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Highly selective cellulose acetate (CA)/poly (vinyl alcohol) (PVA)/titanium dioxide (TiO2) imprinted membranes were synthesized by phase inversion and dip coating technique. The CA blend imprinted membrane was synthesized by phase inversion technique with CA as membrane matrix, polyethyleneimine (PEI) as the functional polymer, and the salicylic acid (SA) as the template molecule. The CA/PVA/TiO2 imprinted membranes were synthesized by dip coating of CA blend imprinted membrane in PVA and different concentration (0.05, 0.1, 0.2, 0.4 wt %) of TiO2 nanoparticles aqueous solution. The SEM analysis showed that the surface morphology of membrane was strongly influenced by the concentration of TiO2 nanoparticles. Compared with CA/PVA-TiO2(0.05, 0.1, 0.2%)-MIM, the CA/PVA-TiO2(0.4%)-MIM possessed higher membrane flux, kinetic equilibrium adsorption amount, binding capacity and better selectivity for SA. It was found that the pseudo-second-order kinetic model was studied to describe the kinetic of CA/PVA-TiO2(0.2%)-MIM judging by multiple regression analysis. Adsorption isotherm analysis indicated that the maximum adsorption capacity for SA were 24.43 mg g−1. Moreover, the selectivity coefficients of CA/PVA-TiO2 (0.2%)-MIM for SA relative to p-hydroxybenzoic acid (p-HB) and methyl salicylate (MS) were 3.87 and 3.55, respectively.
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INTRODUCTION

Salicylic acid (SA) is a well-known prominent active pharmaceutical ingredient (API) in various pharmaceutical preparations, especially in the preparation of anti-inflammatory drug acetylsalicylic acid (aspirin; Huang et al., 2013). It is also an important ingredient of cosmeceutical to unclog the pores, lighten the stain and reduce wrinkles (Jafari et al., 2012). However, on account of the poor technology of separation in the SA industrial production, it has been created a great deal of SA-contained industrial wastewater. Recently, SA has been identified as a water pollutant due to its chroma and high ecotoxicity, and it has been detected in sewage and even drinking water, which will damage to liver and kidney function, inducing protein denaturation and even causing the mucosal bleeding (Meng et al., 2013). Additionally, the high concentration of SA in SA-contained wastewater is difficult to be disposed by the general sewage treatment technology, which has resulted in losing a large number of valuable SA. Therefore, it is of great significance in developing efficient methods for selectively separating SA from SA-contained water.

In decade years, the molecular imprinting technology (MIT; Sellergren, 2000; Pan et al., 2011; Chen et al., 2015; Wang et al., 2016) has been used to introduce specific molecular recognition properties into molecularly imprinted membranes (MIMs; Zhang et al., 2011; Donato et al., 2013). MIM technology has made some advances in selectively separating target molecules from solutions by simple membrane permeation processes (Puoci et al., 2012; Wu et al., 2014a; He et al., 2015; Wang et al., 2015) such as low energy, simple device. However, the application of conventional MIM that obtained by surface photo-grafting polymerization is limited because of the drawbacks such as time-consuming, complex procedures, and high material loses in membrane preparation.

Recently, phase inversion technique is a new innovative way for the synthesis of MIM due to the simplicity of the processes. By using phase inversion method, the polymer matrices and functional polymer are dissolved in solvent containing template molecules. Then, interactions take place between the template molecules and the functional groups of polymer. The binding sites and membrane morphology are simultaneously formed when the casting solution coagulates in the non-solvent (Del Blanco et al., 2012; Dima et al., 2013). At present, various membrane materials, such as cellulose acetate (CA; Zafar et al., 2012), polyethersulfone (PES; Ahmad et al., 2013), polysulfone (PS; Peng et al., 2013), polyvinylidene fluoride (PVDF; Zhao et al., 2012), have been used in phase inversion technique. And various polymers, such as PES (Han et al., 2014), PBI (Székely et al., 2015), ANAA (Wang et al., 1996), AN (Cheku et al., 2008), have been used in the phase inversion for imprinted membranes. Compared with multiple membrane properties, CA membranes are suitably used in both water and wastewater treatments (Abedini et al., 2011; Ghaemi et al., 2012; Rana et al., 2012). However, the application of pure CA membrane is limited due to the insufficient hydrophilicity and low antifouling performance. As mentioned above, the drawbacks have been recognized as the main barriers for the further development of the CA membrane. Therefore, the aim of the present study is to develop the CA membrane with high antifouling performance and excellent molecular imprinting selectivity.

Recently, MIT has been used as promising method for waste water treatment (Puoci et al., 2012; He et al., 2015; Luo et al., 2015; Razali et al., 2015). In the context of these progress, porous CA blend imprinted membranes (CA-MIMs) were firstly synthesized here by phase inversion method with CA as the polymer matrice, polyethyleneimine (PEI) as the functional polymer, and the salicylic acid (SA) as the template molecule. Then, the CA-MIMs were modified with poly(vinyl-alcohol) (PVA) and nano-crystalline titanium oxide (TiO2, titania) nanoparticles to improve the hydrophilic and antifouling properties of MIMs. Finally, the performance of TiO2 nanoparticles concentration on the surface of CA composite membrane was discussed by membrane morphology, membrane flux, isothermal adsorption, selective adsorption, and transport-selectivity permeation.

EXPERIMENTAL

Materials

Cellulose acetate (CA), salicylic acid (SA), p-hydroxybenzoic acid (p-HB), methyl salicylate (MS), and dimethyl sulfoxide (DMSO) were obtained from Sinopharm Chemical Reagent (Shanghai, China). Isocyanates and Polyethyleneimine (PEI) (Mn = 70000), 50 wt % aqueous solution from Aladdin reagent was used as such. Nano-sized TiO2 (25 nm), poly(vinyl-alcohol) (PVA, 98% alcoholysis), and glutaraldehyde (GA) 25% (w/w) were also purchased from Sinopharm Chemical Reagent (Shanghai, China). Ultrapure water was used throughout this study.

Synthesis of Membranes

Synthesis of CA Imprinted and Non-Imprinted Membranes

The blend imprinted membranes were fabricated via phase inversion method, as shown in Figure 1. The homogeneous solution was prepared by dissolving CA, 50 wt % PEI and isocyanates with template SA by stirring for 4.0 h at 40°C. The total polymer concentration of casting solution was 13 wt % in DMSO as the solvent. The mass ratio of the CA/50 wt % PEI/ isocyanates was 10/1.5/0.75 and the content of SA in casting solution was ~0.3 wt %. Then, the blended PEI was crosslinked by isocyanates in the same solvent under magnetic stirring. After formation of a homogeneous solution, the casting solution was hold for around 24 h to remove the air bubbles. Then, the casting solution (0.45 mm) was cast on a polished glass substrate under ambient conditions. After 30 s the cast film was quickly immersed into the non-solvent (water) at least 1.0 h for removing most of the solvent and water-soluble polymer. The formed membrane sheet was subsequently peeled-off and preserved in deionized water. The blend imprinted membranes (MIM) was extracted with mixed solvents of methanol and acetic acid (9:1, v/v) in a Soxhlet apparatus to remove the templates SA. Additionally, the blend non-imprinted membrane (NIM) was prepared in the same procedure but without the templates.
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FIGURE 1. Schematic illustration of preparing TiO2 grafted CA/PVA molecularly imprinted membrane.



Synthesis of PVA Coated CA Membranes

The homogeneous PVA solution was obtained by dissolving 1.5 wt % of PVA in water by mechanical stirring (24 h at 90°C). After that, the PVA was coated on the surface of CA membrane via dip coating technique. To reduce the membrane swelling, the PVA coated CA membranes were immersed in the cross-linking solution containing 5.0 wt % of GA and 0.5 wt % of H2SO4 for 2.0 min at room temperature. H2SO4 was the catalyst of the chemical cross-linking reaction. The reaction process of PVA with GA was shown in Figure 1.

Synthesis of TiO2 Grafted CA Membranes

The whole preparation process of TiO2 grafted CA imprinted membrane was shown in Figure 1. Firstly, TiO2 nanoparticles suspensions were prepared by dispersing various concentrations (0.05, 0.1, 0.2, 0.4 wt %) of TiO2 nanoparticles in deionized water. To avoid the agglomeration of nanoparticles, the TiO2 suspensions were stirred vigorously for 60 min with sonication. Then, the PVA coated CA membranes were immersed in the TiO2 nanoparticles suspensions with continuous shaking for 1.0 day at 25°C. Afterwards, the TiO2 grafted CA composite membranes were immersed in deionized water using tip ultrasound equipment for 2.0 h to remove the non-grafted nanoparticles. Finally, all CA/PVA coated with TiO2 membranes (CA/PVA-TiO2(0.05%), CA/PVA-TiO2(0.1%), CA/PVA-TiO2(0.2%), and CA/PVA-TiO2(0.4%) were washed with water at least three times and preserved in deionized water before tests.

Characterization

The surface micrographs of pure CA and its TiO2 grafted CA composite membranes were observed by scanning electron microscopy (SEM, S-4800). Before photographing, all the prepared membranes were cleaned with deionized water and dried in vacuum then fractured. The dried membrane samples were gold sputtered for producing electric conductivity, and were operated with the microscope.

Membrane Flux Experiments

The membrane was fitted on the ultrafiltration cell (UF-8010, Amicon) with the effective membrane area 4.9 cm2. A aqueous solution containing 50 mg L−1 SA was prepared as the feed solution to measure the membrane flux. The feed solution permeated through different membranes and the flux of the different membranes could be calculated by Equation (1):
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where J is the flux of the membrane (mL cm−2 min−1), V is the volume of permeate solution (mL), t and s are the operation time (min) and effective area of the membrane (cm2), respectively.

Batch Mode Binding Experiments

The adsorption kinetics experiments were carried out to determine the adsorption equilibrium time and rate-limiting factor of prepared CA membranes for the template SA. The prepared membranes were placed in 10 mL centrifuge tubes containing 9.0 mL of SA methanol-water solutions (100 mg L−1). These mixtures were shaken on a constant temperature shaker. At different points of time, the concentration of SA in the solutions were obtained and determined by UV spectrophotometer at a wavelength of 303 nm. The binding amounts (q, mg g−1) were determined by the following Equation (2), and the time of adsorption equilibrium was obtained.
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where C0 and Ct (mg L−1) are the feed concentration at the initial time and the sampling time, respectively. V and W are the volume of the solution (mL) and weight of the prepared membrane (g), respectively.

The batch binding experiments were performed in 10 mL centrifuge tubes containing prepared membrane and contained 9.0 mL SA methanol-water solution with different concentrations ranging from 25 to 300 mg L−1. These centrifuge tubes were placed in 25°C water bath for 3.0 h. After reaching adsorption equilibrium, the residual concentrations of SA in the solution were determined by UV spectrophotometry. Then the equilibrium binding amounts (qe, mg g−1) were calculated with Equation (3):
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where C0 and Ct (mg L−1) are the feed concentration at the initial time and the saturated binding time, respectively. V (mL) and W (g) are the volume of the solution and the weight of the prepared membrane, respectively.

Selective Recognition Experiments

To investigate the selective properties of SA, both p-HB and MS were selected as the similar compounds. A piece of membrane was added into a 10 mL centrifuge tube, each of which contained 9.0 mL the coexisting compound solution with 15 mg L−1 of SA and contrast substance (p-HB or MS), respectively. After adsorption, the concentration of substrate (SA, p-HB, MS) in the solution were determined by UV spectrophotometry and the binding amounts of membrane for SA and the analogs were calculated as the procedure of the batch binding experiments.

The distribution coefficient (Kd) and selectivity coefficient (α) of p-HB and MS with respect to SA were obtained according to Equations (4, 5):
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Kd (mL g−1) is the distribution coefficient, qe (mg g−1) and Ce (mg L−1) are the equilibrium binding amount and the equilibrium concentration of adsorption in solution, respectively.

The selectivity coefficient (α) was obtained according to the following equation:
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where i and j represent the template and the competitive analog, respectively.

Antifouling Experiments

The CA/PVA-TiO2(0.2%)-MIM was subjected to a 600 ppm BSA solution to evaluate its antifouling properties. The BSA solution flux was calculated nine times in 3 h. The rate of magnetic stirrer was set to 300 rpm to reduce the effect of concentration polarization of CA/PVA-TiO2(0.2%)-MIM. And then the BSA solution was replaced with distilled water, and the rate of magnetic stirrer was set to 500 rpm for 30 min. The flux recovery ratio (FRR) of the CA/PVA-TiO2(0.2%)-MIM was calculated by the following equation:
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where Jwb and Jwa (mL cm−2 min−1) are the pure water fluxes of the CA/PVA-TiO2(0.2%)-MIM before and after BSA solution filtration. The formation of fouling layer on the surface of CA/PVA-TiO2(0.2%)-MIM and concentration polarization will cause the reversible fouling that can be reversed (cleaned) by washing using distilled water. The reversible fouling (RFr) was calculated by the following equation:
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Where JBSA (mL cm−2 min−1) was the BSA soultion flux of the CA/PVA-TiO2(0.2%)-MIM. However, the adsorption on the surface of the CA/PVA-TiO2(0.2%)-MIM cannot be cleaned (reversed) by distilled water washing, and it only can be cleaned by chemical washing. This was named irreversible fouling that was calculated by the following equation:
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RESULTS AND DISCUSSION

Scanning Electron Microscopy (SEM) Analysis

Figure 2 shows the surface morphologies of PVA/CA composite modified imprinted membranes with TiO2 nanoparticles. It can be observed that there is an amount of TiO2 nanoparticles grafted on the surface of PVA/CA composite membrane. With the increasing concentration of TiO2 nanoparticles, the nano-sized TiO2 particles tended to form aggregates and dispersed onto the PVA/CA membrane surface. Due to the hydroxyl functional groups (O-H) on the surface of PVA/CA composite membrane, the Ti4+ from TiO2 nanoparticles were bond with the oxygen forming O-H bonds of membrane structure. There are hydroxyl functional groups (O-H) on the structure of cross-linked PVA composite membrane. The TiO2 nanoparticles were difficult to be washed and removed from membrane surface, which could be ascribed to the self-assembly of TiO2 and the strong interaction between TiO2 and PVA polymer.


[image: image]

FIGURE 2. The surface SEM image of PVA/CA composite modified imprinted membranes with TiO2 nanoparticles: (A) 0.05 wt % TiO2; (B) 0.1 wt % TiO2; (C) 0.2 wt % TiO2; (D) 0.4 wt % TiO2.



Membrane Flux Experiments

To determine the hydrophilicity performance of membrane, the filtration experiments carried out in dead-end cells, and the experimental filtration rig was shown in Figure 3. The membrane flux was performed at the trans-membrane pressure of 0.15 Mpa (An et al., 2013; Meng et al., 2014; Shao et al., 2014) and the results were presented in Figure 4.
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FIGURE 3. The experimental filtration rig.
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FIGURE 4. Membrane flux of Pure CA and CA/PVA-TiO2(0.05%)-MIM/NIM (A) ; Pure CA and CA/PVA-TiO2(0.1%)-MIM/NIM (B); Pure CA and CA/PVA-TiO2(0.2%)-MIM/NIM (C); Pure CA and CA/PVA-TiO2(0.4%)-MIM/NIM (D). (The experiment was repeated three times, the data averaged. The standard deviations (sd) of all the data point are lower than 0.68).



As shown in Figure 4A, the pure CA membrane has the lowest membrane flux, which could be ascribed to the denser membrane structure and less pores of pure CA membrane. In the Figures 4A–D, compared with the flux of pure CA membrane, CA/PVA-TiO2-MIM and CA/PVA-TiO2-NIM presented higher flux values, due to the hydrophilic TiO2 on membrane surface. Furthermore, the flux values were high at beginning and gradually declined with the increase of operation time, which could be ascribed to the pore structure and binding sites in membranes as for the results discussed in the SEM analysis. We suspected that the decrease of flux values was attributed to the jammed inner pores and SA adsorption. In addition, the CA/PVA-TiO2-MIM exhibited higher membrane flux than that of CA/PVA-TiO2-NIM at similar pressure. This result suggested that the CA/PVA-TiO2-MIM prepared by phase inversion imprinting technique and grafted by TiO2 was beneficial to the mass transport for SA-contained aqueous solution, which facilitated the recognition capability between membrane and SA molecules.

The modification of different amount of TiO2 nanoparticles on the CA/PVA composite membranes had brought changes to the membrane flux. As expected, the flux profiles of CA/PVA-TiO2(0.05%)-MIM/NIM, CA/PVA-TiO2(0.1%)-MIM/NIM, CA/PVA-TiO2(0.2%)-MIM /NIM and CA/PVA-TiO2(0.4%)-MIM/NIM were remarkably increased with the increasing concentration of grafted TiO2 (see Figures 4A–D). This was mainly due to the hydrophilic and antifouling of TiO2, which increased the interaction between water molecules and modified membranes. Consequently, the grafted TiO2 could easily enhance the permeate rate between the membrane and permeants, and thereby leading to high flux of the TiO2 modified CA/PVA composite membranes.

Batch Adsorption Kinetics

The adsorption rate was a crucial parameter used to reflect the adsorption process. Figure 5 showed the adsorption kinetic curves of SA on MIM (CA/PVA-TiO2(0.05%, 0.1%, 0.2%, 0.4%)-MIM) and NIM (CA/PVA-TiO2(0.05%, 0.1%, 0.2%, 0.4%)-NIM) from methanol aqueous solution containing 100 mg L−1 SA at different sampling time. It could be seen that the adsorption equilibrium time of MIM and NIM were 15 and 30 min, respectively. It was reasonable to assume that a large amount of specific imprinting sites existed in MIM, thus it was easier for the template SA to bind with the imprinting sites and the MIM reached the adsorption equilibrium faster than NIM. With the template SA binding with the imprinting sites, the subsequent templates hardly be recognized by the sites under the effect of diffusion resistance, so that the adsorption rate of SA increase slowly and the reached equilibrium. In this study, it was found that the adsorption kinetic of CA/PVA-TiO2(0.2%)-MIM for SA was much higher than that of other corresponding imprinted membranes. It suggested that the templates SA were much easier to access the CA/PVA-TiO2(0.2%)-MIM than other membranes.
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FIGURE 5. Comparison of the adsorption kinetics of different membranes: (A) CA/PVA-TiO2(0.05%)-MIM and NIM, (B) CA/PVA-TiO2(0.1%)-MIM and NIM, (C) CA/PVA-TiO2(0.2%)-MIM and NIM and (D) CA/PVA-TiO2(0.4%)-MIM and NIM. (The experiment was repeated three times, the data averaged. The standard deviations (sd) of all the data point are lower than 0.53).



To further investigate the underlying mechanism of adsorption processes, the kinetics of SA adsorption on CA/PVA-TiO2(0.2%)-MIM and CA/PVA-TiO2(0.2%)-NIM were analyzed by two typical kinetic models: the pseudo-first-order (Equation 9) and pseudo-second-order rate equation (Equation 7) (Wu et al., 2014b). The pseudo-first-order model can be described in following equation:
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where qe and qt (mg g−1) represent the adsorption capacity at equilibrium and any time t (min), respectively. k1 (min−1) present the pseudo-first-order rate constant of adsorption.

The pseudo-second-order model can be expressed as follows:
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k2 (g mg−1 min−1) present the pseudo-second-order rate constant of adsorption.

In this study, the adsorption kinetic constants and non-linear regression values were listed in Table 1, and the non-linear regression plots of the two models for SA binding were presented in Figure 6. The correlation coefficient (R2) was used to judge the applicability of the kinetic models. As shown in Table 1, the correlation coefficient values (R2 values above 0.95) of the adsorption processed on CA/PVA-TiO2(0.2%)-MIM or CA/PVA-TiO2(0.2%)-NIM by pseudo-second-order kinetic model were higher than that by pseudo-first-order model. The pseudo-second-order model exhibited the favorable agreement between the theoretical qe values (qe, cal) and the experimental qe values (qe, exp), while the opposite result was found for the pseudo-first-order model. Therefore, the results suggested that the pseudo-second-order kinetic model was well-described the adsorption behavior of SA.


Table 1. Kinetics constants for the pseudo-first-order and pseudo-second-order equations.
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FIGURE 6. The non-linear regression of kinetic models for CA/PVA-TiO2(0.2%)-MIM and CA/PVA-TiO2(0.2%)-NIM.



Adsorption Isotherm

To evaluate the adsorption performance of the MIM and NIM for SA, the adsorption isotherm experiments were carried out at room temperature. As shown in Figure 7, the equilibrium adsorption capacities increased gradually with the increase of the SA initial concentration, and ultimately reached an equilibrium value due to the saturation of static adsorption behavior. It can also be observed that the adsorption capacity of MIM was high than that of NIM, which might be ascribed to a great deal of chemical imprinting sites in MIM, so that SA molecules were more easily interacting with MIM. The NIM showed non-selective physical adsorption toward SA molecules. Furthermore, the adsorption capacity of CA/PVA-TiO2(0.2%)-MIM toward SA was much higher than that of CA/PVA-TiO2(0.05%)-MIM, CA/PVA-TiO2(0.1%)-MIM, CA/PVA-TiO2(0.2%)-MIM, and CA/PVA-TiO2(0.4%)-MIM. The results suggested that the CA/PVA-TiO2(0.2%)-MIM were the optimal imprinted membrane in the present work.
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FIGURE 7. Comparison of the adsorption isotherms of different membranes: (A) CA/PVA-TiO2(0.05%)-MIM and NIM, (B) CA/PVA-TiO2(0.1%)-MIM and NIM, (C) CA/PVA-TiO2(0.2%)-MIM and NIM and (D) CA/PVA-TiO2(0.4%)-MIM and NIM. (The experiment was repeated three times, the data averaged. The standard deviations (sd) of all the data point are lower than 0.65).



In this study, the equilibrium data for SA onto CA/PVA-TiO2(0.2%)-MIM and CA/PVA-TiO2(0.2%)-NIM were fitted by two classical isotherm models, i.e., The Langmuir model (Equation 11; Xue et al., 2009) and Freundlich model (Equation 12; Yi et al., 2011).
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where Ce (mg L−1) represents the equilibrium concentration of SA. qe (mg g−1) and qm (mg g−1) represent the equilibrium amount and the maximum adsorption capacity of SA, respectively. KL is the Langmuir constant related to the affinity of the adsorption sites. KF and 1/n are Freundlich constants related to the capacity and intensity of the adsorption, respectively.

A comparison of the isotherm models for SA adsorption onto CA/PVA-TiO2(0.2%)-MIM and CA/PVA-TiO2(0.2%)-NIM with non-linear regression were shown in Figure 8 and the adsorption isotherm constants were given in Table 2. The correlation coefficient (R2) was used to judge the applicability of the isotherm models. As shown in Table 2, the experimental data were well-fitted by the two models (Langmuir and Freundlich models) with R2 values: 0.9932, 0.9921; 0.9899, 0.9587 for CA/PVA-TiO2(0.2%)-MIM and CA/PVA-TiO2(0.2%)-NIM, respectively. Apparently, the correlation coefficient was higher with the Langmuir model than with the Freundlich model, which indicated that the Langmuir model provided better fitting for CA/PVA-TiO2(0.2%)-MIM and CA/PVA-TiO2(0.2%)-NIM separately. The calculated maximum adsorption capacities of CA/PVA-TiO2(0.2%)-MIM and CA/PVA-TiO2(0.2%)-NIM were 24.4338 mg g−1 and 3.9295 mg g−1, respectively.
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FIGURE 8. Adsorption isotherms of SA on the CA/PVA-TiO2(0.2%)-MIM and CA/PVA-TiO2(0.2%)-NIM with the fitting to the Langmuir model and the Freundlich model.




Table 2. The adsorption isotherm constants for CA/PVA-TiO2(0.2%)-MIM and CA/PVA-TiO2(0.2%)-NIM at 25°C.
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In addition, the binding affinity and the theoretical binding site number for template of CA/PVA-TiO2(0.2%)-MIM was further evaluated by Scatchard analysis. The equation is as follows:

[image: image]

where q (mg g−1) is the equilibrium adsorption capacity of SA on CA/PVA-TiO2(0.2%)-MIM, qmax (mg g−1) is the maximal adsorption capacity of CA/PVA-TiO2(0.2%)-MIM for SA, C (mg mL−1) is the SA concentration in the test solution, and Kd (mg mL−1) is the dissociation equilibrium constant.

Figure 9 showed the Scatchard plot of the adsorption of CA/PVA-TiO2(0.2%)-MIM for SA. The two distinct linear sections within the plot of q/C on the vertical axis and C on the horizontal axis were yielded by linear regression analysis. It was found that there existed two types of binding sites in respect to the affinity for SA of the CA/PVA-TiO2(0.2%)-MIM. As shown in Table 3, the two sets of binding parameters (Kd1 = 0.20 mg mL−1, qmax1 = 14.56 mg g−1 and Kd2 = 0.52 mg mL−1, qmax1 = 29.32 mg g−1) were obtained by the slopes and intercepts with the horizontal axis, which was corresponding to the high-affinity and low-affinity binding sites.
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FIGURE 9. Scatchard curve for CA/PVA-TiO2(0.2%)-MIM.




Table 3. Results of the Scatchard analysis.
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Selectivity Binding

The selective adsorption ability of prepared membranes was evaluated toward competitive species SA, p-HB, and MS. The selective binding experiments for the similar compounds on different membranes were all carried out under same experimental conditions.

The results of distribution coefficient (Kd) and selectivity coefficient of the sorbent (α) were summarized in Table 4. As shown in Table 4, the α-values of pure CA for SA relative to p-HB and MS were 0.96 and 0.94, respectively, indicating that pure CA was almost non-selectivity for SA. Table 4 also presented that the α-values of CA/PVA-TiO2(0.2%)-MIM for SA relative to p-HB and MS were higher (3.87 and 3.55, respectively), and the corresponding α of CA/PVA-TiO2(0.2%)-NIM were much lower (1.14 and 1.24, respectively). Obviously, the above fact fully displayed that MIM had stronger selective recognition ability than NIM, whereas the separation factor for p-HB was higher than that for MS.


Table 4. Parameters of batch adsorption selectivity of prepared membranes.
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Furthermore, the separation effect of MIM with various concentrations of TiO2 were evaluated and the α-values of CA/PVA-TiO2(0.05%), CA/PVA-TiO2(0.1%), CA/PVA-TiO2(0.2%), and CA/PVA-TiO2(0.4%) imprinted membranes for SA in relation to p-HB were 2.65, 3.64, 3.87, and 3.76, respectively, thus showed well-imprinting effect. This revealed that the grafted TiO2 may be beneficial to improve the effective adsorption sites in the CA blend imprinted membranes. Clearly, the α-value of CA/PVA-TiO2(0.2%)-MIM was highest among the prepared imprinted membranes, α-value of CA/PVA-TiO2(0.4%)-MIM was lower than that of CA/PVA-TiO2(0.2%)-MIM. It found that the MIM with large amount of TiO2 may not obtain a high selective recognition ability for SA. Excessive TiO2 on CA/PVA-TiO2(0.4%)-MIM may lead to limit the imprinting effect for SA with the increase of jammed pores. Consequently, the above results suggested that CA/PVA-TiO2(0.2%)-MIM could be selected as the optimal imprinted membrane in selective binding experiments. experiments.

Regeneration and Reproducibility of Membranes

To evaluate the stability and regeneration of the CA/PVA-TiO2(0.2%)-MIM, the regeneration experiment was performed at the SA concentration of 100 mg L−1. After adsorption of SA onto CA/PVA-TiO2(0.2%)-MIM, the SA-adsorbed CA/PVA-TiO2(0.2%)-MIM was regenerated using the methanol/acetic acid (9:1, v/v) mixed solvent and deionized water. As shown in Figure 10, the adsorption-desorption experiment was repeated five times using the same CA/PVA-TiO2(0.2%)-MIM membrane. Obviously, the CA/PVA-TiO2(0.2%)-MIM could be effectively reused for five times with only about 9.17% decrease of initial binding capacity. This result suggested that the CA/PVA-TiO2(0.2%)-MIM could be reused at least five times without significant decrease in their adsorption capacities.


[image: image]

FIGURE 10. Adsorption-desorption cycles for CA/PVA-TiO2(0.2%)-MIM.



In 3 weeks, the CA/PVA-TiO2(0.2%)-MIM was synthesized for three times, and the batch adsorption kinetics and the adsorption isotherm were studied in order to demonstrate its reproducibility of synthesis. The adsorption kinetics and adsorption isotherm of three batches were given in Figure 11, in which the first batch was named CA/PVA-TiO2(0.2%)-MIM-1, and so on. It was found that the adsorption properties of CA/PVA-TiO2(0.2%)-MIM was stable from Figure 11.


[image: image]

FIGURE 11. Comparison of the adsorption isotherms and adsorption kinetics of three batches CA/PVA-TiO2(0.2%)-MIM. CA/PVA-TiO2(0.2%)-MIM-1 is the first group, CA/PVA-TiO2(0.2%)-MIM-2 is the second group and CA/PVA-TiO2(0.2%)-MIM-3 is the third group. (The experiment was repeated three times, the data averaged. The standard deviations (sd) of all the data point are lower than 0.72).



Antifouling Ability of Membranes

The CA/PVA-TiO2(0.2%)-MIM was tested by BSA solution filtration to evaluate its antifouling properties. Figure 12 showed how the BSA solution flux changes as a function of filtration time. The BSA solution flux decreased at the early stage of the filtration and kept constant after 60 min from the Figure 12. This was because that at the beginning of filtration the surface of the CA/PVA-TiO2(0.2%)-MIM absorbed some protein molecules and the BSA solution flux decreased. And then the rate of the attachment of protein molecules to the surface of the CA/PVA-TiO2(0.2%)-MIM was almost the same as the rate of the release of protein molecules from the surface, therefore, the BSA solution flux reached steady state.


[image: image]

FIGURE 12. BSA solution flux of the CA/PVA-TiO2(0.2%)-MIM. (The experiment was repeated three times, the data averaged. The standard deviations (sd) of all the data point are lower than 0.69).



As the key parameters for the evaluation of the fouling resistant properties of the membranes, the flux recovery ration (FRR), reversible fouling (FRr) and irreversible fouling (FRri) was calculated according to the Equations 6–8. An membrane with higher antifouling performance will have a higher FRR and a lower FRr and FRri. The FRR of CA/PVA-TiO2(0.2%)-MIM reached 91%, and the FRr and FRri are 24.3 and 9.0%. It indicated that the CA/PVA-TiO2(0.2%)-MIM had very good antifouling performances.

CONCLUSIONS

In this work, a series of TiO2 grafted CA/PVA composite imprinted membranes for template SA were synthesized combining phase inversion technique and dip coating technique. The characteristics, membrane flux, kinetics, adsorption capacities, selectivity, and regeneration were studied in detail. Morphological analysis and membrane flux showed that the surface morphology and hydrophilicity were strongly improved with the concentration of grafted TiO2. The adsorption kinetic analysis suggested that the CA/PVA-TiO2(0.2%)-MIM was the optimal imprinted membrane and possessed high kinetic equilibrium adsorption capacity for the binding of SA. The adsorption capacity of CA/PVA-TiO2(0.2%)-MIM can reach above 4.8 mg g−1 after 25 min. The pseudo-second-order kinetic model was able to predict the adsorption behavior of SA on CA/PVA-TiO2(0.2%)-MIM and implied that the adsorption process was a chemical process. Moreover, adsorption isotherm analysis showed that the CA/PVA-TiO2(0.2%)-MIM had high binding capacity for SA. The limit binding capacity of CA/PVA-TiO2(0.2%)-MIM could meet 7.1 mg g−1 when the concentration of SA is 150 mg L−1. The selectivity binding results revealed that the CA/PVA-TiO2(0.2%)-MIM had excellent selective recognition ability for SA in respect to the competitive analogs. The α-values of CA/PVA-TiO2(0.2%)-MIM for SA relative to p-HB and MS were 3.87 and 3.55. The regeneration experiment exhibited that the CA/PVA-TiO2(0.2%)-MIM could be reused at least five adsorption-desorption cycles without decreasing the binding capacity significantly. The CA/PVA-TiO2-MIM had good performance of adsorption capacity, selectivity binding, regeneration and antifouling ability. The real wastewater had complex components, and further studies would be performed to extend this research to separate SA from complex matrix.
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