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Abstract

:

Global economic shifts towards utilization of solar energy provides opportunities for photocatalytic technologies that can harness this abundant source of energy for treatment of organic contaminants. The majority of studies in this area have been performed under artificial light, whereas in this paper, the efficacy of passive photocatalysis was studied under sunlight. Buoyant titanium dioxide (TiO2) coated glass spheres were used to treat 2, 4-dichlorophenoxy acetic acid (2, 4-D), methyl chlorophenoxy propionic acid (MCPP), and 3, 6-Dichloro-2-methoxy benzoic acid (Dicamba) in Killex®, a commercially available herbicide. Furthermore, photocatalytic degradation of sulfolane and a typical naphthenic acid (cyclopentane carboxylic acid—CPA) were also tested under ambient conditions. The results showed 99.8% degradation of 2, 4-D, 100% degradation of both MCPP and Dicamba in Killex® solution, and 97.4% degradation of sulfolane by capturing 3.18 MJ/m2 solar energy. Total organic carbon (TOC) was decreased by 88% and 64% in both solutions, respectively. TOC of the aqueous solution containing 20 ppm CPA was also decreased by 78.4% with 7.8 MJ/m2 energy. Despite the slow kinetics and the temporal variations of sunlight in northern latitudes, the results indicated that passive photocatalysis is a promising approach for treatment of contaminants under ambient conditions.
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1. Introduction


The installation of solar driven technologies has grown significantly over the last decade; however, there is still a significant gap between the potential and actual application of sunlight for water treatment [1,2,3]. When solar energy is captured and used directly, the treatment process does not require additional sources of power [4]; hence it is referred to as a “passive system” [1,5]. The shift towards use of solar energy for water treatment reduces the carbon footprint of the process [6]. It also becomes economically attractive, especially for remote locations where there is limited access to power grids [7,8].



The main solar driven processes for water treatment are solar powered desalination plants (in the megawatt range), smaller solar thermal desalination plants (in the kilowatt range), and disinfection and detoxification systems. The latter uses near ultraviolet (UV) and visible light spectrums for solar photocatalysis through the generation of highly reactive oxidizing species that break the organic contaminants and destroy the pathogenic organisms [7,9]. Heterogeneous photocatalysis using titanium dioxide (TiO2) and many other photocatalysts has been used for water disinfection, treating industrial wastewaters, as well as waters contaminated with non-point source pollutants such as pesticides [10,11,12,13,14,15].



Titanium dioxide is the most common and inexpensive photocatalyst. It is non-toxic, photo-stable, and chemically inert and mechanically robust [16,17,18,19]. Near UV photons with wavelengths shorter than 386 nm that can produce energy greater than the oxidation potential of TiO2 (3.02 V for rutile phase and 3.2 V anatase phase), are required to excite an electron from its valence band to conduction band, initiating the photocatalytic degradation reactions [13]. Only a small fraction (3%–5%) of sunlight irradiation reaching earth can produce the required energy to achieve this band-gap excitation [20,21].



TiO2 is used in various physical forms such as powder or on engineered substrates where nanostructures are grown [16,22]. The main challenge associated with using the powder form is the separation of fine particles from the solution after treatment. Hence, it is preferred that TiO2 nano-particles be supported on a media such as glass, alumina, silica, and ceramic [23,24,25,26,27,28].



The majority of heterogeneous photocatalytic systems use the photocatalyst in a slurry or supported form inside concentrating and non-concentrating reactors to treat contaminants in water [7,18,29,30,31,32]. Falling film and shallow solar ponds are non-concentrating reactors [33]. In the falling film system, the liquid falls slowly over a photocatalyst that is supported on the surface of a tilted plate that faces the sun and is open to the atmosphere [34]. Falling film systems with coated TiO2 have been studied for degradation of phenol and achieved 99.3% removal [35]. In the shallow solar pond system, the catalyst can be used in a slurry form or as a fixed bed. In the slurry form, fine catalyst particles are dispersed throughout the pond and require repetitive agitation. In the fixed bed, the catalyst is supported, which allows a higher throughput but results in a lower degradation efficiency [32,34,36]. Non-concentrating reactors are advantageous because of their simple design and usage of both direct and diffuse parts of UV light. Consequently, a higher quantum efficiency can be achieved but a much larger reactor area is required. Moreover, the supporting media of the photocatalyst may scatter the light, preventing its penetration and acting like a screen, thereby decreasing its effectiveness. To avoid these effects, a floating support is preferred [25,26,28].



In a 1991 patent, Brock and Heller explained the application of TiO2 coated floating beads for oxidation of organic compounds in water [37]. The invention was a turning point for application of the passive photocatalytic systems for contaminated water treatment. The floating beads were to be used, under sunlight, for oil spills on water. The 10–30 µm beads were made of plastic (polyethylene or polypropylene) covered with a layer of silicon dioxide or aluminum oxide, which prevented photocatalysis of the organic bead material [37]. Since then, TiO2 supported on floating beads and its composites have been synthesized [38,39,40] and tested in conventional reactors and under sunlight on a wide range of contaminants, including organo-phosphorus pesticides [41], nitrite [42], formic acid [40], and industrial dyes [39].



Currently, there are very few studies on passive photocatalysis outside of conventional reactors for the treatment of contaminated waters under sunlight [9,43,44,45]. The majority of passive applications are reported for purification of air [16], self-cleaning construction materials such as ceramics and tiles [4,46], and for the destruction of airborne volatile organic contaminants in high traffic areas [47].



Passive solar driven photocatalysis has been investigated for treatment of agricultural wastewater using TiO2 nanoparticles coated on porous ceramic plates [48], degradation of different dyes using TiO2 (P25) covered on polystyrene and high density polyethylene beads [49,50], and treatment of tetracycline from agricultural wastewater using TiO2 deposited within a porous polymeric film on the surface of the floating acrylic spheres [43]. Floating photocatalysts based on salicylic acid (SA)-modified TiO2 immobilized on small pieces of palm wood, as buoyant support, were also studied for degradation of Congo red [51]. TiO2 covered on buoyant hollow glass microspheres was used for treatment of groundwater contaminated with aromatic amino-compounds. The concentration of xylidine decreased from 280 mg/L to less than 25 mg/L over a 36 day period of insolation [45]. A similar photocatalyst was also investigated for degradation of naphthenic acids in oil sands process affected water [52]. Although more than 80% degradation efficiency was achieved, it was lower in comparison to TiO2 powder that achieved 98% degradation of acid-extractable organics. Degradation of humic substances in the presence of TiO2 coated glass spheres was studied under 365-nm low-pressure mercury lamps. The results showed that the performance of the photocatalyst coated glass spheres was lower compared to the slurried TiO2 [25]. Although supported photocatalysts had lower efficiency, they had certain advantages in the passive systems in terms of energy consumption and feasibility for environmental applications [53]. However, higher photocatalytic performance can be achieved using crystal growth technologies that produce {001} and {110} crystal facets with higher photocatalytic activity [54,55,56,57], and generate structures with higher surface area such as multi-shell TiO2 [58,59], and flower-like TiO2 on nano-sheets [60], which is beyond the scope of this research.



The main driver of this research was to test a treatment option that can be used in remote regions in northern climates. In such regions, there are limited commercially viable treatment options available, and in many cases no access to the power grid. To achieve this objective, a variety of the common emerging contaminants of concern were selected and the efficacy of a passive solar driven photocatalysis under sunlight was investigated. To date, there is no field study on passive solar photocatalysts of the selected contaminants in the northern climate.



Cyclopentane carboxylic acid (CPA), Killex®, and sulfolane were three emerging contaminants studied here. CPA is the simplest naphthenic acid that is found in oil sand process affected water (OSPW). OSPW is produced during oil sand surface mining processes in Alberta, Canada. Approximately 80% of this waste water is recycled and reused [61]. The remaining is stored in tailings ponds due to the zero discharge policy in Alberta that prohibits the release of industrial wastewater in the environment [62]. Tailings ponds are located in remote locations. Although there is extensive research ongoing in this area [63,64,65], there is currently no commercial treatment methodology available for the water stored in the tailings ponds.



Killex® is a selective and commercially available herbicide that contains 2, 4-dichlorophenoxy acetic acid (2, 4-D), methyl chlorophenoxy propionic acid (MCPP or Mecoprop-P), and 3, 6-dichloro-2-methoxybenzoic acid (Dicamba). Killex® constituents are present in surface and ground waters as a result of herbicide usage in lawns and agricultural lands [66]. The chemical 2, 4-D is one of the best-studied phenoxy herbicides [67]. It has a low biodegradability with potential health effects; therefore, it is categorized as an emerging environmental contaminant [68,69]. Due to its high mobility, runoff from agricultural lands to non-targeted areas and water bodies is common [66]. A pesticide baseline study on the semi-permanent wetlands of the Aspen region in Alberta, Canada showed that 2, 4-D is amongst the most frequent contaminants in water and precipitation samples [70]. The passive photocatalytic system has also been tested on sulfolane. Sulfolane is a water-miscible industrial solvent used in gas processing plants [71,72]. It has entered aquifers and groundwater through landfills and unlined storage ponds and spills [73]. A significant groundwater contamination by sulfolane was reported in Alaska [74] The molecular structures of the studied contaminants are illustrated in Figure 1.



TiO2 coated glass spheres were chosen as typical photocatalysts to investigate the effectiveness of solar energy to initiate photocatalytic reactions in the ambient environment. Studies were conducted in the field, at the University of Calgary’s Weather Research Station (latitude: 51°, 4′ N, and longitude: 114°, 8′ W; altitude: 1114 m), which enabled access to real-time solar irradiation data. Experiments were conducted from August to November 2016.




2. Results and Discussion


2.1. CPA


The concentration of CPA was reduced by 47% and 69% after 4 h of irradiation at catalyst loadings of 1.13 mg/cm2 and 3.96 mg/cm2, respectively; 5.9 MJ/m2 energy was received from sunlight, and considering the assumptions stated in Section 5.3, 0.14 MJ/m2 of it was captured by photospheres from UV light. CPA was not detectable after two days of insolation at the catalyst loading of 3.96 mg/cm2 with 1.01 MJ/m2 solar energy. Concentration change in the control samples was negligible.



Samples were insolated for 25 days in order to investigate mineralization of total organic carbon. Figure 2 shows TOC of all samples before and after irradiation. The TOC of the samples with photospheres was reduced by 77% at both catalyst loadings, and the concentration of CPA reached non-detectable levels.



The calculated total energy received during the 25 days of insolation was 325.08 MJ/m2. This amount of energy is equivalent to 7.8 MJ/m2 energy from UV light, which was captured by photocatalyst during insolation. The maximum temperature during daytime was 27.3 °C. The lowest recorded temperature was 1 °C. No freezing temperature or frosting of the samples were observed over the course of experiments. It can be concluded that the photocatalyst is the cause of the photoreaction under direct sunlight as no degradation was observed in the dark.




2.2. Killex®


Figure 3 shows the change in concentration of 2, 4-D with time, together with the cumulative energy received from sunlight during the experiments.



At a catalyst loading of 11.95 mg/cm2, 23%, 76%, and 97% of 2, 4-D was degraded after 1, 7, and 15 days, respectively. The first order kinetic rate constant (K) was 0.6 day−1 and the total energy was 78.8 MJ/m2, which is equivalent to 1.89 MJ/m2 of energy from UV light. The concentration of 2, 4-D was negligible (99.8% degraded) after 22 days.



At a lower catalyst loading of 4.78 mg/cm2, 8%, 48%, 65%, and 84% of 2, 4-D was degraded after 1, 7, 15, and 22 days, respectively, with a first order kinetic rate constant of K = 0.17 day−1. The maximum degradation was 90% after 28 days of insolation and 132.61 MJ/m2 energy, which is equivalent to 3.18 MJ/m2 energy from UV light. The control sample under solar irradiation with no photospheres did not show any degradation. Hence it was concluded that the decrease in the concentration of 2, 4-D was the result of photocatalytic degradation in the presence of TiO2 photospheres. The concentration of 2, 4-D in the indoor samples in the dark varied ±2 ppm during the study period, which confirms the effect of solar irradiation on the photocatalytic degradation process.



Figure 4 shows the concentration change of MCPP and Dicamba with time. MCPP and Dicamba were degraded entirely in 22 days at the catalyst loading of 11.95 mg/cm2, whereas the concentration of MCPP and Dicamba were reduced by 94% and 74%, respectively, at the catalyst loading of 4.78 mg/cm2 after 28 days. MCPP and Dicamba were not degraded in any of the control samples.



Figure 5 shows the difference between TOC of the samples before and after insolation. The TOC of the samples was reduced by 88% and 53% in the high and low catalyst loadings, respectively.



The rate of TOC removal was slower compared to the reduction in the concentration of a specific contaminant as the products of degradation were also required to be degraded. Subsequent mineralization of the degradation products led to TOC removal. Thus, TOC removal was much slower than the degradation of the parent compound.



The results are summarized in Table 1.



Photocatalytic oxidation of 2, 4-D in the laboratory is well studied in the literature [36,75]. During degradation of 2,4-D, hydroxylation of the ring occurs followed by transformation of the aliphatic chain, as illustrated below [29]:
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One of the observations during the experiments was the change in the surface characteristics of the photospheres after being exposed to solar irradiation. The photospheres were initially homogenous on the surface of water. After irradiation, an irregular distribution of the photospheres on the surface was observed and the photospheres agglomerated on the side walls of the reaction vessel. This phenomenon minimized the availability of buoyant photocatalyst spheres on the surface of the water, reducing the number of available sites on the surface of the photocatalyst to initiate the photocatalytic reaction. The higher photocatalyst loading resulted in higher degradation efficiency due to the larger available surface area for the photocatalytic reaction. However, agglomeration of photospheres was a barrier to investigating the optimum catalyst loading. Investigating an optimum surface loading of the photocatalyst should be considered for future studies on passive photocatalytic systems.




2.3. Sulfolane


Figure 6 shows the details of the change in the concentration of sulfolane during the experiment; 97.4% and 70.1% of sulfolane degraded at catalyst loadings of 11.95 mg/cm2 and 4.78 mg/cm2, respectively, during 28 days of insolation. Total energy was 132.61 MJ/m2, which is equivalent to 3.18 MJ/m2 energy being harvested from UV light. The first order kinetic rate constants were 0.35 day−1 and 0.09 day−1 at the higher and lower catalyst loadings, respectively. The control sample under solar insolation did not show any degradation; hence, the decrease in sulfolane concentration is solely a result of photocatalysis in the presence of TiO2 photospheres. The final concentrations of sulfolane in the indoor samples that were kept in the dark were also reduced by 21.2% and 27.2%. The reduction in control samples in the dark could be the result of absorbance of sulfolane on the photospheres and possible biodegradation. Biodegradation of sulfolane is reported in literature [69,76]. However, the control sample without any photocatalyst in the dark showed the minimum decrease in sulfolane concentration.



Figure 7 shows TOC of sulfolane samples before and after solar insolation. TOC of both samples under sunlight was reduced by 64.4% and 27.75% at the catalyst loadings of 11.95 mg/cm2 and 4.78 mg/cm2, respectively. As can be observed, TOC reduction was not similar to the disappearance rate of sulfolane due to the contribution of its degradation products in the final TOC of the solution.



The results are summarized in Table 2.



The slow rates of degradation are due to the slow mass transfer in the aqueous solution. Moreover, the amount of buoyant photocatalyst is limited to the surface area of the reaction media. Therefore, a large surface and a shallow pond are ideal for these types of reactions.



To the best of our knowledge, there are few studied on the photocatalytic oxidation of sulfolane [77,78,79,80]. The majority of these studies focused on combining a variety of oxidative methods and also photocatalysis to achieve a desired level of degradation in a photo-reactor. It was observed that under UVA irradiation, TiO2 photocatalysis degraded more than 90% of sulfolane in an aqueous solution in approximately 90 min in comparison with the other advanced oxidative methods.



The findings in this research complement previous studies on the photocatalysis as a treatment option for sulfolane.





3. Materials


Hollow glass microspheres coated with anatase TiO2 referred to as photospheres with 45 µm median diameter and density of 0.22 g/cm3 were obtained from Cospheric Innovations in Microtechnology, Santa Barbara, CA, USA. BET surface area of the glass photospheres was 11.5 m2/g, and they were manufactured by coating hollow glass microspheres with TiO2.



Cyclopentanoic acid with purity of 99%, sulfolane with 99% purity, 99.8% pure ethyl acetate, and 99.8% pure methanol were obtained from Sigma-Aldrich (Sigma-Aldrich Canada Co.



Oakville, On, Canada). Commercially available Killex® (that containing 95 g/L of 2, 4-dichlorophenoxyacetic acid (2, 4-D), 52.5 g/L of MCPP, and 9 g/L of Dicamba) was purchased from a local retailer in Calgary, AB, Canada.



Glass jars obtained from Uline and crystallization dishes from VWR were used as reaction vessels. A Silver Line (0–2000 mW/cm2) UV radiometer (M007153) (Epak Electronics Ltd., Chard, UK) was used for measuring UV intensity. A 9 µV/m2 Eppley precision pyranometer (Model PSP) by Eppley Laboratory Inc., Newport, RI, USA was used to measure short wave radio frequency (SWRF) of solar radiation in a continuous mode.




4. Methods and Analysis of Samples


Initially, TiO2 photospheres were floated on water, and the buoyant fraction was collected and dried overnight at room temperature. The photospheres were then mixed with water and spiked with the target contaminant using a magnetic stirrer for 30 min before irradiation. Varying concentrations of CPA, Killex®, and sulfolane were prepared by dissolving known amounts in Milli-Q water. After irradiation, samples were filtered using 0.45 um PTFE 25 mm syringe filters. The concentration of Killex® ingredients was measured using HPLC, equipped with a UV–Vis detector, and a C18 Restek Pinnacle column (Agilent Technologies Canada Inc., Mississauga, ON, Canada). The absorbance was recorded at a wavelength of 230 nm. The injection amount was 20 µL. The eluent used was water: methanol (25:75) with 10 mM phosphoric acid, and the flow rate was 1 L/min. CPA samples were analyzed using an electrospray ionization mass spectrometer (ESI–MS) (Agilent Technologies Canada Inc., Mississauga, ON, Canada). The analyte was injected using pure methanol. The capillary voltage was 4 kV, and the fragmenter voltage was 80 V.



Sulfolane was extracted from the aqueous samples with ethyl acetate. A 2 mL quantity of sample was extracted with 4 mL of ethyl acetate by vigorous shaking for 30 min [81] and analyzed by gas chromatography equipped with a flame ionization detector (GC–FID) and a Zebron ZB-5MS column (Agilent Technologies Canada Inc., Mississauga, ON, Canada).



A Shimadzu, total organic carbon (TOC) analyzer (Shimazu, Kyoto, Japan), equipped with ASI-L auto-sampler was used to measure TOC. In all experiments, TOC was measured before and after irradiation as an indicator of mineralization.



Microsoft Excell (2013) was used for data analysis and representation (Microsoft Corporation, WA, USA).




5. Description of Experiments


5.1. Experimental Design


All experiments were conducted at two photocatalyst loadings to evaluate the effect of surface loading and mass of the photocatalyst on degradation efficiency. In all experiments, replicate samples were monitored in the dark to evaluate the efficacy of photocatalysis and solar irradiation on the degradation, and as well to determine the adsorption of the contaminant on the catalyst surface. A control sample with no photocatalyst was used in all experiments to determine possible photolysis of the contaminant. All experiments were conducted in the field and under ambient conditions.




5.2. Sample Preparation


5.2.1. CPA


A 350 mL quantity of 20 ppm aqueous solution of CPA was placed in 15 cm × 7.5 cm crystallization dishes. Three samples were prepared and tested under sunlight. The control sample had no photocatalyst, and the other two contained the photocatalyst at two loading levels of 1.13 mg/cm2 and 3.96 mg/cm2. Experiments were conducted over a 25-day period from August to September 2016.




5.2.2. Killex®


A 0.52 mL quantity of Killex® was dissolved in 1 L water, which resulted in a solution containing 49.4 ppm of 2, 4-D, 27.3 ppm of Mecoprop-p, and 4.68 ppm of Dicamba. Straight-sided glass jar containers with openings of 9 cm diameter were used as reaction vessels in the experiments. Then 250 mL of each solution was used to conduct experiments, giving a depth of 4 cm. Two levels of 4.78 mg/cm2 and 11.95 mg/cm2 photocatalyst loadings were tested. Volume, mass of contaminant, and depth were constant, and all the reaction vessels received a similar amount of sunlight. The experiments were conducted concurrently over a 28 day period from October to November 2016.




5.2.3. Sulfolane


A 108 ppm sulfolane solution was prepared by dissolving pure sulfolane in Milli-Q water and used in the experiments. These experiments ran concurrently with the Killex® experiments described earlier. Reaction vessels, catalyst loading, and experimental conditions were identical to those of the experiment with Killex® (see Section 5.2.2).





5.3. Field Set-Up under Natural Sunlight and Assumptions


Samples were protected from rainfall using a plastic cover with 20% UV absorbance. To protect wildlife and minimize their interference with the experimental setup, all samples were placed in a secured cage. To correct for evaporation, all samples were weighed and the weight was adjusted by adding Milli-Q water before sampling.



Temporal variations such as time of the day and seasonal changes control the amount of solar radiation on the Earth’s surface. Further, the angle of the sun, turbidity of the atmosphere, and percentage of cloud cover impact the irradiated energy [82]. Figure 8 represents the SWRF variation during the experiments. As observed, SWRF decreased significantly from August to November 2016.



The total energy received during the experiments was calculated based on the hourly average SWRF data provided by the weather station at the University of Calgary. The data presented an average of 9.5 h daily solar light during the experiments, which was used in kinetic calculations. Based on ASTM G173-03 for the calculation of solar spectral irradiance [20] and the literature [21], it was considered that 3% of solar irradiation was composed of UV light. UV absorbance/scattering on the plastic cover was measured and it was noted that 20% of the total SWRF was absorbed/scattered by the plastic cover of the reaction vessels. Therefore, a 3% UV factor and a 20% absorbance/scattering factor were applied to all energy calculations.





6. Conclusions


	
This research investigated the efficacy of the solar based photocatalysis in a passive mode.



	
In a passive system, buoyant anatase TiO2 covered hollow glass microspheres were used as a typical photocatalyst. Killex®, CPA and sulfolane were selected as the model contaminants.



	
In the Killex® solution, Dicamba and MCPP were completely degraded, 2, 4-D was degraded up to 99.8%, and sulfolane and CPA were also degraded by 97.4% and 100% in aqueous solutions, respectively.



	
TOC of Killex® samples were reduced by 53% and 88% with catalyst loadings of 4.78 mg/cm2 and 11.95 mg/cm2, respectively. The same trend was observed in sulfolane samples, where TOC decreased by 28% and 64% at catalyst loadings of 4.78 mg/cm2 and 11.95 mg/cm2, respectively. TOC in CPA solutions also decreased by approximately 77% at the both catalyst loadings.



	
The results confirmed the effectiveness of the passive photocatalysis under natural sunlight in the northern climate (latitude: 51°, 4′ N, longitude: 114°, 8′ W; altitude: 1114 m) using buoyant photospheres, and during the late summer and fall season.



	
This study established what should be expected of a passive photocatalysis system in terms of duration and reaction rates in the ambient environment.



	
The findings confirmed the efficacy of the passive system in the selected geographical region. However, there are limitations for using a buoyant powdered photocatalyst in the ambient environment including collection after treatment, digestion by wildlife, and spreading in the unwanted streams. These limitations necessitate the additional research for development of a more easily deployable photocatalyst for such applications.
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Figure 1. Chemical structures of the studied contaminants: (a) CPA, (b) 2, 4-D, (c) MCPP, (d) Dicamba, (e) Sulfolane. 
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Figure 2. Total organic carbon (TOC) of CPA samples before and after insolation. 
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Figure 3. Concentration of 2, 4-D with time and energy. 
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Figure 4. Concentration of Killex® ingredients with time and energy. 
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Figure 5. TOC of Killex® samples before and after insolation. 
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Figure 6. Concentration of sulfolane with time and energy. 
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Figure 7. TOC of sulfolane samples before and after irradiation. 
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Figure 8. Seasonal variation of short wave radio frequency (SWRF) as a function of time of the day. 
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Table 1. Summary of the Killex® experimental results.






Table 1. Summary of the Killex® experimental results.





	Catalyst Loading (mg/cm2)
	11.95
	4.78



	Insolation (day)
	22
	28



	Degradation of 2, 4-D (%)
	99.8
	90



	Degradation of Dicamba (%)
	Not detectable
	74



	Degradation of MCPP (%)
	Not detectable
	94



	TOC reduction in 28 days (%)
	88
	53



	Kinetic rate constant (day−1)
	0.60
	0.17



	UV Energy (MJ/cm2)
	1.89
	3.18
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Table 2. Summary of the sulfolane experimental results.
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Catalyst Loading (mg/cm2)

	
Duration (Day)

	
UV Energy (MJ/cm2)

	
Degradation of Sulfolane (%)

	
TOC Reduction (%)

	
K (day−1)






	
11.95

	
28

	
3.18

	
97.4

	
64.4

	
0.35




	
4.78

	
70.1

	
27.75

	
0.09
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