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a b s t r a c t Chitosan–poly(vinyl alcohol), CS–PVA, blended membranes were prepared by solution casting of varying proportions of CS and PVA. The blend membranes were then crosslinked interfacially with trimesoyl chloride (TMC)/hexane. The physiochemical properties of the blend membranes were determined using Attenuated Total Reﬂection-Fourier Transform Infrared Spectroscopy (ATR-FTIR), X-ray diffraction (XRD), differential scanning calorimetry (DSC), tensile test and contact angle measurements. Results from ATRFTIR show that TMC has crosslinked the blend membranes successfully, and results of XRD and DSC show a corresponding decrease in crystallinity and increase in melting point, respectively. The crosslinked CS–PVA blend membranes also show improved mechanical strength but lower ﬂexibility in tensile testing as compared to uncrosslinked membranes. Contact angle results show that crosslinking has decreased the surface hydrophilicity of the blend membranes. The blend membrane properties, including contact angle, melting point and tensile strength, change with a variation in the blending ratio. They appear to reach a maximum when the CS content is at ∼75 wt%. In general, the crosslinked blend membranes show excellent stability during the pervaporation (PV) dehydration of ethylene glycol–water mixtures (10–90 wt% EG) at different temperatures (25–70 ◦ C). At 70 ◦ C, for 90 wt% EG in the feed mixture, the crosslinked blend membrane with 75 wt% CS shows the highest total ﬂux of 0.46 kg/(m2 h) and best selectivity of 986. The blending ratio of 75 wt% CS is recommended as the optimized ratio in the preparation of CS–PVA blend membranes for pervaporation dehydration of ethylene glycol. © 2009 Elsevier B.V. All rights reserved.



1. Introduction In the research of pervaporation (PV) dehydration, extensive efforts are given towards the development of membranes that yield both high permeability and selectivity [1,2]. For the dehydration of organic–water mixtures, hydrophilic polymers, such as poly(vinyl alcohol) (PVA), poly(vinyl chloride) (PVC) and chitosan (CS), have been used extensively to prepare the membranes [1,3–8]. Very often membranes made from a single polymer suffer from the inherent drawback of trade-off between ﬂux and selectivity [1]. For example, due to the hydrophilic nature of PVA, a low selectivity results when the PVA membranes experience excessive swelling, while having a higher ﬂux [3,5]. Over the years, researchers have used many physical and chemical methods such as crosslinking, grafting or blending to modify polymer materials for pervaporation membrane development [3,5–11]. Of theses methods, polymer blending proves to be an effective way to fabricate membranes with a number of desired properties [12–14]. Successful blending can improve separation
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performance by altering polymer chain mobility through intermolecular interactions between polymers [3]. Chitosan, a natural hydrophilic polymer, with good chemical resistance, biodegradability, and membrane-forming property, is commonly used to prepare hydrophilic blend membranes [8–10]. CS–PVA blend membranes have been reported to have good mechanical strength in addition to good membrane performance characteristics for pervaporation separation [11–18]. Lu et al. [17] found that the permeation ﬂux was dramatically increased (while selectivity was increased only slightly) through blending CS with PVA for benzene/cyclohexane mixtures. The improved PV separation performance was reported by different researchers over a wide range (10–80 wt%) of CS in the blend [14,18]. However, until recently separation results were not correlated to the physiochemical properties such as crystallinity, melting points and hydrophilicity of the blend membranes [18]. Ethylene glycol (EG) is one of the major chemicals used in the polyester industry and as a non-volatile antifreezer in the aircraft industry. Due to the high cost of multi-stage evaporation and distillation, membrane based separation, such as pervaporation, has been used to dehydrate glycol enriched water mixtures [19–22]. Researchers have studied CS membranes for the dehydration of ethylene glycol, and showed a low ﬂux but moderate selectivity [19,20]. On the other hand, dehydration of ethylene glycol with PVA membranes showed a high ﬂux but low selectivity [21,22]. Blended
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membranes of chitosan and PVA could be an ideal candidate for the dehydration of glycol–water mixtures as they have already shown a high ﬂux and selectivity for ethanol and isopropanol dehydration [14]. However, to reduce excessive swelling of CS–PVA blend membranes [14], trimesoyl chloride could be used as a crosslinking material, which incorporates covalent bonding among polymer chains. Trimesoyl chloride (TMC), an aromatic compound having three acyl chloride groups, when crosslinked, provides relatively large spacing between crosslinked polymer molecules, resulting in low resistance to permeation [23]. Although, TMC has been widely used for reverse osmosis membranes [23], it has not been studied for the crosslinking of pervaporation membranes until recently [6]. There has been no study exploring the use of CS–PVA blend membranes for EG dehydration. This situation leads us to consider a preparation of CS–PVA blend membranes for pervaporation dehydration of EG. In particular, we investigate the effects of CS–PVA blending ratios, as well as crosslinking effects of trimesoyl chloride (TMC), in order to ﬁnd an optimal preparation of CS–PVA blend membranes. The CS–PVA blend membranes were prepared from a PVA solution blended with varying amounts of CS in a solution casting method. The blend membranes were interfacially crosslinked with TMC. The physiochemical properties of the CS–PVA blend samples were investigated by Attenuated Total Reﬂection-Fourier Transform Infrared Spectroscopy (ATR-FTIR), Xray diffraction (XRD), tensile test, contact angle and swelling measurements. For separation, the crosslinked CS–PVA blend membranes were used for the PV dehydration of different EG–water mixtures from 25 to 70 ◦ C. Diffusion coefﬁcients of water and EG were evaluated using a simple solution-diffusion model to analyze the separation performance of the blended membranes. 2. Experimental 2.1. Materials Poly(vinyl alcohol) (99.7%, MW ∼ 133,000, PDI ∼ 1.3) was purchased from Fisher Scientiﬁc (ON, Canada). Chitosan ﬂakes (FlonacN, MW ∼ 100,000, 99% deacetylation degree) were obtained from Kyowa Technos (Chiba, Japan). Acetic acid (glacial, 99.6%), ethylene glycol (reagent, 99.5%) and sodium hydroxide (pellets, ACS reagent, ≥97.0%) was purchased from Fisher Scientiﬁc (Ottawa, Canada). All other chemicals including hexane (ACS reagent, ≥98.5%, bp: 69 ◦ C), trimesoyl chloride (TMC) (98%, mp: 34.5–36 ◦ C, bp: 180 ◦ C at 16 mmHg) were purchased from Sigma–Aldrich (Oakville, Canada). Deionized water (18.2 M cm) used for all experiments was produced by a Millipore Milli-Q system (MA, USA). All the solvents were used as received. 2.2. Membrane preparation The polymer ﬁlms were prepared by the solution casting method. The PVA solutions were prepared by dissolving 5 wt% of



the polymer in deionized water at 90 ◦ C for 1 h, stirring the solution until it was completely homogeneous. Chitosan solutions were prepared by dissolving chitosan in 1% aqueous acetic acid solution at room temperature with stirring. Both polymer solutions were ﬁltered using sintered glass, degassed in a vacuum chamber and then carefully mixed at various weight ratios of CS–PVA: 25–75, 50–50, 70–30, 75–25, 80–20 that reported in Table 1. The mixtures were stirred for 24 h to obtain homogeneous solutions. The solutions were poured onto a horizontal glass plate with a retainer ring made of poly(vinyl chloride) (20 mm in height and 90 mm in diameter), which was adhered on the surface of the glass plate. The cast solvents were then evaporated in a fumehood at 25 ◦ C for 24 h and the resulting membrane ﬁlms were dried in a vacuum oven (at 40 ◦ C) for 3 h to remove traces of the solvents. The dried membranes were peeled off from the glass plates, and immersed into a sodium hydroxide aqueous solution (1 mol/L) for at least 24 h to neutralize acetic acid residues in the membranes. The membranes were then rinsed with deionized water several times. The obtained CS–PVA membranes were fully dried under ambient conditions and subsequently were kept in a desiccator ready for further treatments. The air side of the CS–PVA blend membranes was crosslinked with a TMC/hexane solution. 1 g TMC was dissolved in 200 mL hexane to obtain a 0.5 wt/vol% TMC/hexane solution that was used for the crosslinking for 30 min. The crosslinked membranes were then washed several times with pure water and ﬁnally immersed in deionized water for 6 h at 40 ◦ C to eliminate residual solvents. The crosslinked membranes were dried in a vacuum oven (at 40 ◦ C) overnight. The thicknesses of the CS–PVA blend membranes were measured by a micrometer screw gauge at ﬁve locations (center and four corners), and the mean thickness was calculated. Samples with air bubbles, nicks, tears or a mean thickness variation of greater than 5% were excluded. Table 1 shows the data of the different membranes prepared for this study. For example, CS–PVA1 is the crosslinked blend membrane with 75 wt% of PVA and 25 wt% of CS in the blend. 2.3. Membrane characterization To quantify the chemical composition of a membrane ﬁlm before and after the crosslinking, Attenuated Total Reﬂection-Fourier Transform Infrared spectroscopy (ATR-FTIR) was employed. Samples of the membranes were dried, in vacuum at 85 ◦ C overnight. Infrared spectra of the fresh and crosslinked membranes were obtained with a midrange (500–4000 cm−1 ) Bruker Tensor 27 ATRFTIR spectroscope (Milton, Canada). Measurements were repeated at least three times to ensure reproducibility. A differential scanning calorimeter, DSC Q100 module (TA Instruments, Delaware, USA), was used to quantify the changes in polymer physical properties, e.g., the melting point before and after blending or crosslinking of the membranes. DSC thermographs were obtained from 0 to 350 ◦ C at a heating rate of 10 ◦ C/min where



Table 1 Physiochemical properties of the crosslinked blend membranes. Membrane



Ratio of CS:PVA in blend (mass ratio)



Contact angle,  ap (◦ )



Melting point (◦ C)



Mechanical properties at ﬁlm breakup Strength (MPa)



a



CS PVAa CS–PVA1 CS–PVA2 CS–PVA3 CS–PVA4 CS–PVA5



100:0 0:100 25:75 50:50 75:25 70:30 80:20



55.1 58.9 55.8 60.4 68.1 65.2 68.9



± ± ± ± ± ± ±



2.4 1.5 1.9 2.1 2.7 1.6 2.3



335 239 290 285 316 310 318



65.1 57.9 67.9 70.4 74.7 74.1 74.5



Note: Blended ﬁlm thicknesses were 25–30 m. All the membranes presented in this table were crosslinked with trimesoyl chloride (TMC). a Properties of homogeneous CS and PVA membranes data were measured as a control.



± ± ± ± ± ± ±



1.9 2.1 2.8 2.5 2.1 2.3 2.7



Strain (%) 8.15 11.2 11.5 10.1 8.3 8.5 8.2



± ± ± ± ± ± ±



0.9 0.8 1.1 1.2 0.9 0.8 0.9
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approximately 2.5 mg of the samples were used. The baseline corrections of the DSC thermographs were obtained by running an empty aluminum sample cell for all measurements. The X-ray diffraction (XRD) patterns of the membrane samples were obtained with an Inel diffractometer (Paris, France) with monochromatized CuK␣1 characteristic radiation (wavelength  = 0.154 nm at 40 kV, 50 mA, and scan speed of 1◦ /min, in a 2 range of 5–40◦ ) at room temperature. The blend ﬁlm strength and strain were measured using an Instron 5548 (Instron Corporation, Norwood, MA, USA) microtensile tester. All the thin ﬁlm samples were cut to speciﬁed dimensions and pulled/stretched until breakup. The tensile strength and strain were calculated from the elongated samples at breakup. All the measurements were performed at 25 ◦ C. To determine the hydrophilicity of the blend membranes, apparent contact angle measurements were conducted with static water sessile drops [24] using the Axisymmetric Drop Shape Analysis Proﬁle (ADSA-P) approach. All the contact angle measurements were repeated at least four times, and the results were averaged for each sample. 2.4. Swelling experiments For swelling experiments, the crosslinked CS–PVA membranes were dried (at 40 ◦ C under vacuum for 6 h) and weighed. Different ethylene glycol–water mixtures, containing 10–100 wt% water, were used to immerse the samples for 48 h at 25 ◦ C. Constant weight experiments [11,14] were used to make sure that the swelled membranes had reached equilibrium. The swollen membranes were blotted carefully with tissue paper to remove any surface solution, and the weight of the swollen membranes was measured by a mass balance. The swelling degree was calculated using the following equation (2.1) Swelling degree(%) =



W − W  D S WD



× 100



(2.1)



where WS is the mass of the swollen membrane (in g) and WD is the mass of the dried membrane (in g). 2.5. Pervaporation separation The separation experiment was conducted at room temperature on a lab scale pervaporation setup for the dehydration of ethylene glycol–water mixtures. Partial vacuum was applied on the permeate side, generating a driving force for diffused solvents to evaporate. The permeate was collected in a liquid nitrogen cold-trap. The feed pressure was at atmospheric pressure while the pressure on the permeate side was kept below 3 mbar with a vacuum pump (Leeson Electric Co., WI, USA). Dehydration was performed with ﬂat sheet blend membranes (with an effective
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membrane area of 20.2 cm2 ). The feed solution was pumped at a ﬂow rate 2.3 L/min to the membrane cell. In the feed mixtures, EG concentrations were varied from 10 to 90 wt%. The total ﬂux (J) and the selectivity (˛) of the membranes were calculated from the collected permeate mass, using a spring balance and gas chromatograph [14]. The permeate composition was analyzed using a Hewlett Packard 5890 Series II gas chromatograph with helium as the carrier gas with a ﬂow rate of 20 mL/min. A 10 L syringe was used to inject a ﬁxed volume of liquid permeates. Each experiment was repeated four times under the same steady-state condition. 3. Results and discussion At the step of crosslinking of the blend membranes, the acyl chloride groups of TMC reacted with hydroxyl (–OH) groups of PVA and the amino groups of CS to form poly(vinyl esters) and amide linkages between CS–PVA molecular chains. Hexane acted as solvent for TMC that facilitated TMC’s diffusion in CS–PVA structure. Initial separation performance of CS–PVA3 (cf. Table 1, with 75 wt% CS) showed excellent ﬂux and selectivity for the dehydration of EG–water mixtures. To improve the performance further with a change in polymer ratio of CS–PVA, we prepared two other blends CS–PVA4 (70 wt% CS) and CS–PVA5 (80 wt% CS). The results of physiochemical characterization and separation performance of these blend membranes are listed in Tables 1 and 2, and explained below. 3.1. Infrared spectroscopy: TMC crosslinking It is well known that crosslinking of the polymer chains restricts their mobility and reduces the swelling of the polymer matrix. A schematic of structures and reaction mechanisms of the CS–PVA blend with the crosslinker, TMC/hexane solution, is shown in Fig. 1. The hydroxyl group (–OH) of PVA and the amino group (–NH2 ) of CS will react with TMC to form benzoate esters. Crosslinking can also occur between TMC and hydroxyl (–OH) groups of CS but the reaction is slower than amino (–NH2 ) groups [6]. In Fig. 2(a), ATR-FTIR spectra of uncrosslinked CS–PVA blend membranes are shown. As controls, spectra of homogeneous CS and PVA membranes are also shown in Fig. 2(a). For homogeneous PVA spectrum, the absorption peak at 3300 cm−1 relates to intermolecular hydrogen bonding and –OH stretch vibration [23]. Absorption corresponding to asymmetrical stretching and symmetrical stretching vibration of –CH2 occurs between 2898 and 2935 cm−1 [23]. For the homogeneous CS spectrum, absorption shows a peak at 1560 cm−1 for –NH2 and a broad peak at about 3200–3300 cm−1 for –OH stretch vibration. CS–PVA blend membranes show peaks that come from both CS and PVA, e.g., CS–PVA3 showing a major wide peak around ∼3300 cm−1 corresponding



Table 2 Comparison of separation performance of the blended membranes. Membranes



Swelling degree (SD) (g/g) × 100



Separation performance 10 wt% water in feed mixture



*



CS PVA* CS–PVA1 CS–PVA2 CS–PVA3 CS–PVA4 CS–PVA5



67.32 75.64 75.17 71.61 68.64 69.96 68.64



± ± ± ± ± ± ±



1.14 2.31 1.22 2.16 1.06 1.09 1.05



Diffusion coefﬁcients



Total ﬂux, J (kg(m2 h))



Selectivity (˛)



DW (×1011 m2 /s)



DEG (×1012 m2 /s)



0.093 0.12 0.11 0.12 0.11 0.13 0.12



575 354 594 659 986 807 885



7.63 8.77 8.72 8.66 9.51 9.64 9.22



1.59 2.07 1.83 1.8 1.49 1.52 1.35



Note: The separation experiments were performed at 25 ◦ C (±2 ◦ C). The error in ﬂux measurement was ±3.8% and in selectivity ±7.5%. All the membranes were crosslinked with trimesoyl chloride (TMC). Swelling results presented here are for 10 wt% water in EG–water mixtures at 25 ◦ C. * Separation performance of homogeneous CS and PVA membranes was given as a control.
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Fig. 1. Crosslinking reaction of PVA and CS in TMC/hexane solution.



to the –OH groups in CS and PVA and a small peak at 1560 cm−1 from the –NH2 groups of CS [26,27]. At lower CS (wt%) contents in the blend, weak absorption peaks around 1530–1620 cm−1 for the –NH2 and –C O groups can be observed. Fig. 2(b) shows the spectra of TMC crosslinked and uncrosslinked CS–PVA3 blend membranes. The two show great differences at 3300 cm−1 , and in regions of 1500–1800 and 1200–1500 cm−1 . For CS–PVA3, the –C–O absorption band of benzoate esters appears in the region of 1715–1730 cm−1 , whereas the peak at 1719 cm−1 can be identiﬁed to be –C–O in trimesoyl ester groups [6]. The crosslinked CSP–VA3, shows a decreased peak intensity at 3300 cm−1 , compared to the uncrosslinked sample. This indicates that the number of the hydroxyl groups decreased after crosslinking [6,25]. 3.2. Differential scanning calorimetry: thermal behavior The change in physical properties in blend membranes can be reﬂected in glass-transition temperature (Tg ) and melting point (Tm ) [28,29]. In Fig. 3(a), differential scanning calorimetry (DSC) thermograms of uncrosslinked blend membranes are presented together with component polymers, CS and PVA. The uncrosslinked



blend membranes CS–PVA1, CS–PVA2, CS–PVA3, CS–PVA4 and CS–PVA5 show melting transitions (lowest peak) at 298, 273, 298, 304 and 310 ◦ C, respectively. An increase in the melting transition temperature from 298 to 310 ◦ C with increasing CS content in the blend suggests good blend compatibility at these compositions (CS composition 70–80 wt%). In Fig. 3(b), the melting point is shown to increase to 316 ◦ C for the CS–PVA3 sample crosslinked with TMC. Complete results of the crosslinked blend membrane melting points are presented in Table 1. 3.3. X-ray diffraction: crystallinity If there were no or weak interaction between CS and PVA molecules in the blend membrane, each component would show its own crystallinity in the blend and X-ray diffraction (XRD) patterns would expressed a simple addition of patterns of CS and PVA, with the same ratio as that for blending [30,31]. Fig. 4(a) presents XRD patterns of uncrosslinked CS–PVA blend membranes along with CS and PVA membranes. The diffraction scan of the CS sample shows only one peak at 2 = 19.8◦ . For the PVA sample, there are two peaks at 2 = 10.7◦ and 21.1◦ [30]. Comparing CS and PVA, PVA is more crystalline than CS sample. In the PVA membrane, the
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Fig. 2. ATR-FTIR spectra of (a) uncrosslinked CS, PVA and blend membranes and (b) CS–PVA3 blend membranes before and after crosslinking at 25 ◦ C. Crosslinked membrane is denoted by (C).
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Fig. 4. XRD spectra of (a) uncrosslinked and (b) crosslinked CSPVA3 blended membranes at 25 ◦ C.



high crystallinity was mainly caused by the intramolecular hydrogen bonding [3]. The peak at 2 = 10.7◦ of PVA almost disappears in the blends with incorporation of CS at 70–80 wt%. This indicates that strong interaction occurred between CS and PVA in the blend membranes at 70–80 wt% of CS. From Fig. 4(a), comparing to the CS or PVA membrane, blend membranes show a relatively obtuse and broad peak around 19.8◦ , indicating a decrease in crystallinity of the blends. With an increase in CS content in the blends, the crystallinity decreases, which is expected for CS is less crystalline than PVA. Fig. 4(b) shows the X-ray spectra of CS–PVA3 blend before and after crosslinking. Since CS molecules are bigger in size than PVA molecules, the blending of PVA inside the CS network can make the structure less compact. This also resulted in the decrease in crystallinity after the blending. The TMC crosslinking of the blend membranes incorporates covalent bonds between the polymer chains, which could affect mechanical properties of the blends. 3.4. Mechanical test: strength and strain



Fig. 3. DSC thermograms of (a) uncrosslinked CS, PVA and blend membranes and (b) CS–PVA3 blend membranes before and after crosslinking.



A successful blending should lead to intermolecular interaction between two component polymers, thereby improving mechanical strength of the blend. Mechanical testing gives an indication of the strength and elasticity of polymer ﬁlms [32]. In Table 1, the stress and strain at breakup of blend membranes are presented. From Fig. 5, blending improves strength that increases with increasing CS content up to 75 wt%, but the strain decreases correspondingly. CS–PVA3 shows a breakup strength of 69 MPa and strain of 11%, compared to 57 MPa and 9% for CS, and 49 MPa and 15% for PVA. CS shows a less elongation-at-break than PVA, implying that an increase in CS content in the blend will decrease the ﬂexibility of the ﬁlms. Due to the interaction between –OH and –NH2 groups of the two polymers, blending improves mechanical strength of the ﬁlm [33]. Crosslinked blend membranes show a higher strength but
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Fig. 5. Tensile strength and strain at breakup against chitosan amount in blend membranes (wt%). Crosslinked membrane data is denoted by (C) and uncrosslinked membrane data denoted by (UC).



Fig. 6. Swelling degree at different water concentrations of EG–water mixtures for crosslinked membranes against CS amount in blends (wt%).



As a control, separation results of crosslinked CS and PVA membranes were reported as well. lower strain at breaking compared to uncrosslinked samples. The increase in strength and decrease in strain at breakup for the blends suggest a good blending of component polymers. From Table 1, after crosslinking, the strength of the blend membrane is 67.9, 70.4 and 74.7 MPa for 25, 50 and 75 wt% CS in the blend, respectively. The increase in tensile strength could arise from the compact membrane structure due to good blending of the base polymers at around 75 wt% CS in the blend. Moreover, TMC helps to make the ﬁlm structure rigid after the interfacial crosslinking of the blend membranes. 3.5. Contact angle measurement: surface hydrophobicity Results from the contact angle experiments of the crosslinked membranes are presented in Table 1. Surface hydrophobicity of the blend membranes was quantiﬁed by the apparent static contact angle ( ap ) of a water sessile drop at 25 ◦ C [24]. An uncrosslinked CS–PVA3 blend membrane shows a static contact angle of 24.3◦ , but quickly absorbs water inside the membrane ﬁlm. The contact angles for the uncrosslinked blend CS–PVA membranes varied from 24.3◦ to 31◦ . Crosslinking of the CS–PVA blend membranes increases the contact angle, making it less hydrophilic. The contact angle increases with CS content in the blend. A higher contact angle of 68◦ was observed for CS–PVA3, compared to 60◦ for CS–PVA2. The increase in contact angle may also be related to the increase in degree of crosslinking of the blend membranes.



4.1. Effect of feed concentration Fig. 7 shows the total ﬂux and selectivity of the blend membranes against the feed water concentration at 25 ◦ C. The total ﬂux increases while the selectivity decreases with increasing water concentration in the feed. As can be seen, with an increase in feed water concentration (around 20 wt%), selectivity decreased drastically with a small increase in ﬂux. Although the blend membranes are crosslinked, they still swell to some extent at high water concentrations, thereby enhancing the total ﬂux. At higher concentrations of water in the feed mixture, the membranes swelled to a greater extent, so that polymeric chains are more ﬂexible to favor trans-



3.6. Swelling characteristics Swelling behavior of the membrane depends on the structure and composition of the polymer membrane. In Fig. 6, the swelling degree is plotted against the CS content (wt%) in the crosslinked blend membrane for different feed mixtures (10–90% water in EG–water mixtures). From Fig. 6, the SD increases with increasing amount of water over the whole composition scale. Also, the higher the CS (wt%), the lower the swelling. The blend membranes generally exhibited a higher swelling degree than the CS membrane, indicating a more ﬂexible membrane structure, possibly leading to a higher total ﬂux [11,14]. 4. Dehydration performance: ﬂux and selectivity Dehydration experiments were performed with the TMC crosslinked CS–PVA blend membranes for different mixtures of ethylene glycol–water (EG–water) at different feed temperatures.



Fig. 7. (a) Total ﬂux and (b) selectivity of the crosslinked blend membranes at 25 ◦ C for different feed water mixtures. The data for homogeneous PVA and CS membranes are presented as a control.
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Table 3 Effect of temperature on separation performance for 10 wt% feed water mixtures. Membranes



CS–PVA1 CS–PVA2 CS–PVA3 CS–PVA4 CS–PVA5



Activation energy (kJ/mol) Water Ep,W



Ethylene glycol, Ep,EG



Ep = Ep,W − Ep,EG



8.4 7.9 6.3 7.7 6



13.5 11.4 7.5 9.1 6.9



−5.1 −3.5 −1.2 −1.4 −0.9



Note: All the membranes presented here were crosslinked with trimesoyl chloride (TMC).



where Qi is the permeance of component i, A is a constant, Epi is the activation energy of permeating component i, and T absolute temperature. From Fig. 8(b), the activation energy for permeation through the polymer matrix was calculated from the slope of the best-ﬁt lines and presented in Table 3. It can be seen from Fig. 8(b) with temperature rise, water and EG permeation both increase. A higher slope (activation energy) usually implies that the diffusion of the molecules is more restricted. As can be seen in Table 3, the activation energy for permeation of EG (Ep,EG ) is higher than that of water (Ep,W ), for all the blend membranes. Also, in Table 3, the difference between the activation energies (Ep ) of water and EG increases as the CS (wt%) amount increases. The chain mobility of the CS–PVA blend membrane could be affected by temperature and the feed concentration in the PV dehydration experiment. At high temperatures, chain restructuring in CS–PVA membranes occurs, which may enhance the permeance. Fig. 8. (a) Total ﬂux and selectivity against feed temperature (K) for the CS–PVA3 blend membrane at 10 wt% water in feed mixtures. (b) Arrhenius plot of permeance against 1/T for water and ethylene glycol.



port of a large number of water molecules, as well as some ethylene glycol molecules. Separation results for the blend membranes are presented in Table 2. It is interesting to note that the selectivity of the blend membrane is much higher than that of the homogeneous membranes, highest selectivity of 986 obtained with the CS–PVA3 membrane, compared to 354 for PVA and 575 for CS, at 10 wt% water in the feed EG–water mixture. The blending of CS and PVA creates a more compact structure which may preferentially prohibit the diffusion of glycol molecules, thereby increasing the selectivity.



4.2. Effect of feed temperature To investigate the effect of operating temperature on blend membrane performance, PV dehydration experiments were performed from 25 to 70 ◦ C. All the membranes were stable in the temperature range of 25–70 ◦ C and did not show any unusual increase or decrease in ﬂux or selectivity. As the temperature increases, polymer chains can move more freely and the free volume in the membrane may increase too. At a high temperature, diffusing species would have greater kinetic energies, resulting in an increase in permeation. In Fig. 8(a), the total ﬂux and selectivity results are presented against temperature for CS–PVA3. As temperature rises, the ﬂux increases almost linearly (0.11–0.46 kg/(m2 h), but the selectivity decreases exponentially (986–663). A semi-log plot of water permeance, Qi (Appendix A), versus reciprocal of temperature (1/T) for water and EG are presented in Fig. 8(b) for CS–PVA3. A logarithmic temperature dependence was observed. Researchers have reported Arrhenius behavior for the permeation of water in the form [1,34,35] Qi = Ae−Epi /RT



(4.1)



4.3. Diffusion coefﬁcient Transport of permeants in PV dehydration is generally governed by solution-diffusion mechanism: by the solubility and diffusivity of the feed mixture components to be separated. Accordingly, it is important to estimate diffusion coefﬁcient of the permeating molecules for better understanding and comparison of mass transport of the blended membranes. From the Fick’s law of diffusion, the component ﬂux can be expressed as [1,2]: Ji = −Di



dCi dx



(4.2)



where J, D and C are the component ﬂux, diffusion coefﬁcient and feed concentration of component i in membrane, respectively and x is the diffusion length. Assuming a linear concentration change across the membrane thickness (after neglecting vapor phase permeates concentrations), the diffusion coefﬁcient, Di can be written as [34]: Di =



Ji ı Ci,f



(4.3)



where Ji is the ﬂux of component i, ı is the membrane thickness and Ci,f is the concentration of component i in the feed mixture. The diffusion coefﬁcients of water and EG for CS–PVA blended membranes have been estimated from Eq. (4.3) and the values are reported in Table 2. For example, in Table 2, for the CS membrane of a thickness of 30 m, total ﬂux of 0.093 kg/(m2 h) and selectivity of 575; DW = 7.63 × 10−11 m2 /s and DEG = 1.59 × 10−12 m2 /s. It can be observed that the diffusion coefﬁcient of water was greater than ethylene glycol for the blended membranes which are hydrophilic. The diffusion coefﬁcients of water in the blended membranes were found to be higher than membrane prepared from PVA or CS only. Also, water diffusivities were found to be highest when the amount of CS is in the range of 70–80 wt% in the CS–PVA blend. For the dehydration of 10 wt% feed water mixture with CS–PVA3 blended membrane, water diffusivity was found to be almost two orders of magnitude higher than EG diffusivity.
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Fig. 9. Diffusion coefﬁcients of water and ethylene glycol against (a) feed water concentration (wt%) at 25 ◦ C and (b) temperature for 10 wt% water in feed mixture for crosslinked CS–PVA3 blended membrane.



In Fig. 9(a) and (b), the diffusivities of water and EG were presented as a function of feed water concentration and temperatures for CS–PVA3 membrane. As can be seen in Fig. 9(a), both water and EG diffusivities were found to increase almost linearly with an increase of water concentration in the feed mixtures. However, in Fig. 9(b), with the increase in temperature, the diffusion coefﬁcient of water and EG increase signiﬁcantly in exponential nature similar to the Arrhenius type behavior. This reveals that the blend membrane used in this study has remarkable ability for the separation of water–EG mixture, particularly, at lower concentrations of water in feed and at higher temperature. 4.4. Effect of CS contents Comparing the separation results presented in Table 2, for the feed mixture containing 10% water, CS–PVA3 shows the highest selectivity of 986 with a total ﬂux of 0.11 kg/(m2 h). In Fig. 10(a) and (b), the total ﬂux and selectivity are plotted against the CS amount (wt%) in the blend membrane at two different feed water concentrations. In Fig. 10(a), with increasing CS, the total ﬂux increases gradually (compare PVA, CS–PVA1 and CS–PVA2), reaching a maximum at around 70–80 wt% CS. The highest total ﬂux (0.96 kg/(m2 h)) for 90% water in the feed mixture (cf. Fig. 5(a)) was also obtained at around 75 wt% CS at 25 ◦ C. From Fig. 10(b), the blend membranes displayed a higher selectivity, over the whole range of CS (25–80 wt%), than the CS or PVA only membrane. The selectivity reaches a maximum at ∼75 wt% CS in the blend (as shown by the dotted lines in Fig. 10). It is well known that amorphous segments in polymers favor permeation, compared to crystalline region [30]. Since CS is more amorphous than PVA, the increase in CS in the blend membrane could increase the permeance through the membrane. The reasons for the maximum ﬂux and selectivity obtained



Fig. 10. (a) Total ﬂux and (b) selectivity against chitosan amount in the blend membranes (wt%) for two different feed water mixtures at 25 ◦ C.



at 70–80 wt% CS are unknown; however, it is observed that such an experimental ﬁnding appears to be related to variations in physicochemical properties of the blend membranes, e.g., contact angle, melting point and tensile strength, which all show a maximum at 70–80 wt% CS.



4.5. Comparison of results with the literature In Table 4, we have summarized previous studies relevant to this study. All these polymeric membranes differ from each other in membrane preparation (casting, phase inversion), crosslinking solution, module type (ﬂat or hollow ﬁber), separation temperature, type and concentration of feed mixtures. We could not ﬁnd any literature that studied CS–PVA blend membrane separation for EG–water mixtures. From Table 4, blend membranes showed better separation performance than component membranes at high temperatures. For dehydration of EG–water mixtures researchers have been using crosslinked PVA or CS membranes, showing a good ﬂux but somewhat poor selectivity. In this study, we prepared a series of blend membranes with varying CS contents (25–80 wt%) and found the blend membranes containing 70–80 wt% CS give improved separation results. Compared with the literature (Table 4), the CS–PVA3 blend membrane shows excellent total ﬂux (0.46 kg/(m2 h)) and selectivity (663) with a feed solution of 90% EG. Compared to the results of Wu et al. [15] and Feng and Huang [19] using crosslinked CS and PVA membranes, the CS–PVA3 blend membrane shows a better ﬂux (0.46 kg/(m2 h)) even with a relatively thicker membrane. The pervaporation separation index is the highest (PSI = 306 kg/(m2 h)) for the blend membrane in the present study. It should be noted that the separation performance of CS–PVA3 decreases once the amount of water in the feed exceeds 20%, as seen in Fig. 7.
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Table 4 Comparison of separation performance with the literature. Membranes (type)



Separation temperature (◦ C)



Type of mixture and (concentration of organics)



Film thickness (m)



Flux (kg/(m2 h))



Selectivity



PSI (kg/(m2 h))



References



PVA (homogeneous) CS–PSf (composite) CS–PVA3 (blend)



70 35 70



Ethylene glycol–water (80%) Ethylene glycol–water (90%) Ethylene glycol–water (90%)



15 4 34



0.21 0.3 0.46



933 103 663



196 31 304



[15] [19] This study



Note: Pervaporation separation index (PSI) = ﬂux × (1 − selectivity) [1].



5. Conclusions Effects of CS contents on the separation performance of CS–PVA blend membranes were studied for ethylene glycol dehydration. The blend membranes were prepared with solution casting of PVA mixed with different amounts of chitosan (25, 50, 70, 75 and 80 wt%). Trimesoyl chloride was used to crosslink the blend membranes. Good blend compatibility was conﬁrmed by DSC and XRD, whereas successful crosslinking was conﬁrmed by ATR-FTIR. Tensile test results showed improved blend membrane strength at breakup. Contact angle results conﬁrmed decrease in hydrophilicity after crosslinking. Pervaporation dehydration results show a high ﬂux and selectivity of the blend membranes, especially when the chitosan amount is between 70 and 80 wt%. At 25 ◦ C, the blend membrane containing 75 wt% chitosan showed a good permeation ﬂux and improved selectivity at 0.11 kg/(m2 h) and 986, respectively. With increasing temperature, the total ﬂux increased markedly without a signiﬁcant drop in selectivity. However, the selectivity was found to decrease markedly when the feed water concentration was above 20 wt%. Using CS–PVA blended membranes, estimated value of diffusivity of water was found to be greater than that of ethylene glycol. Comparing the results with the literature, we believe the new blend membranes developed in this study would be an excellent candidate for moderate temperature industrial PV dehydration of ethylene glycol solutions. Acknowledgements Financial support from the Natural Sciences and Engineering Research Council of Canada (NSERC), the Canada Research Chairs Program and the Canadian Foundation for Innovation (CFI) is gratefully acknowledged. The authors are grateful to Drs. M.M. Thiam and K. Kleinke for their kind assistance in the ATR-FTIR and XRD measurements. Appendix A. The total ﬂux (J) through the membrane was deﬁned as the total mass ﬂow of all the permeating components through the membrane per unit area per unit time [1]: J=



W At



(A1)



where J, the total ﬂux (kg/(m2 h), W, mass of the permeates (kg), A, effective membrane surface area (m2 ), and t, permeates collection time (h). Analysis of solvent composition from the permeate side was conducted by a gas chromatograph with a thermal conductivity detector (TCD) (HP 5890 Series II, USA). Separation factor was calculated from ˛WA =



yW /yA xW /xA



(A2)



where yW and yA are the vapor phase compositions of water and alcohol, respectively, and xW and xA are the feed phase compositions of water and ethylene glycol, respectively [1,2].



For comparing the separation performance, it is quite common to express the component ﬂux (Ji ) in terms of membrane permeance (Qi ) of the membrane using the following equation [35,36] Qi =



Ji



p



xi i poi − yi pi



(A3)
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