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Abstract

:

Nano size Copper (Cu) incorporated TiO2 nanotubes was successfully synthesized via the anodic oxidation technique in ethylene glycol (EG) containing 0.5 wt % NH4F and 1.6 wt % KOH for the photocatalytic degradation of Simazine (2-chloro-4, 6-diethylamino-1,3,5-triazine) under Ultraviolet (UV) illumination. In the present study, the influence of different loading Cu concentrations on the formation of Cu-TiO2 nanotubes film towards the photocatalytic degradation of Simazine is reported. Based on our study, it was found that the optimum Cu loading concentration was about 0.45 wt % on TiO2 nanotubes film for approximately 64% photocatalytic degradation of Simazine after 4 h under UV illumination. This finding was mainly attributed to the uniform surface covering of the Cu loaded TiO2NTs which acted as electron traps, preventing the recombination of electron hole pairs, eventually leading to higher photocatalytic activity of our photocatalyst in degrading the targeted organic pollutant, Simazine. Moreover, an increased kinetic rate of the degradation to 0.0135 h−1 was observed in the presence of Cu in TiO2NTs.
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1. Introduction


Various applications of herbicides and pesticides as a habitual practice to increase agricultural productivity has resulted in an unintended impact to the environment. One major issue with herbicides is the ability to leach into groundwater systems which are then used as drinking water sources [1]. Among the herbicides, Simazine (6-chloro-N,N′-diethyl-1,3,5-triazine-2,4-diamine, SMZ), is popularly used to control the growth of annual grasses and broad leaf plants. The U.S. Environmental Protection Agency (EPA) classified Simazine as one of the five herbicides which has frequency of occurrence thus having potential to pollute groundwater [2]. Simazine is widely detected in groundwater systems due to its poor biodegradability. The resistance of Simazine to detoxify with conventional treatment methods can lead to major environmental problems and is suspected of being an endocrine disruptive effect chemical [3]. Therefore, numerous studies have been carried out such as by photocatalysis [4], Fenton’s oxidation [2], UV photolysis [5], and biological methods [6] to develop an effective and efficient treatment method for SMZ’s removal from water and the soils concerned [7]. Titanium dioxide (TiO2) is a superior photocatalyst with promising application in water treatment and has become the most studied photocatalytic material used to degrade organic compounds [8]. Owing to its outstanding chemical and physical properties such as high chemical stability, high catalytic activity, ease of availability, and non-toxic behavior, TiO2 is feasible for extensive application in catalysis, energy storage, sensing etc [9,10,11,12]. However, TiO2 absorbs only UV light corresponding to its wide band gap value of 3.0–3.2 eV which restricts its technological use. As a matter of fact, the anatase phase of TiO2 can only absorb UV light for photocatalytic activation. Improving the optical properties by narrowing the band gap of TiO2 would give a positive impact on the photodegradation ability [7,13].



Table 1 shows that the percentage of Simazine degradations are not 100% even after 7 h of degradation time. Therefore our study was to fabricate electrolyte forming TiO2 nanotubes to enhance Simazine degradation or TiO2 photocatalyst activity under UV illumination. From the literature, many researchers have focused on TiO2 nanoparticles (Degussa P25) [4,14]. However this is subject to higher cost, and may undergo aggregation as a result of nanosized instability [15,16]. In contrast, in this work, we synthesized TiO2 in the form of nanotubes. This method provides advantages in controlling the highly ordered, self-oriented, homogeneous characteristics of the material and is cost effective. Recently, Wang et al. [17] reported a degradation of Rhodamine B by Cu-doped TiO2 photocatalyst, however the ultrasonication-assisted sequential chemical bath deposition method possessed disadvantages such as lack of reproducibility and inefficiency in converting the precursor materials into useful deposits [18], thus restricting practicality in industrial application. The formation of our TiO2NTs was further enhanced by incorporation of alkali-species into ethylene glycol (EG) during the anodic oxidation process [19]. In 1996, Morawski et al. [20] reported that using potassium leads to a more active TiO2 catalyst. Additionally, due to the reason that the high rate of chemical dissolution in fluoride containing electrolyte could limit the nanotube length, additives such as potassium hydroxide (KOH) were added to the electrolyte solutions to reduce the dissolution rate of TiO2 formed [21]. KOH is a strong base and is totally dissociated in water as shown in Equation (1). The presence of potassium ion (K+) derived from the electrolyte is expected to result in adsorbtion on the titanium dioxide nanotubes’ (TiO2NTs) surface. This will enhance the overall TiO2NTs photocatalytic efficiency owing to the reason that KOH is an efficient activating agent in generating nanotube porosity compared to other alkaline hydroxides. K+ can be intercalated in all different types of nanotubes and thus is responsible for the development of microporosity [22].


KOH + H2O → K+ + OH−



(1)







However, in order to increase the photocatalytic efficiency, it is also essential to ensure that the electron-hole pairs can move to the surface reaction sites of the semiconductor after they become excited from Valence Band (VB) to Conduction Band (CB) before they recombine in bulk. Other than that, toxicologically innocuous and environmentally benign media [23] for chemical reactions such as ethylene glycol (EG) were also used in the electrolyte. The addition of EG to the electrolyte which acts as a reducing agent and stabilizer could inhibit the reduction reaction during the electrodeposition process [24]. To the best of our knowledge, detailed studies on TiO2NTs via anodization and their SMZ photodegradation performance are lacking. In this work, Cu was used to prepare TiO2NTs in the presence of KOH electrolyte to overcome the drawbacks such as recombination losses of charge carriers and to enhance the photocatalytic ability in photocatalytic degradation application. This study aims to determine the optimum Cu concentration in TiO2NTs for the best SMZ photocatalytic degradation performance.




2. Results and Discussion


2.1. SEM Analysis


The surface structural changes of anodized samples were observed by SEM. Before the addition of Cu into the electrolyte solution, the nanotubes formations are disorganized as shown in Figure 3a. However, with the addition of 0.45 wt % of Cu, vertically ordered open ended tubes of TiO2 were formed as shown in Figure 1b. From the cross-section views of this sample, it can be seen that the nanotube arrays are parallel aligned, length in the range of 1.22 μm with the highest aspect ratio of 14.59 (Figure 2). The surface modification of TiO2NTs with Cu can affect its optical and photocatalytic activities [17]. The tubular structure provides superior photocatalytic ability due to a large surface area, and facilitates the absorption of SMZ into the TiO2NTs surface [26]. The structural morphology of samples changed significantly for a higher amount of Cu. However, no porosity and vertically oriented structure of nanotubes were formed on increasing the amount of Cu as shown in Figure 1c–e. Meanwhile, part of the tubular structure of TiO2NTs was distinctly damaged at 1.35 wt % of Cu due to collapsing and became very non-uniform. Table 2 shows the details of texture properties for all samples.




2.2. Elemental Analysis


It is clearly seen that the synthesized films are mainly composed of Cu, Ti, and O elements, as shown in Table 3. As seen in the EDX spectra above (Figure 3), no other peak related to impurity was detected from the elemental composition. This confirms that only copper has been incorporated onto the TiO2 surface.



Figure 4 shows the current density-time transients during 30 min anodization time. Clearly a different current density is obtained by varying the electrolyte composition indicating a significant difference in the nanotubes growth behavior. As for samples labelled Cu-02, Cu-03, and Cu-04, the current density value becomes 0 even after 6 min anodization time has been observed. Thus, this hindered the ionic transport across the oxide/electrolyte interface, resulting in slow growth of the initial oxide layer. However, for sample Cu-01, the current density value was found as ~2.0 mA·cm−2 throughout the 30 min anodization time. This shows a large amount of charge carrier transport at the metal/electrolyte interface which further accelerates chemical dissolution and thus induces the formation of a thick initial oxide layer. The results suggest that Cu concentration has a big influence on the growth behavior, which eventually determines the CuTiO2NTs morphological characteristics as is shown in the previous SEM results.




2.3. XRD Analysis


Figure 5 shows the XRD patterns of the pure TiO2NTs and CuTiO2NTs film annealed at 450 °C in 2 h. It is observed that peaks at angles of 25.64, 38.40, 40.37, 53.42, 63.22, 71.02, and 76.62 have diffractions by planes (101), (004), (112), (105), (213), (220), and (107), respectively. These diffractions were attributed to the presence of anatase phase which is predominant in the sample (ICSD 01-075-1537). The Ti peaks originated from the Ti metallic substrate with lattice parameters of a = 0.37 nm, b = 0.37 nm, and c = 9.37 nm. TiO2 are found to display tetragonal coordination. After being doped with Cu, the geometric arrangement changed to hexagonal with lattice parameters a = 0.30 nm, b = 0.30 nm, and c = 11.44 nm. Therefore, it is reasonable to suggest that Cu atoms influence the crystal structure. The average crystallite sizes of the particles are calculated by Scherer’s equation [27], which are 143.5 nm for pure TiO2 and 42.9, 87.7, 35.6, and 33.7 nm for samples Cu-01, Cu-02, Cu-03, and Cu-04, respectively. However, the resulting spectrum shows that there has been a decrease in intensity for the sample labelled Cu-04. It is clear that the anodization at higher loading of Cu induces an abrupt change in the crystalline structure. This result is in good agreement with SEM images. Although a greatly differing intensity is observed for that sample, the main peaks correspond to a titanate phase. Furthermore, copper(I) oxide (Cu2O) may not be able to exhibit any diffraction pattern in the above spectra owing to the fact that the Cu component is highly dispersed in samples due to the low quantity of copper loading below the XRD detection limit.




2.4. Raman Analysis


Figure 6 displays the Raman spectra of TiO2NTs and CuTiO2NTs. The presence of fundamental vibrational modes of anatase Eg1, Bg1, Ag1 + Bg1, and Eg3 at 144, 395, 514, and 639 cm−1, respectively [28]. According to the above spectra, no relative shifts of vibration modes to higher wavenumber amongst the doped samples were observed. However, significant difference in intensity and peak broadening of the vibrational modes were observed. This is due to the surface disorder as a result of oxygen vacancies (nonstoichiometry defects) and atomic interaction –Ti–O–Cu– [28]. Doping TiO2 generates oxygen vacancy which is believed to distort the symmetry of the peak to cause broadening [29]. Furthermore, this confirms that the oxygen vacancies are greater when the TiO2 lattice is doped by a Cu atom with greater broadening compared to pure TiO2. This indicates the successful doping and uniform distribution of the metal ions in the titanium ion sites.




2.5. XPS Analysis


The XPS analysis of sample Cu-01, which showing the best structural morphology was employed to study the chemical nature and surface changes after copper deposition. The survey spectra are shown in Figure 7 containing the peaks of Ti2p, O1s, and Cu2p. There are two Ti2p peaks with binding energies at around 458.7 and 464.3 eV that are assigned to Ti2p3/2 and Ti2p1/2, respectively which suggests that Ti exists mostly in the form of Ti4+ [30,31,32]. The result shows that the Ti2p1/2 component is broader than the Ti2p3/2 peak caused by the Coster-Kronig effect [33]. The occurrence of post-ionization, Ti2p3/2 state is long lived compared to the Ti2p1/2 state. In addition three peaks centered at 528.6, 529.9, and 531.4 eV in the O 1s spectrum are observed. According to the literature, the binding energy at 529.9 eV shows characteristic signals due to Ti-O and at 531.9 eV the oxygens are in the form of hydroxyl groups [34]. It should be noted that the peak at 933.5 eV was assigned to Cu 2p in a form of Cu(I) oxide [35,36]. Since the atomic radius of Cu (135 pm) is smaller than Ti (140 pm), the Cu+ ion could be substituted into the lattice of TiO2 forming a Ti–O–Cu linkage. Moreover, Cu(1.90) has a higher electronegativity than Ti(1.54) which further becomes a factor for a successful doping into the interstitial TiO2 structure [37]. Furthermore, XPS data demonstrated no presence of other elements, revealing no contaminations exist on the surface. This observation was further supported and in a good agreement with EDX results. Based on the XPS results, it can be inferred that Cu exists in a form of Cu+ oxidation state.




2.6. TEM Analysis


The incorporation of Cu(I) oxide was further proved by Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray Spectroscopy (EDS) as shown in Figure 8 and Figure 9. The sample contains Cu, Ti, and O, and no other elements were observed. TEM images clearly show Cu nanoparticles substituted inside the tubes revealed by the presence of a Cu(I) oxide component. In addition, Cu(I) oxide was also deposited on the outer wall of the tubes as the surface of the nanotube is rough.




2.7. Photoluminescence (PL) Analysis


The PL measurement was performed in order to further understand the presence of surface defects and the emission properties of the sample. The PL spectra of all samples excited in the wavelength range of 400 nm to 700 nm are shown in Figure 10. Blue shift was observed from the PL emission where wider light absorptions were above 500 nm [38]. This wavelength shifts positively when Cu is added into TiO2 suggesting increased crystalline defects within the TiO2 structure. The PL signal arises from the defects associated with oxygen vacancies [39]. In PL spectra, the higher emission intensity is indicative of a higher recombination of photo-excited electron and holes [40]. From the above results, it can be seen that TiO2 exhibits higher emission intensities than that of all CuTiO2NT samples. Thus, it indicates that Cu incorporated in TiO2 may have a higher electron–hole separation efficiency compared with the pure TiO2 sample.




2.8. Mott-Schottky Analysis


For the purpose of studying the behavior of charge carriers on the Ti substrate interface Mott–Schotkky characterization was performed as shown in Figure 11. The flat band potential was calculated as 0.33 V. A positive slope in the Mott–Schottky revealed that the charge depletion behavior of Ti foil is a n-type photocatalyst material and the higher slope indicates that the substrate surface was covered uniformly. It can be assumed that the charge carriers are predominantly oxygen vacancies. These surface oxygen vacancies can act as catalytic sites for photochemical reactions.




2.9. Simazine Photodegradation Analysis


Using Simazine solution (1 ppm) as the organic pollutant, the photodegradation efficiency of CuTiO2NTs was evaluated. Figure 12 shows the photocatalytic degradation of Simazine solutions over Cu incorporated TiO2NTs as the photocatalyst, under UV light irradiation. The SMZ solution concentration decreases rapidly with illumination time. The removal efficiency of SMZ incorporated with the optimum Cu loading (0.45 wt %) was 64% in 4 h, while it removed 25% of SMZ for the pure TiO2NTs sample. The removal efficiency is significantly improved by the addition of Cu element. This confirms the ability of the photocatalyst to degrade persistent organic pollutant. The reasons for this effect can be explained as follows: It was found that the photocatalytic activity of the doped samples is significantly different with pure TiO2. This significant enhancement can be attributed to the role of Cu in hindering electron-holes recombination taking place thus further improving photocatalytic activity. Furthermore, structural morphologies have significant impact on the photocatalytic activity of CuTiO2NTs. It can be observed that Cu-01 and Cu-03 give a higher efficiency in comparison to Cu-02 due to the reason that the photocatalytic activity is dependent on the structural morphology of the nanotubes with enhanced surface area resulting in an increase of electron transfer ability [41,42]. Cu-01 with the optimum addition amount of Cu is selected to compare the band gap value with a pure-TiO2 sample labelled Cu-00. In order to study the incorporation effect on optical properties, a comparative UV-Vis diffuse reflectance spectrum of Cu-00 and Cu-01 is shown in Figure 13. Interestingly, the reflectance spectrum shows a slight red shift in optical response as Cu-01 displays greater absorption towards the visible region. This may be a factor that could influence photocatalytic ability [43]. The reflectance was further used to calculate the band gap value of the samples by using a Tauc-Plot. As shown in Figure 14, Cu-01 shows a smaller band gap value, 2.9 eV compared to un-doped TiO2, 3.1 eV.



In addition, the photodegradation efficiency of Cu-02 is significantly weaker than that of any doped samples due to a non-uniform nanotubes morphology resulting in high electron-holes recombination. Table 4 shows the reaction kinetic rate for all samples. It is observed that the sample Cu-03 has the maximum value of percentage of degradation. However, in terms of kinetic rate, the sample Cu-03 shows almost a similar value to the sample Cu-01.





3. Experimental Techniques


A set of catalysts was prepared via the anodization process as illustrated in Figure 15. Prior to anodization, pure titanium foils (0.127 mm, 99.7% purity (metal basis)) were ultrasonically cleaned in acetone and rinsed with deionized water. TiO2NTs were fabricated by anodizing Ti sheet as the anode in a two-electrode electrochemical cell with a mixture of Ammonium Fluoride (NH4F), and EG.



SMZ with molecular weight 206.6 g/mol, and formula C7H12ClN5, a synthetic compound derived from triazine and used as a herbicide (Figure 16) was supplied by Fluka and used without further treatment. To investigate the effect of Copper loaded TiO2NTs on SMZ photodegradation ability, Copper(II) nitrate trihydrate [Cu(NO3)2·3H2O] ranging from 0.45 to 1.80 wt % was added into the mixture of NH4F, KOH, and EG electrolytes followed by a stirring process. Table 5 shows the details of the parameters.



A sample without copper was fabricated in the electrolyte for the control experiment and labelled as Cu-00. Thus the other samples were labelled as Cu-01, Cu-02, Cu-03, Cu-04 for Cu percentage of 0.45%, 0.90%, 1.35%, and 1.80% respectively. The anodization process was performed at 30 V for 30 min for each sample at ambient temperature. After anodization, the Ti sheets were rinsed with deionized water, followed by acetone, dried naturally, and calcinated at 450 °C for 2 h to increase the crystallinity of the TiO2NTs. The surface morphologies of all samples were examined by Scanning Electron Microscopy (FE-SEM, Quanta 200F, FEI, Germany) and Energy Dispersive X-ray spectroscopy (EDX, Oxford, INCA Software, FEI, Germany) was used for elemental composition characterization. The crystalline characteristics were investigated by X-ray Diffraction (XRD) with Cu Kα radiation. X-ray photoelectron spectroscopy (XPS) measurements were carried out by a scanning X-ray microprobe PHI Quantera II (Ulvac-PHI, INC, Kanagawa, Japan) using a monochromatic Al-Kα (hv = 1486.6 eV) X-ray source that operated at 43.4 W (beam diameter of 300 µm). Wide scan analysis was performed using a pass energy of 280 eV with 1 eV per step for determination of elemental chemical states while narrow scan analysis was performed throughout the binding energy range of interest at a pass energy of 112 eV with 0.1 eV per step. Prior to de-convolution, charge correction was performed at C 1s by setting binding energies of C–C and C–H at 284.8 eV. Raman analysis was performed using In Via Raman Microscope (Renishaw, UK) over the range of 100 cm−1 to 700 cm−1 at a laser wavelength of 514 nm and 50% of laser power. Samples for Photoluminescence (PL) measurement were irradiated by a monochromatic beam with 325 nm wavelength at room temperature. The PL spectra with an excitation wavelength at 514 nm were recorded in the range of 400 nm to 750 nm. The effect of the TiO2NTs and the charge transfer behavior was studied by impedance spectroscopy over the TiO2NT substrates. Electrochemical measurements were done in a three-electrode cell using a platinum wire as counter electrode and a standard Ag/AgCl in 3 M KCl as reference electrode. [Fe(CN)6]3-/4- solutions were used as electrolyte. Impedance spectra were obtained with an Autolab PGSTAT-302N potentiostat, Metrohm AG, Switzerland) equipped with an impedance analyzer and controlled by a PC. The photoreaction was held under UV-light irradiation with 50 mL of SMZ solution (1 ppm). The source of light was a 95 W UV lamp. The photocatalytic reactor was equipped with 100 mL quartz tubes containing 50 mL of SMZ solutions positioned parallel to the UV source to receive equal light intensity. Cu deposited TiO2NTs were immersed into SMZ solution in darkness for 30 min, in order for adsorption-desorption to achieve equilibrium. Eventually, the liquid samples were collected every 1 h and analyzed further by UV-Vis analyzer (Varian Cary 50 Series, Agilent Technologies, United States). The band gap energy (Eg) was determined using Tauc/Davis-Mott plot.




4. Conclusions


We demonstrated the degradation of Simazine (SMZ) using Copper (Cu) loaded TiO2 photocatalyst material in this work. The concentration of Cu plays a significant role in the photocatalytic activity of TiO2 nanotubes and the optimum concentration for Cu was found as 0.45 wt %. Different crystallinity of TiO2 nanotubes was also observed with the varying amount of Cu in the catalyst structure. The precise band gap from Mott-Schottky and DR-UV results was derived as 2.9 eV which indicates that the photocatalyst is sufficiently active under near UV-Vis irradiation. Increased kinetic rate of degradation was observed at optimum Cu concentration in TiO2NTs. These findings show a simple and easy way to degrade SMZ in waste water. Moreover, 1.0 ppm SMZ removal efficiency using 0.45 wt % Cu loaded TiO2NTs is around 64% in 4 h. This indicates its potential as a fast and reliable photocatalyst in future water treatment applications. Titanium dioxide (TiO2) owing to its outstanding physical and chemical properties has still the most potential as photocatalyst material in water treatment application.
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Figure 1. Scanning electron microscopy (SEM) images of TiO2NTs for (a) Cu-00; (b) Cu-01; (c) Cu-02; (d) Cu-03, and (e) Cu-04. 
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Figure 2. Idealized geometric relationships in hexagonal nanotubular array with a wall thickness (W), interpore distance (A), and pore size (D). 
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Figure 3. Energy dispersive X-ray spectroscopy (EDX) spectra of (a) Cu-01; (b) Cu-02; (c) Cu-03; (d) Cu-04. 
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Figure 4. Current-density time response of CuTiO2NTs samples anodized using different Cu-loadings in EG- electrolytes labelled (a) Cu-01; (b) Cu-02; (c) Cu-03; (d) Cu-04. 






Figure 4. Current-density time response of CuTiO2NTs samples anodized using different Cu-loadings in EG- electrolytes labelled (a) Cu-01; (b) Cu-02; (c) Cu-03; (d) Cu-04.



[image: Catalysts 06 00167 g004]







[image: Catalysts 06 00167 g005 550] 





Figure 5. X-ray Diffraction (XRD) patterns of CuTiO2 photocatalyst labelled (a) Cu-00; (b) Cu-01; (c) Cu-02; (d) Cu-03; and (e) Cu-04. 
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Figure 6. Raman spectra showing peaks for samples (a) Cu-00; (b) Cu-01; (c) Cu-02; (d) Cu-03; and (e) Cu-04. 
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Figure 7. X-ray photoelectron spectroscopy (XPS) spectra of CuTiO2NTs labelled Cu-01. 
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Figure 8. Transmission electron microscopy (TEM) image shows cross sectional morphologies of CuTiO2NTs labelled Cu-01. 
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Figure 9. Energy dispersive x-ray spectroscopy (EDS) of CuTiO2NTs labelled Cu-01. 
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Figure 10. Photoluminescence spectra of CuTiO2NTs (a) Cu-00; (b) Cu-01; (c) Cu-02; (d) Cu-03; (e) Cu-04. 
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Figure 11. Mott-Schottky analysis of Ti foil at a potential range of −1 to +1 VSCE. 
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Figure 12. Relationship between C/C0 and reaction time in hours for Simazine decomposition catalyzed by (a) Cu-00; (b) Cu-01; (c) Cu-02; (d) Cu-03; and (e) Cu-04 samples under UV irradiation. 
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Figure 13. Reflectance vs. wavelength for (a) Cu-00 and (b) Cu-01. 
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Figure 14. Band gap using Tauc-Plot for sample (a) Cu-00 and (b) Cu-01. 
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Figure 15. Schematic diagram of experimental setup for catalyst preparation via anodization process, EG = ethylene glycol. 
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Figure 16. Chemical structure of Simazine. 
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Table 1. The percentage of Simazine (SMZ) degradation obtained by TiO2 photocatalyst.
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Year

	
Preparations

	
Results

	
References




	
Methods




	
Materials




	
Light Source






	
2011

	
Photolysis

SMZ concentration (5 ppm), TiO2 concentration (0.05 to 0.25 g/L)

Mercury lamp

	
No full mineralization of SMZ was achieved

25% SMZ degradation after 1 h

Cyanuric acid present as final product

Pseudo first order

	
Munoz et al. [25]




	
2014

	
Sonocatalytic, Photocatalytic, Sonophotocatalytic

SMZ concentration (5 ppm), Au-TiO2 concentration (0.2 g/L to 3.0 g/L)

Visible light

	
Order if degradation of SMZ after 7 h degradation (Sonophotocatalysis, 43% > Sonocatalysis, 31% > Photocatalysis, 26%)

1.5 g/L is the optimum Au-TiO2 concentration

Pseudo first order

	
Sathishkumar et al. [7]




	
2013

	
Ultrasonication-assisted sequential chemical bath deposition

0.14 g Copper acetate

Cu2O loaded TiO2

Visible light

	
Rhodamine B degradation

After 19 min, 24.96% Cu2O/TiO2 of RhB degraded

Photoelectrocatalysis, 84.29% > electrocatalysis, 41.07% > photocatalysis, 5.00% > selfdegradation, 1.45%

Pseudo first order

	
Wang et al. [17]




	
2013

	
SMZ concentration (0.06 ppm) Degussa P25 (0.05 to 0.80 g/L) H2O2 (4 mM)

Visible light

	
Optimum condition (pH 6.5, TiO2 0.1 g/L, [H2O2] 4 mM, 0.5 mM Cr(VI)

In 20 min, >97% of SMZ degraded with the presence of Cr(VI), 120 min to achieve without Cr(VI)

	
Rao et al. [14]




	
2009

	
SMZ concentration (0.025 mM), Degussa P25 (0.1 g/L)

UV light

	
Optimum condition (pH 9, TiO2 0.1 g/L)

Pseudo first order

	
Chu et al. [4]
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Table 2. Geometrical dimension of all samples.
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Parameters

	
Cu-00

	
Cu-01

	
Cu-02

	
Cu-03

	
Cu-04






	
Length of tube, L (nm)

	
1288.0

	
1220.0

	
667.0

	
556.0

	
334.0




	
Pore Size, D (nm)

	
37.5

	
68.7

	
49.0

	
48.0

	
44.5




	
Wall thickness, W (nm)

	
33.4

	
7.3

	
10.3

	
8.5

	
4.4




	
Interpore distance, A (nm)

	
77.2

	
72.5

	
73.3

	
68.6

	
49.5




	
Aspect ratio, R

	
12.3

	
14.6

	
9.6

	
8.6

	
6.3




	
Geometric surface area factor, G

	
61.9

	
97.9

	
60.2

	
54.9

	
42.7
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Table 3. Energy dispersive X-ray spectroscopy (EDX) analysis of all samples.
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Sample

	
Element

	
wt %

	
atomic %






	
Cu-00

	
Ti

	
56.62

	
30.35




	
O

	
43.38

	
69.95




	
Cu-01

	
Ti

	
52.45

	
27.08




	
O

	
47.04

	
72.72




	
Cu

	
0.51

	
0.20




	
Cu-02

	
Ti

	
73.20

	
48.73




	
O

	
25.36

	
50.55




	
Cu

	
1.43

	
0.72




	
Cu-03

	
Ti

	
74.90

	
50.18




	
O

	
24.75

	
49.64




	
Cu

	
0.36

	
0.18




	
Cu-04

	
Ti

	
73.66

	
48.33




	
O

	
26.28

	
51.63




	
Cu

	
0.06

	
0.03
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Table 4. Kinetic rate for Simazine decomposition catalyzed by (a) Cu-00; (b) Cu-01; (c) Cu-02; (d) Cu-03; and (e) Cu-04 samples under UV irradiation.
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Sample

	
Kinetic Rate (h−1)






	
Cu-00

	
0.0124




	
Cu-01

	
0.0135




	
Cu-02

	
0.0062




	
Cu-03

	
0.0135




	
Cu-04

	
0.0106
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Table 5. Experimental parameters of the prepared samples.







Table 5. Experimental parameters of the prepared samples.







	
Label

	
Fabrication Electrolyte






	
Cu-00

	
TiO2




	
Cu-01

	
TiO2 + Cu (0.45 wt %)




	
Cu-02

	
TiO2 + Cu (0.90 wt %)




	
Cu-03

	
TiO2 + Cu (1.35 wt %)




	
Cu-04

	
TiO2 + Cu (1.80 wt %)










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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