

  separations-09-00028




separations-09-00028







Separations 2022, 9(2), 28; doi:10.3390/separations9020028




Article



Fabrication of Poly(amide-co-ester) Solvent Resistant Nanofiltration Membrane from P-nitrophenol and Trimethyl Chloride via Interfacial Polymerization



Ayang Zhou *, Lin Li, Mengying Li and Qi Chen





School of Materials and Chemical Engineering, Chuzhou University, Chuzhou 239000, China









*



Correspondence: zhouyayang888@chzu.edu.cn; Tel.: +86-0551-3511052







Academic Editor: Alessandra Criscuoli



Received: 28 December 2021 / Accepted: 19 January 2022 / Published: 21 January 2022



Abstract

:

P-nitrophenol (PNP), a refractory hazardous substance, has not been efficiently utilized so far. In this paper, PNP is used as a membrane modification material for preparing poly(amide-co-ester) composite nanofiltration membrane. An organic solvent nanofiltration (OSN) membrane was prepared via interfacial polymerization reactionby using PNP and trimethyl chloride (TMC) on a ethylenediamine (EDA) crosslinked polyetherimide substrate. The results of ATR-FTIR and XPS show that interfacial polymerization occurs among with PNP and TMC and the terminal amine groups on the ethylenediamine crosslinked -PEI support forming a poly(amide-co-ester) toplayer. The NF-1PNP membrane maintained stable DMF performance permeance of 2.2 L m−2 h−1 bar−1 and rejection of 98% for Rose Bengal red (RB 1017.64 g mol−1) in 36 h continuous separation process. Furthermore, the average pore diameter of the two membranes including NF-1PNP and NF-1.25PNP, which is 0.40 and 0.36nm, respectively. This study not only provides a good way for the preparation of OSN membrane, but also provides a good demonstration for the comprehensive utilization of PNP and other toxic and harmful pollutants.
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1. Introduction


Membrane technology is a new high-efficiency separation technology. Compared with traditional separation processes such as distillation and extraction, it has the characteristics of being energy saving and environmentfriendly. It is widely used in medicine, food, and petrochemical industries [1,2,3]. Membrane material is the key of membrane separation technology, and membrane equipment is the carrier of it. The coupling engineering technology between membrane separation technology and other chemical unit operation is the direction of membrane separation technology promotion [3,4,5]. At present, membrane materials are widely used in water treatment, such as seawater desalination and dye decolorization. In recent years, with the needs of separating organic systems, organic solvent resistant composite membranes have been more and more used. Organic solvent nanofiltration (OSN) technology, generally performed at room temperature, retains larger solutes and allows organic solvents and solutes with smaller molecular weights to pass through the membrane. OSN technology plays a key role in the separation of organic phases, such as catalyst regeneration, antibiotic separation, and so on [6,7].



Integrally skinned symmetric membrane and thin film composite (TFC) membrane are the two most prepared solvent resistant membranes. The preparation process of ISA membrane includes first preparing the support layer by phase transfer method, and then crosslinking the support layer. The selected crosslinking agents are usually organic amines such as ethylenediamine, as well as other crosslinking agents such as glutaraldehyde or silane coupling agent. However, some ISA membranes showed poor physical properties and are prone to compaction and aging inextremely harsh environments [8,9,10,11]. TFC membrane consists of supporting layer and top layer. The support layer is usually made of polyamide or polydimethylsiloxane. In order to ensure the stability of the support layer, some preparation processes also need to crosslink the supporting layer. The top layer plays a decisive role in the performance of TFC membrane. It is usually prepared by interfacial polymerization, layer by layer self-assembly, incorporating nanomaterial such as MOFs, ZIFs, and TiO2 nanoparticles into the selective layer and vacuum deposition [12,13,14,15,16,17]. Interfacial polymerization is still the main method to prepare TFC solvent-resistant composite membrane. For instance, a polyamantadinamide OSN membrane was prepared by introducing an adamantane (AD) structure into the active layer via 3-amino-1-adamantanol (AAMO) interfacial polymerization with acyl chloride, which had a permeance of 29.5 L m−2 h−1Mpa−1 and a rejection about 84.4% for Fast Green FCF (808.85 g mol−1) in methanol [18,19]. Common monomers are amines and acyl chlorides, which form a linked polyamide (PA) network. The polyamide selective layer is prepared by two reaction monomers (TMC) and m-phenylenediamine (MPD) via interfacial polymerization method [20], which has good solvent resistance in alcohols [21]. So far, the preparation of thin film composite (TFC) OSN membrane with high permeability and selectivity is still a great challenge. More and more reports on OSN membrane mainly focus on the optimization of IP reaction process and the selection of various monomers. A variety of monomers, from simple amines to macromolecules with inherent structure, and then to naturally occurring molecules have been explored. The formed networks now include polyester, polyarylate, and poly(ether imide). For instance, a poly(ether imide) OSN membrane was prepared by the interfacial polymerization of 1,2,4,5-benzene tetracarbonyl chloride and the mixed amines of ethylenediamine (EDA) and poly(ethy-leneimine), which had a permeance of 5.15 L m−2 h−1bar−1 and a rejection about 74.4% for Rose Bengal (RB, 808.85 g mol−1) in methanol [22]. A polyarylester OSN membrane was synthesized by vanillic alcohol and TMC, which exhibited DMSO permeance about 21 L m−2 h−1bar−1, as well as a Brilliant Blue R-250 (BB, 825.97 g mol−1) rejection of 89% [23]. A polyarylate membrane was constructed from one kind of porous organic cage, namely Noria with terephthaloyl chloride (TPC), which exhibits a permeance for methanol up to 18 L m−2 h−1bar−1 and a rejection about 97% for RB [24].



In previous research, we found that lignin compounds have strong solvent resistance and we have been exploring some polyphenols similar to lignin structural units as raw materials of solvent-resistant composite membrane. [25,26]. To further prepare a solvent resistant nanofiltration membrane with excellent performance, we chose another monomer, P-nitrophenol (PNP),which is expected to be used to develop a TFC OSN membrane with an active hydroxyl group. P-nitrophenol is also a refractory hazardous substance with enrichment effect contained in wastewater, which is harmful to aquatic organisms and human health. In recent years, the efficient use of sustainable resources materials and pollutants is gradually being carried out. For instance, TFC membranes were designed and fabricated via interfacial polymerization of shrimp farming waste chitosan and 2,5-furandicarboxaldehyde. The TFC membranes showed excellent acetone permeance up to 12 L m−2 h−1bar−1 with a MWCO value of approximately 317 g mol–1 [27] A cellulose/chitosan nanofiltration membrane was prepared using piperazine (PIP) and TMC via interfacial polymerization. The membrane showed a good water flux about 15.64 L m−2 h−1bar−1,and a high rejection rate of 99% for Methyl Blue [28]. Recently, Park S-H et al. reported OSN membranes fabricated solely from sustainable resources such as priamine and tannic acid, green solvents (p-Cymene, water) and recycled polymer waste (PET), the prepared membrane exhibited a high permeance of 13.7 L m−2 h−1bar−1 in acetone with a 90% rejection of styrene dimer (235 g mol−1) [29].



In this paper, PNP is used as an interfacial polymerization monomer to react with trimethyl chloride on the excessive ethylenediamine (EDA) crosslinked polyetherimide-based membrane to prepare an OSN membrane. EDA played two important roles, one is to suppress the swelling of PEI support and the second role is to anchor the top layer tightly to adhere to the supporting membrane by forming amide bonds with TMC.The results of ATR-FTIR and XPS show that the interfacial polymerization between TMC and PNP took place and the poly(coamido-ester) skin was formed with the terminal amine group on PEI carrier crosslinked by ethylenediamine. PNP reacts with TMC to form ester bond structure and had stable solvent resistance in DMF. Because the yellow solution of PNP has an absorption peak at 425 nm, it is possible to detect and analyze the concentration change trend of PNP interface by ultraviolet in-situ detection, which is helpful to better understand the interface polymerization process.




2. Materials and Methods


2.1. Materials


P-nitrophenol (PNP) was purchased from Tianjin Heowns Chemical Reagent Co., Ltd. (Tianjin, China). Polypropylene non-woven fabric was supplied by Tianjin Teda Filters Co., Ltd. (Tianjin, China) Polyether imide (Ultem 1000) was supplied by Saudi Basic Industries Corporation (Riyadh, Saudi Arabia). Ethylenediamine (EDA) and dimethylacetamide (DMAc) were supplied by Kemiou Chemical Reagent Co., Ltd. (Tianjin, China). Crystal violet (CV, 407.98 g mol−1) wassupplied by Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). N-dimethylformamide (DMF) was supplied by MYM Biotechnology Co., Ltd. (Shanghai, China). 4-Dimethylaminopyridine (DMAP) was supplied by Macklin (Shanghai, China), which was used as a phase transfer catalyst for interfacial polymerization. All reagents were not purified further.




2.2. Membrane Preparation


2.2.1. Preparation PEI Support and EDA-Crosslinked PEI


Firstly, PEI was vacuum dried at 120 °C for 4 h to remove possible excess moisture and volatile components. Then, 23 wt% PEI was dissolved in DMAc for 4 h at 60 °C with the stirring speed of 600 rpm. Then, bubbles in the casting solution are removed by ultrasonic. A steel knife with a gap of 100 μm was used to scrape PEI solution onto non-woven fabric and then soak it in deionized water for 1 h. A methanol solution of 6% (w/v) EDA was added to the PEI surface for 1 h. to prepare a crosslinked membrane as a supporting layer of composite membrane.




2.2.2. Preparation of PNP Modified TFC Membranes


Firstly, PNP aqueous solution mixed with 0.3% (w/v) DMAP was poured into the surface of crosslinked PEI membrane for 2 min in a constant temperature and humidity box at 25 °C. Then the water on the membrane surface was wiped dry by the absorbent filter paper, 0.1% (w/v) TMC / hexane solution was poured into crosslinked PEI surface for 1 minute. After that, membrane was put into the microwave oven for 1 min of thermal strengthening with the frequency of 2450 MHz and output power of 1000 W. After being taken out, the membrane was cleaned with deionized water. The membranes with PNP concentration of 0.5%, 0.75%, 1.0%, 1.25%, and 1.5% (w/v) were named NF-0.5PNP, NF-0.75PNP, NF-1.0PNP, NF-1.25PNP, and NF-1.5PNP respectively. For comparison, membrane NF-C is named as the membrane that is directly poured into TMC after being crosslinked by EDA.





2.3. Membrane Structural Characterization


ATR-FTIR (Bio Rad FTS, Cambridge, MA, USA) was used to characterize chemical structure of prepared membrane.SEM (LEO, Oberkochen, BW, Germany) was used for characterization of morphology. XPS (Thermo, Waltham, MA, USA) was used to determine the element composition and identify the existence of a specific element of toplayer of membrane. AFM (Seiko, Chiba, Japan) was used to characterize the surface images. All tests were repeated at least three times to obtain the average value and error. Characterization of membrane performance were carried out in a stainless steel dead-end filtration module with area of 38.5 cm2. The filtration experiments of polyethylene glycol (PEG), including PEG200, PEG400, PEG600, and PEG800, were carried out to characterize the average pore size distribution of the membrane according to previous reported methods [30,31].



The permeance (P, L m−2 h−1bar−1) of the membrane is expressed by Equation (1),


  P =  V  A × t × Δ p    



(1)




where V, A, t, and ΔP represent the permeated volume, the membrane area, the time interval, and the operating pressure, respectively.



The rejection (R) of the membrane is expressed by Equation (2),


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



(2)




where   C p   and   C f   represent the concentrations of the permeated solution and the feed solution, respectively. All tests were repeated at least three times to obtain the average value and error.




2.4. UV Characterization of PNP Consumption Rate


Before UV characterization, 0.60 mL PNP solution was added to a cuvette and 0.5 mL TMC solution was also added into the cuvette. The UV–vis spectrophotometer was used to in situ monitor the absorbance change at 425 nm of PNP near the organic/aqueous interface.





3. Results


3.1. Morphologies


Figure 1 displays the morphology of the prepared membranes including NF-C, NF-0.75PNP. The surface of NF-C is polymerized by the free terminal amine group produced by the cross-linking process and TMC directly to form polyamide surface. Compared with NF-0.75PNP, NF-C shows a typical peak valley structure of polyamide. Two membranes show unsymmetrical structures composed of finger like pore supporting layer and dense top layer The thickness of the top-layer on top of the macrovoids is about 1570 and 618 nm for NF-C and NF-0.75PNP, respectively. Compared with NF-0.75PNP, NF-C membrane showed the typical much thicker top layer, which may be due to excessive penetration of TMC into the EDA crosslinked PEI support results in the top layer material intrudes such macrovoids.



As shown in Figure 2, three-dimensional AFM images of three membranes show the ridge and valley structure. The root mean square (RMS) values of surface roughness are 10.02 ± 0.4 nm, 11.2 ± 0.6 nm, and 42.15 ± 0.5 nm for NF-0.75PNP, NF-1PNP, and NF-1.5PNP, respectively. During the process of interfacial polymerization, the migration of aqueous monomer toward the organic solution is faster. This rapid migration can push around and twist the initially formed nascent ultrathin cross-linked skin, thus forming the ridge and valley structure. This indicates that the roughness of the membrane surface increases with the increase of the concentration of p-nitrophenol aqueous monomer during IP process.




3.2. Chemical Structure Analysis


Figure 3 displays the ATR-FTIR spectra of the NF-C, NF-0.75PNP, NF-1PNP, NF-1.25PNP, and NF-1.5PNP membranes. For NF-C, the ATR-FTIR characteristic spectra are located at 1543 and 1643 cm−1 (amide), 1776 (imide) and 3312 cm−1 (amine), respectively, all of which are the structural groups of typical polyamides [32]. The PEI support is crosslinked by excessive EDA, and a large number of free terminal amino groups are distributed on the surface of the membrane. After adding TMC, polyamide was formed on the surface of the membrane. For NF-0.75PNP, NF-1PNP, NF-1.25PNP, and NF-1.5PNP membranes, the spectra contain a series of peaks located at 922(C–N stretching vibration), 1076 (C–O stretching vibration of amide), and 1720 cm−1, together with 1230 cm−1 (C–O stretching vibration of ester groups), respectively [33], which confirm the polymerization of PNP with TMC.



As shown in Figure 4, the deconvolution C1s, N1s, and O1s XPS spectra of NF-C (a) and NF-1OL (b) membranes was performed. NF-C has carbon-related peaks at 284.55 (–CH2–CH2–), 285.41 (–CH–NH2), and 287.91 eV (–NH–C=O), nitrogen-related peaks at 399.43 (–HC–NH2), 400.07 (–HN–C=O), and oxygen-related peaks at 530.84 (Ph–O) and 531.56 eV (–NH–C=O). While for NF-1PNP, which has carbon-related peaks at 284.28 (–CH2–CH2–), 285.04 (O=C–O), and 285.91 eV (C–NO2), nitrogen-related peaks at 399.20 (–CH–NH2), 399.80 (–NH–C=O), 400.76 (–N–H), and 405.70 eV (C–NO2) [34], oxygen-related peaks at 530.82 (Ph–O–), 531.56 (–NH–C=O), 532.21 (–O=C–O*), 532.90 (–NO2), and 533.70 eV (–O=C–O*) [35]. The new peak at 533.70 ev (–O=C–O*) indicates that ester group formed on the surface, which is consistent with the result characterized by ATR-FTIR [30]. The amide group is formed by the reaction of the free terminal amino group of the top layer of the cross-linked PEI with TMC. The formation of amide bond is significant for the stability of the overall structure of composite nanofiltration membrane, which makes the top layer connected with the substrate and avoids the top layer falling off the substrate in organic solvents. Additionally, the peaks indicating the O=C–O* species signify the presence of ester groups, which agrees with the structure displayed in Scheme 1.




3.3. Membrane Performance


Figure 5 displays the effect of PNP concentration on membrane separation performance in DMF. The performance of NF-C is relatively poor with a rejection of 63% and permeance of 0.1 L m−2 h−1 bar−1. With the addition of PNP, the separation performance of membrane increased gradually. NF-0.5PNP had a rejection of 83% and a permeance of 0.8 L m−2h−1bar−1. As PNP concentration increased, the permeance of NF-1PNP reached to 2.1 L m−2h−1bar−1, at the same time, the rejection reached 99%. Then, the permeance of NF-1.25PNP and NF-1.5PNP membrane decreased to 2.0L m−2h−1bar−1 and 1.87 L m−2h−1bar−1, respectively. For NF-PNP membrane, it can be noted that the membrane prepared with higher PNP concentration can produce higher rejection.



Figure 6 displays the effect of TMC concentration on membrane performance. With the increase of TMC concentration, the rejection of the membrane gradually increased to 99% until it reached 0.1%. When the TMC concentration continues to increase from 0.12 to 0.14, the rejection rate of the membrane decreases slightly, which may be due to the hydrolysis of high concentration TMC, resulting in the production of carboxylic acid on the membrane surface, which affects the performance of the membrane.



The consumption rate of PNP and TMC can be obtained from the analysis of the absorbance change of UV. When the acid chloride was added into the system, the absorption intensity of PNP decreases with the progress of interfacial polymerization. Interfacial polymerization refers to the process that polymerization occurs at the interface between two immiscible phases. In the process of interfacial polymerization, aqueous monomers usually diffuse to organic phase, which means that PNP diffuses to the organic phase of TMC. Therefore, as shown in the figure, it can be seen from Figure 7 that the change of TMC concentration is not obvious compared with PNP.



The effect of reaction time on the interfacial polymerization and the separation performance of the membrane was also studied. As shown in Figure 8, with the increase of reaction time, the rejection of the membrane gradually increases until it reached 1 minute, then, the rejection does not change significantly, but the permeance gradually decreases, which may be due to the denser membrane structure caused by reaction time.



As shown in Figure 9, the contact angle of 65° for NF-C, 73° for NF-0.5PNP, 81° for NF-0.75PNP, 83° for NF-1PNP, 79° for NF-1.25PNP, and 71° for NF-1.5PNP. With the PNP concentration increasing from 0.5 to 1, the contact angle of the prepared membrane increased to 83°.However, when the PNP concentration continues to increase, the contact angle decreases, which may be due to the introduction of more phenolic hydroxyl groups with the increase of PNP concentration, which reduces the hydrophobicity of the membrane.



Figure 10 showed the average pore diameters of the two membranes including NF-1PNP and NF-1.25PNP, which are 0.40 and 0.36 nm respectively. The pore sizes of both membranes are all within the range of nanofiltration membrane. The results indicate that the prepared membrane with higher concentration had higher reaction activity and smaller pore size thanthe selective layer.



The long-term stability of NF-1PNP in DMF solution was further studied. As shown in Figure 11, during the 36 h separation process, the permeability of the membrane was maintained at about 2.1 L m−2 h−1 bar−1, and the rejection of RB was maintained at about 98%, indicating that it has strong stability in DMF.



Table 1 lists the separation performance of some polymeric membranes in DMF. For instance, a crosslinked PVDF-membrane was synthesized, with the permeance about 2.16.0 L m−2 h−1bar−1 and RB rejection of 75.0% [10]. A PMDA-MDA polyimide membrane was prepared using a gelation/non-solvent-induced phase separation method, showing DMF permeance around 2.16 L m−2 h−1bar−1 with the RB rejection of 96% [36]. The synthesized NF-1PNP in this work shows the comparable separation performance in the organic solvent of DMF.





4. Conclusions


A kind of thin film composite polyamide NF membrane with stable organic resistance has been synthesized via the interfacialpolymerization between a new phenolic monomer of PNP and trimesoyl chloride on the surface of cross-linkedpolyetherimide. For NF-PNP membrane, it can be noted that the membrane prepared with higher PNP concentration can produce higher rejection.The optimal NF-1PNP membrane had a 98% rejection for dye RB and a permeance of 2.1 L m−2 h−1 bar−1 in DMF. The average pore diameter of the two membranes including NF-1PNP and NF-1.25PNP, which is 0.40 and 0.36 nm respectively. The thickness of the top-layer on top of the macrovoids 618 nm for NF-0.75PNP.The root mean square (RMS) values of surface roughness are 10.02 ± 0.4 nm, 11.2 ± 0.6 nm, and 42.15 ± 0.5 nm for NF-0.75PNP, NF-1PNP, and NF-1.5PNP, respectively. For NF-PNP membrane, it can be noted that the membrane prepared with higher PNP concentration can produce higher rejection. Finally, NF-1NP showed a stable performance when separating 0.01g·L−1 RB for 36 h in DMF. The synthesized NF-1PNP membranes show the comparable separation performance in DMF, which provides a new way for the utilization of p-nitrophenol. The results suggest a promising and transferable method to enhance the separation performance of OSN membranes.
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Figure 1. SEM images of NF-C (a–c) and NF-0.75PNP (d–f). 
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Figure 2. Three-dimensional AFM images of NF-0.75PNP (a,b), NF-1PNP (c,d), and NF-1.5PNP (e,f). 
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Figure 3. The ATR-FTIR spectra of the NF-C, NF-0.75PNP, NF-1PNP, NF-1.25PNP, and NF-1.5PNP membranes. 
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Scheme 1. A possible interfacial polymerization mechanism of P-nitrophenol reacting with TMC. 
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Figure 4. The deconvolution C1s, N1s, and O1s XPS spectra of NF-C (a–c) and NF-1OL (d–f) membranes. 
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Figure 5. The effect of PNP concentration on the membrane performance in DMF. 






Figure 5. The effect of PNP concentration on the membrane performance in DMF.



[image: Separations 09 00028 g005]







[image: Separations 09 00028 g006 550] 





Figure 6. The effect of TMC concentration on the membrane performance in DMF. 
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Figure 7. UV–vis absorbance of the aqueous solution over reaction time of IP between LWP and TMC. 
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Figure 8. The influence of reaction time on NF-1PNP membrane performance. 
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Figure 9. The static water contact angles of NF-C, NF-0.5PNP, NF-0.75PNP, NF-1PNP, NF-1.25PNP, and NF-1.5PNP membranes. 
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Figure 10. Pore size distribution of NF-1PNP and NF-1.25PNP membrane. 
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Figure 11. The long-term stability test of NF-1PNP when separating 0.01g·L−1 RB from DMF for 36 h. 
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Table 1. A comparison of OSN performance for different membranes in DMF.
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Membrane

	
Solvent Permeance

(L m−2 h−1 bar1)

	
Solute

	
Mw of the Solute

(g mol−1)

	
Rejection (%)

	
Ref.






	
PVDF

	
DMF

	
2.16

	
Rose Bengal

	
1017

	
75

	
[10]




	
Crolsslinked-P84

	
DMF

	
1.67

	
Styreneoligomer

	
200

	
93

	
[37]




	
PMDA-ODA

	
DMF

	
2.50

	
Rose Bengal

	
1017

	
96

	
[36]




	
PDA/β-CD on P84

	
DMF

	
6.30

	
Rose Bengal

	
1017

	
99

	
[38]




	
PMDA-MDA

	
DMF

	
6.10

	
Rose Bengal

	
1017

	
92

	
[39]




	
DBX-crosslinkedPBI

	
DMF

	
6.00

	
PEG

	
2000

	
95

	
[40]




	
GO in PBI on PP

Support

	
DMF

	
15.00

	
Mepenzolate-

-Bromide

	
420

	
99

	
[41]




	
PEI-TMC-GQD

	
DMF

	
1.83

	
Rose Bengal

	
1017

	
99

	
[42]




	
NF-1PNP

	
DMF

	
2.20

	
Rose Bengal

	
1017

	
98

	
This work
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