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Abstract

:

Novel metal oxide/polymer composite photocatalysts prepared by photocuring with common metal oxide particles (ZnO or CeO2) and acrylic ester monomers have been investigated for the first time. Metal oxide particles were fully integrated with the acrylate polymer network based on the crosslink of poly ethylene glycol diacrylate (noted below as Poly-PEG) by photopolymerization upon mild light source (LED@405 nm) irradiation. The prepared metal/oxide composite showed excellent performance in the photodegradation of Acid Black dye (used as a benchmark pollutant) in an aqueous environment. Indeed, under UV lamp irradiation for 60 min, the degradation of Acid Black reached 59% and 56%, in the presence of 10 wt% ZnO/Poly-PEG and 3 wt% CeO2/poly PEG, respectively. Markedly, the new reported photocatalysts have offered much better performance over the conventional TiO2 photocatalytic material used as a control (39% degradation using 1 wt% TiO2/poly PEG). In turn, the new proposed metal oxide/polymer composites were further characterized by a range of analytical characterization methods, including the swelling test, thermogravimetric analysis (TGA), scanning electron microscopy (SEM), X-ray diffraction analysis (XRD), dynamic mechanical analysis (DMA), UV–visible diffuse reflectance spectroscopy, and electron spin resonance analysis. The results showed that the new photocatalysts demonstrated excellent water adsorption properties, high-temperature resistance, and excellent recyclability, which were very suitable for wide application and in line with the concept of green chemistry.
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1. Introduction


Due to the pollution of surface water and groundwater in many countries, water pollution control has received widespread attention worldwide [1]. Pollutants in water come from many industrial fields such as oil refining, chemicals, steel, coal, paper, textiles, etc. In addition, herbicides, pesticides, fertilizers, and transportation fuels used in agriculture are also sources of pollution that cannot be ignored [2]. Current wastewater treatment technologies are basically separation processes, such as sedimentation, flocculation, filtration, adsorption, gas extraction, etc. [3,4]. These processes have the advantage of being mature and easy to apply on a large industrial scale. However, there are still some issues with these technologies such as low efficiency, being prone to secondary pollution or narrow scope of use, only for specific pollutants or high energy consumption, not suitable for large-scale dissemination, and other defects [5,6,7]. Therefore, the development of chemical pollutant removal technologies with high efficiency, low energy consumption, wide applicability, and deep oxidation capability has been the goal of environmental technology.



As the research progresses, it has been found that the semiconductor photocatalytic oxidation technology demonstrates the outstanding advantages of low energy consumption, strong oxidation capacity, mild reaction conditions, easy operation, and reduction of secondary pollution in the removal of pollutants, and has attractive application prospects and may gradually become a practical industrial technology [8,9]. Many experiments have proved that dyes [10,11,12], surfactants [13], organohalides [14], pesticides [15], cyanides [16], phenols [17], PCBs [18], and PAHs [19] can be effectively degraded, decolorized, and detoxified by photocatalytic oxidation, and finally mineralized into inorganic small molecules, thus eliminating or slowing down the pollution to the environment. Photocatalytic oxidation, one of the advanced oxidation technologies, is a technology that uses photogenerated strong oxidants to completely oxidize organic pollutants into small molecules such as water, carbon dioxide, etc. This method can treat a variety of pollutants, has a wide range of applications, especially for the difficultly degradable organic matter with good oxidation and decomposition, and has the advantage of using sunlight as the reaction light source, and is a very promising pollution treatment which has received a lot of attention in recent years [20,21].



Zinc oxide (ZnO) is an important semiconductor material with similar bandwidth as the common photocatalyst TiO2, and it has the advantages of simple preparation and low price [22,23,24]. Therefore, the use of ZnO as a photocatalyst for the photocatalytic degradation of organic pollutants has attracted increasing attention [25,26]. However, due to the wide band gap of ZnO nanoparticles, the excitation of electrons in the valence band to the conduction band requires high energy, and the photocatalytic effect can be achieved only under the irradiation of UV light [27,28]. In practical applications, the cost of UV light sources is high, and the proportion of UV light in sunlight is only about 5%, which is much lower than the proportion of visible light, thus greatly limiting its practical applications [29]. A polymer compounded with nanoparticles can play the role of particle refinement, and the particle size is reduced, so that the photogenerated electrons and holes can be easily trapped on the particle surface, thus reducing the chance of electron–hole complexation, and improving the photocatalytic efficiency. At the same time, the electrons in the conjugated polymers have a high degree of delocalization and a relatively small energy gap, which can absorb light from UV to IR [30,31]. When the inorganic semiconductor is compounded with the conjugated polymer, under the irradiation of natural light, electrons can be transferred from the polymer to the conduction band of the inorganic nanoparticles, and the electrons in the valence band of the inorganic nanoparticles can be transferred to the conjugated polymer, which reduces the chance of electron–hole complexation and broadens the spectral response range of the whole system due to the presence of the conjugated polymer, thus greatly improving the photocatalytic performance [32,33].



In addition, cerium dioxide (CeO2) is an extremely versatile rare earth oxide and a light yellow powder with n-type semiconductor properties, rich energy levels, special electron orbital structure, unique optical properties, strong adsorption selectivity, good thermal stability, electrical conductivity, etc. [34,35,36]. Ce(IV) ions are arranged in the face center and at the vertices of the cubic structure, and O(2−) ions are simply embedded in the cubic structure [37]. CeO2 is converted to non-chemometric CeO2−x after reduction at temperatures above 900 °C, at which point it loses a significant amount of oxygen in the lattice and forms an oxygen deficiency [38]. This shows that CeO2 has a good ability to store and release oxygen and can be widely used in the field of catalysis. However, CeO2−x retains its fluorite-type crystal structure and can be reconverted to CeO2 when exposed to oxidizing environments [39]. CeO2 can effectively degrade organic pollutants under light irradiation. For example, it has been reported that the band gap of CeO2 can be modulated by electron beam irradiation and the modulated CeO2 exhibited better photocatalytic activity for the degradation of 4-nitrophenol and methylene blue under visible light irradiation [40]. The photocatalytic activity was found to be better for the degradation of 4-nitrophenol and methylene blue under visible irradiation. Moreover, it has been reported that CeO2 nanotubes can be used to photo-degenerate the health-harmful Cr(VI) to the less toxic and more easily precipitated Cr(III) [41]. In contrast, the application of composites composed of CeO2 and polymers for pollutant degradation has been rarely reported [42].



Herein, to the best of our knowledge, two low-cost, environmentally friendly, and green chemistry compliant metal oxide/polymer composites with high photocatalytic properties were synthesized for the first time by the photopolymerization approach under a mild and low-cost LED irradiation source. The composite obtained by photopolymerization retains the photocatalytic properties of the metal oxides while the stability of the cross-linked polymer and the good bonding of the metal oxide particles to the polymer makes the metal oxide powder easier to recover after using the material for the photodegradation of water pollutants. This approach strongly simplifies the carrier design process for photocatalysts such as ZnO, TiO2, and CeO2, and greatly reduces the cost of pollution treatment.



Metal oxides, polymers, and degraded dyes are common in industrial production. The metal oxides were originally inserted by photopolymerization in an acrylate polymer network based on the crosslink of poly ethylene glycol diacrylate (noted below as Poly-PEG). The new proposed metal oxide/polymer composite photocatalysts showed excellent photocatalytic ability when facing the problem of water pollution caused by Acid Black and Eosin-Y under UV lamp irradiation. Meanwhile, the mechanism of the photocatalytic process was explained and summarized to some extent after a series of analytical tests by characterization techniques such as thermogravimetric analysis, scanning electron microscopy, X-ray diffraction analysis, dynamic mechanical analysis, UV–Vis diffuse reflectance spectroscopy, and electron spin resonance analysis. Current research on the modification of metal oxide photocatalysts is mainly focused on compliance with other semiconductor materials, while compounding with polymers is less common. Therefore, the study of polymer modification of common metal oxide photocatalysts by physical and chemical means in the absence of co-catalysts is full of positive implications.




2. Materials and Methods


2.1. Chemical Compounds Used in This Work


Poly ethylene glycol (600) diacrylate (PEGDA) and trimethylolpropane triacrylate (TMPTA) were selected as monomers for composite synthesis and were purchased from Allnex. 2-Benzyl-2-dimethylamino-1-(4-morpholinophenyl)-butanone-1 (Speedcure BDMB) was obtained from Lambson Ltd. (Wetherby, UK) and used as the photoinitiator. Acid Black and Eosin-Y were purchased from Sigma-Aldrich. Chemical structures of the reagents used in this study are shown in Scheme 1. The metal oxides used were zinc oxide (ZnO), 99.99% (metals basis) from Thermo Fisher Scientific (87812) and cerium(IV) oxide (CeO2) was obtained from Solvay. Titanium(IV) oxide (TiO2), anatase, 99.8% (metals basis) was from Sigma-Aldrich (232033).




2.2. Photopolymerization Experiments


First, the different proportions of metal oxide particles, BDMB and PEGDA or TMPTA, were mixed at high speed (2500 rpm, 3 min) and the resulting slurry was immediately placed in a small, fixed mold (8 mm diameter and 4 mm height/thickness) for the photocuring process upon light exposure (light resource: light emitting diode (LED)@405 nm, I0 = 110 mW·cm−2). The obtained formulations were also deposited in laminate between two polypropylene films for researching evolution of the double bond content of acrylates during the polymerization reaction. Particularly, 1 or 2 drops are enough to control the thickness at ~100 μm, then the formulations were exposed to LED@405 nm (I0 = 110 mW·cm−2) to initiate the free radical polymerization (FRP) at room temperature and. During the polymerization processes, the IR peak at ~6120 cm−1, corresponding to a characteristic peak of the PEGDA or TMPTA, was continuously monitored by real-time FTIR spectroscopy (JASCO FTIR 4100). The experimental set-up was used in previous work [22]. The polymerization profiles were established using the following relationship of acrylate function conversion at a given irradiation time (where A0 is the initial peak area before irradiation and At is the peak area after irradiation for a given time t):


  Conversion  %  =    A o  −  A t     A o    × 100 .  



(1)








2.3. Photocatalytic Experiments


The photodegradation of Acid Black took place under the irradiation of UV lamps in water solution, whose concentration was 15 ppm (24.25 µmol·L−1, pH = 5.9). First, 4 mL of the above solution was added to the cuvette together with the prepared metal oxide/polymer composite photocatalyst. After every 15 min of irradiation, the cuvette was placed in a JASCO V730 spectrophotometer for UV–Vis absorption spectroscopy and the change in the absorption peak at 618 nm (maximum absorption wavelength of Acid Black solution) was observed.



The discoloration of the dye at different irradiation times was calculated by the following formula:


  Conversion  %  =     Abs   to   −   Abs  t      Abs   to       ×   100  



(2)




where Abst0 and Abst are the measured dye absorbances before and after a given time (t) of irradiation by an Omnicure Dynamic UV lamp, series 1000 lumen (I0 = 250 mW·cm−2, λ = 320–520 nm).




2.4. Composite Stability in Aqueous Phase


Swelling experiments were carried out by impregnating composites and polymer in water for 12 h. The dry extracts of the composites were calculated after the swelling experiments by drying them in an oven at 50 °C for 1 h. The swelling ratio and the dry extract were calculated using the following formula:


   Swelling   ratio   %  =      m w     m 0    − 1   × 100 ,  



(3)






   Dry   extract   %  =    m l     m 0      × 100 ,  



(4)




where m0 is the initial weight of polymer or composite, mw is the weight of swollen polymer or composite, and ml is the weight of dried polymer or composite.




2.5. Thermal Stability


The thermogravimetric analysis (TGA) was realized using a TGA Mettler Toledo TGA/DSC3+. The experiments were carried out at temperatures ranging from 30 °C to 800 °C at a heating rate of 10 K/min under a dry airflow of 100 mL/min.




2.6. SEM Characterization


A JSM-7900F scanning electron microscope (SEM) from JEOL was used in this study.




2.7. XRD Characterization


X-ray diffraction patterns were recorded using a Panalytical X’Pert PRO diffractometer equipped with a Cu X-ray tube (CuKα = 0.1542 nm) operating at 45 kV and 40 mA, and a PIXCel detector. The full width at half maximum (FWHM) was determined using pseudo-Voigt functions for XRD analysis, as described in the publication of Schmitt [23].




2.8. Mechanical Properties


Dynamic mechanical analysis (DMA) was measured using DMA Mettler Toledo DMA861e. Dynamic storage modulus G of different composites was evaluated to determine their mechanical properties.




2.9. Optical Properties


UV–visible diffuse reflectance spectra measurements were performed using a UV–visible spectrophotometer (JASCO V-750) equipped with an integrating sphere.




2.10. Electron Spin Resonance (ESR Experiments)


ESR-ST experiments were carried out using an X-band spectrometer (Bruker EMX-plus). An LED@405 nm was used as the irradiation source at room temperature under air. The free radicals generated were trapped by phenyl-N-tert-butylnitrone (PBN). The ESR procedure has been described in the literature for other photocatalysts [11,12].





3. Results and Discussion


3.1. Synthesis of Metal Oxide/Polymer Composites by Photopolymerization


By high-speed mixing, the different ratios of ZnO or CeO2 powders were dispersed in PEGDA monomers (average mass 610 g/mol). The sample of 1 wt% TiO2/Poly-PEG was also prepared as a benchmark composite for the photodegradation experiment. The photopolymerization of materials consisting of metal oxides fillers and monomers was initiated by the photoinitiator BDMB (0.2 wt%). Under the irradiation of an LED light source, the photoinitiated free radical polymerization (FRP) proceeded rapidly and achieved a very high conversion level. The photopolymerizations of the free radical polymerization of PEGDA in laminate upon exposure to LED@405 nm were investigated using real-time FTIR and are shown in Figure 1.



Figure 1a shows the polymerization of the resin under mild LED (405 nm) irradiation with different weight contents of ZnO. It demonstrated that the addition of ZnO influenced the conversion rate of PEGDA. Specifically, a decrease in the polymerization properties of the resin occurred as the proportion of ZnO filler increased, which can be ascribed to the scattering and absorption of light and the blocking of light penetration by the fillers. If the content increased to 10 wt%, the conversion of the resin decreased by about 5%. However, this negative effect was not so obvious with a low incorporation of ZnO. Similarly, the addition of CeO2 had a more sensitive response to the polymerization of PEGDA at low levels compared to ZnO (Figure 1b). However, when the content increased to 10%, the decrease in polymerization conversion was similar to the 10% ZnO/polymer composite.



In order to visualize the effect of the addition of metal oxide powder on the depth of cure (DoC) characterizing the polymerization performance of the photocurable resin, the resin mixed with different contents of fillers was injected into a circular container (50 mm diameter) and subjected to photopolymerization reaction for 2 min under the irradiation of LED@405 nm (1 W·cm−2). Finally, the cured samples were removed, and their thicknesses were measured separately. The results are shown in Figure 2, in which a significant correlation of the filler content with the thickness of the sample is observed. Specifically, the higher filler content resulted in the thinner thickness of the prepared metal oxide/polymer composites. Again, the light penetration issue for filled samples reduced the DoC but, interestingly, thick coatings (1–2 mm) can even be prepared with 10% weight of catalyst.




3.2. Metal Oxide/Polymer Composite Stability


In industrial applications, the stability and recyclability of the photocatalyst is a decisive factor for large-scale production and application. Therefore, it is necessary to study the stability of photocatalysts under different application environments.



3.2.1. Stability in Aqueous Phase


In the application of photocatalyst for wastewater treatment, the adsorption properties and stability of photocatalyst immersed in water are of particular importance. Therefore, to investigate metal oxide/polymer composites stabilities, swelling experiments were carried out in aqueous phase solvent.



It is obvious from Figure 3 that after 12 h of exposure to water, both the Poly-PEG and metal oxide/Poly-PEG showed a high swelling rate, which reflected their excellent water absorption properties. It also represented a larger specific surface area of the photocatalyst in contact with the solution, which was beneficial for the adequate reaction of the photocatalyst with the dye. At the same time, the addition of fillers demonstrated the limited effect on the water absorption properties of the composites. It also indicated that ZnO and CeO2 were very well integrated in the internal structure of the polymers.



In contrast, if the monomer was replaced with TMPTA, no significant swelling occurred when the samples were immersed in water even for a long time (more than 12 h). Compared to Poly-PEG and metal oxide Poly-PEG, the water absorption properties of Poly-TMPTA and metal oxide Poly-TMPTA were obviously extremely low, which also greatly affected the performance of their application in dye photodegradation.



Dry extracts (%) for the different synthesized metal oxide/polymer composites were also analyzed and are presented in Table 1 to evaluate the monomer/filler loss probability of the composite after immersion in water. After water absorption and swelling, the drying process was carried out for one hour in the oven (50 °C) for different samples. It was obvious that the drying process did not lead to significant large mass loss compared to the original sample, which facilitated the recycling of the samples. Therefore, in the design of photocatalysts, PEGDA illustrated more significant advantages than TMPTA for the application.




3.2.2. Thermal Stability


To evaluate the thermal stabilities of polymers and metal oxide/polymer composites, thermogravimetric (TG) analyses were performed. Decomposition temperatures of the different synthesized materials are shown in Figure 4.



From the results of TGA experiments, the thermal decomposition temperature of Poly-PEG is about 400 °C, while both ZnO and CeO2 showed extremely high thermal stability at this temperature and even higher temperatures. The newly synthesized ZnO/Poly-PEG and CeO2/Poly-PEG composites demonstrated similar thermal decomposition temperatures to Poly-PEG. This performance made the new photocatalysts highly dependable for applications at high temperatures.





3.3. Metal Oxide/Polymer Composite Characterization


To verify the metal oxide powder immobilization in the polymer, additional morphological and structural characterizations of the developed composites were carried out considering that the photocatalysis processes usually occur at the photocatalyst interface for heterogenous photocatalysis. Furthermore, for practical applications, it was also important to investigate their optical and mechanical properties.



3.3.1. Morphological Characterizations


The developed metal oxide/polymer composite morphologies were characterized using scanning electron microscopy (SEM). Selected images are shown in Figure 5. To better observe the intrinsic morphological and structural changes before and after compounding, both surface and cross-section SEM images of the samples were measured. The subsequent photopolymerization step allowed these metal oxide particles to be anchored in the framework of the polymers.



The SEM images of ZnO and CeO2 show that the metal oxides were mostly uniform in size. The particle size was basically in the nanometer range. The surface and cross-section of TMPTA and PEGDA samples were smoother and tightly structured. When different contents of ZnO and CeO2 were doped into the polymers, the appearance of metal oxide particles was clearly visible in SEM images, uniform and independent, both in TMPTA- and PEGDA-based samples. The addition of these particles did not significantly damage the intrinsic structure of the polymers, but rather formed a composite structure with the polymers relatively well distributed. Given the excellent adsorption properties of the metal oxide/Poly-PEG composite mentioned earlier, the pollutants can be more fully and efficiently in contact with the metal oxides for photocatalytic reactions. It is noteworthy that by visual comparison, ZnO exhibited better dispersion in Poly-PEG than in Poly-TMPTA.




3.3.2. X-Ray Diffraction (XRD)


The XRD patterns of the synthesized Poly-PEG, 10 wt% ZnO/Poly-PEG composite, and 3 wt% CeO2/Poly-PEG composite are shown in Figure 6. As can be seen, the diffraction peaks of all composites corresponded clearly to the standard PDF cards (ZnO:01-070-8070; CeO2: 00-067-0121), which meant that, during the process of photopolymerization, no other side products were generated. The crystallite size for ZnO is in the range of 79 ± 3 nm. No significant difference is observed if the particles are dispersed in the polymer matrix. For CeO2, a crystallite size of 70 ± 5 nm could be calculated. The fabrication of metal oxide/polymer composites was successful.




3.3.3. Mechanical Properties


Mechanical properties of the synthesized composites were investigated using dynamic mechanical analysis (DMA). The obtained values of dynamic storage modulus G′ at room temperature (25 °C) are presented in Figure 7.



For the samples without any metal oxide particles, the G′ value of the Poly-PEG substrate was about 6.1 MPa. The highest G′ values can be attained if the ZnO content is 10% while the CeO2 content is 4%. However, it was interesting that the G′ values of the composites did not change significantly as the amount of metal oxide particles mixed into the substrate gradually increased, with a fluctuation interval of only about plus or minus 1 MPa. In other words, for the investigated composites, the mixing of the metal oxide particles did not alter the mechanical properties. This can be microscopically seen in the intrinsic matrix structure of the polymers which was not disrupted by the compounding behavior.




3.3.4. Optical Properties


Among the many factors influencing the photocatalytic processes, the light absorption ability of the catalyst is important. Therefore, the optical properties of new composites were studied using UV–visible diffuse reflectance spectra and the results are shown in Figure 8.



The light reflection peaks of the composites generated a red-shift in the emission range of the 405 nm LED with the increase in the metal oxide particle content, which was especially obvious for CeO2/Poly-PEG. This indicated an increase in the range of light absorption by the composites. The results of apparent absorbance limits are listed in Table S1. The light absorption wavelength interval of the composites matched with the optical properties of ZnO and CeO2 particles reported in the relevant literature [28,42]. Taking into account that the XRD data do not change after the formation of the composites, the polymer, which was used as a substrate, also does not affect the light absorption properties of the metal oxide, but served as protection. The accurate and intense absorption of light in the UV wavelength range was an advantage for the photocatalytic performance of these new composites.





3.4. Photocatalytic Activity of the Metal Oxide/Polymer Composites


As a photocatalytic test, the degradation of Acid Black and Eosin-Y in aqueous solution under UV lamp irradiation was carried out on the synthesized metal oxide/polymer composites. According to the literature [12], Acid Black exhibits two distinct absorption bands. The maximum absorption is at 618 nm, which corresponds to the azo group (N=N). The second absorbance between 200 and 400 nm corresponds to electron vibration transitions in benzene and naphthalene substructures (see Figure 9a–c), in the aromatic part. A decrease in absorbance during the photocatalytic treatment indicated degradation of the dye aromatic part. For an intuitive understanding of the photocatalytic properties of the new composites, 1 wt% TiO2/Poly-PEG was applied in the investigation as a benchmark.



Figure 9a–c show the effectiveness of metal oxide/polymer composites for the Acid Black photodegradation. Without irradiation (in dark conditions), there is no significant degradation of the dye (<5%). This clearly shows that a photochemical process is associated with the degradation. The absorption maxima at 618 nm steadily diminished during the irradiation, showing the breakdown of the azo N=N bond and the naphthalene groups. For ZnO/Poly-PEG (Figure 9d), the photodegradation of Acid Black by the new photocatalyst was positively correlated with the increase in ZnO content. The increase in photocatalytic capability reached a plateau at around 59% for 10 wt% of ZnO (Figure 9d). Thereafter, the effect of enhancing the photocatalyst performance by means of increasing the ZnO content was not obvious. Interestingly, the results of CeO2/Poly-PEG had a different performance (Figure 9e). Specifically, the increase in CeO2 also improved the catalytic performance significantly at the mixed content of 0–3%. The catalyst with a CeO2 content of 3% demonstrated the best catalytic performance (Acid Black degeneration ~56%). However, when the content was higher than 3%, the continued addition of CeO2 caused a marked decrease in the catalytic performance. At a CeO2 content of 6%, the performance was even almost equal to that of the polymer matrix without CeO2. It may be attributed to the fact that the increased amount of CeO2 may not be better wetted by the PEGDA. Accordingly, ZnO and CeO2 in the new composite are required to have an optimum content (10 wt% and 3 wt%, respectively) to achieve the best catalytic performance.



As a common metal oxide photocatalyst, the photocatalytic performance of TiO2 has been widely known. It has been reported that Acid Black 1 can be degraded by TPAPP/TiO2 under sunlight [43]. As a result, the photocatalytic ability of the new metal oxide/polymer composite was compared with that of TiO2. The photodegradation properties of 1 wt% TiO2/Poly-PEG was only about 5% higher than Poly-PEG under the same conditions, but much lower than the samples developed in this research (Figure 9f).



To verify the effect of polymer substrate materials on the catalytic performance of the new photocatalysts, TMPTA was used as an alternative to PEGDA. The experiment under the same conditions of metal oxide/Poly-TMPTA is shown in Figure 10. It can be observed clearly that Poly-TMPTA had no adsorption/swelling capacity for Acid Black aqueous solutions whereas pure Poly-PEG showed significant adsorption (3% vs. 37%). The lack of adsorption capacity seriously affected the overall performance of the composite catalysts. The photocatalytic degradation capacity of 3 wt% CeO2/Poly-TMPTA for Acid Black was far weaker than that of 3 wt% CeO2/Poly-PEG. After 15 min of light irradiation, almost no further dye degradation was observed. The lack of swelling of Poly-TMPTA with water severely affected the accessibility of metal oxide particle surfaces by water in the new catalysts. On the contrary, Poly-PEG had the advantage of providing a high-quality and large contact area for the catalyst and reactants, which was extremely beneficial for the catalytic process.



To further determine whether the time of photopolymerization influenced the performance of new photocatalysts, the dye degradation by metal oxide/polymers from syntheses using different irradiation times was investigated and is shown in Figure S1. These curves demonstrated that no significant difference was observed in the catalytic performance of the samples produced at 30 s, 60 s, and 120 s of light irradiation. The consumption of Acid Black was constant for more than one hour of light irradiation, leading to conversions at ~50%. It was clear that 30 s of polymerization (a relatively short time) was sufficient to generate a stable and desirable new catalyst.



The similar dye degradation was studied for another common dye, Eosin-Y (Figure S2). No significant difference in the performance of the samples was observed for the degradation of Eosin-Y, which was rapid and complete. However, it was noteworthy that the performance of Poly-PEG was not significantly different from the other samples, a situation that suggested a dominant role of absorption rather than photocatalysis.




3.5. Metal Oxide/Polymer Composite Recyclability Study


The stability of the photocatalyst is extremely important for practical applications because it meets the requirements of economy, practicality, and environmental protection. So, photocatalytic experiments were repeated three times with the same composite, which was recovered from the dye solution after a depollution cycle, washed several times with water, dried in the open air, and then used again for the next catalytic cycle. As shown in Figure 11, the stability of new photocatalyst was assessed using the cycle tests of 10 wt% ZnO/Poly-PEG composites for Acid Black photodegradation. After the first cycle of dye degradation, the degradation efficiencies began to decline but remained constant for the 2nd cycle and 3rd cycle, demonstrating their high photocatalytic stability by using a simple and low-cost regeneration process.




3.6. Photocatalytic Degradation Mechanism


The photocatalytic degradation mechanism of ZnO is reported by many researchers (Scheme 2) [44]. The evaluated band gap values are given in Table S1. As a semiconductor photocatalyst, the electrons in the VB band are excited to the CB band of ZnO under the irradiation, leaving holes in the VB band. The O2 molecules adsorbed on the ZnO surface capture the electrons from the CB band to form superoxide groups (…O2−), which react with protons in the water (…O2H + OH−). The surface holes in the VB band react with hydroxyl ions (OH−) to produce hydroxyl radicals (•OH) or are trapped in existing oxygen vacancies. Both …O2H groups (fragmentation to •OH is likely) and •OH radicals react directly with the organic molecules in the environment to destroy the chromophoric functionality of the model dye. Contaminants in water are in general simpler molecules such as tensids, mineral oils (aliphatic compounds), etc. Additionally, all organic oxidizable functionalities (-COOH, -OH) will react via photo-Kolbe reaction [23,45] and most will be decomposed/mineralized to CO2 and water. The •OH have the additional advantage of breaking the unsaturated N=N double bonds by oxidation reaction.



ESR experiments were performed on ZnO/Poly-PEG, before and after photocatalysis, to further investigate the nature of the radicals generated from the reactions on the sample surface. During the Acid Black photodegradation, shown in Figure 12a, a significant decrease occurred in the peak located at g = 1.96 for the ZnO/Poly-PEG. This signal corresponded to a singly ionized oxygen vacancy which was transferred to a double ionized oxygen vacancy (“reaction/generation of hole of the exiton”) which did not have an electron and therefore was ESR inactive [46,47]. The regeneration of this signal in the dark could be confirmed. Concerning the photo-Kolbe reaction experiments of ZnO, dispersions were performed and published a few years ago [27].



Additionally, phenyl N-tert-butylnitrone (PBN) was added as a spin trap agent to capture the free radicals produced on the surface ZnO/Poly-PEG during the Acid Black photodegradation reaction. As shown in Figure 12b, located in the range of g = 2.00–2.03, signals were monitored after the reaction, which did not have a symmetric and very well-defined pattern. We assumed that the interaction/adsorption with/on the different surfaces also influenced hyperfine coupling of the unidentifiable nitroxyl-based radicals. It indicated that a reaction led to radicals that can react with solved species.





4. Conclusions


In this paper, metal oxide/polymer composites with enhanced photocatalytic properties, which were synthesized by a simple photopolymerization method, have been demonstrated. In the process of photopolymerization, mild and inexpensive visible LED@405 nm was used as the irradiation source. Curing of one catalytic pellet (8 mm in diameter and 4 mm in height) could be achieved in 30 s. The metal oxide particles in the new composites were successfully incorporated in the polymeric matrix with good stability under conventional conditions. For the photodegradation of Acid Black in aqueous solution, the new metal oxide/polymer composites all showed good performance. The photodegradation efficiency of Acid Black by 10 wt% ZnO/Poly-PEG and 3 wt% CeO2/Poly-PEG reach 59% and 55% upon 60 min of mercury UV lamp irradiation, respectively. The recyclability of the composites was also demonstrated in the swelling tests and by repeating the degradation measurements with the same sample. After three cycles of photocatalytic reaction, the composites still demonstrated excellent catalytic activity. The previously published and expected reaction mechanism for pure photo-semiconductors was confirmed using the ESR technique for these organic–inorganic composites. The production of free radicals which can be reacted with organic species in the solvent was clearly demonstrated. The approach in this research represents a low-cost and efficient method for the synthesis of reusable composite photocatalysts. It is reasonable to believe that through this approach, polymer-based photocatalysts based on a wider range of species can be used in different applications.
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Scheme 1. Chemical structures of the compounds. 
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Figure 1. Photopolymerization profiles of acrylate functions (double bond conversion vs. irradiation time) in laminate upon exposure to LED@405 nm (a) in the presence of BDMB (0.2 wt%)/ZnO (0~10 wt%); (b) in the presence of BDMB (0.2 wt%)/CeO2 (0~10 wt%); thickness at ~100 μm; the irradiation starts at t = 10 s. 
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Figure 2. Depth of cure (DoC) of the samples synthesized using different wt% of metal oxides and PEGDA in the presence of 0.2 wt% BDMB under air upon exposure to LED@405 nm. 
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Figure 3. Swelling of different samples after water absorption, in terms of swelling ratio before and after water absorption (%). 
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Figure 4. Decomposition temperatures of (a) Poly-PEG, ZnO powder, and 10 wt% ZnO/Poly-PEG composite; (b) Poly-PEG, CeO2 powder, and 3 wt% CeO2/Poly-PEG composite. TGA curves of (c) Poly-PEG, ZnO powder, and 10 wt% ZnO/Poly-PEG composite; (d) Poly-PEG, CeO2 powder, and 3 wt% CeO2/Poly-PEG composite. 
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Figure 5. SEM images of (a) cross-section of Poly-PEG, (b) surface of Poly-PEG; (c,d,e) ZnO, CeO2, and TiO2 powder; (f–h) cross-section of 10 wt% ZnO/Poly-PEG, 3 wt% CeO2/Poly-PEG, and 1 wt% TiO2/Poly-PEG; (i–k) surface of 10 wt% ZnO/Poly-PEG, 3 wt% CeO2/Poly-PEG, and 1 wt% TiO2/Poly-PEG. 
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Figure 6. XRD analysis of (a) Poly-PEG, (b) 10 wt% ZnO/Poly-PEG composite, and (c) 3 wt% CeO2/Poly-PEG composite. 
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Figure 7. Dynamic storage modulus (G′) at 25 °C of metal oxide/Poly-PEG with different metal oxide mass ratios. 
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Figure 8. UV–visible diffuse reflectance spectra of (a) Poly-PEG and ZnO/Poly-PEG; (b) Poly-PEG and CeO2/Poly-PEG. 
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Figure 9. UV–visible absorption spectra of Acid Black (AB) water solutions under air during the photocatalytic degradation process under UV lamp irradiation in the presence of (a) 10 wt% ZnO/Poly-PEG composite, (b) 3 wt% CeO2/Poly-PEG composite, and (c) 1 wt% TiO2/Poly-PEG composite. [AB]0 = 15 ppm, pH = 7. The consumption of Acid Black (15 ppm) with different metal oxide contents under UV lamp irradiation (d) in the presence of ZnO/Poly-PEG composite and (e) in the presence of CeO2/Poly-PEG composite. Degradation plot of Acid Black (15 ppm) under UV lamp irradiation (f) in the presence of Poly-PEG, 1 wt% TiO2/Poly-PEG composite, 10 wt% ZnO/Poly-PEG composite, and 3 wt% CeO2/Poly-PEG composite. 
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Figure 10. UV–visible absorption spectra of Acid Black water solutions during the photocatalytic degradation process under UV lamp irradiation in the presence of (a) Poly-TMPTA, (b) 10 wt% ZnO/Poly-TMPTA composite, and (c) 3 wt% CeO2/Poly-TMPTA composite. [AB]0 = 15 ppm, pH = 7. Degradation plot of Acid Black (15 ppm) under Omnicure lamp irradiation (d) in the presence of Poly-TMPTA, 10 wt% ZnO/Poly-TMPTA composite, 3 wt% CeO2/Poly-TMPTA composite, Poly-PEG, 10 wt% ZnO/Poly-PEG, and CeO2/Poly-PEG composite. 
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Figure 11. Three consecutive Acid Black photodegradation cycles for 10 wt% ZnO/Poly-PEG composite. [AB]0 = 15 ppm, pH = 7, irradiation source: UV lamp. 
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Scheme 2. The mechanism of ZnO/polymer composite photocatalytic reaction. The generated oxygen centered radicals (e.g., •OH) react with the dye to decompose it. 
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Figure 12. ESR spectra obtained at room temperature (20 °C) from ESR experiments under irradiation with an LED emitting at 405 nm under air. (a) ZnO/Poly-PEG, irradiation time = 15 min (red) and = 0 min (black) spectra, respectively; (b) ZnO/Poly-PEG, using PBN = 2 mg/mL (as the spin trap agent), irradiation time = 15 min (red) and = 0 min (black) spectra. 
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Table 1. Dry extract (%) for the different synthesized metal oxide/polymer composites measured after drying the swollen samples for one hour in the oven (50 °C).
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	Composites
	Dry Extract (%)





	Poly-PEG
	100 ± 2



	10 wt% ZnO/Poly-PEG
	98 ± 2



	3 wt% CeO2/Poly-PEG
	100 ± 2



	Poly-TMPTA
	100 ± 2



	10 wt% ZnO/Poly-TMPTA
	100 ± 2



	3 wt% CeO2/Poly-TMPTA
	100 ± 2



	10 wt% CeO2/Poly-PEG
	95 ± 2
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