

  technologies-06-00092




technologies-06-00092







Technologies 2018, 6(4), 92; doi:10.3390/technologies6040092




Article



Preparation of TiO2-Poly(3-Chloro-2-Hydroxypropyl Methacrylate) Nanocomposite for Selective Adsorption and Degradation of Dyes



M. Shamim Hossan and Bungo Ochiai *[image: Orcid]





Department of Chemistry and Chemical Engineering, Graduate School of Science and Engineering, Yamagata University, Jonan 4-3-16, Yonezawa, Yamagata 992-8510, Japan









*



Correspondence: ochiai@yz.yamagata-u.ac.jp; Tel.: +81-238-26-3092







Received: 19 July 2018 / Accepted: 28 September 2018 / Published: 2 October 2018



Abstract

:

We report a new nanocomposite TiO2-poly(3-chloro-2-hydroxypropyl methacrylate) (TiO2-PCHPMA) for selective adsorption/degradation of cationic dyes and degradation of anionic dyes. TiO2-PCHPMA was prepared by free radical polymerization of CHPMA in the presence of TiO2 modified with 3-(trimethoxysilyl)propyl methacrylate. TiO2-PCHPMA adsorbed cationic methylene blue (MB), but did not adsorb anionic methyl orange (MO) in their aqueous solutions. The adsorption efficiency for MB reached 99% within 5 min at 28 °C, and adsorbed MB could be recycled in 96% efficiency. The adsorption accelerated degradation of MB under UV irradiation. The degradation of anionic MO proceeded completely with TiO2-PCHPMA under UV irradiation, and the efficiency was not affected by the PCHPMA layer. TiO2-PCHPMA is potentially applicable as a material capable of selective removal and recovery of cationic dyes, and degradation of other dyes from industrial effluents.
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1. Introduction


Dyes are extensively used in various industrial processes, and their annual market is more than 7 × 105 t/year [1]. More than 10% of the amounts of dyes are discharged into the environment during industrial process [2]. Specifically, synthetic dyes composed of structures with stable aromatic backbones are not biodegradable, and their polluting nature is of considerable environmental concern [3]. Materials for degradation and removal of such dyes are in high demand.



TiO2 has been widely used as an efficient photocatalyst for degradation of various pollutants due to its high activity associated with the low cost, low toxicity, and high photo- and chemical stability [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53]. The structure of TiO2 can be tailored by surface modification or doping for enhancement of the performance of TiO2 on photocatalytic activity, availability of pollutant, processability etc. [49,50]. For example, TiO2 has been hybridized or modified with metals [5,6,7], organic substances including polymers [23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48], and carbon materials [8,9,10] including carbon nanotubes [11,12,13], activated carbon [14,15,16], graphene [17,18,19], and graphene oxide [20,21,22]. Such modifications sometimes deteriorate the photocatalytic performance due to prevention of charge transfer. Accordingly, appropriate designs are necessary to develop TiO2 materials with additional properties.



Selectivity is a major drawback of TiO2, but is very important in targeting pollutants in the treatment of waste water, which typically contains high concentration of non-hazardous substances. For selective photocatalytic degradation, the surface structure is the important factor in controlling the selectivity of adsorption. Ionic surfaces on TiO2 enable selective degradation of cationic and anionic pollutants by interactions with organic pollutants with opposite charges [42,43,50,51,52]. For example, TiO2 with positive and negative surface charges fabricated using Na2CO3 and NH4OH is highly active for selective degradation of cationic methylene blue (MB) and anionic methyl orange (MO), respectively, from their aqueous mixture [52]. Molecular imprinting was also employed for selective degradation. TiO2 coated with thin layers of polymers imprinting 2-nitrophenol and 4-nitrophenol was prepared by polymerization of o-phenylenediamine in the presence of TiO2 nanoparticles and the target molecules. The resulting imprinted TiO2 composites photodegraded the targets predominantly over other coexisting pollutants [44]. Control of polarity was also used for selective adsorption [45]. Hydrophobic TiO2 can be prepared by modifying the surface of TiO2 nanoparticles (P25) with long alkyl chains such as n-octyl groups (MS-P25oct). The hydrophobic character of MS-P25oct enabled adsorption of hydrophobic substances, which led to selective degradation of 4-nonylphenol (NLP). Contrary to this TiO2, a core-shell nanocomposite consisting of P25 and mesoporous silica (CMS-P25) with a more hydrophilic surface was developed for selective degradation of NLP and phenol (PL) from an aqueous mixture of NLP, PL, and nonane, while the mechanism of the selection is unclear [46]. Such selectivity depends on the characters of the functional groups and the spaces to capture target pollutants, and the modification to improve affinity basically assisting selective degradation. Challenges for such modification involve higher selectivity, higher stability, and higher capacity.



In this study, we designed TiO2-poly (3-chloro-2-hydroxypropyl methacrylate) (TiO2-PCHPMA) as a photocatalyst for recycling and degradation of dyes with selectivity depending on the ionic character of the dyes. PCHPMA has been employed as a scaffold of modification with various functionalities for selective interactions in aqueous media by the electrostatic interaction of the chloroalkyl moieties and the moderate hydrophilicity of the hydroxy groups [54].



In the course of our study, TiO2-PCHPMA was synthesized and examined for removal of organophosphorus pesticides for comparison with TiO2 modified with polystyrene [55]. However, this TiO2-PCHPMA showed weaker interaction with the examined pesticides than the polystyrene analogue. The pesticides consist of hydrophobic and non-ionic structures, and the similarity with polystyrene resulted in the higher removal efficiency of TiO2 modified with polystyrene. The utility of PCHPMA depends on the chloroalkyl moieties for selective interactions, namely the electrostatic interactions based on the Lewis-basic chloride group. We targeted electrostatic selection of ionic dyes for separation and degradation. The adsorption and degradation experiments of dyes using TiO2-PCHPMA were conducted, and revealed that TiO2-PCHPMA is an efficient material for adsorption of MB and photocatalytic degradation of MO. As a result of selective adsorption, MB could be either recycled or degraded. This clear difference originated from the electrostatic adsorption of MB on the layer of PCHPMA and the moderate hydrophilicity of PCHPMA allowing diffusion of MO around the TiO2 core.




2. E.xperimental Section


2.1. Materials


Tetra-isopropyl orthotitanate (TIPOT), 3-chloro-2-hydroxypropyl methacrylate (CHPMA), and 3-(trimethoxysilyl)propyl methacrylate (MPS) were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Dibenzoyl peroxide (BPO), methylene blue (MB), methanol (MeOH), ethanol (EtOH), 1,4-dioxane, acetic acid, and aqueous ammonia solution (28 wt%) were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Methyl orange (MO) was purchased from Wako Pure Chemical Industry, Ltd. (Tokyo, Japan). Water was purified with MINIPURI TW-3000RU (Nomura Micro Science Co., Ltd., Kanagawa, Japan). All materials used were analytical grade reagents, and used without further purification.




2.2. Measurements and Instrument


Scanning electron microscopy (SEM) measurements were conducted on a Hitachi SU8000 microscope (Hitachi, Ltd., Tokyo, Japan). Energy-dispersive X-ray (EDX) analysis was carried out on a JEOL JSM-6510A scanning electron microscope (JEOL Ltd., Tokyo, Japan) equipped with a JEOL JED 2300 EDX spectrometer. The samples for EDX were molded as disks and placed on a carbon tape. Transmission electron microscopy (TEM) measurements were carried out on a JEOL TEM-2100F field emission electron microscope. Hydrodynamic size and zeta potential were measured by dynamic light scattering (DLS) analysis conducted on a Malvern Zetasizer Nano ZS instrument (Malvern Instruments, Ltd., Malvern, UK). Fourier transform infrared (FTIR) spectra were measured on a JASCO FT/IR-460 spectrometer (JASCO Co., Tokyo, Japan). Thermogravimetric analysis (TGA) was carried out on a Seiko (Tokyo, Japan) TG/DTA 6200 (EXSTER6000) instrument at a heating rate of 10 °C/min under N2 atmosphere. A UV visible light (input current 1.35 A, 121 W, frequency 50 Hz) model HLR100T-2 (SEN lights corp., Osaka, Japan) was utilized as the illumination light source. Optical absorbance was measured on a HACH DR 5000 UV visible spectrometer (HACH Com., Loveland, Colorado, USA). Centrifugation was carried out on a Kubota KN-70 centrifugation machine (Kubota Corp., Osaka, Japan). Cyclic voltammetry (CV) measurements were carried out on an ECstat-301 potentio/galvnostat analyzer (EC Frontier, Kyoto, Japan). The working electrodes were prepared by drying a Pt electrode dipped into 0.1 g/L THF solutions of the samples. Ag and Pt were employed as the reference and counter electrodes, respectively. Supporting electrolyte was 0.1 M NaCl solution.




2.3. Preparation of TiO2 Nanoparticles from TIPOT


TIPOT (7.68 g, 2.70 × 10−2 mol) was dispersed in 20 mL of EtOH with magnetic stirring for 20 min. Then, a mixture of acetic acid (1.2 mL) and deionized water (250 mL) was added to the dispersion under vigorous magnetic stirring, and the reaction was continued for 20 h at 60 °C. After the reaction, the product was collected by centrifugation and washed with EtOH. This centrifugation–dispersion washing process was repeated 5 times. TiO2 nanoparticles were obtained by drying at 60 °C for 24 h under vacuum (2.12 g, 2.65 × 10−2 mol, 98.2% yield).




2.4. Preparation of TiO2-MPS


TiO2 (2.02 g) was dispersed in EtOH (50 mL) by ultrasonication for 30 min. Then, deionized water (1.25 g), NH3 solution (0.62 g), and MPS (1.11 g, 2.32 × 10−4 mol) were added to the dispersion. The mixture was magnetically stirred for 24 h at 60 °C under a nitrogen atmosphere. The product was collected after 5 times of centrifugation–dispersion with EtOH. TiO2-MPS was obtained by drying at 60 °C for 24 h under vacuum (1.82 g, 58.1% yield).




2.5. Preparation of TiO2-PCHPMA


TiO2-MPS (1.53 g) was dispersed in 1,4-dioxane (20 mL) in a round-bottomed flask immersed in a thermostat oil bath maintained at 70° C. CHPMA (3.10 g, 3.47 × 10−4 mol) and BPO (15 mg, 1.2 × 10−6 mol) were added to the flask. The free radical polymerization was conducted at 70 °C for 24 h under a nitrogen atmosphere. The product was washed 5 times with centrifugation–dispersion in EtOH. TiO2-PCHPMA was obtained by drying at 60 °C for 24 h under vacuum as a yellowish solid (1.31 g, 28.3% yield).




2.6. Adsorption Experiment


The solutions of MB and MO (10 mg/L) were prepared by dissolving in purified water. Experiments on the adsorption of these dyes were carried out using 8 mg of adsorbents TiO2-PCHPMA or PCHPMA for 10 mL of the MB and MO solutions at 28 °C in an AS ONE I-cover incubator installed with a magnetic stirrer. The mixture was centrifuged at 5000 rpm for 15 min after a desired time interval. The dyes adsorbed were eluted with MeOH 3 times by the centrifugation–dispersion process. The elutant was concentrated by evaporating MeOH with a BÜCHI R-205 Rotavapor (Nihon Büchi Co., Tokyo, Japan), and the elutant with adjusted volume was subjected to UV-visible measurement. The final concentrations of MB and MO in the supernatants after the adsorption were also measured by UV-visible measurements. The concentrations were calculated based on the calibration curves of MB and MO.



The adsorption ratio (rad in %) and the amount of adsorbed dyes (qt in mg/g) on TiO2-PCHPMA in a certain time interval were calculated from the following Equations (1) and (2), respectively;


 rad=c0−ct c0×100 



(1)






 qt=c0−ct m×v 



(2)




where c0 (mg/L) is the initial concentration; ct (mg/L) is the residual concentration of cationic dyes at time t in liquid phase after adsorption; v (L) is the volume of solution of dyes; and m (g) is the weight of the adsorbent.



Adsorption experiments under varied pH conditions were carried out by adjusting the pH with 0.1 M HCl and 0.1 M NaOH aqueous solutions.




2.7. Degradation Experiment


The aqueous solutions of MO and MB (10 mg/L) were mixed with TiO2 or TiO2-PCHPMA (0.40 mg/mL) in Pyrex glass beakers with magnetic stirring for 20 min in dark conditions. Then, the suspensions were UV-irradiated for the desired time. After the UV irradiation, the suspension was centrifuged for 15 min at 5000 rpm. The supernatant was decanted, and the volume was adjusted with water for UV-visible measurements. The precipitate was washed 3 times with the centrifugation–dispersion process with hot water (45 °C) for MO, and MeOH for MB to elute the dyes. The elutants were concentrated with a BÜCHI R-205 Rotavapor, and the elutants with adjusted volume were subjected to UV-visible measurement.



The degradation ratio of MO and MB in the presence of TiO2-PCHPMA in a certain time (rdeg  in %) was calculated from the following Equation (3);


 rdeg=a0−at a0×100 



(3)




where a0 is the absorbance of initial dye concentration and at is the absorbance of dye in the liquid phase after degradation at time t.





3. Results and Discussion


3.1. Characterization


TiO2-PCHPMA was prepared by sequential reactions of condensation of TIPOT, coating with MPS, and radical polymerization of CHPMA in the presence of TiO2-MPS (Figure 1). The morphology of TiO2, TiO2-MPS, and TiO2-PCHPMA was observed by SEM (Figure 2a–c). The particles were agglomerated and non-uniform in shape. The ranges of the sizes of the primary particles of TiO2, TiO2-MPS, and TiO2-PCHPMA were approximately 15–45 nm, 20–60 nm, and 22–90 nm, respectively. The gradual increase in size is attributed to the formation of the MPS and PCHPMA layers on the TiO2 surface. The morphology was also changed after the surface modifications of TiO2 with MPS and PCHPMA. The particles of TiO2 were simply aggregated and showed their bare surface. By contrast, TiO2-MPS and TiO2-PCHPMA were fused, and the interfaces unclear due to the organic components serving as glue. This tendency was more significant in the image of TiO2-PCHPMA having a higher content of organic component. The morphology of TiO2, TiO2-MPS, and TiO2-PCHPMA was also observed by TEM (Figure 2d–f). The TEM image of TiO2-PCHPMA shows the size of the primary particles in the range of 1–8 nm, which is significantly smaller than that in the SEM image. This image shows grains with sizes identical to those observed in the SEM image consisting of agglomerated primary particles. This difference indicates that the grains were grown by the fusion of nanoparticles. The TEM images of TiO2-MPS and TiO2-PCHPMA also show grains consisting of aggregated nanoparticles, while the grains are not fused. The organic layers probably reduced the interparticle interactions, and improved the dispersibility.



The formation of TiO2-PCHPMA was confirmed by EDX, FTIR, and TGA analyses. Figure 3a indicates the EDX spectra of TiO2, TiO2-MPS, and TiO2-PCHPMA for evaluation of the elemental compositions. The EDX spectrum of TiO2 exhibited major peaks originating from Ti and O. A minor peak of C is attributable to the organic residue of TIPOT and the carbon tape substrate. The EDX spectrum of TiO2-MPS shows a new peak of Si, indicating the successful modification of TiO2 with MPS. The EDX spectrum of TiO2-PCHPMA shows another new peak of Cl. The relative intensities of the peaks of C and O compared to the peak of Ti are larger than those of TiO2, supporting the increase of the organic component originating from the PCHPMA layer.



The structure of TiO2-PCHPMA was evaluated by FTIR spectroscopy (Figure 3b). Broad absorption peaks originating from the Ti–O bond were observed around 620 cm−1 in the FTIR spectra of unmodified TiO2, TiO2-MPS, and TiO2-PCHPMA [56]. The spectrum of the precursor TiO2-MPS showed characteristic peaks originating from MPS at 2986, 1717, 1680, 1461, 1192, and 1042 cm−1, assigned to the C–H, C=O, and C=C stretching, C–H bending, C–O–C and Ti–O–Si stretching vibrations, respectively [47,57,58]. The FTIR spectrum of TiO2-PCHPMA exhibits a weak absorption peak around 750 cm−1 assignable to the C–Cl bonds as observed in the spectrum of PCHPMA. The absorption peaks at 1740 and 1196 cm−1 are assignable to the characteristic stretching vibration of the C=O and C–O bonds in the ester group in the PCHPMA structure. As a result of the grafting of PCHPMA, the FTIR spectrum of TiO2-PCHPMA shows an absorption of the C–H stretching vibration at 2987 cm−1 with a higher relative intensity and the absorption peaks at 1170 and 620 cm−1 of the Ti–O–Si and Ti–O bonds with weaker relative intensities than the spectrum of TiO2-MPS.



The compositions of the organic structures were estimated by TGA (Figure 3c). The TGA curve of TiO2-PCHPMA exhibited three-stage weight loss as observed for various TiO2-polymer composites [11,20,48,57,58]. The first approximately 10% weight loss below 200 °C originates from the evaporation of physiosorbed water and alcohols on the nanocomposite surface. The second weight loss took place of approximately 10% at 200–450 °C correlated mainly with the degradation of the organic components [59,60,61]. The third weight loss occurring above 450 °C is attributed to the loss of water produced by the condensation of neighboring terminal hydroxyl groups of TiO2 [62,63]. The initial weight losses of the modified TiO2 are slower than that of bare TiO2 probably due to the modification of the organic moieties being more hydrophobic than TiO2, but the weight loss became faster after 300 °C due to the degradation of the introduced organic moieties. The TGA profile of TiO2-PCHPMA shows a more significant effect of the organic component on the slower weight loss at the earlier stage and the faster weight loss at the later stage. The final weight loss of TiO2-PCHPMA reached 36% and the 10% difference from that of TiO2 is comparable to the weight fraction of the organic component.



The SEM, TEM, EDX, FTIR, and TGA analyses confirmed the successful fabrication of TiO2-PCHPMA.




3.2. Adsorption of Dyes


The ability of TiO2-PCHPMA for adsorption and degradation of dyes was evaluated using cationic MB and anionic MO. First, adsorption experiments were conducted for MB and MO at 28 C, and the initial pH values of 5.5 and 6.5, respectively (Figure 4). MB was rapidly adsorbed on TiO2-PCHPMA, while MO was negligibly adsorbed. This tendency is identical to those of both bare TiO2 [42] and PCHPMA. PCHPMA adsorbs MB (3 mg/g-PCHPMA) more efficiently than MO (0.1<mg/g-PCHPMA) by the electrostatic interaction between the Lewis-basic chloride groups in the PCHPMA skeleton and the Lewis-acidic moieties in MB (data not shown). The lower adsorption capacity of PCHPMA is ascribable to the smaller surface area of PCHPMA. The combination of TiO2 and PCHPMA synergistically improved the performance for the adsorption of MB.



This adsorption behavior was investigated by measurement of the zeta potentials of TiO2 and TiO2-PCHPMA before and after adsorption of MB (Table 1). Methanol was used as the medium, as the insufficient dispersibility of the materials in water resulted in unreproducible data. The zeta potential of TiO2-PCHPMA is more negative than that of TiO2, implying a more negative surface suitable for adsorption of cationic MB. The zeta potentials of both TiO2 and TiO2-PCHPMA after adsorption of MB decreased in the negative values, indicating the electrostatic adsorption of cationic MB on the adsorbents. The larger change in the zeta potential of TiO2-PCHPMA clearly supports the higher adsorption capacity originating from the PCHPMA layer.




3.3. Effect of pH on the Adsorption of Dyes onto TiO2-PCHPMA


The adsorption experiment was carried out at pH varied from 2 to 13 (Figure 5). The adsorption efficiency for MB exceeded 90% in a wide pH range from 5–12. Below pH 5, the adsorption efficiency of MB was lower probably due to the competition of protonated species such as H3O+ with the cationic structure of MB. The adsorption efficiency of MB under basic conditions (pH > 12) was lower probably owing to the electrostatic interaction between bases and MB. Additionally, the adsorption efficiencies of anionic MO onto TiO2-PCHPMA were constantly low above pH 4, indicating the selectivity of the absorption. The adsorption efficiency at pH 3 was higher, probably because MO having a pKa value of 3.5 is protonated under this acidic condition. The decrease at pH 2 is attributable to the competition with other protonated species in the same manner with MB.



The adsorption ability of TiO2-PCHPMA was compared with those of other composites of TiO2 in literatures reporting adsorption and degradation of MB and MO (Table 2). The adsorption ability of TiO2-PCHPMA toward MB is higher than reported ones. The negligible adsorption of MO indicates the high selectivity of TiO2-PCHPMA.




3.4. Desorption of MB


MB adsorbed on TiO2-PCHPMA was washed out with MeOH with 3 times of the centrifugation–dispersion process (Figure 6). MB was quantitively adsorbed on TiO2-PCHPMA as confirmed by the absence of the absorption of MB in the supernatant. Adsorbed MB was recovered by washing in a desorption efficiency of 96%, indicating that MB was degraded negligibly during the adsorption–desorption process. The slight loss of MB probably originated from the trace degradation, loss of very tiny nanoparticles adsorbing MB not precipitated by the centrifugation, and remaining MB on TiO2-PCHPMA by the strong adsorption.




3.5. Degradation of Dyes


The photodegradation of MO was conducted under UV irradiation in the presence (Figure 7) and absence (Figure 8a) of TiO2-PCHPMA. The intensity of the optical absorption of MO in the solution containing TiO2-PCHPMA decreased with time, and the absorption became unobservable after 180 mins. MO was not adsorbed on TiO2-PCHPMA as previously mentioned, and this result clearly indicates that MO was completely degraded in 180 mins. By contrast, MO was not degraded under UV irradiation in the absence of TiO2-PCHPMA, indicating that the degradation was completely mediated by TiO2-PCHPMA. The degradation experiment of MO was also conducted in the presence of synthesized TiO2 under UV irradiation for comparison. The degradation efficiency for MO by TiO2 was 60% at 1 h, while that by TiO2-PCHPMA was 65%. The identical efficiencies indicate that the PCHPMA chains in TiO2-PCHPMA did not affect the diffusion and the degradation of MO due to negligible interaction.



The degradation experiment for MB was also carried out in the presence of TiO2-PCHPMA under UV irradiation (Figure 9a). As a result, MB was degraded in 94% efficiency at 3 h, and the efficiency was higher than that in the presence of bare TiO2 (80% efficiency) (Figure 9b). However, the residual solid after washing was slightly colored blue, presumably indicating that MB was covalently anchored to the chloroalkyl groups under UV-irradiation, and the degradation efficiency involved slight loss of MB by covalent linkage. The degradation ability of TiO2-PCHPMA toward MB higher than that of TiO2 is probably due to the adsorption of cationic MB assisting the approach of MB towards the surface of the TiO2 core. Acceleration of degradation by adsorption was also reported for TiO2 modified by polyacrylamide [34], poly [acrylamide-co-(acrylic acid)] [40], and NH4OH [52]. The optical intensity of absorption of MB was not changed in the absence of TiO2-PCHPMA under UV irradiation in the same manner as MO (Figure 8b), indicating that the degradation of MB was also mediated by TiO2-PCHPMA.




3.6. Mechanism of Photocatalysis


The photocatalytic activity of a semiconducting photocatalyst highly depends on the surface modification and the band energy structure. For example, modifications of TiO2 with silane coupling reagents including MPS decrease the surface modification the photocatalytic activity probably by the blocking of active catalytic sites [64,65]. Figure 10a shows the UV-vis absorption spectrum of PCHPMA. The maximum absorption peak and the onset wavelength appeared at 218 and 244 nm, respectively. These wavelengths are shorter than the wavelengths of the UV emission lines of the Hg lamp (253 and 365 nm). This result indicates that PCHPMA does not contribute to the light absorption. The band gap calculated from the onset wavelength is 5.1 eV. Figure 10b shows the CV curves of TiO2-PCHPMA, TiO2, and PCHPMA in 0.1 M NaCl aq. A peak reduction of TiO2 was observed from –0.38 V with respect to Ag/AgCl, agreeing well with reported values [8,66,67]. The reduction potential of TiO2-PCHPMA was observed from −0.28 V with respect to Ag/AgCl, while no peak was observed in the voltammogram of PCHPMA. The small positive shift (+0.1 V) suggests the slightly higher and lowest unoccupied molecular orbital (LUMO) level of TiO2-PCHPMA due to the change of the chemical structure of the surface of TiO2, but the effect can be ignored on considering the lower catalytic abilities of reported TiO2 modified with silane coupling reagents. Accordingly, the primary photocatalytic reaction was not enhanced by the modification. The enhanced degradation occurred by the rapid adsorption of MB on the PCHPMA layer around the surface of TiO2 in a similar manner to TiO2 modified by polyacrylamide [34], poly[acrylamide-co-(acrylic acid)] [40], and NH4OH [52]. A plausible mechanism for the degradation of dyes in the presence of TiO2-PCHPMA under UV irradiation is displayed in Figure 11. The PCHPMA chain grafted on TiO2 attracts cationic MB to allow the rapid approach of MB over the surface of TiO2. Adsorbed MB is smoothly degraded by oxidation species such as O2. By contrast, anionic MO does not interact with the PCHPMA chain, and approaches the surface of TiO2 by diffusion. As a result, the degradation of MO proceeds identically to TiO2 and TiO2-PCHPMA.





4. Conclusions


We developed TiO2-PCHPMA for selective separation and degradation of dyes. The structure of TiO2-PCHPMA was confirmed by SEM, TEM, EDX, FTIR, and TGA. The grafted chains of PCHPMA enabled the selective adsorption of cationic MB under a wide pH range from 4 to 12 due to the alkyl chloride group electrostatically interacting with MB, while PCHPMA had no interaction with anionic MO. Adsorbed MB could be either recovered quantitatively by simple washing with methanol or degraded under UV irradiation. The ability of selective adsorption and degradation of TiO2-PCHPMA is beneficial for its potential application to water treatment not only by degradation of pollutants but also by collection for reuse. We are now investigating the effect of TiO2-PCHPMA on various other dyes.
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Figure 1. Scheme for the preparation of TiO2-poly(3-chloro-2-hydroxypropyl methacrylate) (TiO2-PCHPMA). 
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Figure 2. Scanning electron microscopy (SEM) images of (a) TiO2, (b) TiO2-MPS, and (c) TiO2-PCHPMA (scale bar = 500 nm); and transmission electron microscopy (TEM) images of (d) TiO2, (e) TiO2-MPS, and (f) TiO2-PCHPMA (scale bar = 50 nm). 






Figure 2. Scanning electron microscopy (SEM) images of (a) TiO2, (b) TiO2-MPS, and (c) TiO2-PCHPMA (scale bar = 500 nm); and transmission electron microscopy (TEM) images of (d) TiO2, (e) TiO2-MPS, and (f) TiO2-PCHPMA (scale bar = 50 nm).



[image: Technologies 06 00092 g002]







[image: Technologies 06 00092 g003 550]





Figure 3. (a) Energy-dispersive X-ray (EDX) spectra, (b) Fourier transform infrared (FTIR) spectra, and (c) thermogravimetric analysis (TGA) curves (10 °C/min, N2) of TiO2, TiO2-MPS, and TiO2-PCHPMA. 
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Figure 4. Time dependence of adsorption efficiency (circle) and relative adsorbed amount (triangle) of MB (blue) and MO (yellow) on TiO2-PCHPMA at 28 °C (concentrations: MB and MO = 10 mg/L, TiO2-PCHPMA = 0.8 mg/mL). 
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Figure 5. Effect of pH on the adsorption of methylene blue (MB) and methyl orange (MO) by TiO2-PCHPMA at 28 °C (conditions: dyes = 10 mg/L, TiO2-PCHPMA = 0.8 mg/mL, 20 min). 
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Figure 6. UV visible absorption spectra of initial aqueous solution of MB, supernatant after adsorption of MB on TiO2-PCHPMA, and the elutant washed out from the TiO2-PCHPMA adsorbing the MB (concentrations: TiO2-PCHPMA = 1.5 mg/mL and MB = 10 mg/L, adsorption for 20 min at 28 °C, desorption by washing with MeOH). 
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Figure 7. UV-visible absorption spectra of aqueous solution of MO during degradation in the presence of TiO2-PCHPMA under UV light irradiation with inset photo images of the initial solution of MO and the supernatant after degradation of MO (concentrations: MO = 10 mg/L, TiO2-PCHPMA = 0.4 mg/mL, 31 °C). 
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Figure 8. UV-visible absorption spectra of aqueous solution of (a) MO and (b) MB under UV light irradiation in the absence of TiO2-PCHPMA for the control experiment (concentrations: MO and MB = 10 mg/L, 31 °C). 
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Figure 9. UV visible absorption spectra of initial aqueous solution of MB, supernatants after degradation of MB by (a) TiO2-PCHPMA and (b) TiO2, and elutants washed out from TiO2-PCHPMA and TiO2 after the degradation experiment (concentrations: TiO2-PCHPMA and TiO2 = 0.6 mg/mL and MB = 10 mg/L, degradation for 3 h, desorption by washing with MeOH). 
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Figure 10. (a) UV-vis absorption spectrum of PCHPMA in MeOH and (b) cyclic voltammetry (CV) curves of TiO2-PCHPMA, TiO2, and PCHPMA deposited on Pt working electrodes (electrolyte, 0.1 M NaCl aq.: counter electrode, Pt wire: reference electrode, Ag wire: sweep rate = 100 mVs−1). 
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Figure 11. Plausible mechanism for the degradation of dyes in the presence of TiO2-PCHPMA under UV irradiation. 
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Table 1. Zeta potentials of TiO2 and TiO2-poly(3-chloro-2-hydroxypropyl methacrylate) (TiO2-PCHPMA)in MeOH before and after adsorption of methylene blue (MB).
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Composites

	
TiO2

	
TiO2-PCHPMA




	
Before Adsorption

	
After Adsorption

	
Before Adsorption

	
After Adsorption






	
Zeta potential (mV)

	
−9

	
−7

	
−26

	
−10
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Table 2. Adsorption/degradation efficiencies of methylene blue (MB) and methyl orange (MO) by TiO­2 based hybrid composites.
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Catalysts

	
Dye

	
Adsorption

	
Degradation

	
References




	
Conditions: concentration of dye (mg/L), composite (g/L) and adsorption time (min)

	
Efficiency (%)

	
Conditions:

UV irradiation time (min)

	
Efficiency (%)






	
TiO2/poly[acrylamide-co-(acrylic acid)]

	
MB

	
5, 0.2, and 15

	
87

	
40

	
91

	
[40]




	
TiO2 treated with Na2CO3

	
MO

	
10, 1, and 30

	
23

	
120

	
> 99

	
[52]




	
TiO2 treated with NH4OH

	
MB

	
10, 1, and 30

	
96

	
60

	
> 99




	
TiO2-PCHPMA

	
MB

	
10, 0.8, and 20

	
99

	
180

	
94

	
This work




	
MO

	
10, 0.8, and 20

	
1<

	
180

	
>99
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