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Abstract

:

In this study, a novel polybenzimidazole (PBI)-based organic solvent nanofiltration (OSN) membrane possessing excellent stability under high pH condition was developed. To improve the chemical stability, the pristine PBI membrane was crosslinked with a silane precursor containing an epoxy end group. In detail, hydrolysis and condensation reaction of methoxysilane in the 3-glycidyloxypropyl trimethoxysilane (GPTMS) yields organic–inorganic networks within the PBI membrane structure. At the same time, the epoxy end groups on the organosiloxane network (Si–O–Si) reacted with amine groups of PBI to complete the crosslinking. The resulting crosslinked PBI membrane exhibited a good stability upon exposure to organic solvents and was not decomposed even in basic solution (pH 13). Our membrane showed an ethanol permeance of 27.74 LMHbar−1 together with a high eosin Y rejection of >90% under 10 bar operation pressure at room temperature. Furthermore, our PBI membrane was found to be operational even under an extremely basic condition, although the effective pore size was slightly enlarged due to the pore swelling effect. The results suggest that our membrane is a promising candidate for OSN application under basic conditions.
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1. Introduction


Organic solvents are heavily utilized in the pharmaceutical and petrochemical industries as indispensable resources [1]. For instance, reaction mixtures used in pharmaceutical productions typically contain c.a. 85% of organic solvents [2]. Alcohols such as methanol, ethanol, and isopropanol are also required in pharmaceutical processes to obtain the desired products [3]. Thus, in the pharmaceutical and petrochemical industries, an efficient separation of organic solvents should be implemented not only to reduce energy consumption, but also to promote the recycling of solvents. In this context, organic solvent nanofiltration (OSN) or solvent-resistant nanofiltration has been emerging as a desired separation process due to several advantages over conventional processes such as low energy consumption and operation cost [4,5,6]. Modular design and small footprint, which are key advantages of membrane-based separation, are also highly beneficial in practical applications.



In general, OSN membranes typically have a molecular weight cut-off (MWCO) of 200–1000 Da [5]. To date, polymer materials are dominantly used in OSN membrane fabrication due to their processability and cost-effectiveness [7,8]. Indeed, polymeric OSN membranes could successfully demonstrate their potential for industrial applications [9,10]. To ensure the stability under organic solvent environments, membrane polymers should have a 3D network structure [11,12]. Thus, polymeric membranes are generally crosslinked via post-treatments using chemical agents or thermal energy [13]. For example, the polyaniline is known to be crosslinked by either chemical crosslinkers or thermal treatment [14].



The most well-known commercial OSN membranes are made up of polyimide (PI). In general, the PIs can be readily crosslinked with various diamines, leading to the formation of a 3D network structure [15,16]. However, such PI membranes cannot keep their stability under low and high pH conditions due to the vulnerability of the carbonyl group of the imide ring [17,18]. However, organic solvent separations under basic conditions are required in many practical applications such as cleaning process in food industry [19]. Hence, it is necessary to develop OSN membranes that are stable in organic solvents as well as at basic conditions.



Polybenzimidazole (PBI) has also been explored for OSN membrane fabrication due to its stability as well as the ability to be crosslinked [20,21,22]. PBI can be modified with chemical crosslinkers through amine groups in an imidazole ring. Xing et al. [23] fabricated a PBI OSN membrane crosslinked with glutaraldehyde and 1,2,7,8-diepoxyoctane. The resultant membranes exhibited high rejections for various dyes in ethanol and ethyl acetate. Valtcheva et al. [17] also reported a PBI membrane crosslinked with an aromatic alkyl halide, which showed a stable separation performance under low and high pH conditions. Furthermore, Wang et al. [24] demonstrated an excellent divalent anion selectivity of PBI membrane at high pH.



Herein, we report a novel PBI membrane modified with 3-glycidyloxypropyl trimethoxysilane (GPTMS) with the aim to improve the chemical stability, even at harsh conditions. GPTMS was chosen due to the presence of an epoxy group, which can form strong primary bonding by the reaction with the imidazole ring in PBI. Such silane reagents can also form robust inorganic networks within the resulting membrane (Figure 1), leading to further enhancements in both mechanical strength and stability. Recently, Lim et al. [25] and Siddique et al. [26] incorporated the 3-aminopropyl trimethoxysilane into PI membranes and verified that the mechanical strength and chemical stability of the resulting membrane can be improved by the formation of an inorganic network structure. In this work, PBI membrane was fabricated by a non-solvent induced phase separation technique. After being crosslinked with GPTMS, our OSN membrane was tested to investigate both the molecular separation performance and chemical stability under a strong basic condition.




2. Materials and Methods


2.1. Materials


The Celazole® S26 PBI (MW = 27,000 g mol−1) solution was obtained from PBI Performance Products Inc. (Tuscaloosa, AL, USA). The solution contains 26 wt% PBI and 1.5 wt% lithium chloride (stabilizer) in N,N-dimethylacetamide (DMAc). Non-woven polypropylene fabric (Novatexx 2471) was purchased from Freudenberg Filtration Technologies (Weinheim, Germany). All solvents such as DMAc (TCI, Chuo-ku, Japan), isopropanol (IPA, Daejung, Busan, Korea), acetonitrile (MeCN, Daejung), ethanol (EtOH, Daejung), N,N-dimethylformamide (DMF, Fisher, Al Khobar, Saudi Arabia), N-methyl-2-pyrrolidone (NMP, Alfa, Tewksbury, MA, USA), acetone (Daejung), and tetrahydrofuran (THF, Daejung) were used as received. GPTMS was purchased from Sigma (St. Louis, MO, USA). Rose Bengal (RB; 1017.6 g mol−1), methyl blue (MB; 799.8 g mol−1), and eosin Y (EY; 691.9 g mol−1) were obtained from Daejung, and tetracycline (TC; 444.4 g mol−1) was purchased from TCI. These were used as model solutes in OSN performance testing.




2.2. Fabrication of Crosslinked PBI Membranes


The Celazole® S26 solution was diluted to 17 wt% PBI by adding DMAc and continuously stirred at room temperature to make a dope solution. After removing bubbles in the dope solution, membrane was cast on the non-woven fabric using a casting knife with a gap of 250 μm. The nascent membrane was then immersed in tap water at ambient temperature for phase inversion. Next, the membrane was soaked in IPA at least for one day to remove any residual solvents and impurities. For chemical crosslinking, the PBI membrane was immersed in the crosslinking solution comprising 2% (wt/vol) GPTMS in a 1:1 volume mixture of MeCN and DI water. Then, the solution was gradually heated and kept at 80 °C for 24 h. After the reaction, the resultant membrane was placed in IPA to remove unreacted agents.




2.3. Characterizations


Fourier transform infrared (FTIR) spectra of the modified and unmodified membranes were obtained using Nicolet iS50 (Thermo Fisher Scientific Instrument) with attenuated total reflection mode. X-ray photoelectron spectroscopy (XPS) was performed with Axis-Supra (Kratos) to analyze the elemental composition of the membrane surfaces. Field emission scanning electron microscope (FE-SEM) was employed to observe the surface and cross-section morphologies of the membranes. To prepare the sample for cross-sectional image, membranes were fractured in liquid nitrogen. Prior to the analysis, all samples were sputtered with osmium under an argon atmosphere. The images were taken under 3 kV. Energy dispersive X-ray (EDX) spectroscopy was utilized to examine a distribution of the Si element in the crosslinked PBI membrane.



To investigate the stability in organic solvent environments, the unmodified and modified membrane samples were immersed in DMF, NMP, and DMAc, respectively. Prior to the immersion test, membrane samples were cut into the same size, dried, and weighted. Then, all dried membrane pieces were soaked in 35 mL of the above-mentioned organic solvents contained in 50 mL vials. After five days, the membrane samples were collected from the solvents. The membrane samples were washed with DI water and dried under vacuum prior to measuring weight.



We also carried out permeation testing with several organic solvents such as DMF, acetone, and THF to verify the chemical stability and feasibility of our PBI membrane for OSN application. Filtration tests were performed at room temperature with a high-pressure stirred cell (Sterlitech HP4750) under dead-end mode. The operated pressure was set at 10 bar and the effective membrane area was 14.6 cm2.




2.4. OSN Performance Test


The OSN performance was examined using ethanol as the representative solvent under cross-flow conditions at ambient temperature. The effective membrane area of a permeation cell was 18.86 cm2 and the flow rate was kept at 0.6 L min−1 during the tests. The permeance of pure ethanol was measured at 10 bar of applied pressure at room temperature and the data were obtained every hour. A steady state was assumed when three consecutive flux values were recorded within a 5% margin. The test was repeated four times with fresh membrane samples to check the reproducibility. To evaluate the solute rejection properties, membranes were first compacted at 20 bar for 1 h in a cross-flow cell to rule out the compaction effect of fresh membrane. Then, the operation pressure inside the cross-flow cell was set to 10 bar. We confirmed that permeance and rejection values of the membranes were quite stable after compaction at the above-mentioned conditions. In order to study the separation performance of our membranes, dyes that are soluble in ethanol such as RB, MB, EY, and TC were utilized. Separation performance was reported from at least three membrane samples to verify the reproducibility.



The permeance can be calculated by Equation (1);


  P =  V  At Δ p    



(1)




where  P  is the permeance;  A  is the membrane area; t is the time;   ∆ p   is the pressure drop; and  V  is the volume of the permeate.



The apparent rejection is calculated by the following Equation (2);


  R =  (  1 −    C p     C f     )  × 100  



(2)




where  R  is the rejection in percent, and    C f    and    C p    are the solute concentrations of feed and permeate, respectively.



To compare the mechanical stabilities of unmodified and modified membranes, a long-term filtration test with pure ethanol solvent was conducted under cross-flow mode at 10 bar operation pressure.



In order to evaluate the alkaline stability of the crosslinked PBI membrane, an aqueous RB solution at pH 13, which was adjusted by NaOH, was fed to the membrane cell. The operation conditions were set at the pressure of 10 bar at room temperature with the feed flow rate of 0.6 L min−1. Prior to testing, the membrane was operated with the dye aqueous solution feed at neutral conditions. After reaching the steady-state, a filtration of basic solution was performed for 24 h.





3. Results and Discussion


3.1. Characterizations of PBI Membranes


3.1.1. FTIR and XPS


Figure 2 shows the FTIR spectra of both unmodified and modified PBI membranes. For both samples, an absorption band that appeared at 3190 cm−1 is ascribed to N–H stretching, and multiple bands in a broad range (at 1630, 1590, 1444, 1290, 800 cm−1) can be assigned to the benzene and imidazole rings as well as their conjugation [27,28]. Compared to pristine PBI, the characteristic band at 1099 cm−1 is shown in the spectrum of the modified PBI membrane, which can be attributed to the Si–O–Si bond. This implies that the siloxane network is successfully formed within the PBI membrane by the condensation reaction of GPTMS [29,30,31]. The intensity of the absorption band at 3428 cm−1 increased after the crosslinking reaction, indicating the opening of the epoxy ring and formation of the hydroxyl group (–OH) [32]. Two absorption bands appeared at 2873 and 2937 cm−1 corresponding to C–N and C–H bonds, respectively, indicating the successful crosslinking of PBI with GPTMS [17].



To further confirm the crosslinking of PBI, XPS analysis was also conducted. Figure 3 displays the full survey XPS spectra of both unmodified and modified PBI membranes. The elemental compositions at the membrane surfaces are also shown in Table 1. The oxygen content was found to increase after the modification, presumably due to the oxygen atom in the crosslinker. Moreover, silicon atoms, which do not exist in the pristine membrane, appeared in the crosslinked membrane as expected [25]. The oxygen to silicon ratio of the modified membrane was calculated to be 3.53, which is close to the theoretical oxygen to silicon ratio of the crosslinker. All these results may imply that the continuous Si–O–Si networks were formed in the PBI membrane during the modification reaction [26].




3.1.2. Visual Observation with FE-SEM


The surface and cross-sectional images of the crosslinked PBI membrane are shown in Figure 4a–c. No appreciable voids or pores were observed at the membrane surface, indicating the formation of a highly dense skin layer. A typical asymmetric morphology, which is the result of non-solvent induced phase inversion, was observed in the cross-sectional image [33]. While the sponge-like structure with domains in the micrometer-range is shown in the dense skin layer, irregular finger-like macrovoids are formed in the sublayer. The sponge-like structure and macrovoids can provide the mechanical strength to withstand a high operation pressure and less-resistant mass transfer channels, respectively [12,20]. EDX mapping was also performed to investigate the distribution of silicon atoms on the crosslinked PBI membrane surface. As shown in Figure 4d, Si atoms were distributed homogeneously on the membrane surface as a result of the uniform reaction between PBI and GPTMS [25].




3.1.3. Chemical Stability Test


In order to test the feasibility of our crosslinked PBI membrane for application in OSN, both unmodified and modified membranes were soaked in several polar aprotic solvents for five days. As the solvent resistance is a key property of OSN membrane, harsh organic solvents such as DMF, DMAc, and NMP were selected as testing solvents [34,35,36]. Weight loss was calculated by using the gel fraction formula, and photographic images of PBI membranes taken after the immersion are shown in Table 2. The pristine PBI membrane samples were completely dissolved immediately after immersion in all organic solvents [27]. Only the non-woven polypropylene fabric support was left while the color of the solvent was changed to yellow. On the other hand, neither visible change nor weight change was observed for all crosslinked PBI samples after the immersion in organic solvents for five days, as shown in Table 2. Through the successful chemical crosslinking, polymers might form three-dimensional networks possessing a high robustness and chemical stability. Overall, the immersion testing confirmed that the crosslinking reaction with GPTMS imparts an excellent solvent resistance to PBI.



In addition to the immersion test, permeation testing with organic solvents such as DMF, acetone, and THF was also conducted to investigate the potential utility of our membranes in OSN application. Figure 5 shows the permeance profiles of three pure solvents over time that were measured under dead-end filtration mode at 10 bar. After the membrane compaction caused by a high operation pressure, the performance of the crosslinked PBI membrane was stabilized for all solvents [37]. In contrast, unmodified membranes were decomposed during the filtration test. The results imply that our crosslinked PBI membrane has a solvent resistance, and thus potential utility in OSN application.





3.2. Performance Test for OSN


3.2.1. Performance under Ethanol Condition


Ethanol was chosen as the representative solvent because it has been extensively used in the pharmaceutical industry [38,39]. Several dyes with various molecular weights, namely, RB, MB, EY, and TC were employed as model solutes to evaluate the rejection properties of uncrosslinked and crosslinked PBI membranes. Figure 6 exhibits the OSN performance including the pure ethanol permeance and dye rejections measured at 10 bar. Our modified membrane showed the pure solvent permeance of 27.74 LMH bar−1. The modified membrane showed superior separation performance than the unmodified membrane. Our membrane displayed a sharp rejection profile, which is desired for an efficient molecular discrimination [40]. The uncrosslinked PBI membrane showed the rejection values of EY and TC at 69% and near 0%, respectively. In contrast, for the crosslinked PBI membrane, the rejections of three dye molecules with a molecular weight over 690 g/mol were found to be very high (>90%), while the rejection of TC was measured to be very low in the range of 4~24%. Overall, the MWCO value of the modified membrane decreased from 800 to 680 Da in an ethanol environment, indicating that the effective pore size of the PBI membrane slightly decreased after the crosslinking reaction. [39]. It is noteworthy that the OSN performance of the modified membrane is comparable to those of commercial OSN membranes as well as other membranes recently reported in the literature [23,27,38].



To investigate the durability of PBI membranes, we monitored the ethanol permeances of both unmodified and modified membranes over 72 h. Figure 7 shows the normalized flux of both PBI membranes over filtration time. For pristine PBI membrane, a sharp decrease (greater than 40%) in pure ethanol permeance was occurred within 6 h. In contrast, the crosslinked PBI membrane exhibited a relatively stable behavior. In fact, decreases in permeances observed for both PBI membranes are due to the compaction effect under the high operation pressure (10 bar) [41]. After 72 h of continuous operation, both modified and unmodified membranes reached steady-state normalized fluxes at 0.62 and 0.36, respectively. Such an excellent compaction resistance for crosslinked PBI membrane is ascribed to the formation of a 3D network structure as well as the presence of siloxane networks, which can reinforce the overall membrane structure [30]. It is worth noting that one of the major disadvantages of polymeric membranes is the flux decline over time due to the compaction effect [42]. However, the incorporation of the inorganic network into a polymeric membrane could allow the membrane to possess a long-term durability, as reported elsewhere [26]. Overall, our results indicate that our PBI membrane crosslinked with rigid siloxane networks had an outstanding mechanical strength, leading to a highly stable performance under a high operation pressure.




3.2.2. Filtration Test under Basic Condition


The filtration of a basic aqueous solution was performed to validate the chemical stability of our crosslinked PBI membrane, and the results are shown in Figure 8. For the first 24 h, the permeance and rejection were measured under neutral condition, where our PBI membrane showed almost 100% rejection of RB. However, the permeance gradually decreased over time due to both the compaction, as mentioned in the previous section, and the deposition of RB molecules on the membrane surface, leading to an increase in mass transfer resistance. When the filtration time reached 24 h, the stable performance was observed. However, the separation performance was dramatically changed as soon as the feed solution was replaced with a basic aqueous solution at pH 13. Initially, the permeance increased to 40 LMH bar−1 and the rejection of RB decreased to 0%, which is possibly due to the pore swelling and the removal of RB molecules on the membrane surface [43]. Then, the performance was gradually stabilized at this new condition as time went on, although the permeance and rejection values were not similar to those in the neutral condition. Indeed, when the exposure time to the basic condition reached 24 h, the membrane showed the permeance of 20 LMH bar−1 and dye rejection of 34% in contrast to 13 LMH bar−1 and 100% rejection recorded at neutral condition.



Most importantly, our PBI membrane was not decomposed under this extremely high pH solution, which implies that our membrane possesses an outstanding alkaline resistance. Hence, the separation performance was quickly retrieved when the filtration condition was switched to neutral. The permeance and RB rejection were recorded at 14 LMH bar−1 and 99.7%, respectively. The surface and cross-sectional images of our membrane were also taken using FE-SEM after conducting a filtration test at pH 13. As shown in Figure 9, there was no evident change in the crosslinked membrane structure compared to the pristine membrane (Figure 4). Overall, our results indicate that crosslinking of the PBI membrane with GPTMS, leading to the formation of inorganic siloxane networks within the resulting membrane, is an effective strategy to fabricate an alkaline-resistant OSN membrane.






4. Conclusions


In this work, we fabricated a novel PBI-based OSN membrane that not only has excellent separation performance, but also a strong alkaline resistance. It was found that crosslinking of the PBI membrane with GPTMS, allowing the formation of robust siloxane networks within the membrane, can improve both the chemical stability and compaction resistance. The crosslinked PBI membrane was not dissolved in harsh organic solvents such as DMF, NMP, and DMAc and showed a relatively stable permeance during a long-term operation under 10 bar operation pressure. Furthermore, our PBI membrane was found to be operational even under an extremely basic condition, although the effective pore size was slightly enlarged due to the pore swelling effect. Considering the ease of membrane fabrication and modification together with all of the desired properties above-mentioned, we expect that our PBI membrane can potentially be utilized in food and pharmaceutical industries where separations are often conducted in an organic solvent phase under basic conditions.







Author Contributions


Original draft writing, experimental analysis and characterization: J.L.; Assistance in membrane preparation and performance test: H.Y.; Supervision of experimental work and writing of manuscript: T.-H.B.; Funding acquisition: T.-H.B. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Korea Institute of Energy Technology Evaluation and Planning (KETEP) grant funded by the Korean government (MOTIE) (202020200800330, Development and demonstration of energy efficient reaction-separation-purification process for fine chemical industry).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sun, P.; Wang, K.; Zhu, H. Recent Developments in Graphene-Based Membranes: Structure, Mass-Transport Mechanism and Potential Applications. Adv. Mater. 2016, 28, 2287–2310. [Google Scholar] [CrossRef] [PubMed]

	



Sheldon, R.A. Green Solvents for Sustainable Organic Synthesis: State of the Art. Green Chem. 2005, 7, 267–278. [Google Scholar] [CrossRef]

	



Gadipelly, C.; Pérez-González, A.; Yadav, G.D.; Ortiz, I.; Ibáñez, R.; Rathod, V.K.; Marathe, K.V. Pharmaceutical Industry Wastewater: Review of the Technologies for Water Treatment and Reuse. Ind. Eng. Chem. Res. 2014, 53, 11571–11592. [Google Scholar] [CrossRef]

	



Nie, L.; Chuah, C.Y.; Bae, T.H.; Lee, J.M. Graphene-Based Advanced Membrane Applications in Organic Solvent Nanofiltration. Adv. Funct. Mater. 2021, 31, 1–36. [Google Scholar] [CrossRef]

	



Nie, L.; Goh, K.; Wang, Y.; Lee, J.; Huang, Y.; Enis Karahan, H.E.; Zhou, K.; Guiver, M.D.; Bae, T.H. Realizing Small-Flake Graphene Oxide Membranes for Ultrafast Size-Dependent Organic Solvent Nanofiltration. Sci. Adv. 2020, 6, 1–13. [Google Scholar] [CrossRef]

	



Asadi Tashvigh, A.; Feng, Y.; Weber, M.; Maletzko, C.; Chung, T.S. 110th Anniversary: Selection of Cross-Linkers and Cross-Linking Procedures for the Fabrication of Solvent-Resistant Nanofiltration Membranes: A Review. Ind. Eng. Chem. Res. 2019, 58, 10678–10691. [Google Scholar] [CrossRef]

	



Li, W.; Chuah, C.Y.; Nie, L.; Bae, T.H. Enhanced CO 2 /CH 4 Selectivity and Mechanical Strength of Mixed-Matrix Membrane Incorporated with NiDOBDC/GO Composite. J. Ind. Eng. Chem. 2019, 74, 118–125. [Google Scholar] [CrossRef]

	



Li, W.; Goh, K.; Chuah, C.Y.; Bae, T.H. Mixed-Matrix Carbon Molecular Sieve Membranes Using Hierarchical Zeolite: A Simple Approach towards High CO2 Permeability Enhancements. J. Memb. Sci. 2019, 588, 117220. [Google Scholar] [CrossRef]

	



Samarasinghe, S.A.S.C.; Chuah, C.Y.; Li, W.; Sethunga, G.S.M.D.P.; Wang, R.; Bae, T.H. Incorporation of CoIII Acetylacetonate and SNW-1 Nanoparticles to Tailor O2/N2 Separation Performance of Mixed-Matrix Membrane. Sep. Purif. Technol. 2019, 223, 133–141. [Google Scholar] [CrossRef]

	



Chuah, C.Y.; Samarasinghe, S.A.S.C.; Li, W.; Goh, K.; Bae, T.H. Leveraging Nanocrystal HKUST-1 in Mixed-Matrix Membranes for Ethylene/Ethane Separation. Membranes 2020, 10, 74. [Google Scholar] [CrossRef]

	



da Silva Burgal, J.; Peeva, L.G.; Kumbharkar, S.; Livingston, A. Organic Solvent Resistant Poly(Ether-Ether-Ketone) Nanofiltration Membranes. J. Memb. Sci. 2015, 479, 105–116. [Google Scholar] [CrossRef]

	



Siang, K.; Yi, J.; Chen, Y.; Fang, W.; Bae, T.; Wang, R. Thin-Film Composite Hollow Fibre Membrane for Low Pressure Organic Solvent Nanofiltration. J. Memb. Sci. 2020, 597, 117760. [Google Scholar] [CrossRef]

	



Lim, S.K.; Goh, K.; Bae, T.H.; Wang, R. Polymer-Based Membranes for Solvent-Resistant Nanofiltration: A Review. Chin. J. Chem. Eng. 2017, 25, 1653–1675. [Google Scholar] [CrossRef]

	



Loh, X.X.; Sairam, M.; Bismarck, A.; Steinke, J.H.G.; Livingston, A.G.; Li, K. Crosslinked Integrally Skinned Asymmetric Polyaniline Membranes for Use in Organic Solvents. J. Memb. Sci. 2009, 326, 635–642. [Google Scholar] [CrossRef]

	



Cano-Odena, A.; Vandezande, P.; Fournier, D.; Van Camp, W.; Du Prez, F.E.; Vankelecom, I.F.J. Solvent-Resistant Nanofiltration for Product Purification and Catalyst Recovery in Click Chemistry Reactions. Chem.-A Eur. J. 2010, 16, 1061–1067. [Google Scholar] [CrossRef]

	



Hermans, S.; Dom, E.; Mariën, H.; Koeckelberghs, G.; Vankelecom, I.F.J. Efficient Synthesis of Interfacially Polymerized Membranes for Solvent Resistant Nanofiltration. J. Memb. Sci. 2015, 476, 356–363. [Google Scholar] [CrossRef]

	



Valtcheva, I.B.; Kumbharkar, S.C.; Kim, J.F.; Bhole, Y.; Livingston, A.G. Beyond Polyimide: Crosslinked Polybenzimidazole Membranes for Organic Solvent Nanofiltration (OSN) in Harsh Environments. J. Memb. Sci. 2014, 457, 62–72. [Google Scholar] [CrossRef]

	



Lee, K.P.; Bargeman, G.; de Rooij, R.; Kemperman, A.J.B.; Benes, N.E. Interfacial Polymerization of Cyanuric Chloride and Monomeric Amines: PH Resistant Thin Film Composite Polyamine Nanofiltration Membranes. J. Memb. Sci. 2017, 523, 487–496. [Google Scholar] [CrossRef]

	



Bargeman, G. Recent Developments in the Preparation of Improved Nanofiltration Membranes for Extreme PH Conditions. Sep. Purif. Technol. 2021, 279, 119725. [Google Scholar] [CrossRef]

	



Davood Abadi Farahani, M.H.; Chung, T.S. A Novel Crosslinking Technique towards the Fabrication of High-Flux Polybenzimidazole (PBI) Membranes for Organic Solvent Nanofiltration (OSN). Sep. Purif. Technol. 2019, 209, 182–192. [Google Scholar] [CrossRef]

	



Asadi Tashvigh, A.; Chung, T.S. Robust Polybenzimidazole (PBI) Hollow Fiber Membranes for Organic Solvent Nanofiltration. J. Memb. Sci. 2019, 572, 580–587. [Google Scholar] [CrossRef]

	



Özdemir, Y.; Özkan, N.; Devrim, Y. Fabrication and Characterization of Cross-Linked Polybenzimidazole Based Membranes for High Temperature PEM Fuel Cells. Electrochim. Acta 2017, 245, 1–13. [Google Scholar] [CrossRef]

	



Xing, D.Y.; Chan, S.Y.; Chung, T.S. The Ionic Liquid [EMIM] OAc as a Solvent to Fabricate Stable Polybenzimidazole Membranes for Organic Solvent Nanofiltration. Green Chem. 2014, 16, 1383–1392. [Google Scholar] [CrossRef]

	



Wang, K.Y.; Chung, T.S.; Rajagopalan, R. Novel Polybenzimidazole (PBI) Nanofiltration Membranes for the Separation of Sulfate and Chromate from High Alkalinity Brine to Facilitate the Chlor-Alkali Process. Ind. Eng. Chem. Res. 2007, 46, 1572–1577. [Google Scholar] [CrossRef]

	



Lim, S.K.; Setiawan, L.; Bae, T.H.; Wang, R. Polyamide-Imide Hollow Fiber Membranes Crosslinked with Amine-Appended Inorganic Networks for Application in Solvent-Resistant Nanofiltration under Low Operating Pressure. J. Memb. Sci. 2016, 501, 152–160. [Google Scholar] [CrossRef]

	



Siddique, H.; Rundquist, E.; Bhole, Y.; Peeva, L.G.; Livingston, A.G. Mixed Matrix Membranes for Organic Solvent Nanofiltration. J. Memb. Sci. 2014, 452, 354–366. [Google Scholar] [CrossRef]

	



Chen, D.; Yu, S.; Yang, M.; Li, D.; Li, X. Solvent Resistant Nanofiltration Membranes Based on Crosslinked Polybenzimidazole. RSC Adv. 2016, 6, 16925–16932. [Google Scholar] [CrossRef]

	



Zhu, L.; Swihart, M.T.; Lin, H. Tightening Polybenzimidazole (PBI) Nanostructure via Chemical Cross-Linking for Membrane H2/CO2 Separation. J. Mater. Chem. A 2017, 5, 19914–19923. [Google Scholar] [CrossRef]

	



Venkateswara Rao, A.; Kalesh, R.R. Comparative Studies of the Physical and Hydrophobic Properties of TEOS Based Silica Aerogels Using Different Co-Precursors. Sci. Technol. Adv. Mater. 2003, 4, 509–515. [Google Scholar] [CrossRef]

	



Zhang, Y.; Wang, R.; Yi, S.; Setiawan, L.; Hu, X.; Fane, A.G. Novel Chemical Surface Modification to Enhance Hydrophobicity of Polyamide-Imide (PAI) Hollow Fiber Membranes. J. Memb. Sci. 2011, 380, 241–250. [Google Scholar] [CrossRef]

	



Kim, M.T. Deposition Behavior of Hexamethydisiloxane Films Based on the FTIR Analysis of Si-O-Si and Si-CH3 Bonds. Thin Solid Films 1997, 311, 157–163. [Google Scholar] [CrossRef]

	



Wang, S.; Zhang, G.; Han, M.; Li, H.; Zhang, Y.; Ni, J.; Ma, W.; Li, M.; Wang, J.; Liu, Z.; et al. Novel Epoxy-Based Cross-Linked Polybenzimidazole for High Temperature Proton Exchange Membrane Fuel Cells. Int. J. Hydrogen Energy 2011, 36, 8412–8421. [Google Scholar] [CrossRef]

	



Zuo, H.R.; Cao, G.P.; Wang, M.; Zhang, H.H.; Song, C.C.; Fang, X.; Wang, T. Controlling the Morphology and Performance of FO Membrane via Adjusting the Atmosphere Humidity during Casting Procedure. Appl. Surf. Sci. 2018, 433, 945–956. [Google Scholar] [CrossRef]

	



See Toh, Y.H.; Lim, F.W.; Livingston, A.G. Polymeric Membranes for Nanofiltration in Polar Aprotic Solvents. J. Memb. Sci. 2007, 301, 3–10. [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]

	



Marchetti, P.; Jimenez Solomon, M.F.; Szekely, G.; Livingston, A.G. Molecular Separation with Organic Solvent Nanofiltration: A Critical Review. Chem. Rev. 2014, 114, 10735–10806. [Google Scholar] [CrossRef]

	



Wang, K.Y.; Li, B.; Chung, T.S. 3D-Macrocycles Impregnated Polybenzimidazole Hollow Fiber Membranes with Excellent Organic Solvent Resistance for Industrial Solvent Recovery. J. Memb. Sci. 2021, 638, 119678. [Google Scholar] [CrossRef]

	



Asadi Tashvigh, A.; Luo, L.; Chung, T.S.; Weber, M.; Maletzko, C. A Novel Ionically Cross-Linked Sulfonated Polyphenylsulfone (SPPSU) Membrane for Organic Solvent Nanofiltration (OSN). J. Memb. Sci. 2018, 545, 221–228. [Google Scholar] [CrossRef]

	



Asadi Tashvigh, A.; Luo, L.; Chung, T.S.; Weber, M.; Maletzko, C. Performance Enhancement in Organic Solvent Nanofiltration by Double Crosslinking Technique Using Sulfonated Polyphenylsulfone (SPPSU) and Polybenzimidazole (PBI). J. Memb. Sci. 2018, 551, 204–213. [Google Scholar] [CrossRef]

	



Gao, Z.F.; Naderi, A.; Wei, W.; Chung, T.S. Selection of Crosslinkers and Control of Microstructure of Vapor-Phase Crosslinked Composite Membranes for Organic Solvent Nanofiltration. J. Memb. Sci. 2020, 616, 118582. [Google Scholar] [CrossRef]

	



Sheth, J.P.; Qin, Y.; Sirkar, K.K.; Baltzis, B.C. Nanofiltration-Based Diafiltration Process for Solvent Exchange in Pharmaceutical Manufacturing. J. Memb. Sci. 2003, 211, 251–261. [Google Scholar] [CrossRef]

	



Ong, Y.K.; Chung, T.S. Mitigating the Hydraulic Compression of Nanofiltration Hollow Fiber Membranes through a Single-Step Direct Spinning Technique. Environ. Sci. Technol. 2014, 48, 13933–13940. [Google Scholar] [CrossRef] [PubMed]

	



Mika, M.; Pihlajam, A.; Nystr, M. Effect of PH on Hydrophilicity and Charge and Their Effect on the Filtration Efficiency of NF Membranes at Different PH. J. Membr. Sci. 2006, 280, 311–320. [Google Scholar] [CrossRef]








[image: Membranes 12 00140 g001 550] 





Figure 1. Chemical crosslinking of PBI with GPTMS. 
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Figure 2. FTIR spectra of PBI membranes before and after crosslinking with GPTMS. 
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Figure 3. XPS spectra of the surfaces of both unmodified and modified membranes. 
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Figure 4. SEM images of crosslinked PBI membranes. (a) Surface and (b) cross-sectional images of overall morphology; (c) cross-sectional image of the skin layer; (d) EDX elemental mapping of silicone on the membrane surface. 
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Figure 5. Initial permeation profiles of pure solvents including DMF, acetone, and THF through the crosslinked PBI membranes measured at 10 bar and room temperature. Unmodified PBI membrane was not testable due to its instability. 
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Figure 6. The rejection profiles of PBI-based membranes in an ethanol environment. Dye molecules with various molecular weights were dissolved in ethanol solution and used for the rejection test. Pure ethanol permeance of the crosslinked PBI membrane is also indicated in the figure. 






Figure 6. The rejection profiles of PBI-based membranes in an ethanol environment. Dye molecules with various molecular weights were dissolved in ethanol solution and used for the rejection test. Pure ethanol permeance of the crosslinked PBI membrane is also indicated in the figure.



[image: Membranes 12 00140 g006]







[image: Membranes 12 00140 g007 550] 





Figure 7. Long-term ethanol flux behavior of both unmodified and modified PBI membranes. 
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Figure 8. Water permeance and RB rejection profiles of the crosslinked PBI membrane at both neutral and pH 13 conditions. 
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Figure 9. (a) Surface and (b) cross-sectional SEM images of the crosslinked PBI membrane after the filtration test at pH 13. 
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Table 1. Elemental compositions of PBI membranes measured from the XPS analysis.
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	Sample
	C1s (%)
	N1s (%)
	O1s (%)
	Si2p (%)
	O/Si Ratio





	Unmodified PBI
	79.81
	17.74
	2.45
	-
	-



	Modified PBI
	70.37
	10.05
	15.26
	4.32
	3.53
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Table 2. Weight losses of PBI membrane samples after immersion in three organic solvents for five days. Photographic images of the membranes taken during the immersion test are also provided.
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Membrane

	
Weight Loss (%)




	
DMAc

	
DMF

	
NMP






	
Unmodified PBI

	
30 ± 2
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29 ± 1
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28 ± 0
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Modified PBI

	
0 ± 0
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0 ± 0
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0 ± 0
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