the highest water permeance. However, in the aggregate of HiSEL membranes with a higher B/A of MgCl2  than xylose, commercial NF270 tested in this work occupied a plain niche, close to the corresponding B/A values of 8P10-0.5MC10. Consequently, the stepped exploitation of PIP by TMC and MC succeeded in fabricating small-pored, highly negative HiSEL membranes. Eventually, the obtained HiSEL membranes attained an excellent water permeance and the superior overall performance with lowered MWCO and MgCl2 rejection concurrently, compared with commercial NF membranes and lab-made PA NF membranes reported previously (Figure 3b, Tables S6 and S7). 
[bookmark: OLE_LINK2]3.2. The critical role of pH adjustment in differentiating interfacial reactions of piperazine. During IP (using PIP and TMC), HCl is simultaneously formed as the byproduct, which, upon diffusion into the aqueous phase, could protonate PIP to restrict polymerization.13,15 Nevertheless, the concentration of PIP in the aqueous phase is usually excessive, particularly in the early stage.13,15,28,29 So, the degree of protonation of PIP because of H+ byproduct and its effect on membrane properties and performance are considered negligible. Furthermore, proceeding along the timeline of IP, the underneath dense segment of active layer firstly shapes up and then the upper loose segment shows up. Despite there being “self-healing”, it is believed that the inherent charactistics of IP, especially “self-limiting”, may cause the non-uniform structure, or macroscopic asymmetry of the whloe active layer.13 Based on above statements, in Step 1 of our new IP process, a deliberate decrease in pH of the PIP solution (by adding an acid), although perhaps counter-intuitive, was arranged to modulate the asymmetry of PA active layer.
[bookmark: _Hlk111198217]As expected, the pH adjustment of PIP solution literally impacted the asymmetry of active layer. Partly protonated PIP produced a thickening of the resultant active layer, i.e., 44.8 ± 5.8, 67.2 ± 5.7 and 49.4 ± 5.5 nm for 8P, 8P10 and 8P9, respectively (Figure 5d and Figure S6). That is because a retarded diffusion of protonated PIP to the water/hexane interface followed by a slowed-down rate of polymerization with TMC, which is conducive to the decrease and the expansion of reaction zone, respectively. This alteration in membrane configuration was also reflected by the appearance of surface circles in SEM and AFM images (Figure S7 and Figure S8). Notably, the reaction zone varied with the balance between the diffusion capacity and polymerization rate of protonated PIP, so was the active layer thickness. Even so, water permeance was not decreased because of the increased thickness of active layer (Figure 4b). Results also showed that the enlargememt of pore sizes would not be radical only if the pH decrease was moderate. For instance, from the original ~11.6 (for 0.8 wt% PIP solution) to 10.3, the pore size slightly changed from 0.250 nm (8P) to 0.255 nm (8P10) (Figure 5a and Table S3), resulting in a small (2.4%) lowering of xylose rejection. This conforms to that the dense structure of the active layer is largely formed in the initial stage of IP,13 in which the concentration of PIP in the aqueous phase, though partly protonated, was largely excessive. However, this contributes to magnifying the asymmetric structure of the active layer, mainly the vertical density distribution of PA and charges (or unreacted chemical groups). Owing to the intensified restriction of polymerization in the later stage of the IP process, caused by the continuous accumulation of HCl during polymerization on the basis of partly protonated PIP present in the aqueous phase, a reduction of the crosslinking degree of the upper loose segment occured, and accordingly increased the unpolymerized groups (=NH and –COCl) in this segment. As an evidence, the rejection of MgCl2 was lower than that of NaCl for the 8P10 and 8P9 membrane, indicative of enhanced charge effects caused by the elevated negative charge density. Compared to 8P membrane, the MgCl2 rejection by 8P10 was lowered by 19.2% while NaCl rejection was almost doubled (Figure 4b). Meanwhile, both 8P10 and 8P9 had the lower negative potentials than that of 8P (Figure S5a). Potentially, this highly asymmetric structure of active layer contained amounts of amine groups for the second amidation as well. 
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[bookmark: _Hlk88143432]Figure 4. The performance of NF membranes synthesized under the effects of (a) second amidation reaction with MC in n-hexane, (b) pre-protonation of PIP and (c) solvent activation of n-hexane, respectively.
[bookmark: OLE_LINK22]Both 8P10 and 8P9 membranes, with a higher B/A value of MgCl2 than xylose (Figure 3a), witnessed the preliminary achievement of modulating the asymmetry of PA layer through pre-added H+ suppressing IP. The second amidation would further affect the asymmetry of nascent active layer fabricated by protonated PIP. If without adjustment of the pH in Step 1, vigorous polymerization of PIP and TMC produced a nascent active layer of too small pores. Though the second amidation with MC managed to increase the membrane surface negative charge density, supported by the rising of NaCl rejection (Figure 4a), the size sieving predominated over the charge effects in rejecting mineral ions. Consequently, the rejections of xylose, MgCl2 and NaCl were all at high levels (Figure 4a), not suitable for selectively rejecting ECs and permeating divalent ions. However, it must be noted that excessively raising the pre-protonation degree of PIP (e.g., by lowering the aqueous solution pH to 9.3) could impair the synthesis of HiSEL membranes. The as-formed nascent active layer, particularly the dense barrier segment, was too loose, which could not be sufficiently narrowed by the subsequent amidation with MC of Step 2. The 8P9-0.5MC30 membrane had the highest B/A difference between MgCl2 and xylose, yet relatively low rejections of both solutes (Figure 4a), and thus incapable of removing the ECs. As mentioned above, combining proper pre-protonation of PIP with timely second amidation with MC, 8P10-0.5MC30 membrane, one of HiSEL membranes, exhibited a high selectivity without sacrificing the capacity of eliminating the ECs (Figure 2). These results showed that adopting a suitable pH of the aqueous PIP solution (for the restrained IP in Step 1) is vital to tailoring pore sizes and thus pratical asymmetry of the final HiSEL membranes, which are essential for retaining ECs as well as permeating divalent cations promoted by charge effects. 
[bookmark: _Hlk105609918][bookmark: OLE_LINK41]3.3. The effects of organic milieu for the exposure of reserved amine groups and a thinning of active layer by dissolving out the cover-up. A key feature of the HiSEL membrane synthesis was that in Step 2 there existed an organic milieu for the small-molecule diacyl chlorides advancing to chemically bind with residual amine groups. In this situation, n-hexane was suggested able to re-shape the nascently formed active layer in Step 1, which is alike the effects of solvent activation by using pure organic solvent. 27, 30-32 Hexane was selected since it was the same solvent for the TMC monomers. In addition, hexane has a moderate solvent activation capacity in comparison with other organic solvents. By soaked in n-hexane, a swelling, re-arranging of the freshly formed PA chains was concurrent with the removal of poorly or less polymerized fragments, especially those belonging to the upper segment of active layer. Whereas these PA fragments, not tightly tethered with the bottom dense structure, otherwise, could chemically bind to the principal PA network (resulting in a thicker membrane), the pratical effects of solvent activation were not correlated with the duration of immersing in n-hexane but strongly determined by the crosslinking degree of the nascent PA layer. Putting the nascent active layer, prepared when the pH of PIP solution was 10.3, in n-hexane for a duration ranging from 10 to 120 s, with or without MC present, the thickness of the PA layer generated was greatly reduced by 70% to a relatively constant value of ~20 nm (Figure S6). However, with the xylose rejection descending orderly in line with 8P, 8P10 and 8P9, for one thing, the thickness difference between 8P and 8P-0.5MC30 was the smallest at ~2 nm while the counterpart values between 8P10 and 8P10-0.5MC30, and between 8P9 and 8P9-0.5MC30, were respectively ~49 nm and ~32 nm (Figure S6); for another thing, separately adopting the nascent active layer of 8P, 8P10 and 8P9, with upgrading pre-protonation of PIP in Step 1, to contact n-hexane with or without MC present, the resultant membranes had the gradually reduced xylose rejection (Figure 4). It inferred the pre-protonation of PIP weakened the crosslinking degree and thus the chemical resistance of resultant nascant active layer to n-hexane. Acceptably, solvent activation reduced the vertical asymmetry of PA density by markedly reducing the thickness (through removing most of PA fragments endding up as the loose segment) which was the underlying reason for the 2 - 3 times increase of water permeance (Figure 4, Figure S3). Importantly, the interaction of pre-protonation of PIP and solvent activation accounted for the significance of moderate pH adjustment for the synthesis of HiSEL membranes.
[bookmark: OLE_LINK11][bookmark: OLE_LINK34]Another concomitant effects of dissolving out free PA fragments via pure n-hexane, led to the rising MgCl2 rejection and the descending NaCl rejection in spite of an enlargment of pore size (Figure 4b, c). Indeed, pre-protonation of PIP was conducive to lowering the negative potential (Figure S5a), yet solvent activation alone raised the negative potential of resultant membranes (Figure S5b). These phenomena were demonstrated by the varied MgCl2 rejection, implying pre-protonation of PIP caused a growing content of positive amine groups that could be exposed via solvent activation. Even though potentially widening the pore sizes of resultant membranes (Figure 5a), solvent activation kept the swollen characteristics of the newly formed PA active layer to supply not only space for MC penetration but also ample amine groups thus exposed by removing (or diluting) the residues, produced in Step 1.
[image: ]
Figure 5. The physicochemical properties of representative NF membranes fabricated in this work, including (a) the rejection of neutral organic solutes and membrane pore size distribution (inset), (b) zeta potential, (c) water contact angle, (d) membrane thickness under TEM observation, (e) functional groups reflected by ATR-FTIR spectra.
[bookmark: OLE_LINK42]3.4. The modulation of asymmetry, involving structural and physicochemical properties, of nascent membranes by the second amidation with MC in n-hexane. Since n-hexane can penetrate, swell and expand the whole PA network, particularly the segments not fully crosslinked, MC in n-hexane will diffuse inwardly and graft or crosslink with encountered amine groups of newly formed PA network. A direct consequence was the enhancement of membrane negative charge density, in comparison to not only the membranes treated with solvent activation after Step 1 (e.g., 8P10-H30) but also the membranes prepared without Step 2 (e.g., 8P10) (Figure 5b). Although solvent activation alone raised the zeta potential of resultant membranes, MC in hexane were able to introduce more negative carboxylic groups by neutralizing positive amine groups, thus lowering the surface potential. Among the HiSEL membranes, 8P10-0.5MC30 had the lowest potentials (e.g., -53.8 mV at pH =7) (Figure 5b). Furthermore, owing to the exposure of the more hydrophilic grafted MC to the very surface, the hydrophilicity of HiSEL membranes was enhanced, with 8P10-0.5MC30 holding a small water contact angle of 39.4 ± 4.2° (Figure 5c). The improved hydrophilicity bolstered that 8P10-0.5MCt membranes were, on the whole, superior to 8P10-Ht membranes in water permeance (Figure S3b).
[bookmark: OLE_LINK10]Other than the improvement of above physicochemical properties, the second amidation could even extend to the underneath dense segment of the overall PA complex to influence the pore structure. Whether by grafting or crosslinking with the neighbored amine groups, MC in n-hexane preferably and slightly contracted pore sizes of the nascent membranes than solvent activation alone (Figure 5a, Figure S4 and Table S3). For instance, compared to 69.0% of 8P10-H30, 8P10-0.5MC30 showed an elevated xylose rejection of 71.3%. Due to the small volume and high reactivity, MC in n-hexane, further depriving the chance of diluted PA fragments (or TMC) linking with the principal PA network, was introduced to not thicken the active layer of nascent membranes. In the same vein, MC was inferior in downscaling pore sizes in face of large-volume PA fragments or TMC. That is why, once the nascent active layer of 8P9 was severely impacted by the additon of H+, 8P9-0.5MC30, than 8P9-H30, had a worse xylose rejection of 48.9 ± 2.9%. It can conclude that the second amidation with MC in n-hexane improved the symmetry (or uniformity) of PA density and amplified the asymmetric charge distribution of the resultant membranes. Finally, the HiSEL NF membranes featured a thin and uniform active layer with a high negative charge density in its upper segment.
[bookmark: OLE_LINK24][bookmark: OLE_LINK23]The impacts of variations in MC concentration (in n-hexane) and exposure time (10 to 120 s) were also determined for Step 2, on basis of the nascent active layer of 8P10. An increase of the MC concentration in n-hexane from 0.2 wt% up to 0.8 wt% slightly narrowed membrane pores from 0.300 to 0.285 nm (Figure S4a, Table S3). Concomitantly, the MgCl2 rejection was markedly lifted up from 39.2% to 50.3% (Figure S3a). Overall, 0.5 wt% MC in n-hexane was optimal. At a fixed MC concentration of 0.5 wt% in n-hexane, an extension of the contact time from 10 to 120 s, caused a slight narrowing of membrane pore sizes and unexpectedly, a step-wise growth of MgCl2 rejection from 33.0% to 53.0%, along with a considerable decrease of water permeance from 17.4 to 14.6 L m-2 h-1 bar-1 (Figure S3b and d). It is noteworthy that for the membranes treated with n-hexane alone (8P10-Ht), an extension of the contact time also led to a marginal narrowing of membrane pores but an conspicuous increase of MgCl2 rejection from 71.7% to 89.7%, and a substantial decrease of membrane water permeance from 14.3 to 11.1 L m-2 h-1 bar-1 (Figure S3b and c), which adhered to effects of solvent activation in the literature.27 As such, when extending the contact time beyond 30 s, the organic solvent (n-hexane), rather than MC, dominated in impeding the further improvement of resultant NF membranes, markedly enhancing MgCl2 rejection and reducing water permeance with an negligible alteration of xylose rejection. Consequently, in the quest for a high selectivity of HiSEL membranes with adequately small pore sizes, the manipulation of concentration and contact time of the selected diacyl chloride in fabrication is also of great significance.
The sequential fabrication strategy examined in this study has identified a number of factors which led to enhanced performance of HiSEL membranes. As already described, one critical factor is the pH of PIP solution for the restrained IP. By adopting 0.8 wt% PIP and 0.15 wt% TMC in this study, a pH adjustment to 10.3 was the optimal condition in Step 1. Based on this, a series of results demonstrated superior control of membrane pore sizes, greatly increased negative charge density, reduced membrane thickness and elevated surface hydrophilicity achieved by second amidation in an n-hexane reaction milieu.
[bookmark: OLE_LINK43][bookmark: _Hlk111206791]3.5. The profiling of reservation in Step 1 and consumption in Step 2 of amine groups. The surface zeta potential and water contact angle measurement results clearly showed that diacyl chloride molecules were grafted to the HiSEL membrane surface at a substantial amount (Figure 5b, c). The ATR-FTIR spectra however showed that the absorbance intensity at ~1635 cm-1 (carbonyl bond of amide I) 33 of 8P10-0.5MC30 was inferior to not only the membranes with a thicker active layer (experienced with no solvent activation) such as 8P and 8P10 but also the membrane treated solely with n-hexane (8P10-H30) which had a similar active layer thickness (Figure 5d, e). This might indicate that MC in the second amidation reduced the content of semi-aromatic amide bonds formed by PIP and TMC, by aggressively taking up the unreacted amine groups, which otherwise formed semi-aromatic amide with TMC.
[bookmark: OLE_LINK12][bookmark: OLE_LINK6]The chemical consequences of incorporating pre-protonation of PIP and second amidation in the fabrication of active layers were analyzed using XPS. Although the set of membranes had variable total thicknesses, the functional range (~10 nm) of XPS remains capable of assessing chemical groups, specifically the oxygen to nitrogen ratio (O/N, detailed in Supporting Information 2.3), which varies with numbers of amine groups and carboxylic groups in the surface of the PA matrix (Figure 6a and Figure S9). Changes in the pH of PIP solution prior to IP changed upper membrane formation dynamics and thus the O/N ratio. Apart from constraining the later stage of IP, protonation of PIP could partly slow down the IP to favor more PIP monomers crossing the interface, thereby facilitating an increase of polymer chains terminated with PIP. Thus, a decline in O/N for 8P10 (1.39), compared to 8P (1.53), occurred. Besides the pre-protonation of PIP, the inclusion of n-hexane, favoring the elimination of PA fragments (containing acyl chloride groups) and residual TMC monomers in the upper reaction zone, also aided in decreasing the value of O/N. However, another important “cooperative effect” in the new IP system warrants comment. Namely, solvent activation (from n-hexane) could make an important difference in the crosslinking degree of the PA network that was already slightly depressed by protonation (as in the case of 8P10-H30 with a lowered xylose rejection by 16.5% in comparison with 8P10). From this perspective, solvent activation would also generate more unreacted chemical groups and ultimately raise the O/N of 8P10-H30 to 1.52. Furthermore, the use of MC in Step 2 lifted O/N to 1.79 (8P10-0.5MC30). More importantly, the high-resolution XPS scan for C1s of 8P10-0.5MC30 showed two identifiable peaks for N-C=O groups and O-C=O groups while its O1s spectra incorporated a bigger peak of O-C=O groups (Figures 6b and c), which were consistent with an abundance of carboxyl groups and hence a membrane structure with plenty of negative charges. The high-resolution scan spectra also showed the percent of O-C=O group in O1s varied like that of 9.4% (8P) < 10.2% (8P10) > 10.1% (8P10-H30) < 17.8% (8P10-0.5MC30); while unreacted amines (including NH and NH2+) in the N1s held a fluctuation of 7.5% (8P) < 8.1% (8P10) > 7.9% (8P10-H30) > 5.5% (8P10-0.5MC30) (Figures S9, S10 and Table S4). Upon changing the take-off angle from 90° to 55° for comprehending elemental information of more superficial zones, both the O/N ratios and elemental compositions exhibited the same tendency with above analysis (Figures S9, 11 and Table S5). This would be consistent with an enhancement of carboxylic groups originated from the consumption of previously shielded amine moieties in the pre-protonation of PIP in Step 1.
[bookmark: OLE_LINK15]The carboxylic groups of representative NF membranes were indirectly measured by binding and then eluting Ag+ ions.34 The areal density of carboxylic groups for 8P, 8P10, 8P10-H30 and 8P10-0.5MC30 membranes were listed as 9.99 ±0.18, 19.86 ±0.15, 0.67 ±0.06 and 3.25 ±0.28 sites nm-2, which conforms to the expectation of varying total charges with the designed steps. Considering the various thickness, the corresponding bulk densities of carboxylic groups respectively averaged at 0.22, 0.30, 0.03 and 0.18 sites nm-3. When looking into negatively-charged 8P10 and 8P10-0.5MC30 membranes, 8P10 was almost four times thick over 8P10-0.5MC30 while its bulk density of carboxylic groups was 1.7 times of that of 8P10-0.5MC30. Based on that the active layer thickness is mostly subject to its loose segment, as is also true for its charges, it is clear that a thinner loose segment equipped with a higher charge density was engineered into the thinning active layer of final HiSEL membranes.
[image: ]
Figure 6. (a) The O/N ratio of NF membranes altered due to pre-protonation, solvent activation, with or without amidation, in the sequential fabrication process; (b, c) The high-resolution XPS spectra of 8P10-H30 and 8P10-0.5MC30, respectively.
[bookmark: OLE_LINK44][bookmark: OLE_LINK33][bookmark: OLE_LINK31][bookmark: _Hlk111198730]In sum, through the two-step fabricating strategy, involving pre-protonating PIP followed by the use of MC in n-hexane, the spatial architecture of active layer was exquisitely designed following the rationale of structure determining performance, which accords well with the concept of first principle engineering. By adopting the moderate pre-protonation of PIP, this initial step resulted in a highly asymmetric structure within the PA network with adequate pore sizes and increased unreacted chemical groups in its upper segment. In Step 2, the subsequent amidation with MC in n-hexane further modulated the asymmetry of nascent active layer formed in Step 1. By reducing the thickness, the vertical asymmetry of PA density was reduced, while the asymmetry of charge distribution was amplified by modifying the reserved amine groups with MC. Compared with TMC used for IP in Step 1, the stronger reactivity and smaller steric hindrance of MC make it easier to anchor with residual amine groups. Thereby, unreacted acyl chloride groups of TMC (Step 1) and the grafted MC (Step 2) are hydrolyzed into carboxylic groups which yields higher net negativity. This fabrication strategy, based on first principles, by purposively arranging each step, synergistically integrates pre-protonation and second amidation (in n-hexane) of PIP for optimizing the overall spatial architecture of final active layer, thereby assembling the active layer into a thinner structure with a qualified dense barrier and very asymmetrically distributed charges. It may offer a fundamentally innovative avenue for the scalable fabrication of a new generation of functional NF membranes.
4. IMPLICATIONS 
[bookmark: OLE_LINK35][bookmark: OLE_LINK32]This strategy of differentiating PIP-based interfacial reactions for highly negative and small-pored NF membranes could be extended to other small di/triacyl chlorides, which were utilized in the second amidation in n-hexane (Figure 7). Compared to the membrane modified using TMC, those formed with short-chain diacyl chlorides all had a higher water permeance, a lower rejection of xylose and a lower rejection of MgCl2. Basically, oxalyl chloride behaved similarly with MC, while succinyl chloride and glutaryl chloride were alike TMC. In general, an increase of -CH2- moieties in the diacyl chloride species is preferable to enhance the xylose rejection (i.e., rendering the active layer denser) instead of strikingly lowering the MgCl2 rejection (i.e., manifesting the enhanced charge effects). Therefore, facing with the significantly reduced membrane pore size, the appropriate length of diacyl chloride molecules ensured the matching to associate with two immobilized amine groups in the PA network to complete the crosslinking. 
[bookmark: OLE_LINK38]This affiliated function of a second amidation with diacyl chlorides, specially referring to the above-mentioned further narrowing of membrane pores already formed in Step 1, was also validated by other experimental trials, for which the freshly formed active layer was additionally left in n-hexane solvent for 10 s prior to the amidation with di/triacyl chlorides in n-hexane. As already shown in Figure S12a, this alteration in the membrane fabrication lifted up the rejections of inorganic salts and xylose. Taking MC for example, the corresponding membrane had an enhanced xylose rejection of 83.3%, thereby elevating rejections of all PhACs more than 80.0%, while the MgCl2 and NaCl rejections were both ~70%. These combined findings suggest the use of linear short-chain diacyl chlorides (for modification in organic phase) during NF fabrication can act as a valuable and flexible strategy to tailor the pore sizes and surface charges of NF membranes. This would fit some other applications of NF technology in which a higher rejection of some solutes, such as ECs, when the concentrations and toxicities are relatively high, is demanded.
[image: ]
[bookmark: OLE_LINK16][bookmark: OLE_LINK77][bookmark: OLE_LINK57][bookmark: _Hlk93839685][bookmark: OLE_LINK64]Figure 7. Performance comparison of NF membranes fabricated using various small acyl chlorides in the amidation process (Step 2), including oxalyl chloride (OC), malonyl chloride (MC), succinyl chloride (SC), glutaryl chloride (GC) and trimesoyl chloride (TMC).
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