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Abstract

:

Arsenic (As) poses a threat to human health. In 2014, more than 200 million people faced arsenic exposure through drinking water, as estimated by the World Health Organization. Additionally, it is estimated that drinking water with proper microbiological quality is unavailable for more than 1 billion people. The present work analyzed a solar heterogeneous photocatalytic (HP) process for arsenite (AsIII) oxidation and coliform disinfection from a real groundwater matrix employing two reactors, a flat plate reactor (FPR) and a compound parabolic collector (CPC), with and without added hydrogen peroxide (H2O2). The pseudo first-order reaction model fitted well to the As oxidation data. The treatments FPR–HP + H2O2 and CPC–HP + H2O2 yielded the best oxidation rates, which were over 90%. These treatments also exhibited the highest reaction rate constants, 6.7 × 10−3 min−1 and 6.8 × 10−3 min−1, respectively. The arsenic removal rates via chemical precipitation reached 98.6% and 98.7% for these treatments. Additionally, no coliforms were detected at the end of the process. The collector area per order (ACO) for HP treatments was on average 75% more efficient than photooxidation (PO) treatments. The effects of the process independent variables, H2O2 addition, and light irradiation were statistically significant for the AsIII oxidation reaction rate (p < 0.05).
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1. Introduction


The abundance of arsenic (As) in the Earth’s crust is around 1.5–3 mg/kg, making it the 20th most abundant element and a component of more than 245 minerals [1]. When the groundwater’s pH and bicarbonate anion (HCO3−) concentration are high, As is easily dissolved and passes to the groundwater cycle [2]. As toxicity affects all body systems, causing both acute and chronic poisoning [3]. Acute exposure is rare and happens mostly with exposure to arsenite (AsIII) than arsenate (AsV) [4]. Long-term exposure leads to a variety of illnesses known as arsenicosis [5], which includes skin, bladder, kidney, and lung cancer, along with black foot disease [6]. AsIII is more toxic than AsV [7] and also harder to remove from water [8].



With nearly 1 billion people exposed to arsenic by food, and more than 200 million people exposed to it via drinking water [9,10,11], As is a serious threat to the physical, social, and economic well-being of people, affecting especially the population of developing countries [12]. Countries affected by high arsenic concentrations in groundwater include Argentina, Australia, Bangladesh, China, Chile, Mexico, India, New Zealand, Nepal, USA, Vietnam, and Taiwan [13].



In addition, the typical and harmful pollutants in developing countries are of biological origin, as diseases present in almost 50% of their populations are associated with water, both for supply and sanitation [14]. Worldwide, according to estimations, safe drinking water is unavailable for 1.1 billion people; water scarcity is suffered by 2.7 billion people, and 5 million people die each year due to waterborne infections [15,16]. These infections can be caused by viruses, bacteria, or protozoa [17].



The World Health Organization (WHO) recommends that the As amount in water should not surpass 10 µg/L [18]; as for microbiological water quality, the WHO recommends the use of the following microbial water quality indicators: total coliforms, thermotolerant coliforms, Escherichia coli, intestinal enterococci, enteric virus, and coliphage virus (none of which should be detected in drinking water) [19].



The growing population and climate change are two of the main factors that are increasing the demand for drinking water; it is then a priority to research drinking water treatments to improve processes in terms of reliability, efficiency, safeness, and ease of implementation [20]. Additionally, economic feasibility, technical viability, and environmental safeness must be complied with for a technology to be considered sustainable [21].



Recently, the scientific community has shown extensive interest in advanced oxidation processes (AOPs), considering them as the most promising technologies for the potabilization of water and the treatment of wastewater on account of the nonselectivity of reactive oxidizing species (ROS), enabling AOPs to remove pollutants, including microbes and organic and inorganic contaminants [22].



Heterogeneous photocatalysis (HP) with semiconductors (or photocatalysts) is an AOP developed in 1972 with several advantages, including its ability to use solar light and that fact that is environmentally friendly and has a relatively low cost [23,24,25]. When the photocatalyst is irradiated with light whose energy is higher than the photocatalyst bandgap energy level, electrons in the valence band (VB) migrate to the conduction band (CB), generating a positive hole (h+) and an extra electron (e–) in the VB and CB, respectively [26]. Oxygen adsorbed on the photocatalyst surface can react with e– to form superoxide radicals (O2●−), while water can react with h+ to generate hydroxyl radicals (HO●) [27].



HP with titanium dioxide (TiO2) has been investigated for As oxidation, which is a good approach as AsIII is found as a neutral charge oxyanion in a wide pH range, and, in contrast to other oxyanions, adsorption onto metal oxides or clays is inefficient, and precipitation at near neutral pH barely occurs [28]. Although AsV is a triprotic acid and can be found in several forms depending of the medium pH, its removal from water is easier with processes such as chemical precipitation [29] and adsorption [30].



For the last two decades, HP has also been widely investigated for water disinfection, showing potential for treatment through oxidative stress caused by ROS, Gram positive and negative bacteria, DNA and RNA viruses, and even algae [31]. ROS can attack cell membrane components, altering cell integrity, which results in a cytoplasm leakage [32]; they can inhibit required cell activities such as protein synthesis [33]; they can also break organic covalent bonds present in biomolecules [34]. Many factors affect the efficiency of disinfection via HP, including the chemical nature and concentration of the microorganisms, time of treatment, light intensity, water matrix, deficiency of atomic ligands, surface energy level, photocatalyst properties, and solution pH [22].



One of the main drawbacks limiting commercial and industrial HP application is the lack of reactor designs efficient enough to handle large volumes of water [35]. Many types of reactors have been studied and developed, but standard procedures for scale up are still lacking; HP technology readiness level (TRL), which ranges from TRL = 1 (proof-of-concept stage) to TRL = 9 (full operational scale stage), is between TRL = 4 (lab scale validation) and TRL = 5 (ongoing pilot scale applications) [36]. Other relevant issues concerning reactor design, such as reducing photon and mass transfer limitations [37] or a thorough understanding of heat, mass, and light transfer in the system [38], are a current research interest as are operation conditions, such as analyzing reactor performance with real water matrixes instead of synthetic water matrixes [39].



In this work, heterogeneous photocatalytic arsenic oxidation and water disinfection were explored in two types of solar reactors, a compound parabolic collector reactor (CPC) and a flat plate reactor (FPR); a real groundwater matrix was used, and coliform disinfection was also analyzed. As removal via chemical precipitation with ferric chloride (FeCl3) was explored, following oxidation. Estimations of the collector area per order (ACO) (m2/m3-order) were performed for the evaluation of the area or energy requirements by every reactor. The results were also analyzed from a reaction kinetic and statistical standpoint.




2. Materials and Methods


2.1. Location and Operation Timeframe for Experiments


Experiments were carried out in the city of Durango (25.613238° N, 103.435395° W, 1900 m above sea level; Durango, Mexico), and they were performed during the summer, autumn, and winter seasons at solar noon. The city is located within the planet’s sunbelt, which receives an average solar radiation in the range of 5.5 kWh/m2/day to 6.5 kWh/m2/day [40].




2.2. Photocatalytic Reactors


The experiments were performed in a CPC tubular reactor set above a compound parabolic collector; the tube was made of 3 mm thick polymethylmethacrylate (PMMA), with an inside diameter of 4.48 cm and a longitude of 90 cm; 3 mm thick PMMA plates (which served as the TiO2 support) were placed within the tube. Galvanized iron sheet was used to make the compound parabolic reflector; commercial reflective adhesive paper was used to cover the reflector. A submergible water pump was used to feed water to the reactor from a reservoir into one end of the tube and sent it back to the reservoir using a tubing arrangement (Figure 1).



The FPR reactor has been described in previous works [41,42,43], but briefly, it consisted of a PMMA compartment, with a feeding tube (with small holes separated every 0.5 cm) made of polyvinyl chloride set at the compartment’s top, plus a drainage located at the compartment’s bottom. The PMMA compartment was placed onto an inclinable metal assembly; reactor’s drainage led to the water reservoir, which, with the help of a submergible water pump (Model H-331 BioPro, Jiangsu, China), was fed to the reactor (Figure 2). Table 1 shows additional reactor operational parameters, as reported in previous work [44].



In the CPC, TiO2 (Degussa-Evonik, Essen, Germany. CAS: 13463-67-7) was immobilized on a 4.5 cm wide and 5 cm long PMMA plate, on both plate sides; sixteen plates were used. While in the FPR, a 33 cm wide and 30 cm long frosted glass plate was used as photocatalyst support. The immobilization methodology has been reported elsewhere [44].




2.3. Experimental Conditions


Each experimental run was carried out with 3.5 L of a 300 µ g/L AsIII solution prepared using sodium meta-arsenite (NaAsO2; J.T. Baker, Radnor, PA, USA. CAS: 7784-46-5) with groundwater from a local well, which already had 46.06 µg/L of AsIII and 5.46 µg/L of AsV; groundwater physicochemical characterization is presented in Table 2. The solution was also spiked with water from a municipal wastewater treatment plant (MWTE) to analyze As oxidation in the presence of coliforms; the initial most probable number (MPN) per 100 mL was >2419. A total of 0.358 mL from a 30% H2O2 (Fermont, Guadalajara, Mexico. CAS: 7722-84-1) solution was added to the water to analyze H2O2 addition effect. Experiments in the dark were carried out for each experimental condition as control experiments, as well as photooxidation experiments without TiO2.



Experiments lasted 300 min (which began 150 min before solar midday); 20 mL samples were collected at 0, 30, 60, 100, 150, 220, and 300 min to measure AsIII oxidation during the course of the experiment. To separate AsIII and AsV, for each sample, an As speciation cartridge (MetalSoft Centre, Buena Park, CA, USA) was used, according to the manufacturer’s specifications [45]. A radiometer (CUV5, Kipp & Zonen, Delft, The Netherlands) was used to measure UV irradiance during experiments.



As removal was also explored. After solar treatment was over, 0.5 L samples [46] were collected to carry out chemical precipitation with an optimized dose (2.19 mg/L) of FeCl3 (Merck, Darmstadt, Germany. CAS: 7705-08-0; determination included in Supplementary Materials), and after adding the FeCl3, pH was adjusted to 6.5 using hydrochloric acid (HCl; Merck, Darmstadt, Germany. CAS: 7647-01-0), and samples were taken to a jar tester machine with a rapid mixing phase of 400 rpm for 1 min, a slow mixing phase of 20 rpm for 10 min, and a settling phase for 20 min [47]. Samples were taken carefully with a micropipette from the supernatant for As quantification. Figure 3 shows a flow diagram of the process.



Graphite furnace atomic absorption spectroscopy (GFAAS) (Avanta GBC model XplorAA) was carried out to quantify As.



For the experiments exploring disinfection, coliform bacteria inactivation was assessed by MPN using the Quanty-Tray Method with defined substrate Colilert (IDEXX Laboratories, Westbrook, ME, USA) [48], which is approved by the USEPA [49]. Colilert media was added to 100 mL samples (collected at the start and end of each experiment), mixed until properly dissolved, and mixed solutions were then poured into a Quanty-Tray/2000, sealed using the Quanty-Tray sealer, then put at 35 °C for 24 h for incubation [50]. This method is based on the enzymatic activity of coliform bacteria, which metabolizes the nutrient-indicating molecule ortho-nitrophenyl-β-D-galacto-pyranoside that turns colorless water yellow [51].




2.4. Kinetic Analysis


Scientific reports indicate that AsIII heterogeneous photocatalytic oxidation employing supported TiO2 follows a pseudo first-order reaction rate [52,53], which is useful to describe reactions limited by adsorption, as has been reported for heterogeneous photocatalytic reactions with TiO2 [54,55]. AsIII data were used to determine the    K   phC     , which was obtained by fitting the data to the pseudo first-order reaction model equation, which was obtained by established and conventional kinetics [56], as Equation (1) shows:


     [    As   III    ]   t  =    [    As   III    ]   0   e  −  K   phC      t   ,  



(1)




where      [    As   III    ]   0    is     As   III     at  t  = 0,      [    As   III    ]   t    at time  t , and    K   phC        is the photocatalytic reaction rate constant. Assumptions, such as laminar flow with a Reynolds number below 1000, steady state operation, and constant fluid viscosity and density must be considered [57].




2.5. Fluence Analysis


Fluence (   Q  UV    ) was calculated as indicated elsewhere [58,59,60,61] and is shown in Equation (2):


   Q  UV   =  Q  UV , n − 1   +   UV  n  ·  (   t n  −  t  n − 1    )  ·    A i     V t    ,  



(2)




where the fluence is represented by    Q  UV    , the UV irradiance by     UV  n   , the time by    t n   , the net irradiated area by    A i   , and the volume by    V t   .      [    As   III    ]   t    can be calculated as a function of    Q  UV     [59] employing Equation (3):


     [    As   III    ]   t  =    [    As   III    ]   0   e  −  k  UV    Q  UV     ,  



(3)




where KUV denotes the rate constant calculated for    Q  UV    .




2.6. Collector Area per Order Determination


The collector area per order (   A  CO    ) is the net area of irradiated photocatalyst needed, considering an average solar UV irradiance, to decrease a contaminant’s concentration by one order of magnitude, within a unit of volume [40,62]. It can be calculated by Equation (4):


   A  CO   =    A c    E ¯  s  t    V t  log (    [    As   III    ]   0  /    [    As   III    ]   t  )   ;  



(4)




where the collector area per order is represented by    A  CO    , the photocatalyst covered area by    A c   , the As concentration by [AsIII], the volume by    V t   , the time by   t ,   and the average solar UV irradiance by     E ¯  s   .




2.7. Experimental Design and Statistical Analysis


A full factorial 25 experimental design was used to test the effects of 5 independent variables, each variable with 2 levels (for a total of 32 different experimental runs, carried out in triplicate), which can be seen in Table 3.



An analysis of variance (ANOVA) was performed to determine if the effect of each one of the independent variables was significant for the result of the dependent variables [63]. Equation (5) shows the linear model used:


   x  ijklmn   =   μ ¯   +   AOP  i  +  H 2   O 2    j  +  R k  +   MWTE  l  +   DC  m  +  Q  UV     n  +  ε  ijklmn   ,  



(5)







  μ ¯   is the general mean;     AOP  i    represents the effect of the AOP;    H 2   O 2    j    is H2O2 addition;    R k    denotes the type of reactor employed;     MWTE  l    indicates MWTE spike added;     DC  m    stands for DC treatment;    Q  UV     n    signifies QUV, and    ε  ijklmn     is the linear model error. To perform this analysis, SAS Studio 3.8 (SAS Institute Inc., Cary, NC, USA), which is a statistical software, was used.





3. Results and Discussion


3.1. Arsenic Oxidation


Figure 4 shows AsIII photooxidation during the experiment on both CPC and FPR. The initial AsIII concentration was 350 ± 2 µg/L. DC experiments showed very little oxidation, which can be attributed to the effect of water and oxygen [64]. Solar photooxidation experiments showed less than 25% AsIII oxidation. It is known that solar irradiation accelerates oxidation, which can be attributed to UV and visible light, and, as it has been reported, they also promote ROS formation in water without the need of a photocatalyst [65].



Figure 5 shows also photooxidation experiments in the same treatments discussed above, but with H2O2 addition. The accelerated oxidation fostered by H2O2 observed in all cases was expected, as it has been reported that H2O2 is an effective oxidant in alkali conditions [66] (working solution pH = 8.5). Experiments under solar irradiation yielded an increased oxidation, as UV light causes H2O2 to undergo homolytic cleavage, generating HO● [27], whose oxidative potential of 2.73–2.8 V is only surpassed by that of fluorine [67]. Both HO● and H2O2 are able to promote AsIII oxidation [68].



Figure 6 shows AsIII oxidation via solar HP; DC experiments apparently showed an increased oxidation, but most likely AsIII adsorption onto TiO2 surface is the main reason for this observation [69], as at pH = 8.5, As is mostly found as arsenious acid, which has a neutral charge [70]. The higher oxidation observed in HP experiments is clearly due to the generated ROS by HP, which also includes O2●− [71].



In Figure 7, AsIII oxidation via HP+ H2O2 is shown. The highest oxidation was achieved in this round of experiments, which conjoins the effects of the previous treatments. The main ROS driving AsIII oxidation has been debated [72], but for cases in which H2O2 is added, it has been recently proposed that a nonradical species, surface complexes Ti-peroxo (Ti–OOH), would be the main oxidative species [73,74]. This fact can be theorized as an AsIII oxidation experiment using cerium dioxide (CeO2), with cerium being in the same periodic group as titanium, found in the presence of Ce-peroxo surface complexes [75]. Additionally, Ti–OOH (and Ce–OOH) has been reported as the main oxidative species in antimony (which is located in the same periodic group as As) oxidation experiments employing H2O2 over TiO2/CeO2 [76].



Since the groundwater matrix used in the experiments contained several cations and anions, other reactions could take place in some of the treatments; HO● can react with CO32− and Cl− to form carbonate and chloride radicals, respectively (CO3●− and Cl●); NO3− can give place to nitrite radical (NO3●) [77]. Although the aim of this research is not to study the effect of said species in the outcome of AsIII oxidation, it is worth mentioning that they may play a role in the whole process.



The pH did not remain constant throughout the experiments; however, the change was negligible (final pH > 8.0). Since AsIII (in the form of arsenious acid) pKa = 9.29 [78] and TiO2 zero charge point is at pH = 6.3 [79], the pH change should not have a significant effect on the outcome of the experiment, not even after AsIII oxidation, as the AsV pKa values are pKa1 = 2.2, pKa2 = 7.08, and pKa3 = 11.5 [80].




3.2. Arsenic Removal


Water As concentration after chemical precipitation with FeCl3 is reported in Table 4. Although more than 90% removal was achieved with every treatment, HP treatments were the only ones to attain an As concentration that complies with the WHO guidelines. Although it is well known that AsIII is harder to remove than AsV due to its neutral charge [81,82], chemical precipitation is not a stoichiometric process and is also able to remove As [83]. The increased removal in DC samples involving H2O2 can be explained due to AsIII oxidation caused by the Fenton reagent that is mostly carried out under acidic conditions of pH < 3, but can also take place at higher pH values, at which point sedimentation will occur as well [84].




3.3. Coliform Disinfection


Total coliform disinfection results are presented in Table 5. DC experiments did not offer enough stress as to cause a noticeable effect in coliform MPN. Partial disinfection was observed when H2O2 was added, which can be attributed to both internal and external cell damage caused by the ROS [85]. Coliforms were not detected in solar experiments, which is expected as SODIS is a well-known point of use technology for water disinfection, which is effective for several microorganisms species [86]. It is inferred that disinfection could have happened faster in the treatments involving TiO2 and H2O2, as has been reported in a previous experiment [42].



As HP is nonselective, it can be used to deal with an assorted variety of contaminants [87] such as inactivating coliforms and oxidize arsenic as in the present case. This characteristic makes it attractive for further research and additional development to keep improving its technical feasibility. It is important to have options when it comes to water treatment and potabilization, as most of the times, one solution cannot fit to all cases.




3.4. Kinetic Analysis


The calculated rate constants, both photooxidative (kpo) and photocatalytic (KphC), are shown in Table 6. The reaction rate constants for DC experiments were much lower than their irradiated counterparts in every case. H2O2 treatments also showed a higher reaction rate constant than those of treatments without H2O2. The kpo values were lower than the KphC values, and the higher reaction rate constants were observed in experimental runs with higher AsIII oxidation. The coefficient of determination (R2) for DC treatments was 0.87 on average, while for irradiated treatments it was 0.96, which is an acceptable value to fit the data to the pseudo first-order reaction model that has been reported to describe AsIII heterogeneous photocatalytic oxidation [52,53].




3.5. Fluence Analysis


Table 7 presents the fluence and reaction rate constants as a function of QUV for each treatment. Fluence was lower in FPR treatments than in CPC treatments as the total irradiated surface is roughly 40% larger in the CPC than in the FPR. The proposed reaction rate constant in the function of QUV has been used to describe the kinetics of a reaction in function of cumulative UV dose as an alternative to kinetics in function of time [59]. The average R2 value was 0.96, which is almost identical to the R2 obtained when fitting the data to the pseudo first-order reaction model. It can be inferred that KUV is suitable for explaining AsIII oxidation via HP as well.




3.6. Collector Area per Order


Table 8 shows the ACO value for each one of the treatments. A smaller Aco is generally associated with a more efficient process [44]. On average, CPC needed 30% less photocatalyst covered area than the FPR, which is in accordance with the improved optical efficiency provided by the reflector [52], accounting for an improved use of the photocatalyst-covered area.



The ACO for HP treatments was on average 75% more efficient than PO treatments    (  ε = [ (  A  C  O  P O     −  A  C  O  H P      )  / (  A  C  O  P O     ) ] × 100  ), while H2O2 treatments were 38% more efficient than treatments without H2O2 (  ε = [ (  A  C  O  0 m M H 2 O 2     −  A  C  O  1 m M H 2 O 2     ) / (  A  C  O  0 m M H 2 O 2     ) ] × 100  ).




3.7. ANOVA Results


The summary of the ANOVA is shown in Table 9. The F-value for the model was statistically significant (p < 0.05); hence, it can be assumed that the linear model was appropriate for the analysis. The R2 value was 0.76, leaving enough room for improvement for a better linear model that better explains variance [58].



The results obtained through the ANOVA support the observations made previously in Figure 4, Figure 5, Figure 6 and Figure 7. The AOP effect was statistically significant; for PO, the UV light was the main driver for AsIII oxidation, which is favored in alkaline conditions [88], but it is not as fast as HP, which promotes ROS generation to accelerate AsIII oxidation [89]. H2O2 addition accelerated oxidation due to ROS generation [90] or Ti-peroxo species formation (in HP treatments only) [91]; hence, its effect being statically significant is within expectations. Solar light exposure (whether or not as in DC treatments) was the most significant effect for AsIII oxidation (p < 0.05 in all three cases).



The MWTE spike did not have a statistically significant effect on the AsIII oxidation reaction rate, which is within the expectations of AOPs being nonselective [92]; it is evident that not every generated ROS is directed to AsIII. The effect of the used reactor was not statistically significant either, despite the fact that their geometry allows for a completely different operation (light distribution, light propagation, surface area to volume ratio, etc. [93]). This finding supports the fact that the outcome of an HP operation might depend on a plethora of variables and the interactions between them, such as the photocatalyst properties, the source of light, the intensity of the light, the pH, the concentration of the pollutant, and the temperature of the geometry of the reactor [44]. Finally, the effect of the covariable, QUV, was not statistically significant, possibly because of uniformity in the timeframe of the operation, which translated into minimal QUV variations (solar noon operation and only on sunny days) [41,44] (p < 0.05 in all three cases).




3.8. Perspectives and Outlook


The present work results are in agreement with the HP TRL ongoing pilot scale applications. An As concentration of 300 µg/L is extremely high, and the obtained results provide a notion of the resources needed to treat water with such characteristics. Disinfection can be achieved with solar light alone, but AsIII oxidation was greatly improved when using HP, and even more with H2O2. Both TiO2 and H2O2 pose no threat to the environment [94,95] and could be used readily. The present work analyzed only a volume of 3.5 L, and it took a considerable amount of time (300 min) to oxidize most of the AsIII, so an optimization in function of time and volume treated with respect to AsIII concentration should be followed, as proper experimental conditions have been found in the present work. Photocatalytic reactors are not easily scaled up due to the intrinsic nature of light; however, if space is available, scaling out is always possible [96].



TiO2 is only active when irradiated with UV light, which limits its efficiency for solar applications, as UV light accounts for less than 5% of the received solar energy [97]; a direct comparison against visible light-active photocatalysts should also be explored. TiO2 exhibits visible light activity when doped with some elements, for example nitrogen or silver [98].





4. Conclusions


The treatments CPC–HP + H2O2 and FPR–HP + H2O2 yielded the best oxidation for AsIII, with rates around 90%. These treatments also exhibited the highest oxidation reaction rate constants, with 6.8 × 10−3 min−1 and 6.7 × 10−3 min−1, respectively.



As removal rates achieved via chemical precipitation for the aforementioned treatments were 98.7% and 98.6%, reaching the As concentration level recommended by the WHO, which is below 10 µg/L.



Additionally, no coliforms were detected in the irradiated treatments, which adds up to the advantages of HP as a potential and promising technology for water potabilization and wastewater treatment.



The determination of ACO showed that CPC was on average 30% more efficient than the FPR, requiring less photocatalyst-covered area.



The effects of AOP, H2O2 addition, and light irradiation were statistically significant for the AsIII oxidation reaction rate, while the type of reactor utilized, spiking with MWTE, or fluence were not (p < 0.05), as found out with an ANOVA.
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Figure 1. CPC reactor scheme. 






Figure 1. CPC reactor scheme.
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Figure 2. FPR reactor scheme. 
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Figure 3. Process flow diagram. 






Figure 3. Process flow diagram.
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Figure 4. AsIII photooxidation (PO) experiments carried out both in CPC and FPR, with and without MWTE spike. Experiments performed in the dark as control experiments (DC) are included as well. 
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Figure 5. AsIII photooxidation (PO) experiments carried out both in CPC and FPR, H2O2 added, and with and without MWTE spike. Experiments performed in the dark as control experiments (DC) are included as well. 
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Figure 6. AsIII heterogeneous photocatalytic (HP) oxidation experiments carried out both in CPC and FPR, and with and without MWTE spike. Experiments performed in the dark as control experiments (DC) are included as well. 
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Figure 7. AsIII heterogeneous photocatalytic (HP) oxidation experiments carried out both in CPC and FPR, H2O2 added, and with and without MWTE spike. Experiments performed in the dark as control experiments (DC) are included as well. 
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Table 1. Operational parameters differing between reactors.






Table 1. Operational parameters differing between reactors.





	Reactor
	Illuminated Net Area (m2)
	Photocatalyst

Covered Area

(m2)
	Volumetric Flow

(m3/h)





	FPR
	0.10 a
	0.10 a
	0.18



	CPC
	1.40 b
	0.07 c
	1.50







Note: a Glass plate area, equal to area covered by photocatalyst; b Reactor reflector area; c PMMA plate area covered by photocatalyst.













[image: Table] 





Table 2. Groundwater physicochemical characterization.






Table 2. Groundwater physicochemical characterization.





	
pH

	
8.52




	
Electrical Conductivity

	
548.25 μS/cm






	
Major ions (mg/L)




	
Na+

	
4.38 mg/L




	
K+

	
53.10 mg/L




	
Ca+2

	
9.87 mg/L




	
Mg+2

	
60.55 mg/L




	
F−

	
1.54 mg/L




	
NO3-

	
38.35 mg/L




	
NO2−

	
1.83 mg/L




	
Cl−

	
26.39 mg/L




	
HCO3−

	
148.50 mg/L




	
SO4−2

	
59.75 mg/L




	
Arsenic (µg/L)




	
AsIII

	
46.06




	
AsV

	
5.46
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Table 3. Independent variables and their levels.






Table 3. Independent variables and their levels.





	AOP
	H2O2
	Reactor
	MWTE Spike
	Irradiation





	Photooxidation
	0 mM
	CPC
	0 mL
	No irradiation (dark control)



	Heterogeneous photocatalysis
	1 mM
	FPR
	10 mL
	Solar UV
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Table 4. Arsenic concentration after chemical precipitation with FeCl3.
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	Treatment
	As (µg/L)
	As Removed (%)
	Treatment
	As (µg/L)
	As Removed (%)





	CPC–PO
	23.4 ± 2.9
	93.0 ± 0.9%
	CPC–HP
	8.9 ± 2.2
	98.1 ± 0.6%



	CPC–PO(DC)
	25.1 ± 1.4
	92.3 ± 0.4%
	CPC–HP(DC)
	22.7 ± 0.3
	93.5 ± 0.1%



	FPR–PO
	20.72 ± 0.8
	93.9 ± 0.3%
	FPR–HP
	8.2 ± 1.3
	93.3 ± 0.4%



	FPR–PO(DC)
	24.3 ± 1.1
	92.8 ± 0.3%
	FPR–HP(DC)
	16.2 ± 1.4
	92.5 ± 1.1%



	CPC–PO + MWTE
	23.9 ± 0.8
	93.3 ± 0.2%
	CPC–HP + MWTE
	9.2 ± 1.4
	97.2 ± 0.4%



	CPC–PO + MWTE(DC)
	24.9 ± 2.1
	92.5 ± 0.6%
	CPC–HP + MWTE(DC)
	21.1 ± 1.2
	94 ± 0.4%



	FPR–PO + MWTE
	22.3 ± 2.5
	92.8 ± 0.7%
	FPR–HP + MWTE
	8.3 ± 0.9
	97.5 ± 0.3%



	FPR–PO + MWTE(DC)
	24.9 ± 2.1
	92.6 ± 0.6%
	FPR–HP + MWTE(DC)
	23.3 ± 0.1
	93.3 ± 0.1%



	CPC–PO + H2O2
	16.5 ± 1.7
	95.8 ± 0.5%
	CPC–HP + H2O2
	5.3 ± 1.1
	98.7 ± 0.3%



	CPC–PO + H2O2(DC)
	18.7 ± 0.5
	94.5 ± 0.2%
	CPC–HP + H2O2(DC)
	10.2 ± 1.2
	96.8 ± 0.4%



	FPR–PO + H2O2
	16.5 ± 0.3
	95.3 ± 0.1%
	FPR–HP + H2O2
	5.1 ± 0.1
	98.6 ± 0.0%



	FPR–PO + H2O2(DC)
	19.5 ± 0.7
	94.2 ± 0.2%
	FPR–HP + H2O2(DC)
	10.2 ± 2.7
	96.6 ± 0.8%



	CPC–PO + MWTE + H2O2
	16.9 ± 0.8
	94.9 ± 0.2%
	CPC–HP + MWTE + H2O2
	1.6 ± 0.5
	99.7 ± 0.1%



	CPC–PO + MWTE+ H2O2(DC)
	18.7 ± 0.5
	94.5 ± 0.2%
	CPC–HP + MWTE + H2O2(DC)
	11.8 ± 0.8
	94.9 ± 0.2%



	FPR–PO + MWTE + H2O2
	16.2 ± 0.2
	95.5 ± 0.2%
	FPR–HP + MWTE + H2O2
	1.7 ± 0.2
	99.5 ± 0.1%



	FPR–PO + MWTE + H2O2(DC)
	18.7 ± 0.5
	94.5 ± 0.2%
	FPR–HP + MWTE + H2O2(DC)
	11.5 ± 1.5
	94.8 ± 0.4%
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Table 5. Most probable number of coliforms in samples at the beginning and end of each treatment.
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	Treatment
	0 min (MPN/100 mL)
	300 min (MPN/100 mL)
	Treatment
	0 min (MPN/100 mL)
	300 min (MPN/100 mL)





	CPC–PO + MWTE
	>2419
	N.D.a
	CPC–HP + MWTE
	>2419
	N.D.



	CPC–PO + MWTE (DC)
	>2419
	>2419
	CPC–HP + MWTE (DC)
	>2419
	>2419



	FPR–PO + MWTE
	>2419
	N.D.
	FPR–HP + MWTE
	>2419
	N.D.



	FPR–PO + MWTE (DC)
	>2419
	>2419
	FPR–HP + MWTE (DC)
	>2419
	>2419



	CPC–PO + MWTE + H2O2
	>2419
	N.D.
	CPC–HP + MWTE + H2O2
	>2419
	N.D.



	CPC–PO + MWTE + H2O2 (DC)
	>2419
	574–727
	CPC–HP + MWTE + H2O2 (DC)
	>2419
	658–755



	FPR–PO + MWTE + H2O2
	>2419
	N.D.
	FPR–HP + MWTE + H2O2
	>2419
	N.D.



	FPR–PO + MWTE + H2O2 (DC)
	>2419
	629–686
	FPR–HP + MWTE + H2O2 (DC)
	>2419
	613–689







Note: N.D. a = Not detectable.
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Table 6. Calculated photooxidative and photocatalytic reaction rate constants for arsenic oxidation.
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	Treatment
	kpo (×10−3 min−1)
	Treatment
	kpo (×10−3 min−1)
	Treatment
	KphC (×10−3 min−1)
	Treatment
	KphC (×10−3 min−1)





	CPC–PO
	0.8
	CPC–PO + H2O2
	2.6
	CPC–HP
	6.2
	CPC–HP + H2O2
	6.8



	CPC–PO (DC)
	0.2
	CPC–PO + H2O2 (DC)
	0.8
	CPC–HP (DC)
	0.3
	CPC–HP + H2O2 (DC)
	0.8



	FPR–PO
	0.8
	FPR–PO + H2O2
	2.6
	FPR–HP
	6.0
	FPR–HP + H2O2
	6.7



	FPR–PO (DC)
	0.2
	FPR–PO + H2O2 (DC)
	0.8
	FPR–HP (DC)
	0.3
	FPR–HP + H2O2 (DC)
	0.8
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Table 7. Fluence and calculated reaction rate constants in function of fluence.
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	Treatment
	QUV (kJ L−1)
	KUV (×10−3 kJ−1 L)
	Treatment
	QUV (kJ L−1)
	KUV (×10−3 kJ−1 L)





	CPC–PO
	354.99
	0.7
	FPR–PO
	251.03
	1.0



	CPC–PO + H2O2
	339.45
	2.2
	FPR–PO + H2O2
	240.04
	3.1



	CPC–HP
	366.79
	5.1
	FPR–HP
	259.38
	7.0



	CPC–HP + H2O2
	361.57
	5.6
	FPR–HP + H2O2
	255.69
	7.9
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Table 8. Estimation of ACO for each treatment and comparative efficiency between reactors,   ε = [ (  A  C  O  F P R     −  A  C  O  C P C     ) / (  A  C  O  F P R     ) ] × 100  , for arsenic oxidation, considering batch operation and a first-order rate reaction.






Table 8. Estimation of ACO for each treatment and comparative efficiency between reactors,   ε = [ (  A  C  O  F P R     −  A  C  O  C P C     ) / (  A  C  O  F P R     ) ] × 100  , for arsenic oxidation, considering batch operation and a first-order rate reaction.





	Treatment
	ACO (m2·m−3-Order)
	Treatment
	ACO (m2·m−3-Order)
	Efficiency (ε)





	CPC–PO
	83.3
	FPR–PO
	121.7
	31.5



	CPC–PO + H2O2
	28.4
	FPR–PO + H2O2
	39.2
	27.4



	CPC–HP
	11.3
	FPR–HP
	15.3
	26.4



	CPC–HP + H2O2
	10.2
	FPR–HP + H2O2
	15.0
	32.0
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Table 9. Summary of ANOVA for AsIII oxidation.






Table 9. Summary of ANOVA for AsIII oxidation.





	Source
	DF
	Sum of Squares (×104)
	Mean Square (×104)
	F-Value
	p-Value Probr > F





	Model
	6
	4.7
	0.7
	49.61
	<0.0001



	AOP
	1
	1.3
	1.3
	88.53
	<0.0001



	H2O2 addition
	1
	0.2
	0.2
	13.96
	0.0003



	MWTE spike
	1
	0.0
	0.0
	0.01
	0.9355



	Reactor employed
	1
	0.0
	0.0
	0.01
	0.9410



	Irradiation exposure
	1
	3.0
	3.0
	195.13
	<0.0001



	QUV
	1
	0.0
	0.0
	0.00
	0.9662
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