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Abstract 

High performance thin-film composite (TFC) hollow fiber membranes have been developed for pervaporation dehydration by second interfacial polymerization (SIP) modification with 3 kinds of amine-functionalized β-cyclodextrin (amine-CDs), which were synthesized by modifying β-CD with ammonia, ethylenediamine (EDA) and tris(2-aminoethyl)amine, respectively. The chemical properties of amine-CDs and SIP-modified TFC membranes were characterized by various techniques. The effects of amine-CD type and SIP parameters (pH or concentration of CD-EDA solution) were studied systematically to acquire the optimized selective layer of TFC membranes for ethanol dehydration. Among all SIP-modified TFC membranes, the one with SIP by 2 wt% CD-EDA aqueous solution (pH=2) exhibited the most outstanding separation performance with a ultra-high permeation flux (3018.0±12.0 g/m2.h) and permeate concentration (98.7±0.2 wt% water) at 50 °C (equivalent to separation factor of 415), contributed by the effectively incorporated CD with rich hydrophilic functional groups and intrinsic nanocavities facilitating the passage of water molecules.
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1. Introduction 
Bioethanol as the renewable energy source attracts more and more attention nowadays. Efficient technologies for water removal from the fermentation broth are therefore demanded to produce ethanol of high purity.1,2 Among them, membrane-based pervaporation technology has attracted considerable attention from both industry and academia in recent years, attributed to the low energy consumption, environmental benignity, simplicity of operation, and outstanding separation performance.3,4 In order to achieve the prominent separation performance, it is crucial to choose appropriate membranes as the separation medium.5

Both membrane morphology and structure need to be taken into account in designing a desirable pervaporation membrane. According to the membrane morphology, the membranes can be flat-sheet or hollow fiber (HF) membrane, while the latter owns an superior commercial prospect because of the higher packing density and larger mass transfer area. According to the cross-section structure, the separation membranes can also be divided into three categories, i.e., dense membrane, asymmetric membrane and composite membrane.6 The dense membrane has a uniform dense structure, resulting in a high selectivity but a higher mass transfer resistance simultaneously. The latter two types of membranes, composed of porous substrates providing mechanical strength and dense skin layers offering selectivity, are considered as the desirable membrane structure to provide the higher permeation flux. Compared with the integral structure of the asymmetric membrane, the composite membrane fabricated with different materials is more cost-effective and demonstrates better prospect for commercialization,7,8 since the expensive selective layer is quite thin while the thick porous substrate is fabricated from relative cheap material, and the structures and morphologies of different layers can be optimized separately. 

Thin film composite (TFC) membrane, as one of typical composite membrane, is prepared by forming an ultrathin selective layer with the thickness of tens to hundreds nanometers on the top of the porous substrate via interfacial polymerization (IP) between insoluble two phases.9,10 TFC membrane has been widely explored in the field of nanofiltration (NF),11-14 reverse osmosis (RO) and forward osmosis (FO),15-18 etc. However, it is always a big challenge to achieve a high selectivity of the TFC membrane in the pervaporation field,7,19,20 because of the difficulty to acquire sufficiently hydrophilic, dense and defect-free selective layer. This situation is getting worse for TFC HF membrane, since HF membrane generally has a relatively looser skin morphology compared to the flat-sheet membrane prepared with the same dope solution.21,22

Various explorations have been made to address these issues of TFC membranes, such as employing suitable amine and acyl chloride monomers,5,10,23,24 incorporating hydrophilic additives or co-solvent in the aqueous or organic phase,25-28 as well as optimizing the substrate morphology or surface properties before the IP process.29-31 Compared to above methods, second interfacial polymerization (SIP) is considered to be the ideal strategy to obtain the dense and hydrophilic selective layer, because it can easily regulate crosslinking degree and hydrophilicity of selective layer simultaneously using multifunctional group materials with strong hydrophilicity.32 SIP modification of TFC membranes have been widely employed for the surface property optimization and separation performance enhancement in NF, RO and FO application.30,33,34 However, to our best knowledge, almost no study has been reported on SIP modification of TFC pervaporation membranes yet. A previous work combined IP reaction and layer-by-layer process to develop TFC membrane with selective layer of controllable crosslinking degree, and achieved high separation factor with a desirable permeation flux.35

In this study, β-cyclodextrin (β-CD) consisting of 7 glucose units, is employed for the SIP modification of TFC HF membranes, since its unique three-dimensional (3D) nanocavities are beneficial for the passage of small water molecules, and the rich hydrophilic hydroxyl groups on the cavity exterior bring about the enhanced hydrophilicity of TFC HF membrane.36-38 Previous works have been reported that mixed matrix membranes with β-CD and its derivatives as the nanofillers exhibited enhanced pervaporation performance for isopropanol dehydration and butanol isomer separation,39,40 owning to the intrinsic rigid pore structure, molecular cognition capacity and high hydrophilicity. TFC membrane prepared by β-CD as IP monomer was also investigated as a loose NF membrane to precisely discriminate solvents and dyes with different 3D sizes.41 In our previous works, amine-functionalized cyclodextrin (amine-CDs) with better reactivity were further synthesized and employed them as IP monomers to fabricate the novel TFC FO and NF membranes,42,43 which enable the fast permeation of water molecules through nanocavities of β-CD but restrict the transport of larger ions or molecules.

In the current work, three kinds of amine-CDs are synthesized by modifying β-CD with ammonia, ethylenediamine (EDA) and tris(2-aminoethyl)amine (TAEA), respectively, and employed for the SIP modification of the TFC HF membrane prepared for pervaporation dehydration of ethanol. The chemical properties of the synthesized amine-CDs are characterized. Chemical and morphological changes as well as the pervaporation performance of SIP-modified TFC membranes are studied in terms of different amine-CDs types and SIP parameters (pH or concentration of CD-EDA solution). Furthermore, the dominant role of the β-CD’s nanocavities in the pervaporation performance of SIP-modified TFC membranes are also verified by a blocking test. This study is believed to shed new light on the exploration of high-performance TFC membrane with the hydrophilic and dense selective layer for future alcohol dehydration applications.

1. Experimental
2.1 Materials 
[bookmark: OLE_LINK167][bookmark: _Hlk26307481][bookmark: OLE_LINK57][bookmark: OLE_LINK170][bookmark: OLE_LINK148][bookmark: OLE_LINK58][bookmark: OLE_LINK87][bookmark: OLE_LINK149][bookmark: OLE_LINK163]All chemicals were used as received. Polyacrylonitrile (PAN, molecular weight of 250 kDa)  was supplied by Hubei Chushengwei Co., Ltd. N-methyl pyrrolidone (NMP, ≥99.5%), ethylenediamine (EDA, ≥98%), potassium hydroxide (KOH, ≥95%), sodium hydroxide (NaOH, ≥96%), and n-hexane (≥97%) were purchased from Tianjin Fulu Fine Chemical Co., Ltd. Epichlorohydrin (ECH, ≥99.7%) was obtained from Shanghai Linfeng Chemical Reagent Co., Ltd. β-CD (≥96%), ammonia (25-28%), diethylenetriamine (DETA, ≥99.5%), and trimesoyl chloride (TMC, ≥98%) were obtained from Aladdin Industrial Corporation and used without further treatment. Tris(2-aminoethyl)amine (TAEA, ≥98%) was provided from Tokyo Chemical Industry Co., Ltd. Ethanol (EtOH, ≥99.7%) and methanol (MeOH, ≥99.7%) of analytical grade and sulfuric acid (≥98%) were supplied by Sinopharm Chemical Reagent Co., Ltd. The deionized water (DI H2O) was generated in the laboratory by Wuhan PinGuan Ultrapure LAB system.

2.2 Synthesis and characterization of amine-CDs 
Amine-CDs were synthesized in simple and mild conditions, according to our previous work.43 Firstly, 8.1 g β-CD (0.007 mol) and 6.7 g KOH (0.12 mol) were dissolved in an aqueous solution and stirred continuously at 50 oC. After 0.1 mol NH4OH, EDA or TAEA being added, the resulted solution was heated to 60 oC slowly with the dropwise addition of 10.2 g ECH (0.11 mol). An hour later, the solution was cooled down, with pH adjusted to 7 with sulfuric acid. The inorganic salts and by-products were removed by sufficient EtOH and MeOH respectively, then the solution was concentrated with a rotary evaporator. The final products were dried in a vacuum oven overnight at 55 oC. The resultant amine-CDs were named as CD-NH4OH, CD-EDA and CD-TAEA, respectively. 

Fourier Transform Infrared Spectroscopy (FTIR, Brucker VERTEX-70, Germany) and Proton Nuclear Magnetic Resonance (1H NMR, Brucker 400 NMR, Germany) were applied to examine the chemical structures of β-CD and amine-CDs. FTIR spectra were operated over a wavenumber range of 400-4000 cm-1. 1H NMR spectra were recorded with D2O as the deuterated reagent, and the chemical shifts of 1H in different chemical environments were compared with that obtained by the software ChemBioDraw Ultra 14.0. Thermogravimetric Analysis (TGA, Netzsch STA449 F3, Germany) was performed with a temperature range of 40-800 °C (heating rate of 10 °C/min), under nitrogen protection. The element composition of the synthesized amine-CDs was also examined by element analyzer (Elementar Vario Micrc Cube, Germany).

2.3 Preparation of TFC HF membranes and the membrane module
The details of fabrication and characterization of PAN HF membrane were shown in Section S2-4 in the Supporting Information. Spinning conditions were listed in Table S1, and effect of take-up speed on morphology of PAN HF substrate was displayed in Figure S1. The optimal PAN HF membrane fabricated with a take-up speed of 42.0 m/min was hydrolyzed in 2 M NaOH solution at 55 oC for 0.5 h in order to obtain modified PAN (mPAN) HF with improved surface hydrophilicity (Section S4 in the Supporting Information), and washed in a water bath for 2 h before IP, and the corresponding SEM images were shown in Figure S2 in the Supporting Information. The schematic diagram of the preparation and modification of TFC HF membrane was described in Figure S3. Both ends of the mPAN HF substrate were sealed by a fast curing epoxy to ensure only formation of selective layers on the outer surface of the substrate. The sealed HF membrane was firstly immersed in 2 wt% DETA aqueous solution for 3 min to absorb amine monomers, followed by air dry for 5 min. Secondly, the HF membrane adsorbing with DETA solution was brought in contact with 0.2 w/v TMC/n-hexane solution for 1 min to complete the interfacial polymerization. After being dried in air for 15 min, the nascent TFC HF membrane was transferred to drying oven for the heat treatment at 60 oC for 10 min, and the as-fabricated membrane was denoted as TFC-control membrane. 

For SIP modification, the as-fabricated nascent TFC HF membrane was transferred to the CD (refers to β-CD or amine-CDs) aqueous solution for 10 min, and then exposed to a heat treatment at 60 oC for 10 min. The pH and concentration of the solution were fixed as 12 and 2 wt% here, and the obtained SIP-modified TFC HF membranes were named as TFC-CD-NH4OH, TFC-CD-EDA and TFC-CD-TAEA membranes, respectively. The effects of solution concentration (0-3 wt%) and pH (10-13) were further explored for TFC-CD-EDA membrane. For a comparison, bulk-modified TFC membrane was also prepared using the same IP procedure, the details are given in Section S14 in the Supporting Information. 

TFC HF membrane module for pervaporation test were fabricated by putting one fiber in the module holder consisting of two stainless steel male run tees and a perfluoroalkoxy tube, and the two ends of the male run tees were sealed with epoxy resin. The diameter and effective length of HF membrane in module are 630 µm and 5 cm, respectively, providing an effective area of 0.99 cm2. All as-prepared modules were cured at ambient temperature for 24 h before pervaporation tests. 

2.4 Characterizations of TFC HF membranes
In order to accurately assess the chemical changes of selective layers of TFC HF membranes after IP reaction and SIP modification, free-standing selective layers instead of TFC HF membranes were employed for investigation by Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR, Bruker VERTEX-70, Germany) with a range of 650-4000 cm−1. Free-standing selective layer was prepared and modified in the petri dish as the same steps as those for TFC HF membrane, but without mPAN substrate. 2 wt% DETA aqueous solution and 0.2 % w/v TMC/n-hexane solution were poured into a petri dish for 1 min contact to initiate the IP reaction. After the excess solution was carefully poured off, the formed thin PA layer was air-dried for 15 min. Then 2 wt% CD solution (pH=12) was poured onto the surface of nascent PA layer for 10 min SIP modification, followed by heat treatment at 60 °C for 10 min. These modified selective layers were identified as PA-CD-NH4OH, PA-CD-EDA and PA-CD-TAEA membranes, respectively. All membranes were dried in a vacuum oven before characterizations. X-ray Photoelectron Spectroscopy (XPS, VG Multilab 2000, Thermo VG Scientific, UK) was employed to analyze the elementary composition of the membrane surface, with monochromatic Al Kα as the radiation source. Thermogravimetric Analysis (TGA, Netzsch STA449 F3, Germany) was employed with a temperature range of 40-800 °C (heating rate of 10 °C/min), under nitrogen protection. The surface and cross-section morphologies of selective layer were observed and analyzed by Scanning Electron Microscopy (SEM, VEGA 3, TESCAN, Czech) after the samples being coated with gold for 2 min by a Sputtering Coater (Q150RS, Quorum, England). Hydrophilicity of the selective layer surface was evaluated by with a Contact Angle Goniometer (DSA 25, KRÜ SS, Germany) to determine the surface water contact angles (WCAs) using the sessile drop method at room temperature. At least 8 random spots of TFC HF membrane were measured to take the average data. 

2.5 Pervaporation test 
The pervaporation performance of TFC HF membranes was studied with a commercial bench-scale pervaporation set-up (Suzhou Xinwang Membrane Technology Co., Ltd). The upstream of the HF membrane faces feed solution (2 L ethanol/water binary mixture with a composition of 85/15 wt%) which was circulated with a rate of 10 L/h, while the permeate was collected from the lumen side of the HF membrane with the downstream pressure maintained below 2 mbar using a vacuum pump. In order to ensure the stability of the membrane, the system was conditioned for 2 h, before the collection of at least three parallel permeate samples per hour, which were condensed in liquid nitrogen. It was then weighted and measured by a Gas Chromatography (GC, 7890 A, Agilent Technologies, US). The corresponding permeation flux (J, g/m2.h), separation factor (α) and pervaporation separation index (PSI, g/m2.h) were calculated from Eqs. (1-3).
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                                                   .(3)
Here M, A and t represent the mass of permeates (g), effective separation area (m2) and collecting time (h), respectively; YW and XW refer to the mass fractions of water in permeate and feed; while YE and XE stand for the mass fractions of ethanol in permeate and feed.

To better understand the role of nanocavities of β-CD and amine-CDs on the separation performance of the modified TFC HF membranes, a blocking test was also conducted by immersing the TFC-control and TFC-CD-EDA membranes into 0.1 g/L amantadine hydrochloride for 2 h to obtain TFC-control-AD and TFC-CD-EDA-AD membrane for further pervaporation test,44 since adamantine (AD) and its derivatives can block CD nanocavities by the host-guest interaction to form inclusion complexes with CDs.45-47 

3. Results and discussion
3.1 Characterization of β-CD and amine -CDs 
The appearance of β-CD and as-synthesized amine-CDs are shown in Figure S4 in the Supporting Information, which shows β-CDs are white powders, while amine-CDs are yellow fragments. The chemical structures of β-CD and amine-CDs are characterized by FTIR. As shown in Figure 1a, compared to the spectrum of β-CD, the new characteristic peaks observed in the spectra of amine-CDs at 1463 and 2833 cm−1 belong to C-H bending and stretching vibrations of the methylene groups in ECH, EDA, and TAEA, respectively,43 validating the successful modification of β-CD as expected. In addition, the presence of NH2+/NH3+ (primary/secondary amine salts) groups in amine-CDs is indicated by the appearance of the strong absorption peak in the range of 3000-2600 cm−1.43 This result shows the existence of some amine groups in amine-CDs in the form of the amine salt, by adjusting the pH of amine-CDs solution with sulphuric acid. It can also be observed that a new peak at around 3381 cm−1 becomes wider in the spectra of amine-CDs as compared to the spectrum of β-CD, owing to the superimposition of amine and hydroxyl peaks, rather than the hydroxyl peak in the spectrum of β-CD, indicating the presence of amine groups in the amine-CDs again.

To further confirm the chemical structure of amine-CDs, 1H NMR spectra of β-CD and amine-CDs are investigated and simulated, and the results are shown in Figs. 1b and S5. It can be observed from Figure 1b that, clusters of new characteristic peaks at 3.7 to 3.6 and 3.4 to 2.4 ppm appear in the spectra of amine-CDs, which indicate the successfully grafted ECH and amine structures onto β-CD, according to the predicted chemical shifts of 1H in different chemical environments in amine-CDs by ChemBioDraw Ultra 14.0 (Figure S5). 

The substitution degrees of amine-CDs were listed in Table S2, more details was presented in Section S6 in the supporting information. For all amine-CDs, more than two amino groups are grafted onto one β-CD on average, which guarantees the successful SIP with the remaining acyl chloride groups of TMC. And the substitution degrees follow an order of CD-EDA > CD-TAEA > CD-NH4OH, which could be ascribed to the different reactivity of amine-CDs. In the modification reaction of β-CD, the amine monomer first undergoes a nucleophilic substitution reaction with ECH, as shown in Figure 1c. Compared with ammonia, both EDA and TAEA are more reactive nucleophiles,33 resulting in the higher substitution degrees. Nevertheless, the higher steric hindrance of TAEA should be an important factor leading to the lower grafting degree than that of CD-EDA.

3.2 Characterization of TFC HF membranes
3.2.1 Effect of amine-CD type for SIP 
Schematic diagram of IP and SIP modification route is shown in Figure S3. In order to better understand the reactions involved in this process, the chemical structures of free-standing selective layers with SIP modification by β-CD and different amine-CDs are investigated by ATR-FTIR. As plotted in Figure 2, compared to the spectrum of PA-control layer, new characteristic peaks assigned to β-CD and amine-CDs at 1147 (C-O-C band stretching vibration), 1078 in the curves of the SIP-modified selective layers, confirming β-CD and amine-CDs are successfully incorporated on the selective layers. In addition, the absorption bands at 1636 cm-1 (amide I band), 1543 cm-1 (amide II band) and 1294 cm-1 (amide III band) are also observed, where the first one is ascribed to the stretching vibration of C=O bond in amide groups, while the latter two are caused by the coupling effects of C-N stretching vibration and N-H bending vibration.49 Figure 2 shows that peaks of amide III band of selective layers with SIP modification by amine-CDs are distinctly stronger than those in PA-control and PA-β-CD selective layers, suggesting that amine-CDs react successfully with acyl chloride groups to form more amide groups. Since the hydroxyl groups in β-CD and amine-CDs can also react with chloride groups during SIP process, the characteristic peak of C=O stretching of the formed ester groups in SIP-modified selective layer should exist at around 1720 cm−1 theoretically,43 which is however invisible in Figure 2, probably because the ester characteristic peak with the weak intensity is overlapped by strong peak of amide I band, implying the much lower reaction degree between hydroxyl and acyl chloride groups than that between amide and acyl chloride groups. 
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Figure 1 (a) FTIR spectra, (b) 1H NMR spectra and (c) synthetic routes of CD-NH4OH, CD-EDA and CD-TAEA.
[image: CD+红外]
Figure 2 FTIR spectra of free-standing control and SIP-modified selective layers.

XPS deconvolution of C 1s peak is further adopted to confirm the chemical structures of SIP-modified TFC membranes. C 1s deconvolution in Figure 3a-e shows four components, i.e., (1) C-C, C-H (CI, BE = 284.5 eV), (2) C-N, C-O (CII, BE = 285.5 eV), (3) N-C=O (CIII, BE = 287.7 eV) and (4) O-C=O (CIV, BE = 288.4 eV),45 and the detailed proportion of each peak area is listed in Table S3 in the Supporting Information. Compared with TFC-control membrane, the areas proportions of CI peaks of all SIP-modified TFC membranes increase, due to the incorporated β-CD onto the membrane surface and therefore the peak intensity of C-C and C-H bonds increase. Moreover, since the sum of CIII and CIV peak areas represent the carbonyl groups on the surface of the TFC HF membranes, which can be considered unchanged after CD incorporation, the CIII/(CIII+CIV) reflects the crosslinking degrees of the selective layers, and the results are presented in Figure 3f. As shown in Figure 3f, there is no significant difference in the CIII/(CIII+CIV) ratio between TFC-control and TFC-β-CD membranes, suggesting no extra amide group is formed with SIP modification by β-CD. In addition, the CIII/(CIII+CIV) ratios of all TFC membranes with SIP modification by amine-CDs are much higher than that of the TFC-control and TFC-β-CD membranes, indicating the enhanced crosslinking degrees, ascribed to the SIP reaction between amine-CDs and TMC with the residual acyl chloride groups on the surface of the nascent selective layer. The different CIII/(CIII+CIV) ratios in Figure 3f indicate that, the crosslinking degrees of the obtained selective layers follow an order of TFC-CD-EDA > TFC-CD-TAEA > TFC-CD-NH4OH > TFC-β-CD, which should be ascribed to the different reactivity and reaction sites of β-CD and various amine-CDs (consistent with their corresponding substitution degrees as discussed in Section 3.1, as well as the associative incorporation amounts onto the membrane surface.

The CD incorporation amounts on TFC membrane are estimated by Eq. (4) according to their TGA results in Figure S6 in the Supporting Information.40

                    (4)
Here Δmtotal, ΔmTFC-control and ΔmCD are the weight losses of SIP-modified TFC membrane, TFC-control membrane, and β-CD or amine-CDs, respectively, in the temperature range of 40-800 oC; mtotal and mCD represent to the total SIP-modified membrane mass and the incorporated CD mass on the membrane. The results are depicted in Figure 4a, which show that CD incorporation amounts follow the same sequence of CD-EDA > CD-TAEA > CD-NH4OH > β-CD as that of the crosslinking degrees, which are also ascribed to the low reactivity of hydroxyl groups in β-CD and the different reaction sites in various amine-CDs.
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Figure 3 (a-e) C 1s peak deconvolution and (f) the CIII/(CIII+CIV) ratio of control and SIP-modified TFC membranes.

The chemical changes also lead to the WCA changes on the membrane surface. Figure 4b exhibits that, all SIP-modified membranes exhibit lower WCAs than that of TFC-control membrane, since the amine groups and rich hydroxyl groups in CD monomers bring a higher hydrophilicity. The surface WCA values of the SIP-modified TFC membranes follow the order of TFC-CD-EDA < TFC-β-CD < TFC-CD-TAEA < TFC-CD-NH4OH, which could be explained by their different hydrophilicity/hydrophobicity and incorporation amounts. As for CD-NH4OH and CD-TAEA, the methylene groups in the grafted ECH and TAEA of β-CD would bring the hydrophobicity to some extent, leading to a higher WCA of the as-modified TFC membranes compared to the one with β-CD. While the lowest surface WCA of TFC-CD-EDA membrane should be ascribed the superior hydrophilicity of CD-EDA to CD-NH4OH and CD-TAEA, as well as the highest incorporation amount of CD-EDA on the TFC membrane surface.

[image: Figure 4]
Figure 4 (a)Estimated CD incorporation amounts and (b) surface WCAs of SIP-modified TFC membranes.

The surface and cross-section morphologies of the TFC-control and SIP-modified TFC membranes are further observed by SEM, as presented in Figure 5. Different with the smooth surface of the mPAN membrane (Figure S2), all TFC membranes exhibit the surface morphologies with small globular nodules, which may be caused by the degassing of CO2 nanobubbles generated from amine solution with the release of heat and acid during IP reaction.50 Compared with TFC-control membrane, all SIP-modified TFC membranes exhibit smoother surfaces, probably because of the newly formed ultrathin and non-uniform PA layer by SIP reaction between CDs and TMC, which flattens the rough structure on the previously formed PA layer (Figure S7 in the Supporting Information). In addition, TFC-β-CD membrane has the smoothest surface among all SIP-modified TFC membranes, since β-CD with the smaller molecular size than all amine-CDs has the fastest immigration rate, promoting the polymer chain mobility and the chain packing efficiently during SIP reaction.23 Moreover, after the interfacial polymerization, the porous support layer is covered by the additional thin dense layer, confirming the successful formation of the selective layer All SIP-modified TFC membranes exhibit the thicker selective layers than that of TFC-control membrane because of the formed additional polyester or polyamide networks by SIP. The selective layer thickness of the TFC membranes is in a reverse order with their crosslinking degrees, since SIP by CD-EDA with the highest activity and β-CD with the smallest steric hindrance can result in the quick formation of dense selective layer with high mass transfer resistance, which limits the further diffusion of CD monomers, and leads to the formation of thin selective layers.

[image: ]
Figure 5 SEM images of surface (top) and cross-section (bottom) morphologies of various TFC membranes. (a) TFC-control membrane, (b) TFC-β-CD membrane, (c) TFC-CD-NH4OH membrane, (d) TFC-CD-EDA membrane, and (e) TFC-CD-TAEA membrane.

3.2.2 PH effect of amine-CD solution 
It is well known that the chemical forms of primary amine groups vary in different pH environments.51 As depicted in Figure S8 in the Supporting Information, more protonated primary amine groups exist in the solution of a lower pH, while more non-protonated amine groups exist in the solution of a higher pH. During the SIP process, the non-protonated amine group as a better nucleophile, is more reactive with acyl chloride groups than the protonated one. In addition, hydroxyl groups in β-CD can also react with acyl chloride groups of TMC under alkaline conditions.52 Hence, an alkaline amine-CD solution is preferred to obtain more non-protonated amine groups and eliminate the by-product hydrogen chloride,33 facilitating a higher reaction degree of SIP and higher incorporation amount of amine-CD onto the selective layer. In this work, CD-EDA is employed to study the pH effect of amine-CD solution for SIP modification with a range of 10-13, with the solution concentration maintained at 2 wt%. 

XPS is adopted to study the crosslinking degree of the selective layer of TFC-CD-EDA membrane modified with different CD-EDA solution pH, and the resulted C1s peak deconvolution details are listed in Table S3 and Figure S9 in the Supporting Information and CIII/(CIII+CIV) ratios are presented in Figure 6a. With the pH of CD-EDA solution increases from 10 to 12, the CIII/(CIII+CIV) ratio of the SIP-modified TFC membrane rises, indicating the higher crosslinking degree of selective layer acquired in a more alkaline environment of SIP. Nevertheless, CIII/(CIII+CIV) ratio of TFC-CD-EDA membrane modified with CD-EDA solution of PH 13 is lowest, due to the hydrolysis of selective networks in the extreme alkaline environment,53,54 which can be confirmed by FTIR spectra in Figure S10 in the Supporting Information.

To investigate the effect of solution pH on membrane hydrophilicity, WCAs of corresponding TFC-CD-EDA membranes are depicted in Figure 6b. All these TFC membranes have lower WCAs than that of TFC-control membrane (63.8±2.8 o), because the incorporated CD-EDA brings a higher hydrophilicity onto the selective layer. With the pH increases of CD-EDA solution from 10 to 12, TFC-CD-EDA membranes show improved hydrophilicity, since the higher reactivity CD-EDA in more alkaline environment facilitates the SIP reaction. However, the poorer hydrophilicity of TFC-CD-EDA membrane modified with CD-EDA solution of PH 13 is resulted from the extreme alkaline environment which is not conducive to SIP modification.53 Thus, 12 is the optimal pH of CD-EDA solution for SIP modification of TFC HF membranes, bringing to the highest crosslinking degree and hydrophilicity of selective layer. 

[image: Figure 6]
Figure 6 (a) CIII/(CIII+CIV) ratio and (b) WCAs of TFC-CD-EDA membranes modified with different CD-EDA solution pHs.

The effect of CD-EDA solution pH on morphology of the TFC-CD-EDA membrane is also investigated, as depicted in Figure S11 in the Supporting Information. Among them, TFC-CD-EDA membrane modified with CD-EDA solution of PH 13 exhibits the smoothest surface, resulted from the hydrolysis of selective networks under the extreme alkaline environment.

3.2.3 Effect of amine-CD solution concentration 
Chemical properties of TFC membranes modified with different CD-EDA solution concentrations (0-3 wt%) are also studied, and the solution PH is fixed at 12. XPS results in Figure 7a exhibits that, the CIII/(CIII+CIV) ratio of the TFC-CD-EDA membrane generally has a rising trend with the increase of solution concentration, implying the higher crosslinking degrees of the modified selective layer with the higher CD-EDA concentration.

The hydrophilicity of the membrane surface is also affected by different CD-EDA solution concentrations. WCAs of TFC-CD-EDA membranes modified with different CD-EDA solution concentrations are shown in Figure 7b. It can be seen that, with the increase of CD-EDA solution concentration from 0 to 2 wt%, TFC-CD-EDA membranes show improved hydrophilicity, since more functional groups in CD-EDA are available to react with the residual acyl chloride groups on the surface of the pristine TFC membrane, thus incorporating a higher amount of hydrophilic CD-EDA on the membrane surface. With a further increase of CD-EDA solution concentration, the membrane surface hydrophilicity remains relatively stable probably because of the limited sites of acyl chloride.

[image: Figure7]
Figure 7 (a) CIII/(CIII+CIV) ratio and (b) WCAs of TFC-CD-EDA membranes modified with different CD-EDA solution concentrations.

The surface and cross-section morphologies of TFC-CD-EDA membranes modified with different CD-EDA solution concentrations are also characterized by SEM. Figure S12 in the Supporting Information shows that, similar uniform nodules appear on the skin surface of all TFC-CD-EDA membranes. With the increase of CD-EDA concentration, the thickness of selective layer also increases, attributed to the formation of additional polyester and polyamide networks, which is beneficial to bring about a defect-free selective layer but a higher transport resistance. 
 
3.3 Pervaporation performance 
3.3.1 Effect of amine-CD type for SIP 
Corresponding pervaporation performance of TFC-control and SIP-modified membranes with different amine-CDs are studied. Figure 8a demonstrates that TFC-control membrane shows an extremely high permeation flux (3056.5±149.3 g/m2.h) but the lowest water concentration in the permeate (94.9±0.2 wt%). In contrast, all SIP-modified TFC membranes exhibit much higher water permeate concentrations and lower water fluxes to varying degrees. The much higher water concentration in the permeate indicates the higher separation factors of SIP-modified TFC membranes, ascribed to the formed additional polyester or polyamide networks containing CD cavities. And the water permeate concentrations of the modified TFC membranes follow an order of TFC-CD-EDA > TFC-β-CD > TFC-CD-TAEA ≈ TFC-CD-NH4OH, which is consistent with the surface hydrophilicity of TFC membranes (Figure 4b) and the crosslinking degree of the corresponding selective layers (Figure 3f). The highest crosslinking degree of the selective layer is also an important factor contributing to the highest water permeate concentration obtained with TFC-CD-EDA membrane. As to the water fluxes of SIP-modified TFC membranes, they follow a sequence of TFC-CD-EDA > TFC-CD-TAEA ≈ TFC-CD-NH4OH > TFC-β-CD, which can be due to the difference in the surface hydrophilicity (Figure 4b), the morphology (Figure 5) and the crosslinking degree (Figure 3f). Among these SIP-modified membranes, TFC-β-CD membrane has the lowest flux, probably as the result of the smallest effective mass transfer area with the smoothest membrane surface (Figure S7). In addition, TFC-CD-EDA membrane exhibits the highest water flux among all SIP-modified membranes, ascribed to the highest surface hydrophilicity, as well as the thin and dense selective layer comparable to that of TFC-control membrane. Correspondingly, the performance index, PSI value of TFC membranes, exhibits an order of TFC-CD-EDA > TFC-CD-TAEA ≈ TFC-CD-NH4OH > TFC-β-CD > TFC-control, demonstrating the superiority of SIP-modified TFC membranes for pervaporation separation, especially TFC-CD-EDA membrane.

To better understand the role of nanocavities of β-CD and amine-CDs on the separation performance of the SIP-modified TFC membranes, a blocking test is conducted by immersing the TFC-control and TFC-CD-EDA membranes into amantadine (AD) hydrochloride solution to obtain TFC-control-AD and TFC-CD-EDA-AD membrane for further pervaporation test, according to the host-guest interactions between CDs and AD shown in Figure 8b. The formed complex with adamantane does not bring any surface roughness or hydrophilicity change of TFC membranes, as represented in Figures S7 and S13 in the Supporting Information. The pervaporation results presented in Figure 8c show that, after being immersed in AD solution, the water flux of TFC-CD-EDA-AD membrane decrease obviously compared to that of TFC-CD-EDA membrane, whereas the water flux of TFC-control-AD membrane remains almost unchanged compared to that of TFC-control membrane. This comparison illustrates that nanocavities in β-CDs are blocked by the host-guest interaction with AD,44 resulting in the sharply declined water flux (44 %) and the slightly decreased ethanol flux (3 %). In another word, this result reveals that the nanocavities in β-CDs are essential for enhancing the dehydration performance of pervaporation membranes by providing selective water channels.
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Figure 8 (a) Pervaporation performance and PSI value of control and SIP-modified TFC membranes, (b) schematic illustration of host-guest interactions between β-CD and AD, and (c) water and ethanol fluxes of TFC-control and TFC-CD-EDA membranes before and after AD treatment.

For a comparison, TFC membrane with CD-EDA mixed in DETA aqueous solution for IP for a bulk-modification is also investigated for pervaporation. The result shows that, the bulk-modified TFC membrane has a similar flux with TFC-control and SIP-modified TFC membranes, but the separation factor (slightly higher than that of TFC-control membrane) is much lower than that of SIP-modified one, which should be due to the lower crosslinking degree by bulk modification. More details given in Section S14 in the Supporting Information confirm the superiority of SIP modification of TFC membrane for pervaporation dehydration.

3.3.2 Effect of SIP parameters (CD-EDA solution pH and concentration) 
The pH effect of CD-EDA aqueous solution on pervaporation performance is further studied in the range of 10-13 with the solution concentration fixed on 2 wt%. As indicated in Figure 9a, with the pH of CD-EDA solution increases from 10 to 12, both the flux and the water permeate concentration obtained with TFC-CD-EDA membranes have noticeable improvement, since the incorporated hydrophilic CD-EDA with nanocavities facilitates the passage of water molecules and the appropriate alkaline condition is beneficial for the enhanced crosslinking degree. However, under the extremely alkaline environment (pH of 13), the flux increases sharply while the water concentration in permeate decreases, since the hydrolysis of selective layer brings out a loose selective layer with a lower crosslinking degree (Figs. 6a and S10). Therefore, CD-EDA solution with pH of 12 is the optimal condition for the preparation of SIP-modified TFC membrane with the highest water permeate concentration and a comparable flux, which is consistent with the results in Section 3.2.2. 

Figure 9b also demonstrates the pervaporation performance of TFC-CD-EDA membranes modified with different CD-EDA solution concentrations in the range of 0-3 wt% with the solution pH fixed at 12. The water concentration in the permeate increases gradually with the increase of CD-EDA concentration, attributed to the increment of crosslinking degree and hydrophilicity (Figure 7) and the incorporation of β-CD with nanocavities. On the other side, the flux remains relatively stable with the CD-EDA concentration increase from 0 to 2 wt%, because of the similar thickness of modified selective layers (Figure S12); it drops significantly later with the further increase of CD-EDA solution concentration, due to the higher permeation resistance of the formed thicker selective layer. Therefore, 2 wt % is considered to be the optimal concentration of CD-EDA solution for SIP modification of TFC membrane.

3.4 Performance benchmarking
For a performance benchmarking, the pervaporation performance of all reported TFC membranes for ethanol dehydration in recent works are compared and shown in Figure 9c. It can be seen that, the water permeate concentration in TFC-CD-EDA membrane developed in this work is higher than those of most other reported polyamide TFC membranes while the permeation flux is comparable, attributed to the thin, highly hydrophilic and dense selective layer with SIP modification by CD-EDA. The superior pervaporation performance of TFC-CD-EDA membranes developed in this work indicates its great potential for practical applications.
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Figure 9 Pervaporation performance of TFC-CD-EDA membranes modified with different CD-EDA solution (a) pHs and (b) concentrations, as well as (c) performance benchmarking of TFC membranes for ethanol dehydration.

4. Conclusion
In this study, high performance TFC HF membranes are developed by second interfacial polymerization with various amine-functionalized β-CDs for pervaporation dehydration of ethanol. The following conclusions can be drawn from this study.
(1) Three types of amine-functionalized β-CDs (CD-NH4OH, CD-EDA and CD-TAEA) are synthesized and characterized via various techniques. The substitution degrees follow an order of CD-EDA > CD-TAEA > CD-NH4OH, ascribed to the different reactivity of amine-CDs. 
(2) Characterizations of various SIP-modified TFC membranes are also performed via various techniques. The crosslinking degrees of SIP-modified PA layers follow an order of TFC-CD-EDA > TFC-CD-TAEA > TFC-CD-NH4OH, consistent with the substitution degree of the corresponding amine-CDs. The surface hydrophilicity of TFC membranes follows the order of TFC-CD-EDA > TFC-β-CD > TFC-CD-TAEA > TFC-CD-NH4OH, resulted from the different hydrophilicity and incorporation amounts of amine-CDs.
(3) In comparison with TFC-control membrane, all SIP-modified TFC membranes exhibit enhanced water permeate concentrations but lower water fluxes. The water permeate concentrations of SIP-modified TFC membranes follow an order of TFC-CD-EDA > TFC-β-CD > TFC-CD-TAEA ≈ TFC-CD-NH4OH, while water fluxes follow a sequence of TFC-CD-EDA > TFC-CD-TAEA ≈ TFC-CD-NH4OH > TFC-β-CD. 
(4) With optimal SIP parameters (2 wt % CD-EDA solution with a pH of 12), TFC-CD-EDA membrane exhibits high permeation flux of 3018.0 ±12.0 g/m2.h and water permeate concentration of 98.7±0.2 wt% with 85 wt % ethanol aqueous solution at 50 oC, which outperforms most other reported TFC membranes for ethanol dehydration and demonstrates its great potential for practical applications. The outstanding pervaporation performance is believed to be ascribed to the introduced active pathways for water molecules by CD nanocavities.
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NOMENCLATURE
Abbreviations
TFC = thin film composite
HF = hollow fiber
SIP = second interfacial polymerization
PA = polyamide
CD = cyclodextrin
ECH = Epichlorohydrin
EDA = ethylenediamine
TAEA = tris(2-aminoethyl)amine
PAN = Polyacrylonitrile 
NMP = n-methyl pyrrolidone
EtOH = ethanol 
AD = adamantine
FTIR = Fourier transform infrared spectroscopy
XPS = X-ray Photoelectron Spectroscopy
TGA = thermogravimetric analysis
SEM = scanning electron microscope 
WCA = water contact angle

Notation 
[bookmark: OLE_LINK2]J = flux of the component, g/m2.h
M = mass, g 
A = effective membrane surface area, m2
t = time interval, s
Xi, Yi = weight fractions of component i in the feed and permeate, %
PSI = pervaporation separation index, g/m2.h
[bookmark: _Hlk26994188]Wi = weight fractions of elemental i in the amine -CDs, %
Mi = molar mass of elemental i, g/mol
n = substitution degree
m = number of amine groups on a single grafted amine molecule
Δmtotal, ΔmTFC-control and ΔmCD = weight losses of SIP-modified TFC membrane, TFC-control membrane, and β-CD or amine-CDs, respectively
mtotal = total SIP-modified membrane mass
mCD = incorporated CD mass on the membrane

Greek Letters
α = separation factor
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TFC-CD-EDA membrane
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