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Abstract

:

In a single-step spinning process, we create a thin-walled, robust hollow fiber support made of Torlon® polyamide-imide featuring an intermediate polyethyleneimine (PEI) lumen layer to facilitate the integration and covalent attachment of a dense selective layer. Subsequently, interfacial polymerization of m-phenylenediamine and trimesoyl chloride forms a dense selective polyamide (PA) layer on the inside of the hollow fiber. The resulting thin-film composite hollow fiber membranes show high NaCl rejections of around 96% with a pure water permeability of   1.2   LMH/bar. The high success rate of fabricating the thin-film composite hollow fiber membrane proves our hypothesis of a supporting effect of the intermediate PEI layer on separation layer formation. This work marks a step towards the development of a robust method for the large-scale manufacturing of thin-film composite hollow fiber membranes for reverse osmosis and nanofiltration.
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1. Introduction


The core of reverse osmosis (RO), nanofiltration (NF), and forward osmosis (FO) membranes are separation layers rejecting ions [1]. These membranes consist of a thin selective layer on a porous support. The selective layer can be fabricated through different techniques, such as interfacial polymerization (IP), layer-by-layer assembly, or a conventional phase inversion process [2,3,4,5]. However, membranes comprising an interfacially polymerized polyamide (PA) layer offer the highest selectivity and water fluxes [1]. These types of membranes are also known as thin-film composite (TFC) membranes.



For RO, NF, and FO, hollow fibers with selective layers are highly desired since hollow fiber modules allow higher packing densities and backflushing, and are less prone to fouling [1,6,7]. In addition, due to the superior separation performance of PA, there is growing interest in producing hollow fibers with integrated PA selective layers. However, while IP on flat sheet membranes is already a well-established process and is, in fact, the standard for the fabrication of most commercial RO, NF, and FO membranes [8,9,10,11], IP on hollow fibers is not well established on a commercial scale [12].



Typically, TFC PA membranes are fabricated by soaking a porous support with an aqueous solution containing a functional amine, e.g., m-phenylenediamine (MPD). The support is then brought into contact with an organic solution containing a functional acyl chloride such as trimesoyl chloride (TMC). At the interface between the non-miscible aqueous and organic phases, the two monomers react to form a thin and dense selective polyamide (PA) layer [2]. The chemistry of both monomers used in the reaction plays a vital role in determining the properties of the resulting PA layer. For example, the reactivity and polarity of the functional groups on the amine and acyl chloride will affect the reaction rate and the extent of cross-linking [13]. Furthermore, the choice of support material can also influence the formation and properties of the PA layer. For instance, factors such as porosity and surface chemistry can affect the diffusion rate of monomers from the aqueous phase, which may impact the formation and adhesion of the PA layer [14,15].



However, all along, coating via IP on hollow fiber membranes suffers from the difficulty of achieving reproducible results and therefore lacks a high success rate in larger-scale manufacturing [15,16,17,18]. One of the main challenges in gaining reproducible TFC hollow fiber membranes is the uneven distribution of the monomer and the formation of droplets during the coating process. This may lead to defect formation, resulting in delamination and low selectivity. In flat sheet supports, the liquid–liquid interface is more accessible and can, for example, be controlled by removing the excess MPD solution with a rubber roller.



Some researchers have addressed the difficulty in achieving TFC hollow fibers by instead directly generating a selective layer during support fabrication. This approach, also known as “chemistry in a spinneret”, combines the formation of the porous support via phase inversion and a simultaneously occurring covalent or ionic cross-linking reaction on the membrane surface. As a result, TFC hollow fiber membranes evolve in a single step and prove to have well-integrated stable separation layers [19,20,21,22,23,24,25]. However, these methods have primarily yielded membranes with nanofiltration properties as the selective layer is primarily formed by the deposition of a charged polyelectrolyte layer.



Instead, a second approach consisting of integrating an intermediate layer on the hollow fiber support has been shown to improve the quality of a subsequent IP coating. Various studies report the coating of hollow fibers with intermediate layers and subsequently performing IP on said fibers. These layers comprised polyelectrolyte multilayers, polydopamine, or metal–-organic frameworks, among others. It was observed that, through the surface modification, the performance of the TFC membranes substantially increased [17,26,27,28]. Therefore, it might be argued that a defect-free PA layer can form by priming the surface with more favorable IP characteristics, leading to increased performance. Some groups have even explored the possibility of adding functional groups to the support layer, as it may further promote the adhesion of the PA layer via covalent bonding [29,30,31,32].



Recently, the chemistry in a spinneret approach has been used to create an intermediate layer that serves as a support for IP [18] or as a layer that subsequently cross-links itself [33]. Mohammadifakhr et al. [18] reached NaCl rejections of around 90% and reasonable water fluxes. Furthermore, they observed that adding a polyethyleneimine (PEI) intermediate layer led to more reproducible results than other positively charged polyelectrolytes. This higher success rate of IP was attributed to the presence of amino groups in PEI, which could potentially interact with TMC during the IP.



We propose utilizing polyamide-imide (PAI), commercially known as Torlon®, as a promising support material in membrane fabrication. PAI offers exceptional mechanical and chemical properties [34], making it well-suited for various applications such as high-pressure processes like NF and RO, as well as chemically demanding tasks like organic solvent nanofiltration [35,36,37]. Previous research by Setiawan et al. demonstrated the viability of PAI as a membrane material for FO hollow fiber membranes [38]. In their study, they modified PAI fibers by immersing them in an aqueous solution containing PEI, which facilitated cross-linking with PAI at elevated temperatures. This resulted in the formation of a positively charged surface layer with NF-like properties. However, their fibers only achieved 49% NaCl rejection, significantly lower than the rejection achieved with a thin selective PA layer.



In this work, we evaluate the IP of PA on newly developed hollow fiber supports made of PAI with an intermediate PEI layer. First, we describe the hollow fiber fabrication process. Here, we used a dope solution containing PAI and a bore fluid containing PEI, as presented in Figure 1. We propose that the PAI/PEI fibers offer a well-integrated intermediate layer for the subsequent coating with an IP PA layer leading to a high success rate. MPD and TMC are used for the IP reaction. Next, the effect of the intermediate PEI layer is investigated by varying the MPD/TMC concentrations in the IP. We hypothesize that PEI takes part in the IP reaction and competes with MPD for the TMC resources (see Figure 1). All coated modules are then evaluated regarding their NaCl rejection and water permeability.




2. Materials and Methods


2.1. Materials


For the hollow fiber fabrication, polyamide-imide (PAI) Torlon® 4000 TF was kindly received from Solvay Advanced Polymers (Brussels, Belgium). 1-Methyl-2-pyrrolidinone (NMP, 99%) was purchased from Acros Organics (Geel, Belgium). Branched polyethyleneimine (PEI) with a molecular weight (  M w  ) of ∼750 kDa ( 50% in H   2  O) and PEI with a   M w   of 25 kDa, ethylene glycol (EG), and glycerol (85–87%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). For the IP and membrane modification, trimesoyl chloride (TMC) (>98%), and m-phenylenediamine (MPD) (>98%) were purchased from Sigma-Aldrich and were used without further purification. The isoparaffinic hydrocarbon Isopar E was used as organic solvent for TMC in the IP and was supplied by Brenntag A/S (Vejle, Denmark). Salts used for low-pressure reverse osmosis and FO measurements, NaCl from AzkoNobel A/S (Mariager, Denmark), and MgSO    4   ·  7  H   2  O from Tab-Sol (Straszecin, Poland), were food-grade quality.




2.2. Fabrication of Polyamide-Imide Hollow Fibers with an Intermediate Polyethylenimine Layer


The dope solution was prepared by adding 15 wt% PAI, 16 wt% EG, and 69 wt% NMP to a glass bottle and placing it on a roller bench until all components were fully dissolved. Then, the polymer solution was transferred to the container of the spinning machine, where it was degassed for 24 h. Similarly, bore solutions were prepared by adding the different components to glass bottles, as listed in Table 1, and mixing the solutions on a roller bench. Prior to the preparation of the dope solution, the PAI base polymer underwent drying in an oven at 100    ∘  C for 24 h. The fibers were fabricated using a dry-jet wet phase inversion spinning process. Here, the polymer solution is extruded through a spinneret along with the bore solution. Upon contact with the bore solution, the hollow fibers initiate phase inversion and are partly coagulated in the air gap. Then, the membranes fall through a coagulation bath where they fully solidify. Finally, the fibers pass through a rinsing bath and are collected by a winding wheel.



A total of three types of fibers were spun, each with a different bore solution as shown in Table 1. For each bore solution, different spinning parameters were employed, as indicated in Table 2. The first batch of fibers, referred to as “unmodified” fibers, was fabricated using bore solution B1. The other two fibers were fabricated with bore solutions containing 25 kDa PEI (B2) and 750 kDa PEI (B3), and are referred to as 25k and 750k, respectively.



After fabrication, the fibers were rinsed with deionized (DI) water for 72 h to remove residual NMP. Then, the fibers were immersed in a 30 wt% glycerol–water solution for 24 h to prevent pore collapse during the drying process. Lastly, the fibers were hung and air-dried at room temperature until further use.




2.3. Module Design


Four-end membrane modules consisted of polyethylene tubing (10 mm outer diameter) connected with two T-shaped Festo QS push-in fittings. Modules contain one or five fibers.



Fibers were fixed in place with a high viscosity two-component epoxy glue (Bison International B.V., Goes, The Netherlands). The effective length of the modules was 16 cm. The effective membrane area varies depending on the fiber type that was used. For membranes modified by MPD/TMC IP, membrane modules with 5 fibers each were prepared. For membranes modified using solely TMC, membrane modules with single fibers were prepared.




2.4. Membrane Modification via TMC Soaking


In order to assess the level of PEI adsorption on the inner surface of the hollow fiber and its reactivity with TMC, fabricated hollow fibers were immersed in a TMC solution. Modules containing a single hollow fiber were employed. The membranes were not pre-treated prior to the coating procedure, meaning that no water permeation was conducted to remove the glycerol from the porous structure. First, the membrane module was filled and soaked in DI water for 10 min. Afterwards, the module was fixed vertically and dried for 1 min with compressed air set at 0.5 L/min. Then, a TMC solution (0.5 wt% in Isopar E) was pumped through the fibers with a continuous flow of 2 mL/min for 2 min. The modules were then dried with compressed air for 30 s. Directly after the drying step, the modules were put in an air oven at 70    ∘  C for 10 min. Finally, modules were flushed with DI water. When not used, the modules were stored in the fridge in DI water at 7    ∘  C.



At least two membrane modules for each support type were prepared for membranes modified by only soaking them in an organic solution containing TMC.




2.5. Interfacial Polymerization


Five hollow fibers were present in the modules for IP modification. The dry modules were fixed vertically and soaked in MPD solutions of different concentrations (1.5, 2.5 and   3.5   wt%). A syringe pump created the continuous flow of 10 mL/min for 2 min. Afterwards, the modules were set horizontally and let to rest for 10 min to allow the solution to soak the pores completely. After 10 min, the pump tubing and the excess MPD solution were removed, and the drying tubing was connected at the top. The modules were dried in a vertical position for 1 min using compressed air and an airflow set to 1.6 L/min. The modules were fixed again vertically and connected to the TMC tubing. The TMC solution (0.1, and 0.2 wt% in Isopar E) was pumped at 10 mL/min with a syringe pump for 15 s. After 45 s without any flow, the pump started again and the solution flowed for 15 s, followed by another 45 s resting period. The module was dried again from the top in a vertical position with compressed air at 1.6 L/min for 30 s. Subsequently, the module was put in an oven at 70    ∘  C for 10 min. Finally, to remove residual MPD and TMC, the modules were flushed overnight with DI water at 2 bar in a cross-flow setting. When not used, modules were stored in a fridge and kept in DI water at 5    ∘  C.



For membranes modified with by the MPD/TMC IP, at least two modules of each fiber type were prepared for each coating.




2.6. Membrane Characterization


2.6.1. Porosity


The fibers underwent an initial rinsing step for 20 min in an inside-out configuration. Subsequently, they were placed in a vacuum oven at a temperature of 30    ∘  C for a minimum of 4 h prior to testing. The porosity of the fibers was determined using the known density value of polyamide-imide. Before measuring the mass of the sample, the sample was placed in a vacuum oven for at least 1 h. The porosity was calculated using Equation (1).


  ε =   V −  m ρ   V   



(1)




where m represents the mass of the sample (g),  ρ  is the density of PAI (g   ·   cm    − 3   ), and V denotes the volume of the fiber (cm    − 3   ). The density value used for the polyamide-imide in the calculation was 1.4 g   ·    cm    − 3    [39]. To ensure accuracy, triplicate tests were conducted for each type of fiber. The porosity measurement was performed solely on the unmodified, 25k, and 750k fibers without any form of coating.




2.6.2. Burst Pressure


The burst pressure of individual fibers was evaluated using a custom setup (Demcon Convergence, Enschede, The Netherlands). The setup applies glycerol to the hollow fiber, gradually increasing the pressure at a rate of   0.5   bar · s-1 until the fiber fails. The maximum pressure at which failure occurs is recorded as the burst pressure. The tests were conducted using a single fiber membrane module under ambient room temperature conditions.




2.6.3. Microscopy Analysis


To analyze the morphology of the fibers prior to any coating, scanning electron microscopy (SEM) imaging was used. The fibers were first frozen using liquid nitrogen and then fractured to create cross-section samples. A thin layer of chromium with a thickness of 5 nm was sputter-coated onto the surface of the samples using a Quorum Q150T ES sputter coater (Quorum, Laughton, UK). SEM imaging was conducted using a JEOL JSM-6010LA instrument (JEOL, Tokyo, Japan).



To analyze the morphology of the PA layer, field emission scanning electron microscopy (FESEM) imaging was used. For the surface morphology, the fibers were cut lengthwise using a sharp razor blade. To obtain the cross-section of the PA layer, fibers were soaked in ethanol for 3 min and then frozen and fractured in liquid nitrogen. FESEM imaging was realized using a Hitachi S-4800 (Hitachi, Tokyo, Japan).




2.6.4. Zeta Potential


The zeta potential of the fibers was determined using an electrokinetic SurPASS analyzer (Anton Paar, Graz Austria) at various pH values (3–11) in the presence of a 5 mM KCl electrolyte solution.



For the measurement, three individual fibers from each type were individually placed in tubings measuring 7 cm in length to enable triplicate measurements. Two solutions of 0.1 M HCl and 0.1 M NaOH were used to automatically adjust the pH. The zeta potential was calculated using Equation (2).


  ζ =   d I   d P    ·   η  ε   ε 0      L s   A s    



(2)




where I is the streaming current (V), P is the pressure (Pa),  η  is the dynamic viscosity of the electrolyte solution (Pa   ·   s),  ε  is the dielectric permittivity of water,   ε 0   is the dielectric permittivity in vacuum (F   ·   m    − 1   ),   L s   is the channel length (m), and   A s   is the cross-sectional area of the streaming channel (m   2  ).




2.6.5. Salt Rejection and Water Permeability


Rejection experiments were performed in a cross-flow set-up at a transmembrane pressure (TMP) of 2 bar. The cross-flow rate at each fiber was set at 5 mL/min. For salt rejection experiments, salt solutions containing 0.5 g/L (   8.6   mmol/L) NaCl dissolved in DI water or 0.5 g/L (4.2 mmol/L) MgSO   4   dissolved in DI water were used. Salt rejection was calculated with Equation (3).


  R = 1 −   σ P   σ F    



(3)







In this equation, R is the salt rejection (%), and   σ P   and   σ F   denote the measured conductivity of the permeate and the feed, respectively, (µS   ·   cm    − 1   ). The water permeability was determined from Equation (4).


  P =  V   S A   ·  Δ t  ·   ( Δ p − Δ π )     



(4)







In this equation, P is the water permeability (L   ·   m     − 2    ·   h     − 1    ·   bar    − 1   , LMH/bar), V the the collected volume (L),   S A   the effective membrane area (m   2  ),   Δ t   the recorded time (h),   Δ p   the measured TMP (bar), and   Δ π   the osmotic pressure difference across the membrane (bar) [40]. The latter was calculated using the Van ’t Hoff Equation [41]:


  π = c i R T  



(5)




where c is the concentration of the salt in the solution (mol   ·   L), i the the Van’t Hoff factor of the specific salt, R the universal gas constant (J   ·   K     − 1    ·   mol    − 1   ), and T the temperature (K). To calculate the osmotic pressure, only the concentration of the bulk solution was taken into account. The osmotic pressure generated from concentration polarization was calculated to be much lower than the osmotic pressure generated from the bulk solution and was therefore neglected.



After the measurements were finished, the membrane modules were flushed with DI water overnight at 2 bar.






3. Results and Discussion


In the following section, we present the interfacial polymerization (IP) of MPD and TMC on the novel hollow fibers. First, the characteristics of three PAI hollow fiber membrane batches are shown. Two of the batches are modified with a PEI lumen layer, which was deposited directly during the spinning of the fibers. Afterwards, these batches are used as support for further cross-linking. TMC cross-links with the PEI surface layer. IP with MPD and TMC creates a thin separate polyamide layer on the inside of the fibers. Last, we present the results for fibers modified with the IP of MPD and TMC.



For membrane characterization, salt retention and permeability were measured. As for nomenclature, we refer to fibers spun with 25 kDa PEI as 25k, and fibers spun with 750 kDa PEI as 750k.



3.1. Intrinsic Characteristics of the Hollow Fiber Support


This section discusses the intrinsic properties of the fabricated hollow fiber supports. Hollow fiber dimensions, burst pressure, and pure water permeability are listed in Table 3. Despite their relatively thin wall of a thickness of around 0.15 mm, the spun fibers still showed a high burst pressure of around 14 bar on average, which can be explained by the high tensile strength of the polyamide-imide. Furthermore, the variation in the molecular weight of PEI had no discernible effect on the burst pressure. Moreover, the fibers displayed a porosity of >73%, indicating an open structure, as confirmed by SEM images showcasing the interconnection between the pores (see Figure 2).



SEM images of unmodified, 25k, and 750k fibers are shown in Figure 2. A morphology of combined finger-like and spongy structures is observed from the cross-section images of the three fibers. However, we observe some differences between the structures of the unmodified and the 25k and 750k fibers. For the unmodified fibers, macrovoids are present in the middle of the cross-section, while the sponge-like structure is on both the lumen and the shell side. In contrast, for the 25k and 750k supports, we observe the macrovoid formation directly at the lumen of the fibers with the sponge-like structure only at the shell. We owe this difference to the hindered solvent exchange due to the PEI layer formation; hence, the macrovoid formation shifts towards the lumen surface. The three fiber types have an open structure, highly porous in the middle of the fibers. A visible difference in the inner surface of the unmodified surface and the 25k and 750k can be observed, while the unmodified fibers exhibit a rough and uneven surface, the inner surface of both 25k and 750k is smooth and uniform.



The results of zeta potential measurements of the two different PAI/PEI fibers and the reference PAI (unmodified) fiber are compared in Figure 3. The overall stronger positive zeta potential proves the incorporation of the PEI on the surface compared to the reference. Furthermore, two plateau steps are observable for the PAI/PEI fibers, representing the two protonation stages of PEI’s primary and secondary amines. At a given pH, the zeta potential of the fiber spun with 25 kDa is more positive compared to fiber spun with 750 kDa PEI. The more positive zeta potential observed in the 25k membranes suggests a higher incorporation of amino groups. We theorize this difference is due to the variation in chain lengths of the polyelectrolytes used in the fabrication process. The smaller molecular weight of 25 kDa PEI enables greater mobility, facilitating deeper penetration of PEI into the PAI matrix during the phase inversion process. In contrast, the larger 750 kDa PEI diffuses more slowly, leading to its immobilization primarily on the outermost surface, which may be more susceptible to washing away during subsequent steps.




3.2. Membrane Modification through TMC Cross-Linking


Before conducting the actual IP, cross-linking the PEI layer with TMC serves as an additional reference membrane. In the following section, we discuss the ability of the surface PEI layer to cross-link with TMC. The cross-linking is schematically shown in Figure 4.



To investigate the effect of TMC on the 25k and 750k PAI/PEI fibers, we exposed the fibers to the TMC solution in a set of experiments. The resulting fibers are labeled as 25k    T M C    and 750k    T M C   . We compare MgSO   4   and NaCl rejections, as well as the permeability of the evolving fibers, with the unmodified 25k and 750k support fibers, given in Figure 5.



For the 25k and 750k, no salt rejection is measured. A cross-linking reaction of the PEI surface layer with solely TMC results in rejections of about 98% MgSO   4   for both 25k    T M C    and 750k    T M C    membranes, and NaCl rejections of 68% and 44% for 25k    T M C    and 750k    T M C    fibers, respectively. Moreover, the permeability of the TMC-treated supports decreases due to the build-up of a dense selective separation layer.



The high rejection of the divalent ions of MgSO   4   and moderate rejections for the monovalent ions of NaCl for both membranes are typical for nanofiltration membranes. Here, Donnan exclusion is superimposed with steric exclusion. The charge of the resulting membrane surface was not investigated. However, other studies report the formation of NF membranes through the IP of PEI and TMC. There, a positive surface charge is suggested [42,43,44]. On the other hand, negative charges can evolve due to the hydrolysis of unreacted acid chloride groups in TMC, forming hydroxyl groups [33]. We assume the higher NaCl rejections of the 25k    T M C    fibers are due to the formation of a denser polymer network. This is in accordance with the stronger positive zeta potential of the 25k fibers indicating a higher amount of PEI amino groups that can react with TMC.



In a recent work by Gao et al. [33], NF membranes were fabricated following a similar procedure described here. However, in their work, they modified their fibers’ properties at even shorter TMC exposure periods (1 min). This suggests that even a shorter reaction time leads to the formation of a dense separation layer, limiting further diffusion of TMC to the underlying support. This diffusion barrier might impact the reaction when MPD and TMC are used together for the IP. In this case, PEI competes with MPD for the TMC resources, and the reaction between PEI and TMC might lead to a premature formation of a selective layer, hindering the diffusion of MPD. Although, in theory, steric effects in hyperbranched PEI could lead to a slower reaction rate compared to MPD [45].




3.3. Membrane Modification through Interfacial Polymerization of MPD and TMC


In the following section, we investigate the suitability of the PAI/PEI fibers as support for IP using MPD and TMC. Changes in the used MPD and TMC concentrations reveal their influence on the PA layer formation. Both types of fibers (25k, 750k) were coated following the protocol described in Section 2, with varying MPD and TMC concentrations (MPD: 1.5, 2.5 and   3.5   wt%; TMC: 0.1 and   0.2   wt%). We characterize the resulting membranes by their NaCl rejection and water permeability. Finally, the morphologies of the PA layers are discussed by comparing FESEM images.



The rejection of NaCl and the water permeability for membranes prepared with 25k and 750k supports and different concentrations of MPD and TMC are depicted in Figure 6. These modified fibers will be referred as 25k    I P    and 750k    I P   . We observed that 25k    I P    membranes prepared with the lower TMC concentration (   0.1   wt%) achieved high rejections for all three MPD concentrations. However, when the TMC concentration was increased to   0.2   wt% TMC, rejection decreased for membranes prepared with 1.5 and   3.5   wt% MPD. Moreover, we observed a general increase in permeability with increasing MPD concentration from 1.5 to   2.5   wt%, while further increasing MPD concentration to   3.5   wt% yielded no significant changes. However, membranes prepared with   0.2   wt% yielded less permeable overall. In contrast, for 750k    I P    membranes, the effect of MPD and TMC is less evident in the salt rejection, as the latter always remains above 95 wt% for all MPD and TMC concentrations. Furthermore, while permeability increases with increasing MPD concentration at   0.1   wt% TMC, the opposite is observed at   0.2   wt% TMC.



Overall, the results suggest that the effect of MPD and TMC on the rejection and permeability of the 25k and 750k membranes is complex and depends on the specific conditions. The following section discusses the individual effects of MPD and TMC in the IP and their possible consequences on membrane performance.



3.3.1. Effect of MPD Concentration


To better understand the effect of the MPD concentration, we compare the obtained rejections and permeabilities to the evolving surface morphology of the membranes depicted in Figure 7. The morphology of the 25k    I P    membranes prepared with various concentrations of MPD and TMC are presented in Figure 7. Membranes coated with   1.5   wt% MPD and   0.1   wt% TMC (a) depict a rather smooth surface morphology. By increasing the concentration of MPD to   2.5   wt% and keeping the TMC concentration at   0.1   wt%, the surface roughness increases because of what we assume are protruding thin PA layers folding on top of the main layer. This is also accompanied by the formation of looser PA aggregates. However, the increase in roughness is even more evident at a concentration of   3.5   wt% MPD. Moreover, the cross-section of the fiber revealed that the PA layer did not exhibit the typical “ridge-and-valley” structure found in most TFC PA membranes. Instead, we observed individual nodular or ear-like protuberances emerging in combination with some larger agglomerations of PA. We attribute the overall increase in surface roughness to the greater driving force for diffusion resulting from the higher MPD concentration. The increased movement of MPD molecules towards the organic phase extends the reaction beyond the interface, leading to the formation of a rougher surface. This phenomenon has been well-documented in existing literature [46,47,48,49,50,51,52,53].



Interestingly, all of the fibers present a very thin PA layer of around 50 nm thickness. However, the expected layer thickness for this range of MPD and TMC concentration is around 200–250 nm if a conventional support like polysulfone (PSF) is used [47,54,55]. In the case of PSF, the larger apparent thickness is due to void formation inside the PA layer, which at the same time is responsible for the classic “ridge-and-valley” structure. Furthermore, void-free layer formation is observed in PSF supports when very low MPD concentrations are used [47]. However, PSF does not chemically interact with the monomers in the IP reaction, as is the case with our PAI/PEI fibers. As demonstrated in the previous section, the intermediate layer can react with TMC and form a selective layer. The reaction of a “premature” dense layer can lead to limited MPD transport to the organic phase, explaining the apparent thin layer. In a study by Chiao et al. [45], it was observed that when PEI and MPD are competing monomers in the IP, the ridge-and-valley structure gradually decreases and eventually disappears with increasing PEI concentration. Hence, increasing PEI concentration led to the formation of a smooth and thin PA layer.



As mentioned previously, only a slight increase in roughness was observed by increasing the MPD concentration from 1.5 to   2.5   wt%, and a more significant increase at 3.5% MPD (see Supplementary Materials). While numerous studies have consistently established a correlation between increased surface roughness and enhanced water flux [50,51,52,53,56], we only observed a distinct increase in permeability between fibers coated with 1.5 and   2.5   wt% MPD. Surprisingly, despite the more pronounced increase in roughness between 2.5 and   3.5   wt%, no further increase in permeability was evident. Our theory suggests that at the lowest concentration of MPD, the formation of the PA layer may occur partially within the support pores, which explains the measured low permeability. However, as the MPD concentration increases, the reaction is shifted toward the lumen surface, resulting in increased permeability due to reduced PA formation inside the pores. At the highest MPD concentration (   3.5   wt%), with the monomer more readily accessible to TMC, a more cross-linked PA layer can form, facilitated by the higher concentration of monomer units available to react with each other. Thus, an increase in layer density would effectively balance the gained surface area.




3.3.2. Effect of TMC Concentration


As discussed previously, TMC also has a significant effect on membrane performance. In the case of 25k    I P    fibers, by increasing the TMC concentration from 0.1 to   0.2   wt%, both rejection and permeability decrease. In contrast, for 750k    I P    fibers, only a decrease in permeability is observed (Figure 6). These results differ significantly from results found in the literature with IP on chemically inert support structures. Several studies report that, for the concentration range of MPD and TMC used in this study, an increase in TMC concentration can lead to either an increase in water permeability, an increase in salt rejection, or an increase in both [46,47,57]. The increase in water permeability has been linked to a decrease in PA layer thickness [46,58], whereas an increase in salt rejection has been linked to an increase in PA density degree [46,47].



However, compared to results from the literature, the underlying support membrane does not chemically react with the IP monomers. In the case of the PAI/PEI fibers, not only does the support itself cross-link to form a dense PEI-TMC PA layer, this layer and the support itself can cross-link to the nascent MPD-TMC PA layer. Although the TMC and MPD concentrations are similar, the mechanisms and interactions with the support influence the reaction differently. This opens up the possibility for a simultaneous reaction between MPD-TMC and PEI-TMC during the IP. Furthermore, a reaction between TMC and the primary and secondary amino groups in PEI could tighten the PEI support layer during the IP, further limiting the diffusion of MPD into the organic phase. Although stability during operation might be provided by covalent bonding between PA and PEI through the cross-linking with TMC, e.g., stability against delamination, the same could present a limiting factor for the reaction between MPD and TMC.



We propose a reaction mechanism between TMC and MDP in the presence of a PEI surface layer, which is illustrated in Figure 8. Here two scenarios are portrayed. The first scenario represents a low concentration of TMC (a). The low TMC concentration does not lead to the rapid formation of a cross-linked PEI layer. Therefore, the diffusion of MPD into the organic TMC phase is not as severely hindered, and a smooth but selective layer is formed. At this stage, the selective layer consists mainly of PA formed through the reaction of MPD and TMC, as reflected by the high rejections. A second scenario portrays a higher concentration of TMC (b). Due to the higher concentration of TMC, the reaction of PEI and TMC is more dominant than in the   0.1   wt% TMC case, reducing the diffusion of MPD into the organic TMC phase. As a result, a selective layer of PEI-TMC PA is formed at the surface of the hollow fiber, while a reaction of MPD and TMC would take place deeper inside the pores. Indeed, inside-pore PA formation has been reported to significantly reduce water permeance [59].



While support tightening from a PEI-TMC reaction combined with an in-pore MPD-TMC PA formation may explain a decrease in permeability, a reduction in rejection can be due to a combination of factors. In this study, we investigated the formation mechanisms of the PA layers, distinguishing between the PEI-TMC and MPD-TMC reaction systems, while the MPD-TMC reaction has been extensively studied, the superposition of different reaction routes in the PEI-MPD-TMC system is even more complex. Based on our findings, we hypothesize that the formation of the PEI-PA layer is more prevalent at higher TMC concentrations, hindering the diffusion of MPD and resulting in a less dense PA network, which may lead to lower rejection for 25k    I P    fibers. However, we did not observe a decrease in rejection for 750k    I P    fibers coated with   0.2   wt% TMC, possibly because 750k fibers have less available PEI amino groups on their surface and are less reactive towards TMC (see Section 3.1). Consequently, the impact of the PEI-TMC PA formation is stronger for the 25k fibers than the 750k supports. Although there is still a cross-linking of PEI, resulting in the overall decrease in permeability, the formation of the selective layer is primarily due to the reaction of MPD and TMC. Moreover, in the case of the 750k support, additional factors such as increased layer density may impact permeability as well. Indeed, these observations highlight the complexity of the PAI/PEI support with the MPD-TMC system, and further research is necessary to fully comprehend the reaction system and unravel the interplay between various parameters and their influence in membrane performance.





3.4. Success Rate of IP


IP is notably challenging to achieve on hollow fiber supports, as the interface is more difficult to control. Improper drying or excessive drying may lead to the formation of defects. Moreover, improper adhesion of the PA layer may lead to delamination. Figure 9 depicts the NaCl rejection of all membranes produced during this study. From the unmodified fibers (without PEI intermediate layer), none achieved a NaCl rejection > 80%. In comparison, most of the 25k and 750k supports achieved rejections higher than 80%, with a majority of the modules having rejections higher than 90%. Therefore, we attribute the high success rate of 25k    I P    and 750k    I P    membranes to the ability of TMC to interact with the primary amines in PEI during the IP. Hence, the PA layer can covalently bind to the support structure, resulting in a well-integrated PA layer, increasing layer stability, and preventing delamination. This is in accordance with previous studies, which attribute the high success rate of the IP on hollow fibers to the incorporation of a PEI intermediate layer through LBL deposition [17] or directly during the spinning process [18].



It is worth mentioning that the membranes produced in this study demonstrate water permeabilities of approximately 1 LMH/bar, falling within the reported range of RO membranes, which range from 0.9 to 3 LMH/bar [60,61,62]. On the other hand, the achieved salt rejection of approximately 95–96% may initially seem relatively low compared to the >99% achieved in commercial RO membranes. However, it is essential to consider the factors influencing salt flux across the membrane. The salt flux through the membrane is primarily determined by the permeability of salt in the polyamide layer and the salt concentration in the feed solution. In contrast, the water flux depends on the pure water permeability of the membrane and the difference between TMP and osmotic pressure.



In the present study, a TMP of 2 bar was utilized, which is low compared to pressures used in RO systems (>15 bar). Hence, increasing the TMP would significantly increase the water flux while maintaining a similar salt flux. Consequently, the concentration of salt in the permeate would decrease, leading to an improvement in salt rejection. Furthermore, it is essential to note that the formulations used in commercial membrane fabrication extend beyond the use of MPD and TMC. Commercial membranes often incorporate additives like surfactants to enhance their performance. Thus, with the hollow fiber membrane support developed in this study, further improvements in membrane performance are achievable by improving the reaction conditions.





4. Conclusions


Reproducible interfacially polymerized (IP) layers form successfully on polyamide-imide (PAI) hollow fiber membranes with an intermediate polyethyleneimine (PEI) lumen layer. The PAI/PEI support membranes evolve in a single-step fabrication method.



The intermediate PEI lumen layer proves to facilitate a subsequent coating by interfacial polymerization (IP) of MPD and TMC with a high success rate. The resulting composite hollow fiber membranes show reverse osmosis performance with NaCl rejections of around 95% and water permeability of about 1 LMH/bar. We further conclude that during the IP, the reaction between TMC and PEI hinders the transport of MPD to the surface. By increasing the concentration of TMC, this reaction becomes more pronounced as possibly a more prominent PEI-TMC layer forms, resulting in overall lower permeabilities.



Employing an intermediate polyelectrolyte layer proved to facilitate further coating of hollow fiber membranes could potentially become the solution for robust composite hollow fiber membrane fabrication. By varying the coating chemistry and further optimizing the coating solution compositions, we envision developing robust reverse osmosis, nanofiltration, forward osmosis, and organic solvent nanofiltration hollow fiber membranes.
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	NMP
	1-Methyl-2-pyrrolidinone



	EG
	Ethylene glycol



	TMP
	Transmembrane pressure









References


	



Baker, R.W. Membrane Technology and Applications; John Wiley and Sons: Hoboken, NJ, USA, 2012. [Google Scholar] [CrossRef]

	



Cadotte, J.E.; Petersen, R.J.; Larson, R.E.; Erickson, E.E. A new thin-film composite seawater reverse osmosis membrane. Desalination 1980, 32, 25–31. [Google Scholar] [CrossRef]

	



Loeb, S.; Sourirajan, S. Sea Water Demineralization by Means of an Osmotic Membrane; American Chemical Society: Washington, DC, USA, 1963; pp. 117–132. [Google Scholar] [CrossRef]

	



Joseph, N.; Ahmadiannamini, P.; Hoogenboom, R.; Vankelecom, I.F. Layer-by-layer preparation of polyelectrolyte multilayer membranes for separation. Polym. Chem. 2014, 5, 1817–1831. [Google Scholar] [CrossRef]

	



Kamp, J.; Emonds, S.; Wessling, M. Designing tubular composite membranes of polyelectrolyte multilayer on ceramic supports with nanofiltration and reverse osmosis transport properties. J. Membr. Sci. 2021, 620, 118851. [Google Scholar] [CrossRef]

	



Mohammadifakhr, M.; de Grooth, J.; Roesink, H.D.; Kemperman, A.J. Forward Osmosis: A Critical Review. Processes 2020, 8, 404. [Google Scholar] [CrossRef]

	



Frank, M.; Bargeman, G.; Zwijnenburg, A.; Wessling, M. Capillary hollow fiber nanofiltration membranes. Sep. Purif. Technol. 2001, 22, 499–506. [Google Scholar] [CrossRef]

	



Ren, J.; McCutcheon, J.R. A new commercial biomimetic hollow fiber membrane for forward osmosis. Desalination 2018, 442, 44–50. [Google Scholar] [CrossRef]

	



Freger, V.; Ramon, G.Z. Polyamide desalination membranes: Formation, structure, and properties. Prog. Polym. Sci. 2021, 122, 101451. [Google Scholar] [CrossRef]

	



Ren, J.; McCutcheon, J.R. A new commercial thin film composite membrane for forward osmosis. Desalination 2014, 343, 187–193. [Google Scholar] [CrossRef]

	



Xia, L.; Andersen, M.F.; Hélix-Nielsen, C.; McCutcheon, J.R. Novel Commercial Aquaporin Flat-Sheet Membrane for Forward Osmosis. Ind. Eng. Chem. Res. 2017, 56, 11919–11925. [Google Scholar] [CrossRef]

	



Cai, J.; Chung, T.S. Hollow Fibers for Reverse Osmosis and Nanofiltration; Jenny Stanford Publishing: Singapore, 2022; pp. 209–268. [Google Scholar] [CrossRef]

	



Raaijmakers, M.J.; Benes, N.E. Current trends in interfacial polymerization chemistry. Prog. Polym. Sci. 2016, 63, 86–142. [Google Scholar] [CrossRef]

	



Peng, L.E.; Yang, Z.; Long, L.; Zhou, S.; Guo, H.; Tang, C.Y. A critical review on porous substrates of TFC polyamide membranes: Mechanisms, membrane performances, and future perspectives. J. Membr. Sci. 2022, 641, 119871. [Google Scholar] [CrossRef]

	



Yang, T.; Wan, C.F.; Zhang, J.; Gudipati, C.; Chung, T.S. Optimization of interfacial polymerization to fabricate thin-film composite hollow fiber membranes in modules for brackish water reverse osmosis. J. Membr. Sci. 2021, 626, 119187. [Google Scholar] [CrossRef]

	



Veríssimo, S.; Peinemann, K.V.; Bordado, J. Thin-film composite hollow fiber membranes: An optimized manufacturing method. J. Membr. Sci. 2005, 264, 48–55. [Google Scholar] [CrossRef]

	



Ormanci-Acar, T.; Mohammadifakhr, M.; Benes, N.E.; de Vos, W.M. Defect free hollow fiber reverse osmosis membranes by combining layer-by-layer and interfacial polymerization. J. Membr. Sci. 2020, 610, 118277. [Google Scholar] [CrossRef]

	



Mohammadifakhr, M.; Trzaskus, K.; Kemperman, A.J.; Roesink, H.D.; de Grooth, J. Increasing the success rate of interfacial polymerization on hollow fibers by the single-step addition of an intermediate layer. Desalination 2020, 491, 114581. [Google Scholar] [CrossRef]

	



Kopeć, K.K.; Dutczak, S.M.; Wessling, M.; Stamatialis, D.F. Chemistry in a spinneret—On the interplay of crosslinking and phase inversion during spinning of novel hollow fiber membranes. J. Membr. Sci. 2011, 369, 308–318. [Google Scholar] [CrossRef]

	



Gherasim, C.V.; Luelf, T.; Roth, H.; Wessling, M. Dual-Charged Hollow Fiber Membranes for Low-Pressure Nanofiltration Based on Polyelectrolyte Complexes: One-Step Fabrication with Tailored Functionalities. ACS Appl. Mater. Interfaces 2016, 8, 19145–19157. [Google Scholar] [CrossRef]

	



Roth, H.; Luelf, T.; Koppelmann, A.; Abel, M.; Wessling, M. Chemistry in a spinneret—Composite hollow fiber membranes in a single step process. J. Membr. Sci. 2018, 554, 48–58. [Google Scholar] [CrossRef]

	



Roth, H.; Alders, M.; Luelf, T.; Emonds, S.; Mueller, S.I.; Tepper, M.; Wessling, M. Chemistry in a spinneret — Sinusoidal-shaped composite hollow fiber membranes. J. Membr. Sci. 2019, 585, 115–125. [Google Scholar] [CrossRef]

	



Emonds, S.; Roth, H.; Wessling, M. Chemistry in a spinneret – Formation of hollow fiber membranes with a cross-linked polyelectrolyte separation layer. J. Membr. Sci. 2020, 612, 118325. [Google Scholar] [CrossRef]

	



Mohammadifakhr, M.; de Grooth, J.; Trzaskus, K.; Roesink, H.D.; Kemperman, A.J. Single-step synthesis of a polyelectrolyte complex hollow-fiber membrane for forward osmosis. Sep. Purif. Technol. 2021, 264, 118430. [Google Scholar] [CrossRef]

	



Emonds, S.; Kamp, J.; Viermann, R.; Kalde, A.; Roth, H.; Wessling, M. Open and dense hollow fiber nanofiltration membranes through a streamlined polyelectrolyte-based spinning process. J. Membr. Sci. 2022, 644, 120100. [Google Scholar] [CrossRef]

	



Ingole, P.G.; Choi, W.; Kim, K.H.; Park, C.H.; Choi, W.K.; Lee, H.K. Synthesis, characterization and surface modification of PES hollow fiber membrane support with polydopamine and thin film composite for energy generation. Chem. Eng. J. 2014, 243, 137–146. [Google Scholar] [CrossRef]

	



Echaide-Górriz, C.; Zapata, J.A.; Etxeberría-Benavides, M.; Téllez, C.; Coronas, J. Polyamide/MOF bilayered thin film composite hollow fiber membranes with tuned MOF thickness for water nanofiltration. Sep. Purif. Technol. 2020, 236, 116265. [Google Scholar] [CrossRef]

	



Tian, L.; Jiang, Y.; Li, S.; Han, L.; Su, B. Graphene oxide interlayered thin-film nanocomposite hollow fiber nanofiltration membranes with enhanced aqueous electrolyte separation performance. Sep. Purif. Technol. 2020, 248, 117153. [Google Scholar] [CrossRef]

	



Kim, H.I.; Kim, S.S. Plasma treatment of polypropylene and polysulfone supports for thin film composite reverse osmosis membrane. J. Membr. Sci. 2006, 286, 193–201. [Google Scholar] [CrossRef]

	



Alsvik, I.L.; Hägg, M.B. Preparation of thin film composite membranes with polyamide film on hydrophilic supports. J. Membr. Sci. 2013, 428, 225–231. [Google Scholar] [CrossRef]

	



Maaskant, E.; de Wit, P.; Benes, N.E. Direct interfacial polymerization onto thin ceramic hollow fibers. J. Membr. Sci. 2018, 550, 296–301. [Google Scholar] [CrossRef]

	



Wang, X.; Gao, N.; Wang, L.; Liao, Y. Polyelectrolyte interlayer assisted interfacial polymerization fabrication of a dual-charged composite nanofiltration membrane on ceramic substrate with high performance. J. Membr. Sci. 2023, 674, 121506. [Google Scholar] [CrossRef]

	



Gao, J.; Wang, K.Y.; Chung, T.S. Design of nanofiltration (NF) hollow fiber membranes made from functionalized bore fluids containing polyethyleneimine (PEI) for heavy metal removal. J. Membr. Sci. 2020, 603, 118022. [Google Scholar] [CrossRef]

	



Robertson, G.P.; Guiver, M.D.; Yoshikawa, M.; Brownstein, S. Structural determination of Torlon® 4000T polyamide-imide by NMR spectroscopy. Polymer 2004, 45, 1111–1117. [Google Scholar] [CrossRef]

	



Jiang, S.D.; Koh, A.Y.K.; Chong, K.H.; Zhang, S. Opening organic solvent pathways by molybdenum disulfide in mixed matrix membranes for molecular separation. J. Membr. Sci. 2019, 585, 60–66. [Google Scholar] [CrossRef]

	



Jang, H.Y.; Johnson, J.R.; Ma, Y.; Mathias, R.; Bhandari, D.A.; Lively, R.P. Torlon® hollow fiber membranes for organic solvent reverse osmosis separation of complex aromatic hydrocarbon mixtures. AIChE J. 2019, 65, e16757. [Google Scholar] [CrossRef]

	



Dutczak, S.M.; Cuperus, F.P.; Wessling, M.; Stamatialis, D.F. New crosslinking method of polyamide–imide membranes for potential application in harsh polar aprotic solvents. Sep. Purif. Technol. 2013, 102, 142–146. [Google Scholar] [CrossRef]

	



Setiawan, L.; Wang, R.; Li, K.; Fane, A.G. Fabrication of novel poly(amide–imide) forward osmosis hollow fiber membranes with a positively charged nanofiltration-like selective layer. J. Membr. Sci. 2011, 369, 196–205. [Google Scholar] [CrossRef]

	



Wypych, G. Handbook of Polymers: Second Edition; Elsevier Inc.: Amsterdam, The Netherlands, 2016; pp. 1–706. [Google Scholar] [CrossRef]

	



Sanahuja-Embuena, V.; Khensir, G.; Yusuf, M.; Andersen, M.F.; Nguyen, X.T.; Trzaskus, K.; Pinelo, M.; Helix-Nielsen, C. Role of Operating Conditions in a Pilot Scale Investigation of Hollow Fiber Forward Osmosis Membrane Modules. Membranes 2019, 9, 66. [Google Scholar] [CrossRef] [PubMed]

	



Melin, T.; Rautenbach, R. Membranverfahren: Grundlagen der Modul- und Anlagenauslegung; Springer: Berlin/Heidelberg, Germany, 2007; p. 583. [Google Scholar]

	



Lee, K.P.; Zheng, J.; Bargeman, G.; Kemperman, A.J.; Benes, N.E. pH stable thin film composite polyamine nanofiltration membranes by interfacial polymerisation. J. Membr. Sci. 2015, 478, 75–84. [Google Scholar] [CrossRef]

	



Fang, W.; Shi, L.; Wang, R. Interfacially polymerized composite nanofiltration hollow fiber membranes for low-pressure water softening. J. Membr. Sci. 2013, 430, 129–139. [Google Scholar] [CrossRef]

	



Jiang, Z.; Miao, J.; He, Y.; Tu, K.; Chen, S.; Zhang, R.; Zhang, L.; Yang, H. A novel positively charged composite nanofiltration membrane based on polyethyleneimine with a tunable active layer structure developed via interfacial polymerization. RSC Adv. 2019, 9, 10796–10806. [Google Scholar] [CrossRef]

	



Chiao, Y.H.; Sengupta, A.; Chen, S.T.; Hung, W.S.; Lai, J.Y.; Upadhyaya, L.; Qian, X.; Wickramasinghe, S.R. Novel thin-film composite forward osmosis membrane using polyethylenimine and its impact on membrane performance. Sep. Sci. Technol. 2019, 55, 590–600. [Google Scholar] [CrossRef]

	



Khorshidi, B.; Thundat, T.; Fleck, B.A.; Sadrzadeh, M. Thin film composite polyamide membranes: Parametric study on the influence of synthesis conditions. RSC Adv. 2015, 5, 54985–54997. [Google Scholar] [CrossRef]

	



Xu, J.; Yan, H.; Zhang, Y.; Pan, G.; Liu, Y. The morphology of fully-aromatic polyamide separation layer and its relationship with separation performance of TFC membranes. J. Membr. Sci. 2017, 541, 174–188. [Google Scholar] [CrossRef]

	



Kamada, T.; Ohara, T.; Shintani, T.; Tsuru, T. Controlled surface morphology of polyamide membranes via the addition of co-solvent for improved permeate flux. J. Membr. Sci. 2014, 467, 303–312. [Google Scholar] [CrossRef]

	



Khorshidi, B.; Thundat, T.; Fleck, B.A.; Sadrzadeh, M. A Novel Approach Toward Fabrication of High Performance Thin Film Composite Polyamide Membranes. Sci. Rep. 2016, 6, 22069. [Google Scholar] [CrossRef]

	



Peng, L.E.; Yao, Z.; Liu, X.; Deng, B.; Guo, H.; Tang, C.Y. Tailoring Polyamide Rejection Layer with Aqueous Carbonate Chemistry for Enhanced Membrane Separation: Mechanistic Insights, Chemistry-Structure-Property Relationship, and Environmental Implications. Environ. Sci. Technol. 2019, 53, 9764–9770. [Google Scholar] [CrossRef]

	



Ma, X.; Yang, Z.; Yao, Z.; Guo, H.; Xu, Z.; Tang, C.Y. Tuning roughness features of thin film composite polyamide membranes for simultaneously enhanced permeability, selectivity and anti-fouling performance. J. Colloid Interface Sci. 2019, 540, 382–388. [Google Scholar] [CrossRef]

	



Hirose, M.; Ito, H.; Kamiyama, Y. Effect of skin layer surface structures on the flux behaviour of RO membranes. J. Membr. Sci. 1996, 121, 209–215. [Google Scholar] [CrossRef]

	



Zhu, X.; Cheng, X.; Luo, X.; Liu, Y.; Xu, D.; Tang, X.; Gan, Z.; Yang, L.; Li, G.; Liang, H. Ultrathin Thin-Film Composite Polyamide Membranes Constructed on Hydrophilic Poly(vinyl alcohol) Decorated Support Toward Enhanced Nanofiltration Performance. Environ. Sci. Technol. 2020, 54, 6365–6374. [Google Scholar] [CrossRef] [PubMed]

	



Ghosh, A.K.; Hoek, E.M. Impacts of support membrane structure and chemistry on polyamide–polysulfone interfacial composite membranes. J. Membr. Sci. 2009, 336, 140–148. [Google Scholar] [CrossRef]

	



Petersen, R.J. Composite reverse osmosis and nanofiltration membranes. J. Membr. Sci. 1993, 83, 81–150. [Google Scholar] [CrossRef]

	



Kwak, S.Y.; Jung, S.G.; Kim, S.H. Structure-motion-performance relationship of flux-enhanced reverse osmosis (RO) membranes composed of aromatic polyamide thin films. Environ. Sci. Technol. 2001, 35, 4334–4340. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, S.; Wu, L.; Zhang, L.; Chen, H.; Gao, C. Preparation of reverse osmosis composite membrane with high flux by interfacial polymerization of MPD and TMC. J. Appl. Polym. Sci. 2009, 112, 2066–2072. [Google Scholar] [CrossRef]

	



Wei, J.; Liu, X.; Qiu, C.; Wang, R.; Tang, C.Y. Influence of monomer concentrations on the performance of polyamide-based thin film composite forward osmosis membranes. J. Membr. Sci. 2011, 381, 110–117. [Google Scholar] [CrossRef]

	



Yang, Z.; Sun, P.F.; Li, X.; Gan, B.; Wang, L.; Song, X.; Park, H.D.; Tang, C.Y. A Critical Review on Thin-Film Nanocomposite Membranes with Interlayered Structure: Mechanisms, Recent Developments, and Environmental Applications. Environ. Sci. Technol. 2020, 54, 15563–15583. [Google Scholar] [CrossRef] [PubMed]

	



Wei, C.; Lao, Y.; Ouyang, R.; Zhang, G.; Huang, G.; Deng, F.; Tan, Q.; Lin, G.; Zhou, H. Evaluation of Different Reverse Osmosis Membranes for Textile Dyeing and Finishing Wastewater Reuse. Membranes 2023, 13, 420. [Google Scholar] [CrossRef]

	



Widjaya, A.; Hoang, T.; Stevens, G.W.; Kentish, S.E. A comparison of commercial reverse osmosis membrane characteristics and performance under alginate fouling conditions. Sep. Purif. Technol. 2012, 89, 270–281. [Google Scholar] [CrossRef]

	



Teychene, B.; Collet, G.; Gallard, H.; Croue, J.P. A comparative study of boron and arsenic (III) rejection from brackish water by reverse osmosis membranes. Desalination 2013, 310, 109–114. [Google Scholar] [CrossRef]








[image: Membranes 13 00741 g001] 





Figure 1. Schematic of the polyamide-imide (PAI) hollow fabrication with an incorporated polyethylenimine (PEI) intermediate layer and the subsequent interfacial polymerization (IP) of m-phenylenediamine (MPD) and trimesoyl chloride (TMC) performed in this work. On the left, a schematic representation of the dry–wet jet hollow fiber spinning, where the polymer solution containing PAI and the bore solution containing PEI are used. During the spinning process, PEI adsorbs to the inner surface of the hollow fiber, forming a composite membrane. On the right side, the figure depicts the subsequent modification using the IP of MPD and TMC. Both MPD and PEI react with TMC, enabling the covalent attachment of the newly formed polyamide layer to the support of the hollow fiber. This process results in the formation of defect-free thin-film composite hollow fiber membranes. 
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Figure 2. SEM images of unmodified, 25k, and 750k fibers; (a) cross-section, (b) morphology of the middle part, (c) lumen surface. 
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Figure 3. Zeta potential of the inner surface of hollow fiber membranes without (unmodified) and with (25K, 750K) intermediate PEI layers on the lumen of the fibers as a function of pH, n = 3. 
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Figure 4. Schematic representation of the cross-linking of the intermediate layer upon contact with an organic solution containing TMC. The reaction of PEI and TMC leads to the formation of a dense selective layer with nanofiltration properties. 
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Figure 5. Performance of 25k and 750k hollow fibers before and after treatment with TMC, n = 2. On the left: salt rejection of MgSO   4   (□) and NaCl (△). On the right: permeability measured during MgSO   4   salt rejection experiments. 
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Figure 6. NaCl rejection and permeability of membrane modules prepared with 25k supports (left) and 750k supports (right) coated with different MPD concentrations (1.5, 2.5 and   3.5   wt%) and   0.1   wt% TMC (triangular makers), and   0.2   wt% TMC (square marker), n = 2. 
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Figure 7. FESEM images of the lumen surface and cross-section of TFC hollow fiber membranes prepared with 25k supports and different concentrations of MPD and TMC. (Left)   1.5   wt% MPD and   0.1   wt% TMC. (Middle)   2.5   wt% MPD and   0.1   wt% TMC. (Right)   3.5   wt% MPD and   0.1   wt% TMC. 
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Figure 8. Schematic representation of the hypothesized interfacial polymerization (IP) of PAI support membranes with a PEI lumen layer coated with (a)   0.1   wt% TMC and (b)   0.2   wt% TMC. The competing reaction between PEI-TMC and MPD-TMC is presented. The polyamide (PA) layer formed through the reaction between PEI-TMC is less selective towards NaCl than the layer formed through MPD-TMC. 
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Figure 9. NaCl rejection of hollow fibers after IP coating of supports without a PEI intermediate layer (unmodified) and with a PEI intermediate layer (25k    I P    and 750k    I P   ). A total of n = 6 modules for the unmodified support were coated, and n = 21 modules of each 25k    I P    and 750k    I P   . White markers represent the average rejection and black dots represent outlier samples. 
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Table 1. Bore composition used in the spinning processes described in this work.
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	Bore

Solution
	H    2   O

[wt%]
	NMP

[wt%]
	PEI 25k

[wt%]
	PEI 750k

[wt%]





	B1
	50
	50
	-
	-



	B2
	45
	50
	5
	-



	B3
	45
	50
	-
	5










 





Table 2. Spinning parameters of the three fiber batches. The abbreviation “Amb.” refers to ambient temperature.
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	Batch

-
	Bore

Type

-
	Temperature

Dope Solution

[    ∘   C]
	Flow Rate

Dope Solution

[mL min     − 1    ]
	Flow Rate

Bore

[mL min     − 1    ]
	Take-up

Speed

[m min     − 1    ]
	Height

[cm]
	Air Gap

Rel. Humidity

[%]
	Temp

[    ∘   C]





	Unmodified
	B1
	Amb.
	4.5
	3.3
	2.4
	11
	65
	22



	25k
	B2
	Amb.
	4.5
	3.4
	2.6
	11
	56
	21



	750k
	B3
	Amb.
	4.5
	3.3
	2.5
	11
	65
	22










 





Table 3. Dimensions, porosities, and burst pressures measured for the fibers spun, n = 3. The dimensions are determined by the dimension tool for the SEM.
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	Unmodified
	25k
	750k





	ID [mm]
	0.73 ± 0.01
	0.85 ± 0.01
	0.73 ± 0.01



	Wall thickness [mm]
	0.15 ± 0.01
	0.14 ± 0.01
	0.13 ± 0.01



	Porosity [%]
	77.1 ± 0.3
	79.7 ± 0.2
	73.9 ± 0.1



	Burst pressure [bar]
	13.9 ± 0.6
	13.6 ± 0.4
	14.0 ± 2



	PWP [LMH/bar]
	506 ± 69
	415 ± 44
	366 ± 65
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