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Abstract

:

Pharmaceutical CEC compounds are a potential threat to man, animals, and the environment. In this study, a sol–gel-derived TiO2 (SynTiO2) was produced and subsequently sonochemically doped with a 1.5 wt% Mo to obtain the final product (Mo (1.5 wt%)/SynTiO2). The as-prepared materials were characterized for phase structure, surface, and optical properties by XRD, TEM, N2 adsorption–desorption BET isotherm at 77 K, and PSD by BJH applications, FTIR, XPS, and UV-Vis measurements in DRS mode. Estimated average crystallite size, particle size, surface area, pore-volume, pore size, and energy bandgap were 16.10 nm, 24.55 nm, 43.30 m2/g, 0.07 cm3/g, 6.23 nm, and 3.05 eV, respectively, for Mo/SynTiO2. The same structural parameters were also estimated for the unmodified SynTiO2 with respective values of 14.24 nm, 16.02 nm, 133.87 m2/g, 0.08 cm3/g, 2.32 nm, and 3.3 eV. Structurally improved (Mo (1.5 wt%)/SynTiO2) achieved ≈100% carbamazepine (CBZ) degradation after 240 min UV irradiation under natural (unmodified) pH conditions. Effects of initial pH, catalyst dosage, initial pollutant concentration, chemical scavengers, contaminant ions, hydrogen peroxide (H2O2), and humic acid (HA) were also investigated and discussed. The chemical scavenger test was used to propose involved photocatalytic degradation process mechanism of CBZ.
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1. Introduction


Socio-economic advancement and high global population are among the factors that have put unrivaled pressure on the water environment. To meet human demand for improved personal and social welfare, strengthen the health care system to tackle ailments and diseases, and boost food production to fight off hunger and starvation, more synthetic chemical compounds have been produced, marketed, and used [1,2]. Undoubtedly, these efforts have an advanced and improved societal livelihood. However, as good as that may sound, it has also led to global water quality issues, which now is one of the greatest challenges faced by humanity in the 21st century [1,2,3,4]. Aquatic pollutants comprise a vast variety of organic and inorganic chemical compounds [1,2]. A group of these chemical compounds that have, in the last few decades, caught attention as to what their occurrence, environmental fate, and potential toxicity might be is the so-called contaminants of emerging concern (CECs) [5,6,7]. CECs, as defined by the network of reference laboratories, research centers, and related organizations for monitoring of emerging environmental substances (NORMAN), are anthropogenic or naturally occurring chemicals that are not routinely monitored in the environment but have the potential to enter the environment and cause known or pose adverse ecological and/or human effects [8]. Additionally, they well might have been in the environment for a long time due to their incessant release but have not been detected until recently following the advent of sophisticated analytical instruments suitable for their low detection limit of ng/L- µg/L [8]. They have spread over a wide coverage of chemical compounds, including pharmaceuticals and personal health care products (PPCPs), pesticides, flame retardants (FRs), surfactants, artificial sweeteners (ASWs), endocrine disrupting substances (EDSs), veterinary products, engineered nanomaterials, industrial compounds/by-products, food additives, and a host array of different compounds, including their metabolites and transformation products [4,8,9,10,11,12,13]. More than 700 out of over 100,000 documented CEC compounds, their metabolites, and transformation products are listed as present in the European aquatic environment by NORMAN, which is an indicator of their continental presence and global ubiquity [6,8].



Prominent among the classified categories of CECs by the NORMAN based on their origin are pharmaceuticals and personal healthcare products (PPCPs), and a variety of them have been reported across continental European water sources [8,14,15,16,17,18,19,20]. Several compounds of pharmaceutical origin have been reported in water sources from across Europe, and one such compound is carbamazepine (CBZ), 5H-dibenzo[b,f]azepine-5-carboxamide [8,14,15,16,17,18,19,20]. As a dibenzazepine derivative with a structural resemblance to tricyclic antidepressants, it is used as an antiepileptic drug for seizure control, pain relief due to trigeminal neuralgia, as well treatment of different relevant psychiatric disorders. Amongst the number of established sources and pathways through which these compounds enter the environment, effluents from municipal wastewater treatment plants (WWTPs) have been identified [15,17,21,22]. The poor removal efficiency of CECs by the WWTPs has been seen as the reason for the proliferated concentrations of these compounds and their metabolites in the environment, even after treatment [23,24]. To tackle the challenge of poor removal susceptibility of CECs by WWTPs operating on conventional treatment methods, advanced oxidation processes (AOPs) as alternatives have been introduced for the ultimate eradication of these compounds [14,15,16,17,18,25]. Efforts focused on the development of practical and efficient solar-based AOPs have eventually led to the adoption of various technologies including heterogeneous photocatalysis as a means of enhanced degradation and detoxification of WWTP effluent discharges [14,15,16,17,18,26,27,28]. Semiconductors play key roles in solar-driven heterogeneous photocatalysis and one such material that has been prominent and widely studied amongst other semiconductor materials is titania (TiO2) [29,30,31,32]. Extensive studies on the application of TiO2 stem from its unprecedented properties of chemical inertness and stability, easy UV activation, environmental friendliness, corrosion resistance, low cost, availability, etc. [33]. However, despite all these excellent properties, the practical realization of TiO2 photocatalyst environmental remediation and other related application is still farfetched. Wide energy band, restriction to low-end UV activity and less UV-Visible spectrum energy harvesting, the fast tendency of photogenerated charge recombination, low quantum yield, etc., are part of the major setbacks challenging TiO2 photocatalyst deployment for full scale-up environmental remediation applications [34,35,36].



On this note, several strategic effects have been found to further improve the performance of TiO2 semiconductor-based photocatalysis. Metal oxide semiconductor coupling, surface morphology regulation, carbonaceous and nanomaterial hybridization, dye/noble metal sensitizations, heterojunction constructions, as well as heteroatom doping, etc., are various forms of modification strategies that have been executed by different studies with a show of TiO2 photocatalyst performance enhancement [37,38,39,40].



By heteroatom doping and/or semiconductor metal oxide coupling, studies have been performed investigating the photocatalytic activity enhancement of Mo modified TiO2-based photocatalyst material either in mono-doped form or in co-existence with other dopants for the degradation of organic chemical pollutants in water. For instance, by evaporation-induced self-assembly (EISA), Aviles-Garcia et al. synthesized 1 wt% (W and Mo) co-doped TiO2 and reported the highest degradation and mineralization of 97% and 74%, respectively, over 4-chlorophenol oxidation by the photocatalyst after 100 min UV irradiation [41]. Huang et al., with a sol–gel, synthesized Mo (2 wt%)-doped TiO2 reported ≈100% methylene blue (MB) degradation after 300 min of solar light irradiation [42]. In another study, Zhang et al. prepared by anodizing associated hydrothermal method Mo and N co-doped TiO2, and after 180 min reported an impressive visible light photocatalytic degradation activity by the photocatalyst composite of 1% dopant content each over 10 mg/L initial methylene blue (MB) [43]. Yang et al., with an optimum MoO3/TiO2 mass ratio of 0.25, reported a 38% methylene blue (MB) conversion under visible light after 150 min by the photocatalyst obtained via wet impregnation and attributed the enhanced activity of the modified TiO2 in comparison to the unmodified TiO2 to both bandgap shrinkage and added a suitable amount of the crystalline MoO3 [44]. CuMoO4-doped TiO2 achieved via the chemical synthesis route has been reported to deliver a highly efficient degradation of 96.9% of 4-chlorophenol at an optimized 0.05 wt% of the dopant contents under visible light irradiation, for 3 h and at pH 9 condition [45].



Specifically, carbamazepine (CBZ) as a target classified model CEC of pharmaceutical origin has been studied by research groups for activity performance enhancement evaluation of modified photocatalyst materials, including TiO2-based ones. For example, by microwave synthesis, Surenjan et al. reported a highly effective C-doped spherical anatase TiO2 of more than 98% degree of CBZ mineralization after 4 h of visible light irradiation under pH 6.5–8.5 conditions [46]. In a related study, and by the same synthesis method but a different approach, Sambandan et al. deposited graphitic carbon on TiO2 and leveraged its surface morphology via a conjugated co-exposed low/high energy thermodynamically favored facet. As an outcome, they generated enhanced visible-light photocatalytic activity performance in the degradation of CBZ and attributed that to the rice grain-shaped crystal morphology outcome following the modification of the base TiO2 material [47]. Successful test outcome of TiO2-SiO2/MWCNT nanocomposite fabricated over the 0.01–17.8% range of CNT content in the TiO2-SiO2 base tested over the photocatalytic degradation of carbamazepine (CBZ) by Czech and Buda has been reported [48]. The authors cited that while SiO2 addition to the composite improved TiO2 dispersion, the multiwalled-carbon nanotube (MWCNT) reduced the energy bandgap of the composite by a unit in comparison to the unmodified TiO2 for an enhanced visible-light photocatalytic activity performance [48]. More recently, our group reported an impressive performance of B/NaF-TiO2 and its silicon phthalocyanine form (SiPc), respectively, synthesized by sol–gel and Schiff base process assisted sol–gel method over CBZ with ~100% degradation achieved of the former and about 70% achieved of the later after 4 h UV irradiation [15]. In the same vein, with formulated CuWO4-TiO2 containing 0.05 wt% CuWO4 prepared by the co-precipitation-assisted hydrothermal protocol in the anatase TiO2 base prepared by sol–gel method, we reported a high photocatalytic activity performance of ~100% CBZ degradation after 2 h of UV irradiation [17].



Given the background of the few highlighted studies introducing reports of titania (TiO2), and other semiconductor-based materials modification with Mo and/or other transition metal dopants for improved photocatalytic activity performance over the degradation organic pollutants, various modification outcome effects have been credited for such enhanced activity performances by the photocatalyst materials [49]. Changes in optoelectronic properties, generation of defect sites, variable oxidation states, and enhanced charge mobility, etc., are some of the attributes shown by transition metal dopants on their base material hosts for enhanced optical and catalytic properties when employed and evaluated for their potential environmental, energy, and other related applications [50,51,52,53,54,55].



By these effects, promising photocatalyst materials have been developed and studied, displaying near or total removal of organic compound pollutants from water sources, underpinning the importance of metal oxide materials in the realization of improved performance semiconductor-based material composites for application in water decontamination purposes [56,57]. Comparatively, out of a wide range of reports involving Mo dopant in modified TiO2 and other semiconductor-based photocatalyst materials for activity improvement, few of the highlighted studies focused on in this paper did not show a total or near-complete removal of the investigated model pollutant. For instance, while with 1.5 wt% (Mo)/SynTiO2 we achieved almost a complete removal of CBZ in 240 min, in this study, 2 wt% Mo modified TiO2 was investigated by Huang et al., though 100% MB under solar irradiation was also removed; however, a more prolonged time of exposure of 300 min was adopted. Here again, higher catalyst dosage was also employed by the authors against what is normally a benchmark model pollutant for evaluating photocatalyst material activity performance. In another scenario, Aviles-Garcia et al. achieved 97% degradation and 76% mineralization of 4-chlorophenol under UV exposure of 100 min irradiation time. This again was with a 1 wt% (Mo-W) co-doped TiO2 as compared to what was achieved in this study with the 1.5 wt% Mo single doped TiO2, removing almost 100% CBZ after 240 min UV irradiation, although their investigated photocatalyst made an impressive performance achievement with a total dopant weight of 2 wt% in the co-doped form. Our study achieved, with a single doped form, almost total CBZ removal with a lower dopant amount of 1.5 wt% Mo.



While Mo/SynTiO2 material, to the best of our knowledge, is for the first time employed in the photocatalytic degradation of CBZ as a classified CEC compound, the sonochemical preparation method used in its realization sets the study further apart on the basis of a greener approach as compared to the known nanomaterial synthesis routes usually involving high bulk temperature, and high pressure demand as well as longer reaction time for the realization of nanomaterials.



In light of these, this study demonstrates the evaluation of the photocatalytic activity performance efficiency of Mo (1.5 wt%) doped sol–gel synthesized TiO2 (Mo/SynTiO2) prepared via sonochemical procedures for the degradation of carbamazepine (CBZ) as the target model CEC compound.




2. Results and Discussion


2.1. Characterization of Synthesized Materials


Characterization of Mo/SynTiO2 and SynTiO2


The crystal phase composition/crystallinity and average particle size of the materials, Mo/SynTiO2 and the unmodified SynTiO2, were respectively measured and analyzed by x-ray diffraction (XRD) and transmission electron microscope (TEM) measurements. As expected, identified crystal phase structures known for pristine TiO2 material were similar and matched in both sample materials (Figure 1a) [58,59,60,61]. Mixed anatase and rutile pristine TiO2 peak phases of {101}, {103}, {004}, {112}, {200}, {105}, {211}, {204}, and {116} corresponding to respective angle reflections of 2θ = 25.39°, 36.9°, 37.79°, 38.57°, 48.07°, 53.89°, 55.07 °, 62.69°, and 68.76°, and indexed according to JCPDS card # 01-071-168 were identified and corresponded in both the unmodified and modified samples. The peak prominence of the unmodified SynTiO2 material sample was not sharply intense due to the adopted low temperature for the sol–gel synthesis, as well as the moderate heat treatment at 80 °C and calcination temperature of 450 °C (Figure 1a) [62,63]. However, the identified sample materials’ peak phases and their positions agreed with the reported literature data, while the addition of Mo to the base SynTiO2 reflected improved sample material peak intensity and stability of Mo/SynTiO2 (Figure 1a) [63,64,65,66,67]. The prominence of the {101} crystal phase at 2θ = 25.39° (Figure 1a) is an indication of the ordered crystalline structure of the Mo/SynTiO2 and can further be confirmed through the estimated crystallite sizes of the materials according to the Deybe–Scherrer function in Equation (1) [15,17,18]. Where λ = 1.54059 Å is the wavelength of the CuKα source, β is the integral breadth of XRD peaks depending on the width of the particular hkl plane obtained at full width at half height maximum (FWHM) in degrees, θ = diffraction angle obtained from XRD data of the most intense reflected phase, and K as the shape factor constant with an assigned value of 0.9.


   D  hkl   =    K λ     β   hkl       cos θ     



(1)







The estimated crystallite sizes of the materials, according to Equation (1), were 14.24 nm for the unmodified SynTiO2 and 16.1 nm for the modified Mo/HRTiO2 sample material (Table 1). The presence of the Mo dopant on the SynTiO2 brought about the improved crystallite size of the modified material over the unmodified one. This can further be confirmed from Figure 1a, where the crystal peak phases in the modified material sample and more specifically the {101} phase exhibited a narrower, intense, and sharper peak in comparison to the unmodified material sample peak phases. In all, the presence and recognition of the pristine TiO2 affiliated peak phases in Mo/SynTiO2 material confirms the fact that despite the Mo addition to the SynTiO2, the pristine base TiO2 state did not alter.



The respective TEM images in Figure 1b,c show finely divided and sparsely distributed nanoparticles of SynTiO2, while aggregated clustered particle lumps with a larger size in comparison to the unmodified SynTiO2 are seen in the Mo/SynTiO2 material and attributed to the Mo addition to SynTiO2 [15,41,68,69]. The estimated particle size value of 24.55 nm for the Mo doped SynTiO2 sample in comparison to 16.02 nm for the unmodified SynTiO2 sample shows an appreciation and agreed with obtained average crystalline sizes of the material samples from the XRD measurement (Table 1).



The bonding interactions in the synthesized sample materials were measured and analyzed by Fourier transform infrared (FTIR) spectroscopy. As can be seen from Figure 2, the functional group signatures in the unmodified SynTiO2 sample material and its Mo doped form are identical and agree with the already-reported bond functionalities of pristine TiO2. Bond signals at 581.08 cm−¹ and 751.07 cm−¹ are representatives of Ti-O stretching and Ti-O-Ti network linkages, respectively [15,16,17], while 958.93 cm−¹ and 1084.64 cm−¹ are absorption bond signals for Ti-OH vibrations assigned to carbonates or carboxylic acid (C=O) stretching mode and/or C=C stretching due to the presence of unsaturated compounds (Figure 2) [15,16,41]. The bond signal at around 1600 cm−¹ is an attribute of the bending and stretching hydrogen bond of the surface adsorbed water (H-O-H) molecule [14,15,17,41]. The vibrational signal around 2195.59 cm−¹ originated from the -CH2 functional group (Figure 2) [14]. The signal at around 3100 cm−¹ in the unmodified SynTiO2 and that of the extended stretching bond signal in the modified Mo/SynTiO2 up to around 3485 cm−¹ are respective attributes of the -CH vibrational bond and broader stretching signal for the -OH functional group of surface adsorbed water molecule [14,15,16,17,41]. The added Mo dopant in the modified Mo/SynTiO2 material is confirmed by the overlapping 958.93 cm−¹ and around 2958.75 cm−¹ extended stretching bond signals for the respective symmetric and asymmetric stretching vibrations of cis MoO2 entities (Figure 2) [61,62,63,64,65,66,67,68,69,70]. Besides, the respective 1600 cm−¹, and 3100 cm−¹ bond signals curve shift in appearance from a more defined vibrational mode in the unmodified SynTiO2 to a more extended stretching mode in the modified Mo/SynTiO2 indicates the affinity of the added Mo dopant to surface adsorbed water molecules of the modified sample material as part of the surface modification outcome effect (Figure 2).



The binding interactions and oxidation states of the chemical contents in the synthesized sample materials were elucidated by x-ray photoelectron spectroscopy (XPS). As expected, the constituent elemental compositions of the materials revealed the same element components of Ti and O in the unmodified SynTiO2 sample, while Mo, in addition to the Ti and O atoms, was identified in the Mo/SynTiO2 modified sample (Figure 3X). The presence of core C 1s in the spectrum at ~285 eV has been reported and attributed to adventitious carbon with possible affiliation to C-H and/or C-C, C=C, C-O-H, C=O bond functionalities (Figure 3X) [15,18,64,71]. Figure 3a–c display the XPS spectral images showing the elemental compositional peaks of the Mo/SynTiO2 material. The 2p energy level distinguished, as expected, Ti 2p3/2 and Ti 2p1/2 at respective binding energies of 458 eV and 464. 1 eV (Figure 3a). These binding energies agree with reported literature data, confirming the presence of the Ti4+ state in the material sample. The non-significant shift to high BE of the Ti 2p degenerate energy levels conform to what has already been reported of their respective data values concerning the unmodified base TiO2 Ti 2p energy degenerates [15,16,41,67]. This further confirms the non-alteration in the state of the pristine SynTiO2 material after Mo addition. The O 1s were resolved at binding energies of 529.5 eV and 530.9 eV (Figure 3b). The respective O 1s subcomponent peaks belonging to the Ti-O bond and the surface hydroxyl (-OH) group were enhanced by the addition of the Mo dopant onto the surface of the SynTiO2 base material (Figure 3b) [14,15,17,18,41,67,70,71]. Resolved peaks at binding energies of 231.9 eV and 235 eV were respectively credited to Mo 3d5/2 and Mo 3d3/2 of Mo6+ and Mo5+ oxidation states and have been reported (Figure 4c) [41,67,70]. The surface anchored Mo dopant by its promotional redox effect in the photogeneration of hydroxyl radical (•OH) via surface adsorbed hydroxyl (-OH) group supports the observed subcomponent resolved peaks at the reported binding energies of the make-up contents in the Mo/SynTiO2 sample material [11,63,68,69,72,73]. As such, the enhanced photocatalytic activity outcome of the modified Mo/SynTiO2 material is suggested to have been facilitated amongst other factors, like surface modification defect promotional effects, and also by restrained electron–hole recombination process and subsequent charge carrier lifetime prolongation.



The structural morphology of the unmodified SynTiO2 and the modified Mo/SynTiO2 were investigated by scanning electron microscopy (SEM) measurement coupled to energy dispersive spectroscopy (EDS) for the atomic element compositional analysis measurement. As can be seen from the SEM images, SynTiO2 showed a galactical morphological outlook of small densely populated spherical particles (Figure 4a). Upon the addition of Mo on SynTiO2, it can be seen that the distinct spherical particles of SynTiO2 aggregated and formed larger lumps in the resultant Mo/SynTiO2 sample material (Figure 4c) [62,67]. The Mo/SynTiO2 displayed a more aggregated lump structure with some prominence of swollen surface edges (Figure 4c) [62,67]. The accompanied EDS maps revealed the elemental contents in the synthesized sample materials (Figure 4b,d). Here, Ti and O atoms as the main elemental composition of SynTiO2 were revealed, while in addition to O and Ti, Mo was on display upon the realization of the Mo/SynTiO2, indicating the successful decoration of SynTiO2 with Mo atom modifier (Figure 4b,d). Presence of C in the samples is of adventitious origin (Figure 4b,d) [17].



The surface area and the pore size distribution analysis of the synthesized material samples were obtained from the N2 adsorption–desorption Brunauer–Emmett–Teller (BET) isotherm curve measurement at 77 K and Barett, Joyner, and Halenda (BJH) application methods, respectively [63]. As shown in Figure 5a, the observed isotherm curve of the unmodified SynTiO2 material exhibited a Type-Ib kind of isotherm curve of a continuous N2 adsorption uptake with pressure increment and the development of a very narrow hysteresis loop at high-end relative pressure (P/P0) ratio [74]. Upon the modification of the SynTiO2 with Mo, a transformation can be seen of the exhibited Type-Ib isotherm curve of SynTiO2 into Type-IV isotherm curve of the Mo/SynTiO2 sample material with a better developed H3 hysteresis loop due to the interlocking of the adsorption and desorption isotherm branches at about 0.4 relative pressure value (Figure 5b) [41,74]. This indicates that the introduction of the Mo dopant onto the SynTiO2 material led to the exhibition of an isotherm curve with a classified and defined characteristic structural adsorption–desorption phenomenon (Figure 5b). The BET surface area of the unmodified SynTiO2 material was 133.87 m2/g in comparison to 43.3 m2/g for the modified Mo/SynTiO2 sample material (Table 1). While pore volume for SynTiO2 and Mo/SynTiO2 did not differ significantly with values at 0.08 cm3/g and 0.07 cm3/g, respectively, the pore size of SynTiO2 was 2.32 nm and appreciated to 6.23 nm for the Mo/SynTiO2 upon modification (Table 1). Though there was no significant change in pore volume–outcome, the reduction in the surface area of the modified Mo/SynTiO2 sample material in comparison to the unmodified SynTiO2 is attributed to the surface addition of the Mo dopants onto the SynTiO2, resulting in a proportional increase in surface population density with a consequent reduction in the specific surface area [66]. The BJH particle size distribution (PSD) of the sample materials were present in a seemingly not outrightly defined modal confined pattern (Figure 5a,b (inset)). Evidently, this outcome is supported by the BET isotherm curve of SynTiO2 with a show of almost complete absence of hysteresis loop, indicating the microporous nature of the material (Figure 5a) [71,74]. However, with an improved H3 hysteresis upon the addition of Mo onto the SynTiO2, a contrast outcome in PSD with a wider spread and extended pore channel without confinement in the Mo/SynTiO2 sample material can be observed (Figure 5b (inset). This is attributed to the reported compact surface accompanied surface area fluctuation upon the addition of Mo for the modification of SynTiO2 material [67]. The addition of Mo to SynTiO2 led to a blockage or decrease in microporous network of Mo/SynTiO2 material and can also be confirmed from TEM particle size as the material agglomerated more.



The energy bandgap (Eg) of the sample materials was estimated from their optical property analysis with data obtained from UV-Visible/Diffuse Reflectance Spectroscopy (UV-Vis/DRS) measurement. Energy bandgap (Eg) plot estimates of the unmodified SynTiO2 and modified Mo/SynTiO2 are displayed in Figure 6.



The Kubelka–Munk function, according to Equation (2) [14,15,17,18], was used to obtain the Tauc’s plot generated from a transformed reflectance spectra into absorption spectra data for the derivation of the Eg of the material samples.


  F  R  =   S   ( 1 − R )  n    2 R    



(2)




where F(R), R, and S are absorbance, reflectivity, and scattering factor, respectively. The S factor was assumed to be a unit as the employed material is in powder form, while n = ½ for indirect bandgap semiconductor materials energy transition was adopted. Figure 6 shows the Tauc’s plot of hν Vs [F(R)hν)]½ with linear part extrapolation to the point where the [F(R)hν)]½ axis is equal to zero. The estimated Eg value of SynTiO2 and Mo/SynTiO2 materials were obtained as 3.30 eV and 3.05 eV, respectively (Figure 6a,b, Table 1). There was no significant difference seen of the Eg value estimates between the unmodified SynTiO2 and modified Mo/SynTiO2 materials. As much as the shift in the Eg of the modified Mo/SynTiO2 did not make a significant difference, the little observed can be attributed to the likelihood of lattice entry of some of the (1.5 wt%) Mo dopant into the TiO2 lattice network structure. This is a result of the preparation/synthesis protocol route of both the base material and the dopant itself seen contributing to the reductive effect in the Eg value of the modified material sample (Figure 6b). Above all, co-operative interactive effect during material synthesis that would have resulted in a much larger shift to low Eg value of the modified Mo/SynTiO2 is absent, partially due to effect of excess amount 1.5 wt% Mo dopant addition to SynTiO2 base material and the sonochemical Mo surface anchorage rather than invasive interstitial doping protocol [41,42,43,44,45].



Table 1 gives, in summary, the data estimate and/or measurement of the characterized properties of the SynTiO2 and Mo/SynTiO2 material samples.



Data analysis outcome of characterization measurement and estimation output of the prepared materials projected expected photocatalytic activity enhancement effect of the modified Mo/SynTiO2 material as not dependent on surface area increase (Table 1) [41,44]. On one hand, the enhancement effect of the photocatalyst material is suggested to have been due to some surface modification alterations (e.g., surface defects) inherent in the combined material synthesis protocols that enriched the catalyst material with surface reactive oxygen species (e.g., OH−, O2−, etc.) [75,76,77,78,79,80,81]. Facilitated photoinduction charge mechanism/photogeneration, including the photocatalytic promotional effect of efficient surface charge separation/transfer phenomenon, is also envisaged to be involved in the expected enhanced activity performance of the photocatalyst material. By virtue of the estimated optical energy bandgap reduction of 3.05 eV for the Mo/SynTiO2 material to that of 3.30 eV for the SynTiO2, this can be confirmed [15,65,82].





2.2. Photocatalyst Test Evaluation


On a preliminary basis, the characterized unmodified SynTiO2 and modified Mo/SynTiO2 materials were evaluated for their photocatalytic performance towards the degradation of carbamazepine (CBZ). After this time, other photocatalytic activity evaluation tests towards CBZ degradation were performed with the modified Mo/SynTiO2 material.



	
Physicochemical Properties of Carbamazepine (CBZ)






Carbamazepine (CBZ) is an antiepileptic drug for seizure control, pain relief due to trigeminal neuralgia, as well as the treatment of different relevant psychiatric disorders [15,17]. Table 2 gives a summarized outlook of the physicochemical properties of CBZ.



The photocatalytic activity performance of the SynTiO2 and Mo/SynTiO2 materials towards CBZ degradation on preliminary basis was evaluated, and 1 g/L catalyst dose for each of SynTiO2 and Mo/SynTiO2 was tested against 5 mg/L initial CBZ concentration under 365 nm UV irradiation and natural (unmodified) initial pH 5.84 condition. As can be seen from Figure 7, while Mo/SynTiO2 degraded ≈ 100% of the initial 5 mg/L CBZ concentration, SynTiO2 was almost completely non-photoactive over the degradation of same initial IBU concentration after 240 min of 365 nm UV irradiation exposure.



In retrospect, the comparative assessment of the few highlighted modified photocatalyst materials in the introduction section of this study, where Mo content as a dopant modifier for improved photocatalyst activity performance was employed either in lone or mixed form with other atoms, is shown in Table 3 with a summary of their operating conditions.



Since Mo/SynTiO2 showed a strong photoactivity response over the degradation of CBZ in comparison to the unmodified SynTiO2 (Figure 7), it was deployed for further photocatalytic test evaluations in the degradation of CBZ.



2.2.1. Effect of pH


	
pH Point of Zero Charge (pHpzc) Value






The influential role of pH in the degradation of organic compound molecules in aqueous media has been reported, and a strong one for that matter [14,16,17,18]. As part of the pH effect evaluation on the photocatalytic degradation efficiency of Mo/SynTiO2, its pHpzc was determined and found to be 8 (Figure 8). Though the pHpzc of pristine TiO2 lies between 5.5–6.5 [17], there was a shift to even high-end pH value in the pHpzc of the Mo/SynTiO2, despite the acidic Mo semiconductor nature presence [44]. This outcome is attributed to the peculiarity of the synthesis protocol of the base TiO2 material concerning the added Mo dopant, which triggered a surface aggregation in aqueous media that led to the surface modification of the nanoparticles to a basic pH point character [83].



In addition to the already tested initial natural (unmodified) pH 5.84 condition at a preliminary level, other pH values of 3, 9, and 11 were further evaluated as to their effects on the photocatalytic degradation of CBZ based on the pHpzc of Mo/SynTiO2 and pKa value of CBZ (Figure 8, Table 2).



As can be seen from Figure 9, under the initial natural (unmodified) pH 5.84 condition, 1 g/L of the photocatalyst degraded ≈ 100% of the initial 5 mg/L CBZ concentration after 240 min of 365 nm UV irradiation exposure. Under the initial pH conditions of 9 and 11, about 88% and 80% of the initial 5 mg/L CBZ concentration was respectively degraded after 240 min UV irradiation time window (Figure 9). The least photocatalytic activity performance over CBZ degradation was observed under initial acidic pH 3 condition, with only about 26% degradation achieved by the photocatalyst after 240 min irradiation exposure time (Figure 9). The measured pHpzc charge of the photocatalyst (pHpzc 8) and the pKa value of CBZ (pKa 13.9), with respect to prevailing initial pH condition of the aqueous media, can be connected. In this sense, when the initial pH condition of the aqueous suspension media is above the pHpzc of the photocatalyst and the pKa of the CBZ molecule, the surface of the photocatalyst acquires a negative charge, while the CZB organic compound molecule is deprotonated; conversely, the reverse is the case [17,18]. This connection can be extended to the tested prevailing initial pH condition effect on the photocatalyst activity performance over CBZ degradation (Figure 8 and Figure 9). The performance observed under initial pH 9 and pH 11 can be attributed to favored surface charge interaction between a negatively charged photocatalyst surface and a protonated CBZ molecule which subsequently led to the degradation of CBZ, as they are closer to the photocatalyst point of generated reactive species needed for the degradation process [14,16,17,18]. The least positive effect in photocatalyst activity at initial pH 3 is an outcome supported by the positively charged photocatalyst surface and the protonated-NH2 functional group of the CBZ molecule (Figure 9). The resulting charge repulsion in effect at this initial pH 3 condition finally led to the distancing of the CBZ molecule from the photocatalyst surface where reactive species needed for degradation are present, thus the poor removal result was observed (Figure 9) [14,16,17,18]. The impressive activity shown by the photocatalyst at the natural (unmodified) pH 5.84 in effect is not supported by a favorable outcome based on the photocatalyst surface charge and ionized CBZ molecule in the aqueous suspension media (Figure 8 and Figure 9, Table 2). However, the shown enhanced activity by the photocatalyst under this initial pH 5.84 condition can be attributed to relative contribution of electrons, holes, and hydroxyl radicals present at this initial natural pH point for the degradation of the CBZ organic substrate molecule. Again, this is feasible at this natural (unmodified) pH condition as no pH condition alteration is affected and the prevailing pH 5.84 condition favors the possible dominating reactive species under conditions of moderately acidic and partially neutral rather than outright high acidic or alkaline pH values [84,85]. Furthermore, from Table 4, an extended corroboration can also be made between initial pH condition effect on the photocatalytic degradation process of CBZ with the measured final pH outcome. As observed, the natural (unmodified) initial pH 5.84 dropped to a relatively moderate acidic final pH value of 5.16, a point still balanced for the maintenance of the possible dominating reactive species for the photocatalytic degradation of CBZ (Figure 9, Table 4). Based on the analogy of initial pH 9 and 11 conditions that showed somewhat enabled impressive photocatalyst performance effect over the degradation of CBZ, their respective recorded final pH values of 7.47 and 10.46 are still hydroxyl radical species-promoting needed to sustain the photooxidation process (Table 4) [84]. While the final pH 10.46 condition enables and promotes charge acquisition to remain in favor of CBZ photocatalytic degradation, the final pH 7.47, though not at this point supported by the photocatalyst and CBZ adopted charges based on pHpzc and pKa values, remains promotional of CBZ photocatalytic degradation due to other reported phenomenon such as facilitated suspension dispersion for more available photocatalyst surface area in the degradation of CBZ [84]. The case of initial pH 3 with a final pH of 3.71 continues to suppress the photocatalytic activity of CBZ (Figure 9, Table 4). The reason is that with highly acidic pH conditions, there was no balance for the maintenance of dominating reactive species. The possible presence of aggregated photocatalyst material in suspension thereby limited surface area, and a lack of the establishment of promotional charge system for CBZ degradation based on pHpzc and CBZ pKa value is also responsible for poor removal under this initial pH 3 condition (Figure 8 and Figure 9, Table 4). On a general outlook, the effect of the tested initial pH conditions over the photocatalytic degradation of CBZ was not totally dependent on connecting the measured pHpzc of the photocatalyst and the pKa value of CBZ. This is justified by the electrostatic interaction between the photocatalyst and the CBZ molecule which, under the investigated initial pH conditions, were not all supported. Carbamazepine (CBZ) is a neutral molecule at a broad range of pH, and the fact that solution pH is complex and can influence photocatalytic reactions in several ways supports the holistic approach of looking at the pH influence in the degradation of most organic compounds like CBZ from a range of factors. Thus, the factors considered of the initial pH effect over CBZ degradation by the photocatalyst in this study and based on what has been reported are supported. Going forward, the rest of the photocatalytic test evaluations were performed under initial natural (unmodified) pH 5.84 to keep test conditions minimally interfered as much as possible.




2.2.2. Effect of Catalyst Dosage


Catalyst dosage effect was evaluated over the photocatalytic degradation of CBZ. In addition to the already tested 1 g/L catalyst dosage, other dosages of 0.5 g/L, 0.75 g/L, and 1.25 g/L were also tested for CBZ photocatalytic degradation. As can be seen from Figure 10, an increment in catalyst dosage resulted in improved photocatalytic degradation removal of CBZ. This can be attributed to the participation of more active photocatalyst sites at a certain catalyst dosage amount that favors and facilitates the photocatalytic degradation of organic compounds [14,18]. Conversely, while a 1 g/L catalyst dosage ≈ 100% CBZ was degraded, about 90% CBZ was degraded by the 1.25 g/L catalyst dosage (Figure 10). The reason for this outcome is that at a certain catalyst dosage amount, photocatalyst activity performance can diminish due to catalyst shielding or screening of radiation light penetration effect at certain amount levels [14,18]. The 0.75 g/L catalyst dosage, being of a convenient higher amount, performed more efficiently than 0.5 g/L catalyst dosage with a degradation of ~87% CBZ for the former and about 61% CBZ degradation for the latter (Figure 10) [14,18].



With a better performance activity over CBZ degradation than the rest of the tested dosages and to keep catalyst dosage balanced, the next test evaluating the effect of initial pollutant concentration on the photocatalyst activity performance was performed at 1 g/L catalyst dosage.




2.2.3. Effect of Initial Pollutant Concentration


In addition to the already tested 5 mg/L initial CBZ concentration, initial CBZ concentrations of 10 mg/L, 15 mg/L, and 20 mg/L were also tested for their effect on the photocatalyst activity performance over CBZ degradation. As shown in Figure 11, in response to an increase in initial CBZ concentration, photocatalyst activity performance decreased accordingly. This effect has been reported to have attributed to the overwhelming saturation of available photocatalyst surface active sites at high initial pollutant concentrations [14,18]. Higher photocatalyst activity performance can be observed at the least initial CBZ concentration of 5 mg/L, where ≈100% was degraded after 240 min UV irradiation (Figure 11). Further increase of the initial CBZ concentration to 10 mg/L and 15 mg/L returned a declined photocatalytic degradation rate, with about 78% equal CBZ degradation achieved by the photocatalyst under those initial CBZ concentrations (Figure 11). The least activity performance was witnessed for the photocatalyst at the higher initial CBZ concentration of 20 mg/L, with only about 73% CBZ degraded by the photocatalyst (Figure 11). In essence, with a 5 mg/L initial CBZ concentration, the photocatalyst delivered the most efficient performance for CBZ degradation.



As such, catalyst dosage of 1 g/L, initial CBZ concentration of 5 mg/L under initial natural (unmodified) pH 5.84 were adopted as the respective catalyst amount, initial pollutant concentration, and initial pH conditions for the rest of the photocatalyst test evaluations.



Additionally, tests were performed in the dark in the presence of the Mo/SynTiO2 photocatalyst powder as well as CBZ photolysis test in the absence of Mo/SynTiO2. Resultant test effects showed negligible adsorption and photodegradation of CBZ under the related test conditions of 5 mg/L initial CBZ concentration, 1 g/L catalyst dosage, natural (unmodified) pH 5.84, and 240 min of 365 nm UV irradiation (Figure 12). In the same manner, heat effect with catalyst and heat effect without catalyst (with the photocell reactors adequately wrapped with thin aluminum foils in each test case scenario) to ward off light penetration interferences did not result in any significant CBZ degradation (Figure 12).




2.2.4. Effect of Chemical Scavengers


Chemical scavenger effect was conducted over the photocatalyst degradation of CBZ to probe for the reactive species responsible in driving the degradation process. 1 mM each of isopropyl alcohol (IPA), benzoquinone (BQ), and ammonium oxalate (AO) were employed as the chemical scavengers for the respective probe of hydroxyl (HO·) radical, superoxide (O2−) anion, and hole (h+) charge carrier reactive species [14,16,17,18,86,87,88].



As can be seen from Figure 13, all the tested chemical scavengers with respect to no added scavenger impeded the photocatalytic degradation of CBZ during the 240 min UV irradiation. In comparison to no added scavenger, IPA and AO slightly suppressed the photodegradation reaction rate until 180 min of the 240 min irradiation time window. At this time, equal degradation performance of ≈100% of the initial 5 mg/L CBZ concentration was achieved by the photocatalyst in the presence of IPA and AO scavengers with respect to no added scavenger (Figure 13). The implication here is that the introduced presence of IPA and AO exerted, on a slight level, a suppression effect on the photocatalytic degradation process, but with a loss in the antagonistic effect as the reaction proceeded. On the other hand, BQ exerted a stronger suppression effect on the photocatalytic degradation process of CBZ in a way that, even as the suppressive effect waned down with time, about 3% of initial CBZ was remaining after 240 min UV irradiation in comparison to near or total CBZ removal in the presence of IPA and AO at this time (Figure 13). In essence, going by the early and initial slightly suppression effect exerted on the photocatalytic degradation process in the presence of IPA and AO, it can be suggested that hydroxyl (HO·) radical and hole charge (h+) carrier reactive species respectively probed by these two tested scavengers were to some extent involved in the photocatalytic degradation of CBZ (Figure 13) [14,16,17,18,88]. In the case of BQ, a much higher degree of involvement can be suggested for the superoxide (O2.−) anion specie in the photocatalytic degradation of CBZ since much stronger and maintained suppression effect was seen in the presence of BQ in comparison to both IPA and AO over the photocatalytic degradation process (Figure 13). Variation between the initial pH values upon the addition of these chemical scavengers and their final recorded pH values did not vary as widely, as can be seen from Table 3.



Based on this analogy, such a proposal where photodegradation process mechanism involving directly or indirectly primary photogenerated charge carriers and their corresponding photoinduced/other charge species accompanied transfer mechanisms is foreseen and will be more elucidated in the paper section dedicated to the proposed photocatalytic degradation process mechanism of CBZ.




2.2.5. Effect of Contaminant Ion (Cations and Anions)


The effect of contaminant ion on the photocatalytic degradation process was also investigated. One molar equivalent (1 mMeq) concentration for each of the tested cations and anions was employed. For the cations, chloride cationic salts of NH4+, Mg2+, Ca2+, Al3+, and Fe3+ were tested, while for the anions, sodium anionic salts of Cl−, SO42−, HPO42−, CO32−, and HCO3− were tested.



As shown in Figure 14, in the presence of NH4+ ion, the photocatalytic degradation process remained with no observable positive or negative effect, but rather the same achievement of ≈100% CBZ degradation by the photocatalyst was observed, like in the case of no added cation. The report that in the presence of some inorganic ions like NH4+, Mg2+, and Ca2+, etc., organic pollutant photocatalytic degradation process may or may not be impacted to a greater extent or even not impacted at all, supports this outcome [89]. In comparison to no added ion (cation), the presence of Mg2+ and Al3+ retarded the photocatalytic degradation process with about 92% CBZ degradation recorded for each of the tested ions at this point after 240 min irradiation. The effect recorded upon the respective addition of Ca2+ and Fe3+ ions over the photocatalytic degradation process of CBZ showed a higher impedance in comparison to no added ion (cation), with ~86% and 81% CBZ degradation achieved after 240 min irradiation (Figure 14). Although NH4+ ion displayed a neutral effect over CBZ degradation, the slight retardation effect observed in the case of Mg2+ and Al3+ and that of a higher suppression in the presence of Ca2+ and Fe3+ ions was reported [14,17,89]. When observed, the suppression effect on photocatalytic degradation of organic compounds due to cations has been attributed to factors like hydroxyl radical scavenging, pH change of aqueous media suspension due to foreign ion addition, as well as catalyst active sites competition between substrate organic molecules and the present cationic species [14,17]. In this sense, the mixed outcome observed with respect to the degree of suppression exerted by the presence of Mg2+, Al3+, Ca2+, and Fe3+ ions over the photocatalytic degradation of CBZ has been down to one or more combinations of those stated factors (Figure 14) [14,17]. Interestingly, linking the effect outcome of the tested cations to their recorded final pH values is a trend where the more acidic the pH value is, the higher the degree of suppression, and the more alkaline or closer to neutral the pH point is, the less the suppression effect existed (Figure 14, Table 4). This observation corroborates with the investigated pH effect where, initial pH 3 and its corresponding final pH 3.71 being the most acidic of the recorded pH values, achieved the least CBZ degradation by the photocatalyst (Figure 9 and Figure 14, Table 4).



The effect of anions over the photocatalytic degradation process was investigated and showed such a trend where on a general basis, there was exertion of suppression though with a non-significant exertion (Figure 15). As can be observed, the introduced anions exerted a slight suppression effect at the early irradiation stages of the photocatalytic degradation process which gradually waned after 240 min irradiation time with almost the same 100% CBZ degradation achieved, just like in the case of no anion addition. Similarity of trend in suppression effect was displayed by the presence of SO42− ion and that of Cl−, while that of CO32− and HCO3− displayed, in a similar manner, their suppression effect (Figure 15). HPO42− ion exhibited, in a more concerted and noticeable manner, at least for the first 180 min, irradiation suppression effect over the CBZ photocatalytic degradation process in comparison to the other tested anions and no anion addition condition (Figure 15). The outcome of the suppression effect exerted by the introduced anions over the CBZ photocatalytic degradation process in comparison to no anion addition on a general basis is attributed to the scavenging attitude of these anions towards hydroxyl (•OH) radical, consequently leading to photodegradation process rate retardation [14,18,89]. The mixed outcome in suppression effect amongst the tested anions and their overall retardation of the photocatalytic degradation process can also be linked to variation between the initial and final measured pH values (Table 4). The outlook over the measured final pH values portrays the scenario where the moderately acidic or near-neutral pH conditions translated to a lesser suppressed photocatalytic degradation process outcome in comparison to the more advanced towards alkaline pH condition (Table 4).




2.2.6. Effect of Hydrogen Peroxide (H2O2) and Humic Acid (HA)


The effects of both hydrogen peroxide (H2O2) as an external oxidant and that of humic acid as a surrogate dissolved organic matter (sDOM) were investigated over the photocatalytic degradation of carbamazepine. Additionally, 1–10 mM and 1–10 mg/L range in concentration for H2O2 and HA, respectively, were tested for their effect over the CBZ photocatalytic degradation process (Figure 16 and Figure 17). From Figure 16, it can be seen that the introduction of H2O2 as an externally added oxidant impeded the photocatalytic degradation rate process. In comparison to 0 mM H2O2, tested concentrations of 1 mM, 2 mM, 3 mM, 4 mM, 5 mM, and 10 mM H2O2 exerted suppression effect over the photocatalytic degradation process of CBZ by the degree of the higher the H2O2 oxidant concentration, the greater the suppression effect exerted (Figure 16). In essence, while the least suppression effect over the photocatalytic degradation process of CBZ was recorded at 1 mM H2O2 with ~90% CBZ degraded, a higher suppression effect occurred at 10 mM H2O2 with ~67% CBZ degradation in comparison to the ≈100% CBZ degraded with no suppression effect exertion and under 0 mM H2O2 condition (Figure 16). Such an outcome of suppression effect from externally added oxidants like H2O2, more so within certain concentration range, has been reported and attributed to factors like extremely low absorption of UV light and scavenging attitude of H2O2 towards hydroxyl (•OH) radical under certain reaction conditions [14,18,90].



On the other hand, the introduction of humic acid also exerted a suppression effect over the photocatalytic degradation of CBZ. As can be seen from Figure 17, the introduction of 1 mg/L HA, 2 mg/L HA, 3 mg/L HA, 4 mg/L HA, 5 mg/L HA, and 10 mg/L HA exerted suppression effect over the photocatalytic degradation process of CBZ by the degree of the higher the HA concentration, the greater the suppression effect exerted and vise-versa (Figure 17). Comparatively, while with 0 mg/L HA condition almost ≈100% CBZ degradation was achieved at 240 min irradiation, 1 mg/L HA, 2 mg/L HA, 3 mg/L HA, and 4 mg/L HA concentration were added on the average degraded ~95% CBZ (Figure 17). The photocatalyst CBZ degradation performance depreciated more, even in the presence of a higher 10 mg/L HA concentration where ~71% CBZ degradation was achieved after 240 min irradiation (Figure 17). The decrease in photocatalytic degradation process rate of organic compounds in the presence of humic acid (HA) has been reported and attributed hydroxyl (•OH) radical scavenging, photocatalyst surface active site competition, and turbidity effect in presence of HA, which reduces proper light illumination of photocatalyst suspension media [17,90].



Table 4 gives a summarized display of all the investigated photocatalytic parameters per photocatalytic material and their respective effect on CBZ degradation as identified by their estimated photocatalytic degradation rate constant k (min−¹), their corresponding correlation factor (R2), half-life t½ (min), and initial and final pH condition variation. For all tested parameters, an average triplicate has been reported with assigned error bars of ±0.05 standard deviation.





2.3. Proposed Reaction Mechanism


In support of a proposed surface reaction mechanism, the result outcome of the chemical scavenger test was brought into consideration. From Figure 13, Section 2.2.4, basically all the tested chemical scavengers for the investigation of the responsible reactive species into the photocatalytic degradation of carbamazepine exerted a suppressive effect on the degradation rate at some point of the irradiation time window, and in comparison to no scavenger addition. This outcome shows that hole (h+), and electron (e−) charge carriers and their respectively photogenerated hydroxyl (•OH) and super-oxide anion (O2•−) radicals were involved in the reaction mechanism that eventually drove the photocatalytic degradation of carbamazepine.



Firstly, upon the irradiation of the photocatalyst material and with a sufficient photon energy (E), the electrons at the valence band (VB) are ejected. In about the same time, there is also the generation of hole charge (h+) carriers. The ejected electrons (e−) under favorable energetic condition drifts to the conduction band (CB) and by reduction interacts with surface adsorbed oxygen (O2) molecule to generate superoxide anion (O2•−) radicals. In a related charge interaction phenomenon, the generated hole (h+) charge carriers by oxidation interacts with surface adsorbed water molecule to yield hydroxyl (•OH) radicals at the valence band (VB).



These radical species are now available to attack the carbamazepine compound and subsequently degrade it to end products of nitrogenous substances, water, and carbon dioxide (Scheme 1) (Figure 13).



In the formation of the reactive species for the degradation of carbamazepine, the Mulliken electronegativity function according to Equations (3) and (4) [18,86,87,88] was employed to derive the potentials of the energy band edge levels of the conduction band (CB) and valence band (VB).


   E  CB   =    χ  − 0.5  E e  −  E g   



(3)






   E  VB   =      E    CB   +  E g   



(4)




where the functions are as follows: ECB is the conduction band edge potential (eV), χ is the electronegativity value estimated as the geometric mean of the individual element electronegativity values (eV) of the Mo/SynTiO2 composite material, Ee is the energy of the free electron on the standard normal hydrogen electrode (NHE) scale (eV), Eg is the estimated energy bandgap (eV) of the Mo/SynTiO2 material composite, while EVB is the valence band edge potential (eV) of the Mo/SynTiO2 material composite, as appropriately expressed in Equations (3) and (4) above.



The obtained band edge energy potential values were adopted to support the interpretation of the involved mechanisms in the proposed CBZ photocatalytic degradation process. From Equation (3), the conduction band (CB) edge potential of the photocatalyst was obtained as (−0.76 eV) (Scheme 1). In comparison to the standard normal hydrogen electrode (NHE) scale potential value of (−0.046 eV) needed for the generation of superoxide anion (O2•−) via e− + O2/O2•− pathway, the derived CB edge potential is negative enough to favor the formation of this reactive specie at this level [86,88].



In a similar manner in Equation (4), the obtained valence band (VB) edge potential 2.29 eV of the photocatalyst, in comparison to the (OH−/•OH) pair formation value of 1.99 eV on the NHE, is positive enough to favor the generation of hydroxyl (•OH) radical and makes it available at this level [87,88]. More so, superoxide anion (O2•−) radical generation at the CB via O2 + H+/O2•− pathway is also favored as the CB edge potential at a value of 2.29 eV (Scheme 1) which is high and positive enough compared to the 0.682 eV on the standard normal hydrogen electrode (NHE) required for its generation via (O2 + H+/O2•−) pathway. Additionally, Mo6+/Mo5+ redox pair system energy potential has been reported at +0.4 V [64]. This value is high enough compared to the value (−0.34 eV) obtained in this study by Equation (3) for the SynTiO2 base material and agrees with already-reported value (−0.51 V) for pristine TiO2 [82]. As such, there is favor for the capturing of the generated mobile electron charge (e−) by the Mo6+/Mo5+ redox pair in the photocatalyst system. This is vital, as the tendency for charge recombination is restrained and photocatalyst performance efficiency promoted (Figure 8, Scheme 1), although conclusive inference of involved participating reactive species for the elucidation of photocatalytic degradation reaction process mechanism cannot solely be drawn based on trapping test with chemical scavengers given the complex nature of heterogeneous photocatalytic process systems. However, it thus serves as a good base for deeper confirmatory reactive species participatory role tests in the photocatalytic degradation process of organic pollutants in such systems [86,87,88].



In the light of these presented analogies for charge generation, transfer, and reactive species formation, etc., a mechanism that encompasses the participation of all the basic charges/reactive species is therefore suggested for the photocatalytic degradation of carbamazepine according to Scheme 1, and can further be validated by deeper mechanistic insights using advanced measurement protocols like room temperature photoluminescence (RTPL), electrochemical impedance spectroscopy (EIS), as well as electron spin resonance (ESR), etc., for a deeper insight.





3. Materials and Methods


3.1. Chemical Reagents


All chemicals used in the present study were of analytical grade and deployed as purchased without further purification. Titanium isopropyl oxide (TiP) [Ti(O4C12H28] (97%) (Sigma Aldrich, Darmstadt, Germany) and ammonium molybdate tetrahydrate [(NH4)6Mo7O24·4H2O] (99.98%) (Sigma Aldrich, Darmstadt, Germany) were respectively employed as synthesis precursors for Ti and Mo. Ethanol (C2H5OH, 99.5%) (Sigma Aldrich, Darmstadt, Germany) and nitric acid (HNO3, 70%) (Sigma Aldrich, Darmstadt, Germany) were used as solvents for the sol–gel synthesized titania (SynTiO2). Carbamazepine (5H-Dibenz[b,f]azepine-5-carboxamide) [C15H12N2O] (>99%) (Sigma Aldrich, Baden-Württemberg, Germany) was investigated as the model CEC compound for the photocatalytic degradation test. Sodium hydroxide [NaOH] (≥98%) and hydrochloric acid [HCl] (37% wt/v) were both purchased from (Sigma Aldrich, Darmstadt, Germany) and employed for aqueous media pH controls. p-benzoquinone-BQ (2,5-Dimethyl-1,4-benzoquinone) [C6H4O2] (≥98%), isopropyl alcohol-IPA [(CH3)2CHOH] (≥99%), and ammonium oxalate (AO) monohydrate [(NH4)2C2O4·H2O] (≥99%), sodium chloride [NaCl], sodium sulphate [Na2SO4], sodium carbonate [Na2CO3], sodium hydrogen carbonate [NaHCO3], sodium hydrogen phosphate [NaHPO4], ammonium chloride [NH4Cl], iron (iii) chloride [FeCl3], magnesium chloride [MgCl2], aluminum chloride [AlCl3], calcium chloride [CaCl2] (all inorganic salts ≥99% purity), as well as hydrogen peroxide [H2O2] (30 wt./v) and sodium humic acid salt (≥99%), were all purchased from (Sigma Aldrich, Darmstadt, Germany) and employed for their investigative effect on the photocatalytic degradation of carbamazepine by the photocatalyst. Milli-Q water was used for all the photocatalytic test measurements.




3.2. Synthesis of Mo/SynTiO2 Material


	
Sol–Gel Synthesized TiO2 (SynTiO2)






In a typical procedure to prepare TiO2 by sol–gel method [15,16,17], titanium isopropoxide (TiP–8.4 mL) was mixed with ethanol (5 mL) at room temperature, mechanically agitated for about 15 min, and designated as solution A. Meanwhile, solution B was prepared as a mixture of ethanol (10 mL), water (1 mL), and nitric acid (1 mL) added in a precautious way. Afterwards, solution B was added to solution A under stirring to initiate hydrolysis and lasted for 24 h. The resultant thick gel white solution formation was heated to dryness at 80 °C for 12 h, after which the formed powder material was calcined in a muffle furnace at 450 °C for 3 h. Obtained powder material was cooled and collected. The final material was labeled sol–gel synthesized titania (SynTiO2) and stored in an airtight space to protect from humidity while ready for use in the next step of the Mo doping process of the SynTiO2.



	
Mo doping of the Sol–Gel Synthesized TiO2 (SynTiO2)






The doping of sol–gel synthesized titania (SynTiO2) was realized by means of sonochemical preparation route. Specifically, ammonium molybdate tetrahydrate [(NH4)6Mo7O24·4H2O] was used as the inorganic precursor material of Mo. The precursor material was diluted in an aqueous solution of 200 mg of the sol–gel synthesized titania (SynTiO2) powder calculating a 1.5 wt% for the Mo doped SynTiO2 in final solution before sonication. Sonication was performed by a UIP 500HD transducer (Hielscher) as the ultrasound generator in a double-walled glass container with an external cooling regulator under 25 °C during the entire process. The sonication process involved a continuous U/S generation of 1000 W/cm2 for 3 h duration. Afterwards, the solution was centrifuged, substrate was collected, and was dried at 80 °C overnight. A final thermal treatment was performed under ambient temperature up to 150 °C for 2 h. Finally, the obtained molybdenum (1.5 wt%) sonochemically doped sol–gel synthesized titania: Mo (1.5 wt%)/SynTiO2 was deployed for photocatalytic activity test performance evaluations and compared to the sol–gel synthesized titania (SynTiO2) for the preliminary photocatalytic activity performance test.




3.3. Characterization of Mo (1.5 wt%)/SynTiO2 Material


Following successful synthesis, the obtained SynTiO2 and Mo (1.5 wt%)/SynTiO2) materials were characterized. The X-ray diffraction (XRD) analysis measurement for the crystallographic phase analysis of the materials was carried out using a Rigaku D/Max-IIIC diffractometer (RIGAKU, Corp., Tokyo, Japan) with operational functions of CuKα radiation (λ = 0.1541 nm) over the range 2θ = 20–70° at ambient temperature and 35 kV at 25 mA at the rate of 3°/min scan speed [14,15,16,17,18]. Transmission electron microscopy (TEM) measurement was performed with FEITecnaiG2 Spirit (FEI, Hillsboro, OR, USA) for the particle size analysis of the material samples, while Fourier transform infrared (FTIR) spectroscopy measurement was carried out with a Perkin-Elmer Spectrum one FT-IR spectrometer (Thermo-Fischer Scientific, Leicestershire, UK), employing the attenuated total reflection (ATR) method to understand the chemical functional groups present in the synthesized material samples. X-ray photoelectron spectroscopy (XPS) measurement was performed with a PHI 5000 VersaProbe spectrometer (ULVAC PHI, Inc., Kanagawa, Japan) with an AlKα radiation source for the elucidation of the elemental compositions within the chemical environment of the synthesized materials [14,15,16,17,18]. Scanning electron microscopy (SEM) measurement for the surface morphological analysis was done with Zeiss EVO LS10 (Carl Zeiss Microscopy, Hamburg, Germany), with 0.2–30 kV acceleration voltage and 0.5 pA–5 µA probe current attached with energy dispersive x-ray spectroscopy (EDS) detector (Carl Zeiss SmartEDX, Hamburg, Germany), with samples attached to sample holder and prepared with Au using sputter-coating (SEM coating System Machine). The surface area of materials and other related parameters of pore size distribution was measured by the Brunauer–Emmett–Teller (BET) technique recorded on the nitrogen adsorption–desorption isotherm at 76 K employing a Micromeritics 3 Flex version 5.00 (Micromeritics, Norcross, GA, USA) after degassing, while the pore size distribution (PSD) was obtained by Barret Joyner Halenda (BJH) application method [14,15,16,17,18]. The optical properties of the synthesized materials were measured with UV-Vis diffuse reflectance spectroscopy (UV-Vis/DRS) in absolute measurement, employing BaSO4 as the reference plate on a Shimadzu UV-2550 (Scintek Instruments LLC., Manassas, VA, USA) [17,18].




3.4. Determination of the pH Point of Zero Charge (pHpzc) of Mo (1.5 wt%)/SynTiO2 Material


The pH point of zero charge (pHpzc) of the Mo (1.5 wt%)/SynTiO2 material was determined by the reported drift method [14,18]. By procedure, 50 mL of 0.01 M NaCl solution was measured out in conical flasks. The initial pH values of these solutions were adjusted and maintained at room temperature between 2 and 12, using 1 M each of either HCl or NaOH. Upon the stability of the initial pH values, 0.05 g of the catalyst powder was added to each of the measured flask solutions, stirred for 48 h and, and the final pH value of each flask solution containing the catalyst material was measured by employing HANNA, edge pH meter (Woonsocket, RI, USA).




3.5. Photocatalytic Test Measurement


Photocatalytic activity performance measurement of the sample material(s) was performed under 365 nm irradiation wavelength cut-off. An in-house fabricated 200-degree internal reflector for optimal efficiency (99.9%), UV-A, and visible blue wavelength range of 300–475 nm spectral power distribution with 5 Philips Mercury (Hg) lamps-TL-K 40 W/10 R ACTINIC BL REFLECTOR, (Germany) was employed as the irradiation light source [14,15,16,17,18]. Light intensity was measured with Lafayette SPM-7, (Italy) at 1.2 mW/cm2 for the UV-A 365 nm cut-off filter irradiation light source.



A 60 mL working powder suspension volume content of 1 g/L Mo (1.5 wt. %)/SynTiO2 catalyst and 5 mg/L initial carbamazepine concentration, under 365 nm irradiation and at initial natural (unmodified) pH condition, was employed.



In a procedure of the evaluation of the photocatalytic test, 60 mL working suspension media containing the relevant catalyst dosage and initial pollutant concentration of the tested CBZ was firstly introduced into a 100 mL volume capacity cylindrically shaped quartz glass sleeve reactor cell and kept under mechanical agitation for 30 min to establish adsorption–desorption media equilibrium state before irradiation. Afterwards, aqueous media content was maintained under continuous mechanical agitation during light irradiation, with a 30 cm distance maintained between sample and light source throughout the irradiation exposure. Sample aliquots were withdrawn at predetermined time intervals of irradiation. At such pre-set time intervals, about 1 mL sample aliquot of the suspension media under the investigated test reaction condition was withdrawn from the reactor cell, cooled, and filtered through a 0.45 µm CA filter. The filtrate was then ready for the high-performance liquid chromatography (HPLC) analysis monitoring of the CBZ photocatalytic degradation process.



With a retention time of 6 min in a 10 min runtime, CBZ photocatalytic degradation was monitored on Inertsil 5 µm EVO C 18, column 4.6 mm × 150 mm (GL Sciences Inc., Tokyo, Japan), 65% acetonitrile (A)/35% phosphoric acid (prepared with milli-Q water, pH~3) (B) for mobile phase composition, 0.8 mL/min flow rate, and 285 nm wavelength quantification.



CBZ photocatalytic degradation process is assumed to have followed pseudo first-order reaction kinetics, with degradation reaction rate estimate performed as a linear regression slope according to Equation (5) [14,15,16,17,18]:


  − ln  C   C 0    =  K  a p p   t  



(5)




where    K  a p p   ,      C 0   , and  C  are apparent degradation rate constant, initial concentration, and concentration after time t, respectively.





4. Conclusions


Mo doped sol–gel synthesized titania (Mo (1.5 wt%)/SynTiO2) was prepared via separative synthesis route of sol–gel for the base TiO2 and sonochemical anchorage of Mo onto the SynTiO2. Obtained Mo (1.5 wt%)/SynTiO2 was successfully characterized for structural, morphological/textural, and optical properties. Surface defects and associated occupancy of reactive charge species like hydroxyl (OH−) ion from loosely bound H2O molecules, oxide ions (O2−) from surface adsorbed molecular oxygen (O2), etc., as modification effect due to the surface residency of Mo dopant is envisaged to have claimed the resulted photocatalytic activity performance enhancement of the Mo (1.5 wt%)/SynTiO2 material.



In evaluation of the photocatalytic activity performance of Mo (1.5 wt%)/SynTiO2 material, almost 100% of initial 5 mg/L CBZ was degraded in 240 min of near UV-Vis 365 nm irradiation and under natural (unmodified) pH conditions. The effects of initial pH, catalyst dosage, initial pollutant, chemical scavenger, contaminant ion (cations and anions), hydrogen peroxide (H2O2), and humic acid (HA) over the photocatalytic degradation of CBZ by the photocatalyst were also investigated and evaluated accordingly. By the investigated effect of chemical scavengers coupled with the measured optical energy bandgap and derived related edge potentials, other plausible pathways for charge generation other than the directly linked ones to photogeneration/induction were suggested as responsible for the photocatalytic degradation process mechanism of CBZ.



Finally, the Mo (1.5 wt%)/SynTiO2 photocatalyst material can potentially be seen as a candidate for the abatement of CBZ degradation and other CEC organic pollutant compounds from water sources.



In the perspective of further studies, proper elucidation of the charge transfer mechanism in the composite material is needed with robust measurement protocols like RTPL, EIS, ESR, etc., while building on the already obtained indicative result outcome of the involved reactive species from the radical scavenging test experiments. Investigation into the toxicity profile of the degraded end products from the CBZ photocatalytic degradation process will also be performed. Evaluation of the immobilized photocatalyst on support to bypass the need for further polishing of the treated water and guarantee quick recovery of the photocatalyst material is worth considering.
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Figure 1. (a) XRD measurement for: unmodified SynTiO2 (black line) and Mo/SynTiO2 (red line); TEM measurement for (b) unmodified SynTiO2; and (c) Mo/SynTiO2 sample materials. 






Figure 1. (a) XRD measurement for: unmodified SynTiO2 (black line) and Mo/SynTiO2 (red line); TEM measurement for (b) unmodified SynTiO2; and (c) Mo/SynTiO2 sample materials.



[image: Processes 10 01113 g001]







[image: Processes 10 01113 g002 550] 





Figure 2. FTIR measurement for unmodified SynTiO2 (black line) and modified Mo/SynTiO2 (red line). 
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Figure 3. XPS measurement: (X) survey spectrum of unmodified SynTiO2 (black line), and modified Mo/SynTiO2 (red line) and deconvoluted elemental spectra of (a) Ti 2p; (b) O 1s; and (c) Mo 3d for modified Mo/SynTiO2 material sample. 
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[image: Processes 10 01113 g003]







[image: Processes 10 01113 g004 550] 





Figure 4. SEM measurement images of (a) unmodified SynTiO2, and (c) modified Mo/SynTiO2, and their corresponding EDS maps for (b) unmodified SynTiO2 and (d) modified Mo/SynTiO2. 






Figure 4. SEM measurement images of (a) unmodified SynTiO2, and (c) modified Mo/SynTiO2, and their corresponding EDS maps for (b) unmodified SynTiO2 and (d) modified Mo/SynTiO2.



[image: Processes 10 01113 g004]







[image: Processes 10 01113 g005 550] 





Figure 5. N2 adsorption–desorption isotherm curve at 77 K for (a) SynTiO2 and (b) Mo/SynTiO2 material samples. 
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Figure 6. Energy bandgap (Eg) estimates for: (a) unmodified SynTiO2 and (b) modified Mo/SynTiO2 material samples. 
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Figure 7. (a) Preliminary photocatalytic test performance of SynTiO2 (blue line) and Mo/SynTiO2 (red line); and (b) their corresponding photocatalytic degradation rate constant (k) under test conditions of 1 g/L catalyst dosage, 5 mg/L initial CBZ concentration, initial natural (unmodified) pH 5.84, and 365 nm UV irradiation. 
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Figure 8. pH point of zero charge (pHpzc) plot of Mo (1.5 wt%)/SynTiO2 material. 
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Figure 9. (a) Effect of pH on the photocatalytic degradation performance of 1/g/L Mo/SynTiO2 over 5 mg/L initial CBZ concentration under 365 nm irradiation, and (b) their corresponding photocatalytic degradation rate constant (k). 
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Figure 10. (a) Effect of catalyst dosage on the photocatalytic degradation performance of Mo/SynTiO2 over 5 mg/L initial CBZ concentration under natural (unmodified) pH 5.84, and 365 nm irradiation; and (b) their corresponding photocatalytic degradation rate constant (k). 
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Figure 11. (a) Effect of initial CBZ concentration on the photocatalytic degradation performance of 1 g/L Mo/SynTiO2 under natural (unmodified) pH 5.84, and 365 nm irradiation, and (b) their corresponding photocatalytic degradation rate constant (k). 
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Figure 12. Photolysis effect (without catalyst), dark effect with 1 g/L Mo/SynTiO2, heat effect with 1 g/L Mo/SynTiO2, and heat effect without photocatalyst over the degradation of 5 mg/L initial CBZ concentration under natural (unmodified) pH 5.84, and 365 nm UV irradiation. 
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Figure 13. (a) Chemical scavenger effect on the photocatalytic degradation performance of 1 g/L Mo/SynTiO2 over 5 mg/L initial CBZ concentration under natural (unmodified) pH 5.84, and 365 nm irradiation; and (b) their corresponding photocatalytic degradation rate constant (k). 
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Figure 14. (a) Cation effect on the photocatalytic degradation performance of 1 g/L Mo/SynTiO2 over 5 mg/L initial CBZ concentration under natural (unmodified) pH 5.84 and 365 nm irradiation, and (b) their corresponding photocatalytic degradation rate constant (k). 
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Figure 15. (a) Anion effect on the photocatalytic degradation performance of 1 g/L Mo/SynTiO2 over 5 mg/L initial CBZ concentration under natural (unmodified) pH 5.84 and 365 nm irradiation, and (b) their corresponding photocatalytic degradation rate constant (k). 
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Figure 16. (a) H2O2 effect on the photocatalytic degradation performance of 1 g/L Mo/SynTiO2 over 5 mg/L initial CBZ concentration under natural (unmodified) pH 5.84 and 365 nm irradiation; and (b) their corresponding photocatalytic degradation rate constant (k). 
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Figure 17. (a) HA effect on the photocatalytic degradation performance of 1 g/L Mo/SynTiO2 over 5 mg/L initial CBZ concentration under natural (unmodified) pH 5.84, and 365 nm irradiation; and (b) their corresponding photocatalytic degradation rate constant (k). 
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Scheme 1. Mo/SynTiO2 proposed photocatalytic degradation process mechanism of CBZ. 
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Table 1. Material properties of unmodified SynTiO2 and modified Mo/SynTiO2 material samples.
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Estimated/Measured Characterization Data




	
Materials

	
* dXRD (nm)

	
# dTEM (nm)

	
SBET (m2/g)

	
Vp (cm3/g)

	
Dp (nm)

	
Eg (eV)






	
SynTiO2

	
14.24

	
16.02

	
133.87

	
0.08

	
2.32

	
3.30




	
Mo/SynTiO2

	
16.10

	
24.55

	
43.30

	
0.07

	
6.23

	
3.05








* dXRD, average crystallite size estimated by XRD, # dTEM average particle size estimated by TEM, SBET, surface area, Vp, total pore volume, Dp, average pore size, Eg, energy band gap.
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Table 2. Physico-chemical properties of carbamazepine (CBZ).
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	Chemical Property/Name
	Carbamazepine





	Chemical structure
	 [image: Processes 10 01113 i001]



	Molecular formula
	C15H12N2O



	CAS No.
	298-46-4



	Molecular weight, g/mol
	236.27



	Solubility in ethanol, g/L
	50



	pKa
	13.9
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Table 3. Comparative photocatalytic activity performance summary of the few highlighted Mo containing modified photocatalyst materials and their operating conditions with respect to the present study *.
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	Catalyst Material and Dopant Amount
	Pollutant and Initial Conc.
	Catalyst Amount
	Radiation Source
	Efficiency (%)
	Irradiation. Time (min)
	Ref





	(1 wt% W-1 wt% Mo)-TiO2
	15.56 × 105 mol/L 4CP
	2 × 10−4 kg/L
	UV
	97% Degradation, 74% Mineralization
	100
	[41]



	Mo (2%)-TiO2
	20 mg/L MB
	0.2 g
	Solar Light
	Almost 100% Degradation
	300
	[42]



	Mo-N (1%)-TiO2
	10 mg/L MB
	4 cm2 TNA thin film of Mo-N-TiO2
	VL
	Almost 100% Degradation
	180
	[43]



	0.25 (MoO3/P25)
	15 mg/L MB
	0.01 g
	VL
	38% Removal
	150
	[44]



	CuMoO4 (5 mol %)-TiO2
	50 ppm 4CP
	1 g/L
	UV-Vis
	96.9% decolouration
	180
	[45]



	Mo (1.5 wt%)/TiO2
	5 mg/L CBZ
	1 g/L
	UV
	Almost 100% Degradation
	240
	This Study







* 4CP = 4-Chlorophenol, MB = Methylene Blue, CBZ = Carbamazepine, P25 = Degussa P25 (commercial powder), TNA = TiO2 Nanotube Array, UV = Ultraviolet, VL = Visible Light.
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Table 4. Tested photocatalytic parametric indicators effect over photocatalytic degradation of CBZ under 365 nm UV irradiation and their related degradation rate constant k (min−¹), correlation coefficient R2, half-life t½ (min), and initial and final pH values.
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Test

	
Degradation Rate Constant k (min−1)

	
R2

	
Half-Life (t1/2) (min)

	
pHinital

	
pHfinal






	
Preliminary Test for Photocatalyst Material #




	
SynTiO2 (control)

	
0.0004

	
0.9133

	
1732.50

	
3.33

	
3.03




	
2 wt% Mo/SynTiO2

	
0.0195

	
0.9898

	
35.54

	
5.84

	
5.20




	
Tested Parametric Effects Over Photocatalyst Material Performance of Mo (1.5 wt%)/SynTiO2




	
Effect of pH #




	
pHnatural 5.84

	
0.0195

	
0.9898

	
35.54

	
5.84

	
5.16




	
pH 3

	
0.0013

	
0.984

	
533.08

	
3.32

	
3.71




	
pH 9

	
0.0101

	
0.9611

	
68.61

	
9.17

	
7.47




	
pH 11

	
0.0068

	
0.9915

	
101.91

	
10.89

	
10.46




	
Effect of Catalyst Dosage #




	
0.5 g/L

	
0.0039

	
0.9923

	
177.69

	
5.89

	
5.11




	
0.75 g/L

	
0.0082

	
0.9968

	
84.51

	
6.40

	
5.12




	
1 g/L

	
0.0195

	
0.9898

	
35.54

	
6.37

	
5.18




	
1.25 g/L

	
0.0099

	
0.9972

	
70.00

	
6.50

	
5.36




	
Effect of Initial Pollutant Concentration #




	
5 mg/L

	
0.0195

	
0.9898

	
35.54

	
5.83

	
5.36




	
10 mg/L

	
0.0064

	
0.9976

	
108.28

	
6.42

	
5.16




	
15 mg/L

	
0.0062

	
0.9991

	
111.77

	
6.52

	
4.97




	
20 mg/L

	
0.0054

	
0.9937

	
128.33

	
6.35

	
5.11




	
Effect of Chemical Scavengers #




	
No scavenger

	
0.0195

	
0.9898

	
35.54

	
5.85

	
5.19




	
1 mM Isopropyl alcohol (IPA)

	
0.016

	
0.9877

	
43.31

	
6.35

	
5.99




	
1 mM Benzoquinone (BQ)

	
0.013

	
0.9878

	
53.31

	
6.40

	
6.01




	
1 mM Ammonium oxalate (AO)

	
0.0159

	
0.985

	
43.58

	
6.42

	
6.52




	
Effect of Contaminant Ion: cations #




	
No Cation

	
0.0195

	
0.9898

	
35.54

	
5.84

	
5.28




	
1 mM Fe3+

	
0.0068

	
0.9987

	
101.91

	
6.43

	
4.95




	
1 mM Mg2+

	
0.01

	
0.9944

	
69.30

	
6.41

	
7.79




	
1 mM Ca2+

	
0.0079

	
0.9961

	
87.72

	
6.52

	
5.50




	
1 mM Al3+

	
0.0094

	
0.9941

	
73.72

	
6.46

	
7.88




	
1 mM NH4+

	
0.0185

	
0.9935

	
37.46

	
5.82

	
6.52




	
Effect of Contaminant Ion: anions #




	
No Anion

	
0.0195

	
0.9898

	
35.54

	
5.87

	
5.24




	
1 mM HCO3−

	
0.0145

	
0.9881

	
47.79

	
6.33

	
5.89




	
1 mM CO32−

	
0.0154

	
0.9974

	
45.00

	
6.42

	
7.94




	
1 mM SO42−

	
0.0163

	
0.9769

	
42.52

	
6.45

	
6.23




	
1 mM HPO42−

	
0.013

	
0.9896

	
53.31

	
6.51

	
8.11




	
1 mM Cl−

	
0.0158

	
0.9877

	
43.86

	
5.89

	
6.54




	
Effect of Hydrogen Peroxide (H2O2) #




	
0 mM H2O2

	
0.0195

	
0.9898

	
35.54

	
5.89

	
5.13




	
1 mM H2O2

	
0.0091

	
0.9945

	
76.15

	
6.34

	
5.77




	
2 mM H2O2

	
0.0087

	
0.9941

	
79.66

	
6.37

	
7.75




	
3 mM H2O2

	
0.0086

	
0.9898

	
80.58

	
6.40

	
5.33




	
4 mM H2O2

	
0.0067

	
0.9897

	
103.43

	
6.52

	
7.69




	
5 mM H2O2

	
0.0054

	
0.9984

	
128.33

	
6.32

	
6.4




	
10 mM H2O2

	
0.0047

	
0.9963

	
147.45

	
6.33

	
7.75




	
Effect of Humic Acid (HA) #




	
0 mg/L HA

	
0.0195

	
0.9898

	
35.54

	
5.85

	
5.12




	
1 mg/L HA

	
0.0135

	
0.9951

	
51.33

	
6.33

	
6.74




	
2 mg/L HA

	
0.0117

	
0.9932

	
59.23

	
6.42

	
8.24




	
3 mg/L HA

	
0.0116

	
0.9955

	
59.74

	
6.47

	
6.22




	
4 mg/L HA

	
0.0113

	
0.9954

	
61.33

	
6.52

	
6.22




	
5 mg/L HA

	
0.0055

	
0.9996

	
126.00

	
6.51

	
7.65




	
10 mg/L HA

	
0.005

	
0.9996

	
138.60

	
6.45

	
5.95








# Tests performed under 365 nm near UV-vis irradiation.
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