Highlights



· Glutaraldehyde cross-linked alpha, beta and gamma cyclodextrin membranes were prepared and studied for separation of resveratrol from plant extract.
· The membranes were characterized for thermal stability, hydrophilicity, morphology and surface charge.
· The transport of resveratrol through the membrane was explained by a model called “solid transport inside the membrane pores”.
· The permeation flux increases due to the decrease in mass transfer resistance.
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Abstract:
Resveratrol has antibacterial, antioxidant, anthelmintic and insecticide properties. While the demands for resveratrol uses have increased, its separation and purification from its crude extract has not matured well-enough yet. Though nanofiltration (NF) can be used for the purification of the resveratrol molecules yet the extent to which this can be achieved is not known. In addressing this, glutaraldehyde cross-linked alpha, beta and gamma cyclodextrin NF membranes were prepared and studied for their performances in the separation of resveratrol from plant extract. The interplay of the effects of various permeation parameters on flux and rejection rate has been established. The transport of resveratrol was explained with a model of solute transport inside the membrane pores which depends on the hydrogen bonding contribution between the solvent, solute and membrane. It was observed that the rejection decreased when the feedstock flow rate goes up, which clearly indicated that the permeation flux increases.
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1. Introduction
Resveratrol, which is a natural phenol and is used as a dietary supplement, is found in many plants such as grapes (1057µg/100mL), peanuts (5.1µg/g), and Itadori plants (68µg/100 mL) [1, 2]. Resveratrol has chemo-preventive and anti-tumor properties; it also acts as an antibacterial, antioxidant, anthelmintic and insecticide compound [3]. The quantity of resveratrol in its source may change depending on the fertility of the soil and different extraction processes [4]. However,the separation and purification of the biomolecule to its purest form (100% w/w) from its crude extract is not only a challenging task but also important as increasing interest has been given by the common people for uses of its herbal extract in pure form for their medicinal effect as discussed in our earlier studies [1]. In principle, it is possible that nanofiltration (NF) may be used for purification of resveratrol molecules, but the extent to which this can be achieved is not known. Furthermore, the preparation and characterisation of nanoporous membranes specifically for the purpose of resveratrol purification needs to be addressed. In resolving these issues, we report a series of experiments on the preparation of glutaraldehyde cross-linked alpha, beta and gamma cyclodextrin nanoporous membranes and their performances in separation of resveratrol from plant extract.

Nanofiltration (NF) is a pressure-driven membrane process applied in water softening and, analysis of industrial effluents infected by organic impurity etc. [5-6]. NF membranes have been shown to separate solvents, monovalent ions, small organic molecule from bivalent ions and larger groups [7]. Numerous analysts have improved various methods for synthesis of selective layer through polymerization [8-9]. The pore size of NF is typically 1–10 nm and the membrane can resist small organic compounds and has greater water permeability, lower energy exhaustion, higher flux rates and works at low pressure [10]. The pores of the nanofiltration membranes reject the small uncharged solutes and multivalent ions and allow permeation of monovalent ions. These properties make NF membranes suitable in the fractionation and careful elimination of solutes from complex mixtures. The improvement of NF process has led to an observable increase in its utilizations in a number of industries [11]. In this work, we explore nanofiltration for providing improved understanding of the resveratrol separation process and, subsequently, attempt to put the experimental results in the framework of a theoretical mass transport model (further discussion). As discussed above, although significant progress has been made in the field of NF membranes, their

applications for the separation of biomolecule such as resveratrol are yet to mature sufficiently. Therefore, the interplay between the effects of different factors of the solvent (e.g., viscosity, density), solute (e.g., molecular diffusivity) and membrane (e.g., pore size) which can influence the resveratrol transport through the membrane [12], are also established.

For the purpose of this work, we have developed cyclodextrins (CD)-glutaraldehyde crosslinked nanoporous membranes and characterized them through different analytical methods (discussed in the next sections).We have chosen CD as the membrane material because it has a hydrophilic outer part and a hydrophobic inner part and it forms host–guest complexes with organic components such as resveratrol, which are facilitated by their molecular diameters and physical attractions with organic compound [13,14]. CD also acts as a carrier of supra-molecule in organometallic reactions [15].Cyclodextrins are macrocyclic oligomers of D-glucose with primary and secondary hydroxyl groups. The glucose parts of CD are ordered in such a way that the hydroxymethylene groups are pointed downward, and the hydroxyl groups are pointed upward.

To get a better understanding of the binding effects with the substrate, various theoretical and experimental processes have been applied to analyze the CD complexes. Therefore, we have analyzed the membrane forming ability of CD with polysulfone. Glutaraldehyde cross linked alpha CD, beta CD and gamma CD membranes were prepared and characterized through different analytical methods. The membranes were tested for the separation of resveratrol from its crude extract which is then explained via a mass transport model specifically developed for transport of solid particles inside membrane pores.

2. Experimental
2.1. Materials
Polysulfone (average molecular weight 27,000dalton), polyethylene glycol (PEG 6000), alpha, beta and gamma cyclodextrin, N-methyl pyrrolidone (NMP), resveratrol (molecular weight 228 dalton), glutaraldehyde (molecular weight 100 dalton) and all other solvents were purchased from Sigma Aldrich, USA. All compounds and solvents were used without any further purification or dilution. The commercial grade resveratrol is used in this study as a standard for calibrating the experiments. However, we have used plant extracted resveratrol for the actual nanofiltration filtration experiments.

2.2. Methods
2.2.1. Preparation of Membrane
The nanoporous membranes were prepared by a wet phase inversion method as follows. Cyclodextrin glutaraldehyde cross-linked polysulfone membrane was prepared from a solution made by dissolving 23% polysulfone, 2% cyclodextrin (alpha, beta and gamma CD separately) in DMF and mixing the mass with 5 mL glutaraldehyde (50%) for 6h at 45°C until a homogenous solution was achieved. The polymer solution was evacuated to remove air bubbles before casting on a glass plate under controlled conditions of temperature (25–26°C) and relative humidity (30–35%). The prepared membrane was exposed to air for 60s before precipitation it in de-ionized water containing DMF (2%) and sodium lauryl sulphate (SLS) (0.1%). SLS being a surfactant provides proper wetting to the membrane and DMF being solvent of polymer provides progressive coagulation to get the desired membrane morphology. The membrane was removed from the precipitation solution after 30 min and was treated with 1N HCl solution at 70°C for 6 h to achieve the desired cross-linking of β-CD molecules. The reaction scheme is given in Figure 1.

2.2.2 Preparation of crude extract of resveratrol
Crude extract of resveratrol was prepared by treating 10g of dried ground sample of 150 µm in size of heartwood of ArtocarpusLakoochaRoxb. in 500 ml methanol under refluxed condition for 7h at constant temperature. After extraction the solution was filtered off and evaporated to dryness to get the solid product. The light brown coloured product was then filtered, washed with cool water and vacuum dried. The dried sample was characterized by FTIR, NMR and mass spectroscopy and concentrations of the sample solution were measured by using calibration curve of commercial sample.
2.2.3. Characterisation of membrane
Membranes were characterized by Fourier transform infra-red spectroscopy (FTIR) (Perkin Elmer System 2000), X-ray diffraction (XRD) (JDX-11P-3A, JEOL, Japan), thermal analysis (TGA-DTA) (Perkin Elmer PC Series DSC7), contact angle (Kyowa Interface Science Company Ltd., Japan), surface morphology by field-emission scanning electron microscopy (FESEM, LEO 1427 VP, UK) and high-resolution transmission electron microscopy (HRTEM, JEOL, Japan, JEM 2100), molecular weight cut off (MWCO), thickness, pore diameter and zeta potential measurement by SurPASSTMElectrokinetic Analyzer (Anton Paar, Austria). Brief descriptions of the characterization methods are mentioned in the supporting information.

2.2.4 Characterization of water uptake by membrane
The weight variation of the membranes before and after hydration was used to determine the water uptake of the prepared membranes. The membranes were dipped in deionised water at 25oC for 24 hours. The water contained on the membrane surface was cleaned and dried by tissue paper before weighing the wet membranes to obtain Wwet. Then, the wet membranes were dried at 100oC overnight (12 hours) and weighed to obtain Wdry. The value of the water uptake was calculated from Eq.1.
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Physical properties of the membranes before they are wetted are given in Table 1.
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2.2. 5. Determination of Permeation Performance of Prepared Membrane
The membrane flux and percentage rejection were measured by using a two-compartment membrane cell similar to a Stokes-Einstein cell. The membranes used here are as described earlier. The effective membrane area was 19.62 cm2. Ethanolic solution of crude resveratrol was stirred continuously at 300 rpm using magnetic stirrer and circulated by peristaltic pump. For optimum conditions, the number of experiments was conducted at variable conditions such as concentration, pressure, etc. The experiments were carried out in a continuous mode for 5 hours. The sample solution was collected from permeate side at 1 hour interval. The collected samples were analysed by UV-VIS Spectrophotometer (EVOLUTION 201, Thermo Fischer ScientificLtd, Austria Ltd) without further processing. The concentration of resveratrol was determined using a calibration curve obtained from commercial resveratrol considering concentration (X) in the range of 2.41-7.63 mmol/L and absorbance (Y) at 306 nm using the regression equation [Y = 0.47797X + 0.1677 (R2= 0.99)].

2.2.6. Characterisation of Purified Resveratrol
The purified resveratrol was characterised by infrared (IR), nuclear magnetic resonance (NMR) and mass spectroscopy. IR spectra were recorded on PERKIN Elmer System 2000. 1H and 13C NMR spectra were recorded on an advanced DPX Bruker 270 MHz NMR Spectrometer. Mass spectra were obtained from TRACE GSQ GCMS instrument (M/S Thermo Fisher Scientific Austria Ltd).

2.2.7. Determination of permeation flux and rejection
The permeation flux and percentage rejection were evaluated for ethanolic solution of reseveratrol using the equations as follows [16].


The permeation flux,
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Where, Cp and CF are the concentrations at the feed and permeate.


3. Results and Discussions
3.1. Chemical Compositionand Physical Characterisation of the Membrane
The FTIR spectra of beta CD and beta CD-Glu membrane are shown in Figure 2. The black line indicates the beta CD membrane and the red line indicates the cross-linked membrane. The band at 2969 cm-1 is for N-H stretching, 1584 cm-1 is due to C-O stretching, 1488 cm-1 is for C-H stretching, 1105 cm-1 is due to C-C stretching and 1150 cm-1 is due to C-SO2-C stretching. In the spectra of  beta CD-Glu cross-linked membrane the band at 1724 cm−1 is attributed due to the formation of ether linkage (acetal) as a result of cross-linking took place between primary alcoholic groups at outer periphery of beta CD with glutaraldehyde and bands in the region of 2800–2700 cm−1 are due to un-reacted aldehyde group of glutaraldehyde present in the membrane. The absorbance in the region of 1150–1050 cm−1 is due to C-O-C and C-O stretch (alkyl-substituted ether) arose due to cross-linking of beta-CD with glutaraldehyde.

The diffraction methods of the membranes were analyzed by XRD spectra and are shown in Figure
3. The XRD analysis gives information about the structural changes during the formation of membranes. The patterns for the three membranes show broad peaks in the range of 15-30 of 2θ value. The broad peaks of the composite membrane denote the amorphous nature of membrane which also specifies the conformation of complete homogeneity of the membranes [17]. The full width half maxima values (FWHM) were interpreted and in addition to this. The relative degrees of the phase of the membranes are given in Table 2. The FWHM value of beta CD-Glu cross-linked

membrane is 10.3 which is bigger than that of alpha CD- Glu cross-linked (9.6) and gamma CD-Glu cross-linked (8.8) membrane which reveals that stronger hydrogen bonding interaction occurred between beta CD membranes as compared with alpha CD and gamma CD composite membrane.

The stability of the membrane against thermal stress was determined from the thermo gravimetric analysis which was performed under nitrogen atmosphere at a heating rate of 10°C min-1. The decomposition curves of three composite membranes are shown in Figure 4, wherein the derivative curves are shown in Figure 5. All three membranes give two step decompositions. For alpha CD- Glu, gamma CD-Glu andbeta CD-Glu cross-linked membrane decomposition occurs at 474.87 °C and 574.58 °C; 460.95 °C and 563.29 °C; and 516.26 °C and 571.57 °C respectively. Thus, it is seen that beta CD-Glu cross-linked membranes are thermally stable up to the temperature 516 °C. DSC analyses of the membranes were performed at a heating rate of 10 °C.min-1 under nitrogen atmosphere. Melting endothermic peaks obtained at different temperatures for composite membranes were shown in Figure 6. The change in glass transition temperature, Tg for composite membranes were strongly influenced by the membrane pore structure [18] because of glass transition temperature which took place on cooling due to the presence of domains of slow dynamics by thermally induced density fluctuations.

Figure 7 represents molecular weight cut off of the alpha, beta and gamma CD-Glu cross-linked membranes. The details of the experiments for determining the MWCO are not included in the main body and presented in SI as they are standard procedures. The surface charge density of the membranes depends on the composition of the polymeric top layer. Our results suggest that the membranes are slightly negatively charged at high pH, whereas they are slightly positively charged at low pH. Thus, the surface charge of the membrane is a function of pH in consistent with previous study [19]. From Figure 8, it is seen that the isoelectric point i.e., the pH at which the net charge of the membrane is equal to zero is located between the pH 3 to 3.5.

The wetting properties in general and, the hydrophilicity in specific, of the membranes were determined by measuring contact angles. Contact angle measurement is a well-known method to analyse the surface hydrophobicity of a membrane surface since hydrophobic membrane give rise to a higher contact angle [20]. The contact angles of alpha CD-Glu, beta CD-Glu and gamma CD-Glu cross-linked membranes were 83.8°, 91.9° and 82.7°, respectively with SD ±1, as given in Figure 9

as well as in Table 1. All contact angles were static measurements, and they confirm that the beta CD-Glu cross-linked membrane is the most hydrophobic membrane.

Membrane morphology for different CD membranes was studied by SEM and TEM analyses. The cross-section SEM images of the prepared membranes are given in the Figure 10(A.1-A.3). It is observed from the figure that the three prepared membranes have asymmetric structure with a dense top layer and a porous sub layer. The porous sub layer consists of finger-like cavities which are because of rapid demixing of membrane materials into the solvent [19, 21]. It is also seen from the figure that the beta CD-Glu cross-linked membrane shows more regular pore structure of surface morphology than the other two membranes. This is probably because of the difference in interaction between alpha CD-Glu, beta CD-Glu and gamma CD-Glu with casting solvent. More uniform cavities in beta CD-Glu cross-linked membrane indicate the instantaneous mixing of the compound in the solvent which also indicates that the better interaction of beta CD-Glu membrane. In case of alpha-Glu and gamma CD-Glu cross-linked membranes, this seems to be less and, hence, the cavities are not uniform. The SEM images of top surface of alpha-Glu, beta-Glu and gamma CD- Glu cross-linked membranes are shown in Figure 10(B.1-B.3). TEM pictures of the three prepared membranes are shown in Figure 10(C.1-C.3). From the figure, it is observed that more interstitial cavities are present in beta CD-Glu membrane than alpha CD-Glu and gamma CD-Glu membranes. The cavities in the interstitial sites of beta CD-Glu membranes are interconnected in the form of channels around the whole thickness of the membranes. Consequently, the creation of interstitial mesopores in polymeric nanocomposites plays a vital role in developing highly permeable membranes and in addition to this the aggregate structure was carefully designed [22].

The formation of the top membrane surface is expected to be affected by spinodal demixing because the diffusion process through the formation of the top layer are fast enough for the polymer solution to become a highly unstable and cross of the spinodal curve decomposition [21,23]. This results on a top surface with much better interconnected pores, which is more noticeable in beta CD-Glu cross- linked membrane.The pore distribution curve of beta CD-Glu cross-linked membrane, is given in Figure 11.

3.2. Evaluation of Membrane Performance for Separation of Resveratrol
Concentration of the feed solution has a great influence on the separation efficiency of the NF membranes. For studying the effect of concentration of resveratrol on the permeation process the experiments were carried out in the concentration range between 0.09 mmol.L-1 to 0.76 mmol.L-1 and results are shown in Figure 12(A). From the figure it can be seen that the membrane flux decreases slowly when the concentration of the feed solution increases. The permeation flux decreases before the concentration reaches 0.3 mmol.L-1. Eventually, the flux value falls slowly  with rising concentration. The permeation flux reached 11.35 mmol.m-2.h-1 for beta CD-Glu cross- linked membrane at high concentration (0.76 mmol.L-1). The percentage of rejection is also high (98.02%) for beta CD-Glu cross-linked membrane and is also affected by concentration of resveratrol in the feed solution as shown in same Figure 12(A). With the increase in the concentration of feed solution, the percentage of rejection is also increased which indicate the performance of the membrane at higher concentration. Similar observation was reported by other researchers [24-27]. At this range of concentration, the effect of concentration polarisation is absent as is evident from the results as shown in the same figure.

The separation performance of the membrane is also affected by the operating pressure. When the applied pressure is high, the transmembrane pressure is also high [28]. The effect of feed pressure on membrane permeation flux and percentage of rejection is shown in Figure 12(B). The permeation flux for beta CD-Glu cross-linked membrane at 0.1 bar is 15.99 mmol.m-2.h-1 and increases to 27.29 mmol.m-2.h-1 at 2 bar. Similar behaviour of increasing permeation flux on increasing pressure is also reported earlier [29]. From the figure, it is seen that with the increase in pressure there is an increment in the rate of permeation. This is due to compressing effect of the membrane and this type of behaviour is seen in other separation processes involving membrane. At high pressure  the average pore size of the active separation layer of membrane is diminished. Therefore, it delays the increase in transport rate for molecule and increases the rejection. Thus, an elevated pressure is not necessary in order to get higher transport rate. Besides this, an elevated pressure requires greater investment of equipment and more operational cost. The appropriate pressure for the prepared membrane is 2 bar. The permeation flux at this pressure is 27.29 mmol.m-2.h-1. From the figure the rejection of resveratrol was found to be 98%.

The feed flow rate plays a crucial role in the membrane flux. The velocity of fluid in  close proximity to the membrane surface is very low. The flow is somewhat laminar and for each component the mass transfer coefficient is very less in the boundary layer. Therefore, the transport rate of the component from the bulk to the membrane surface is influenced by the thick boundary layer which also affects the permeation rate. Increasing viscosity of the solution, the width of the boundary layer also increases. An increase in the flow rate results in a favourable turbulent flow pattern which lessens the width of the boundary line. We envisage that the tangential and radial velocity of the feed solution also increases. Hence, an increase in the flow rate results in elevation of permeation flux. The effect of flow rate on separation of resveratrol from crude plant extract is depicted in Figure 12(C) which also includes the results of the percentage rejection of the three types of membranes. The variation in flow rate affects the permeation flux but has negligible impact on rejection. The increase in permeation flux indicates the existence of mass transfer resistance in the boundary layer which is reduced by the applied high flow rate. In our study the permeation flux increases from 16.99 mmol.m-2.h-1 to 28.29 mmol.m-2.h-1, which indicates that the boundary layer condition is not very thick.

The expected lifetime of membranes gives a clear insight about if these membranes can be used commercially. Some polymeric membrane has performed well in separation process but their resistance towards solvents is not good. In case of the prepared membranes, the solvent resistant property is found to be considerably reduced after a certain period of operation. To demonstrate the membrane stability and durability the experiments were carried out for a period of 5 months. It was observed from the Figure 12(D) that the separation properties of the membrane remain almost the same even after a long period of experiment observed daily. Permeation flux reduces from 28.29 mmol.m-2.h-1 to a steady state of 16.99 mmol.m-2.h-1. This is due to membrane compaction during the time of study. As the flux is not increased during the 5 months period it also implies that the physical integrity of the prepared membranes was maintained as physical breakage typically demonstrate sudden rise of the flux.

The separation factor of membrane, i.e., the ratio of concentration of permeates and retentate gives valuable information about the membrane separation process [30]. The separation factors of the membranes increase with increase in time as shown in Figure 13. In this figure we see that the percent separation of resveratrol from its crude extract increases with increasing time and reaches up

to 90%. Out of the three membranes, beta CD-Glu cross-linked membranes give maximum separation of resveratrol from the extracted solution. This is due to more uniform morphological structure of beta cyclodextrin membrane when compared with the other two membranes.

The enrichment factor of alpha, beta and gamma CD-Glu cross-linked membrane is shown in Figure
14. The membrane enrichment factor is calculated by following equation

[image: ](6)

where Cm is the concentration of solute at the membrane surface and Cb is the concentration of solute at the bulk solution. From Figure 14, it is seen that beta CD-Glu cross-linked membrane has high enrichment of resveratrol separation. The characterization of recovered resveratrol is given in the supporting information. This is not discussed in detail as the main goal of the paper is discuss the separation efficiency of the membrane.

3.3. Further Discussion
Generally, the interactions between the solute and solvent in the membrane surface influence the solute transport across the membrane. The extent of hydrogen bonding between the solvent, solute and membrane depends on the solubility, dipole moment, surface energy, molecular size and dielectric constant of the feed solution. The hydrogen-bonding contribution is related to the Hansen solubility parameter (dh) for solvent, solute and membranes. The flux value of a membrane increases with increasing hydrogen bonding ability. In case of a hydrophilic membrane, with decreasing the value of dh, the flux decreases as well. Higher fluxes of a membrane result in a high solute rejection. Since ethanol has the hydrogen bonding capability and it comes the closest to the membrane and results in the highest flux. Again, the solute–membrane affinity depends upon the extent of the hydrogen bonding between them. As the membranes are of cylindrical pores and the size exclusion effect is given as,
[image: ](7)

It is known that due to the presence of irregular pores on the membrane surface the larger diameter solutes are not completely discarded and it has an indirect effect on the rejection of solutes. Thus, the solute size determines the differences in the rejection values.

Based on solute partitioning, the equation for size exclusion effect changes to

[image: ](8)

α is a membrane property depending on the solute size and its value is between 0 and 1. The α value is considered to be 1 in case of solute diameters which are larger than available pore size of membrane. Again, solute concentration inside the pores (Cinside) is related to the concentration outside the pores (Cm) and is represented as


[image: ]
The total solute flux, Js is related to the total volume flux, Jv by following equation:
[image: ]Js= (average concentration of solutes inside pores) xJv or

(9)



(10)


[image: ]Where is the concentration inside the membrane pores, Cm is the concentration at the membrane surface, Cp is the permeate concentration, ω is the viscous selectivity of solute in pores and can be calculated from
[image: ](11)

If  [image: ]> 1, then ω can be considered to be 1. We assume that in our system there is no change in concentration profile inside the pores. Thus, solute flux can be derived from the solvent flux by the equation,
[image: ]	 (12)
There is a movement of solute particles into the pore centre and its velocity is more in comparison to that of the solvents [32]. The solutes move with the same velocity as that of the solvent when the size of the solute is smaller than the pore size. Figure 15 shows the solute velocity profile through the narrow pores. Table 3 represents the different parameters of proposed model by solvent flux and solute rejection through Beta CD-Glu membrane.

4. Conclusion
Alpha, beta and gamma CD-Glu cross-linked impregnated polysulfone membranes were prepared and characterized. The performances of the prepared membranes were evaluated by performing permeation experiment for separation of resveratrol from its crude extract. Effect of concentration, pressure and flow rate on flux and rejection were studied and optimum conditions were determined. The rejection decreases when the feedstock flow rate goes up, which clearly indicates that the permeation flux increases due to the decrease in mass transfer resistance, as a result high flow rate

was obtained. From the calculated and experimental values, it was established that pore flow model is well fitted to describe the separation of resveratrol from its crude extract where solute is transported inside the pores of the membrane.
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Table 1: Composition and physical properties of composite NF membrane

	Membrane
	Average membrane thickness
(µm)
	Pure water permeability (Lm-2h-1)
	Water uptake (%)
	MWCO (250 Da)
	Contact angle (o)

	Alpha CD-Glu
	55.30
	45x10-5
	8.35
	93.18%
	83.8

	Beta CD-Glu
	11.20
	40x10-5
	6.30
	96.20%
	91.9

	Gamma CD-Glu
	60.50
	38x10-5
	4.90
	90.17%
	82.7



Table 2: XRD analysis result of alpha, beta and gamma CD-Glu membranes

	Sample
	2θ
	d (Armstrong)
	Full width

(FWHM)
	half maxima values

	Alpha CD-Glu
	20.1
	1.529
	9.6

	Beta CD-Glu
	20.1
	1.529
	10.3

	Gamma CD-Glu
	20.1
	1.529
	8.8



Table 3: Different parameters of proposed model by solvent flux and solute rejection through Beta CD-Glu membrane



	Name Parameters
	Parameter values

	Average pore size
	650 nm

	MWCO
	240 Da

	Solute
	Resveratrol

	Solute diameter
	189.30 nm

	Solvent
	Ethanol

	Diameter of Solvent molecule (nm)
	0.34

	Ѱ x Diameter of Solvent molecule (nm)
	0.034

	k
	0.502

	α
	1

	ω
	1.412

	Cin
	0.766 mm0lL-1

	Cout
	0.755 mmol L-1

	Calculated rejection value
	98%

	Experimental rejection value
	98.56%
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Figure 1: Cyclodextrin and glutaraldehyde cross-linked reaction scheme
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Figure 2: FTIR spectra of beta CD and beta CD-Glu cross-linked membrane
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Figure 3: XRD pattern of alpha, beta and gamma CD-Glu cross-linked membranes
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Figure 4: TGA of alpha, beta and gamma CD-Glu cross-linked membranes
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Figure 5: DTA of alpha, beta and gamma CD-Glu crosslinked membranes
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Figure 6: DSC of alpha CD-Glu, beta CD-Glu and gamma CD-Glu cross-linked Membrane
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Figure 7: MWCO of the alpha, beta and gamma CD-Glu cross-linked membranes
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Figure 8: Zeta potential as a function of pH













[image: ]Fi gure 9: Contact angle of (A) alpha CD-Glu (B) beta CD-Glu (C) gamma CD-Glu cross-linked membrane
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Figure 10: SEM photograph of side view (A.1, A.2, and A.3), top view (B.1, B.2, and B.3) and TEM photograph (C.1, C.2, and C.3) of (A) alpha (B) beta and (C) gamma CD-Glu cross-linked membranes
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Figure 11: Pore distribution as a function of pore diameter of beta CD-Glu crosslinked membranes
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Figure 12: Membrane flux (1st y-axis) and rejection (2nd y-axis) as functions of (A) concentration
(B) pressure (C) flow rate (D) operation time
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Figure 13: % of separation as a function of alpha, beta and gamma CD-Glu cross-linked
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Figure 14: Enrichment factor of alpha, beta and gamma CD-Glu cross-linkedmembrane
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Figure 15: Solute velocity profile through narrow pore
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