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Abstract

:

Hybrid advanced oxidation processes employed to degrade recalcitrant organic pollutants in water have been widely examined in recent years. In the present work, the potential of TiO2-mediated photocatalysis in the presence of the periodate anion (IO4−) toward Safranin O (SO) removal from aqueous solutions was investigated. The findings revealed a high efficiency of the UV/TiO2/IO4− system due to the production of more reactive radicals (•OH, IO3• and IO4•) and non-radical species (O3, IO3− and IO4−). Additionally, the presence of IO4− as an effective electron acceptor avoids electron-hole recombination, which induces more oxidative reactions at the hole level, increasing the degradation rate of SO. Kinetically, the involvement of IO4− anions in the UV/TiO2 system enhanced substantially the initial rate of degradation; from 0.295 to 12.07 mg L−1 min−1. The performance of both systems, i.e., UV/TiO2 and UV/TiO2/IO4−, was examined under different conditions such as initial dye concentration, photocatalyst loading, periodate dosage, initial solution pH, temperature and dissolved gases. The SO degradation was found to be maximized at low concentration of pollutant at the optimum loading of catalyst (0.4 g L−1). The continuous increasing in periodate concentration over the range of 0.01–3 mM improved the system reactivity with no overdose effect. Both systems seemed to be insensitive to minor variations in temperature in the range of 15–45 °C, and showed a strong dependence on initial solution pH where the degradation rates increased proportionally with pH values up to pH 10 and decreased afterwards. A slight negative effect on the photocatalytic removal yield was noted under either aeration, nitrogen or argon atmospheres in the presence of periodate (UV/TiO2/IO4−), with minor enhancement under aeration for the classical system (UV/TiO2). The mineralization of the organic substrate was also monitored. The depletion of organic matter with time was measured using total organic carbon (TOC) analysis. Despite the rapid decolorization of the dye solution in the UV/TiO2/IO4− system, a TOC removal efficiency of ~62% was obtained with both systems after 180 min of treatment.
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1. Introduction


Heterogeneous photocatalysis in the presence of semiconductors has been shown to be a powerful, friendly and low-cost technology for water purification [1,2,3]. The main step in the degradation of contaminants by photoactivated TiO2 is the generation of a e−/h+ pair leading to the production of powerful free radicals (Equations (1)–(6)).


TiO2 + hν → TiO2 + h+ + e−



(1)






TiO2(h+) + −OH(ad) → TiO2 + •OH(ad)



(2)






TiO2(e−) + O2 → TiO2 + O2•−



(3)






O2•− + H+ → HO2•



(4)






O2•− + H+ + HO2• → •OH + O2 + ½ H2O2



(5)






TiO2(e−) + H2O2 → TiO2 + −OH + •OH



(6)







Every year, textile, tanning and printing activities consume many tons of dyes and pigments to stain various products. As a result of process inefficiency, about 200,000 tons of these substances have been rejected into the environment without further treatment [4]. Synthetic dyes cause harmful effects on the environment owing to their high solubility in water, less biodegradability, their toxicity and carcinogenicity. Safranin O (SO) dye (C.I. Basic red 2) is a phenazine dye of the quinone-imine class and considered as a recalcitrant pollutant. It is commonly used in textiles, food, histology, cytology, for the biological laboratory purposes and in visible light photopolymerization [5,6]. Many processes have been applied to treat SO-containing water such as heterogeneous photocatalysis, photolysis and adsorption [5,7,8,9,10,11,12]. The photocatalytic treatment over different catalysts has presented high efficiency in SO removal. Hayat et al. [8] investigated the photodegradation of SO in an aqueous suspension of nanocrystalline WO3 locally synthesized under UV laser irradiation. They reported that the degradation over synthesized WO3 via sol–gel and precipitation techniques was faster, with an initial rate of 0.1385 and 0.2595 min−1, respectively, versus 0.006 min−1 employing commercial TiO2 Degussa P25. The red color of SO (3.6 mg L−1) disappeared in the presence of 0.12 g L−1 Ag-TiO2 after 70 min under UV light, as observed by El-Kemary et al. [13]. However, 51% of dye was degraded in an illuminated ZnS nanophotocatalyst at neutral pH as mentioned in another study by El-Kemary et al. [11]. The modification of TiO2 structure, the synthesis of new catalysts or including oxidants to the photocatalytic systems have been adopted to improve performance. Earlier investigations have focused on the involvement of oxyhalogen anions for enhancing the photocatalytic treatment efficiency. The effect of oxyhalogens like BrO3−, ClO3−, IO3−, IO4−, etc., as effective photoelectron quenchers has been assessed in many research papers. Choy et al. [14] included each of BrO3−, ClO3− and IO3− for improving the photocatalytic destruction of o-chloroaniline in a UV/TiO2 system. Oxyhalogen processes were more efficient in the order ClO3− < BrO3− < IO3−, where an adequate amount of iodate could completely degrade o-chloroaniline within a minute, as reported by Choy et al. [14]. Similar findings were registered by Wu et al. [15] using periodate (IO4−) to eliminate Reactive Red 198 dye in aqueous solution. Wang et al. [16] stated that H2O2, IO4− and S2O82− had a pronounced rate-enhancing effect on the photocatalytic treatment of an aqueous solution of 2-chlorobiphenyl. Other investigations supported these results and confirmed the ability of the UV/TiO2/IO4− system to treat a large range of organics successfully [17,18,19].



Despite the important published works [17,18,19] on the UV/TiO2/IO4− system, the application of this emerging process for the treatment of textile dyes is rather limited. Additionally, although the enhancing effect of applying a UV/TiO2/IO4− system was usually reported to be noteworthy, very limited information is available on the influence of processing conditions on the technique efficiency. Moreover, the viability of the process in wastewater treatment depends on a TOC abatement evaluation. All these tasks have not been researched previously, probably due to the novelty of the process.



In the present work, the application of TiO2-mediated photocatalysis in the presence of periodate ions (UV/TiO2/IO4−) was examined for the treatment of an aqueous solution polluted with SO dye and compared with the UV/TiO2 classical system. The degradation efficiency was examined with various influencing factors such as initial dye concentration, catalyst loading, periodate concentration, liquid temperature, initial solution pH and dissolved gasses. The organic matter depletion was also monitored during the reaction, determined by the TOC analysis results.




2. Results and Discussion


2.1. Photocatalytic Degradation of SO


TiO2-mediated photocatalysis in the presence of periodate ions (IO4−, 0.15 mM) was applied for the removal of SO (10 mg L−1) over illuminated TiO2 (Degussa P25, 0.4 g L−1) at 25 °C and natural pH (~6). A series of experiments were first carried out under different systems, namely: (i) IO4− only, (ii) UV/IO4− and (iii) UV/TiO2. Results were reported in Figure 1, which represents the evolution of C/C0 (C: concentration of SO at time t, C0: initial concentration of SO) as function of reaction time. The presence of periodate on its own or with the photocatalyst was found to be meaningless for dye removal; however, slight oxidation was observed under illuminated periodate, estimated to be 19% within 50 min, as shown Figure 1. The feeble effect of direct photolysis of periodate was expected due to the fact that periodate can produce •OH radicals and other reactive oxidants when it absorbs UV light at wavelengths of less than 300 nm [20].



When a SO dye solution containing 0.4 g L−1 of TiO2 was exposed to UV light, the dye concentration reduced continuously with irradiation time, e.g., about 72% of the initial amounts were degraded after 50 min. These findings can be attributed to the photogeneration of holes, h+, in the valence band and electrons, e−, in the conduction band as oxidative and reductive entities, respectively, at the level of illuminated TiO2 (Equation (1)). The photocatalytic oxidation of organics can proceed either directly, when the adsorbed substrate reacts with free and delocalized holes in the crystal lattice (Equation (7)), or by the means of free radicals (mainly •OH and O2•−) (Equation (8)) in the vicinity of TiO2 particles or in the bulk solution, this is called indirect photocatalysis.


h+ + Pollutant → *Pollutant



(7)






•OH + Pollutants → Oxidation products



(8)







By the addition of a quantity of IO4− (0.15 mM), the extent of removal increased substantially from 38% under UV/TiO2 to 97% after just 20 min of irradiation time. This behavior can be explained by the fact that more reactive radicals (•OH, IO3• and IO4•) and non-radical species (O3, IO3− and IO4−) were produced in the UV/TiO2/IO4− system. On the other hand, the presence of irreversible electron acceptors is a successful strategy to avoid electron-hole recombination, which constitutes a major drawback in TiO2 mediated photocatalysis. As an effective electron acceptor, periodate increased the degradation rate by quenching surface electrons, hence, more oxidative reactions took place at holes level such as (Equations (2), (3) and (7)).



In several research works, photocatalytic kinetics were found to follow the Langmuir-Hinshelwood (L-H) model considering the substrate adsorption on the photocatalyst surface. Based on the following assumptions: (i) limited number of adsorption sites on the surface of photocatalyst, (ii) the site can adsorb only one molecule and the catalyst surface can be covered by monolayer, (iii) the adsorption reaction is reversible, (iv) the surface of catalyst is vigorously homogeneous and (v) there is no interaction between adsorbed molecules [21], the equation below was established:


  θ =    Q  a d s      Q  m a x     =    K  a d s     C   1 +  K  a d s     C    



(9)




where θ is the TiO2 surface coverage, Qads is the adsorbed quantity, Qmax is the maximal adsorbed quantity, C is the concentration of the compound and Kads is the Langmuir adsorption constant.



Since photocatalytic oxidation takes place not only between adsorbed molecules but also in aqueous solution, the modified L-H model (Equation (10)) was applied for a better fit to the process mechanism and for easily predicting the kinetic parameters.


  r = −   d C   d t   =    K r   K  L H   C   1 +  K r   K  L H   C    



(10)




where r is the substrate degradation rate, C is concentration, t is illumination time, Kr is the degradation rate constant and KLH is the constant of adsorption of reactant on the TiO2 surface.



Equation (10) can be simplified to Equation (11) as the concentration of dye was a millimolar solution (0.0285 mM) in all experiments.


  r = −   d C   d t   =  K  a p p   C  



(11)




where Kapp = KLH Kr.



Experimental data were exploited to determine different characteristics of SO degradation under UV/TiO2 and UV/TiO2/IO4− systems. The plot of ln(C/C0) = f(t) was found to be linear indicating first-order kinetics. The apparent rate constant (Kapp, min−1) was defined as the slope of the regression line, while initial rate (r0, mg L−1 min−1) was calculated using Equation (12):


   r 0  =  K  a p p    C 0   



(12)







In terms of kinetics, photocatalysis involving periodate ions (UV/TiO2/IO4−) was much faster for SO destruction with r0 = 12.07 mg L−1 min−1 versus 0.295 mg L−1 min−1 for periodate-free photocatalysis (UV/TiO2). These results are in line with the existing studies reporting the effect of periodate ions on photocatalysis performance [17,18,22].




2.2. Effect of Initial SO Concentration


The substrate loading is a controlling parameter on photocatalysis performance. With the aim of investigating the effect of dye amount, SO photo-degradation runs were conducted using various initial dye concentrations of 5, 10, 20 and 40 mg L−1, employing Degussa P25 (0.4 g L−1) as the sole photocatalyst, and in the presence of periodate ions (0.15 mM) (Figure 2). The obtained results show that regardless of periodate presence, the degradation percentage decreased with the increase in initial dye concentration. Within 30 min under illuminated TiO2, 81.3% was successfully removed from the solution, the initial SO concentration of which was 5 mg L−1, whereas 46.9%, 14.8% and 12.1% was eliminated from 10, 20 and 40 mg L−1 initial dye concentration solutions, respectively. In aqueous periodate, the quantum yield calculated for each concentration was 100% for 5 mg L−1, 98.1% for 10 mg L−1, 83.9% for 20 mg L−1 and 44.4% for 40 mg L−1 after 30 min of reaction.



The dependence of degradation rate on the initial dye concentration was checked in the studied range and the corresponding findings are presented in Figure 3. It was noted that r0 lowered slightly from 0.3 to 0.16 mg L−1 min−1 when SO initial concentration increased from 5 to 40 mg L−1 in periodate-free photocatalysis. The same findings were reported by Vulliet et al. [23] and Bekkouche et al. [24].



In contrast to conventional photocatalysis alone, the further increase in dye concentration led to an increase in the initial degradation rate in the presence of periodate. The r0 values were 6.46, 12.07, 20.75 and 21.37 mg L−1 min−1 when C0 = 5, 10, 20 and 40 mg L−1, respectively.



It should be pointed out that initial degradation rates for both systems (UV/TiO2 and UV/TiO2/IO4−) were determined a few minutes after the start of degradation from the curves showing C vs. time, instead of applying Equation (12). Even when the plots ln (C/C0) evolved linearly with time, the first-order rate constants did not remain constant when varying the initial concentration of the dye.



At higher SO concentrations, the majority of active sites were occupied on the photo-activated photocatalyst by adsorbed dye molecules, and the area around the TiO2 became overcrowded. As a result, molecular water, oxygen and periodate could not easily reach the TiO2 surface; hence, a smaller number of free radicals would be produced. In addition, under the same conditions of photocatalyst loading, light intensity and solution pH, the quantity of reactive species remains constant; consequently, the increase in SO initial concentration results in a reduction of degradation efficiency. In this case, SO decomposition was mainly promoted by direct photocatalysis.




2.3. Effect of TiO2 Loading


Several researchers have reported that the key steps in the photocatalytic process occur on the semiconductor surface [25]. Accordingly, an examination of the effect of the active surface area = on photocatalytic degradation of SO dye under UV/TiO2 and UV/TiO2/IO4− systems was performed by using different amounts of TiO2 in the range 0.01–3 g L−1, and by fixing the dye C0 (10 mg L−1), periodate concentration (0.15 mM), temperature (25 °C) and pH of solution (~6). The normalized SO remaining concentration (C/C0) versus irradiation time was given in Figure 4a,b. As expected, the higher the semiconductor loading, the higher the degradation percentage was. For example, after 30 min of illumination, 80%, 60.4%, 56.3% and 40.4% of starting concentration were left in aqueous suspension with0.01, 0.05, 0.1 and 0.4 g L−1 TiO2, respectively. In the presence of IO4−, it left only 32.9%, 6.2%, 2.3% and 1.9% from an initial dye solution of 10 mg L−1 in the same order and conditions. Beyond 0.4 g L−1, a further increase in the semiconductor loading negatively affected the removal efficiency for both systems. This may be explained by the effect of light screening caused by accumulated particles of TiO2, which results in bad dispersion and penetration of light and subsequently a limited photocatalysis.



The dependence of the initial degradation rate of SO in catalyst loading was also studied (Figure 5). Similar trends were observed under both systems; r0 increased from 0.06 to 0.27 mg L−1 min−1 in the UV/TiO2 system, and from 1.08 to 7.41 in the UV/TiO2/IO4− system when TiO2 concentration increased from 0.01 to 0.4 g L−1. Kinetically, the increase in photocatalyst amount led to an enlargement in the illuminated surface, thus: (i) more conduction electrons and valence holes were generated, (ii) there were more adsorbed molecules and (iii) a high number of powerful oxidants was produced. Nevertheless, the initial rate dropped quickly to 0.19 and 6.28 mg L−1 min−1 for 3 g L−1 of irradiated TiO2 in the absence and the presence of periodate, respectively. Hence, 0.4 g L−1 was found to be the best concentration of TiO2. Similar results were observed by Zalazar et al. ([TiO2]opt = 0.5 g L−1) [26], Torres et al. ([TiO2]opt = 1 g L−1) [27] and Van Doorslaer et al. ([TiO2]opt = 5 g L−1) [28]. The variation in optimum catalyst loading can be justified by the different reactor geometry as well as the conditions in which the degradation experiments were performed.




2.4. Effect of Periodate Concentration


Figure 6a depicts the effect of IO4− dosage over the range of 0.01–1 mM on the removal efficiency of SO (10 mg L−1) after 15 min in the UV/TiO2/IO4− system. Corresponding trials were carried out in an aqueous suspension of 0.4 g L−1 photocatalyst at 25 °C and natural pH (~6). According to Figure 6a, the increase in periodate concentration caused a continuous rise in the photocatalytic degradation efficiency by 50.4% with increasing [IO4−]0 from 0.01 to 0.08 mM, 14.1% with an increase from 0.08 to 0.15 mM and 2.2% with an increase from 0.15 to 0.2 mM. Up to 0.2 mM of IO4−, the dye degradation was deemed complete; thus, the removal percent remained constant (100%) regardless of the amount of periodate added. The presence of more periodate anions (i) progressively increased the amount of produced reactive oxygen species (ROS), especially •OH, O2•− and IO3• (Equations (13)–(19) [29]), (ii) trapped more ejected electrons from illuminated titanium dioxide, resulting in deferring rapid e−/h+ recombination, and (iii) made more holes available for more oxidation reactions.


IO4− + e− + 2H+ → IO3• + H2O



(13)






3IO4− + 2OH− → 3IO3− + 2•O2− + H2O



(14)






2•O2− + 2H2O → 1O2 + H2O2 + 2OH−



(15)






IO4− + H2O2 → •IO3 + •O2− + H2O



(16)






•O2− + H2O2 → •OH + OH− + 1O2



(17)






IO4− + 2•O2− + H2O → IO3− + 2OH− + 21O2



(18)






OH + •O2− → 1O2 + OH−



(19)







On the other hand, the kinetic investigations revealed a proportional enhancement of the initial degradation rate of SO as a function of periodate concentration in the studied interval (Figure 6b). The initial degradation rate increased from 1.64 to 11.32 mg L−1 min−1 when the periodate dosage varied from 0.01 to 1 mM, and no overdose effect was observed. This statement is in excellent agreement with previous studies such as those by Yun et al. [19] using visible-light/TiO2/IO4− (0–1 mM), Sadik et al. [17] employing UV254/TiO2/IO4− (0.0476–1 mM) and Gözmen et al. [3] adopting UV365/TiO2/IO4− (1–10 mM). However, a negative effect was noted in the presence of excess periodate up to a threshold found to be 3 mM under photoactivated periodate system as reported Wu et al. [15], while Lee et al. [20] and Chadi et al. [30] observed a decrease in the degradation rate beyond 5 mM of activated periodate by UV254 or H2O2, respectively. These finding were justified by the fact that periodate at higher concentrations acted as a free radical scavenger, resulting in limited reactivity. It is clear that the presence of TiO2 ruled out the scavenger effect of excess periodate, hence improving the process effectiveness.




2.5. Effect of the Liquid Temperature


The temperature of reactional liquid plays an important role in chemical reactions. In the case of heterogeneous photocatalysis, the adsorption/desorption of reagents onto the catalyst, as well as the dissolution of oxygen depend strongly on solution temperature [31,32]. In order to examine the temperature effect on the performance of UV/TiO2 and UV/TiO2/IO4− systems to remove SO dye (10 mg L−1) from water, tests were conducted at four temperatures (15, 25, 35 and 45 °C) employing 0.15 mM of periodate and 0.4 g L−1 of TiO2 at natural solution pH. The dependence of initial degradation rate (r0) on temperature is illustrated in Figure 7. A slight increase in the degradation rate was observed over the tested range (15–45 °C) both in UV/TiO2 and UV/TiO2/IO4− systems. This was estimated to be by 0.067 mg L−1 min−1 in the conventional system versus 1.22 mg L−1 min−1 in the presence of periodate when increasing from 15 to 45 °C. These findings are supported by Yawalkar et al. [33], Bhatkhande et al. [34] and Fox et al. [35]. Yawalkar et al. [33] found a small effect of temperature (38–75 °C) on the photocatalytic degradation of phenol under solar light. They reported that the reaction rate was found to be almost constant (0.376 mg L−1 min−1) at a solar intensity of 63 mW, regardless of the liquid temperature. Bhatkhande et al. [34] and Fox et al. [35] stated that the process was weekly dependent on minor variations in temperature. The effect of heating on periodate-assisted photocatalysis has not been assessed previously. In contrast to the degradation in the presence of periodate, the photocatalytic degradation of SO in the presence of persulfate was found to be highly sensitive to a temperature rise over the range of 25–70 °C, as reported by Bekkouche et al. [24]. They attributed these results to the thermal activation of persulfate in the studied interval, resulting to increased reactivity.




2.6. Effect of Initial Solution pH


The effect of the initial pH of the media on heterogeneous photocatalysis has been the subject of many studies [19,36,37,38,39], since its variation can affect the characteristics of both the photocatalyst and pollutant. The influence of initial solution pH on the effectiveness of SO removal by photocatalytic treatment in the absence and presence of periodate (0.15 mM) was also investigated. It should be pointed out that SO was stable regardless of the solution pH. Figure 8 shows the SO removal yield–pH profiles within 5 min in the UV/TiO2 and UV/TiO2/IO4− systems, varying the initial solution pH in the range of 2–12. Both systems presented the same behavior but with more efficiency in the presence of periodate, e.g., the periodate system was nine times more efficient than the conventional photocatalysis system in dye degradation at pH of 2 after 5 min of reaction. The removal yield augmented significantly with increasing the initial pH from 2 to 10 as the result of the increased production of free radicals. After 5 min in the UV/TiO2/IO4− system, 74.6% was efficiently eliminated at pH 2, 79.7% at pH 4, 93.7% at pH 6, 94.9% at pH 8 and 97.8% at pH 10, compared to 38.7%, 43.5%, 47.5%, 57.0% and 84.7% in periodate-free solution for the same duration and pH order.



Between pH 1 and 8, the predominant periodate species was IO4−, and at pH 10, it was H2I2O104−. The deprotonated and the dimerized (H2I2O104−) species of periodate are both reactive in the photo-decomposition of organic pollutants [20]. Based on this data, the enhancement of degradation efficiency in alkaline media might be explained by other factors, mainly the change in the charge of the semiconductor surface (the dye is cationic regardless of solution acidity). The pHzpc is described as the pH value at which the net charge of the semiconductor surface is equal to zero. If pH < pHzpc (6.8, TiO2 Degussa P25), the photocatalyst surface is negatively charged (Equation (20)), and if pH is more than pHzpc, its charge is positive (Equation (21)).


   TiOH    +   OH  −  →   TiO  −  +  H 2  O  



(20)






  TiOH +  H +  →   TiOH  2 +   



(21)







In alkaline media (pH > pHzpc), a strong adsorption of the dye onto the catalyst is more favorable due to the electrostatic attraction between the negatively charged TiO2 and the dye. Consequently, the photo-degradation efficiency is enhanced. At pH < 6, coulombic repulsion takes place, thus the dye molecules are scarcely adsorbed and therefore a negative effect of pH on the photocatalytic process is clearly observed. The high concentration of hydroxyl anions (−OH) at higher pH is an important source of hydroxyl radicals (•OH), which can effectively oxidize the dye molecules.



At pH 12, the degradation extent was remarkably decreased for each system. The percentage of dye removal was reduced by 28.3% and 27.3% during 5 min in the UV/TiO2 and UV/TiO2/IO4− systems, respectively, moving from pH 10 to 12. These results may be explained by the agglomeration of TiO2 particles at higher pH. On the other hand, the scavenging of free radicals by carbonate anions that might be produced from CO2 as a mineralization product of SO is expected at pH > 10.33 [30]. In our experimental conditions (results not shown), the influence of carbonate anions at lower concentration revealed a negative effect on the photocatalytic decay of SO under both systems. The carbonate anions can react with •OH and O2•− to produce carbonate radicals (CO3•−) which causes a loss in efficiency in dye degradation.



The pH variations affect the concentration of reactive species yielded during the photocatalysis processes, which directly affects their performance toward SO removal.




2.7. Effect of Dissolved Gases


In order to determine the role of dissolved oxygen in photocatalytic oxidation of SO, the saturation by air (21% O2) followed by oxygen-free gases (N2 and Ar) was conducted in the absence and presence of periodate (0.15 mM). The gases were continuously bubbled through the solution for 15 min in the dark and also during illumination time using an immersed sparger. The results for each system are given in Figure 9. In the conventional photocatalysis (Figure 9a), the degradation was slightly improved in the presence of more dissolved oxygen provided by aeration, by approximatively only 5% compared with the unsaturated system. In addition to the generation of powerful free radicals (O2•− and H2O2), the oxygen molecule can act as a scavenger of photo-generated electrons which can defer the hole-electron pair recombination, thus freeing up holes for more reactions [40,41]. However unlikely, the weak solubility of oxygen and its limited adsorption on the semiconductor surface can also be a rate limiting factor in the photocatalytic decomposition of organic pollutants in high concentration or at low level of dissolved oxygen, as reported Gerischer et al. [42].



Under N2 and Ar sparging, the removal of the target compound became very slow in the order of Ar < N2. These results agreewith many reported studies [43,44]. The incomplete inhibition under oxygen-free conditions may confirm that oxygen is not the sole source of reactive radicals. Moonsiri et al. [40] found limited dissolved oxygen reduced the concentration of degradation intermediates as well as their types; hence, an alternative degradation pathway was probably followed.



In the presence of 0.15 mM periodate (Figure 9b), a slight inhibition was registered under either aeration or zero-oxygen conditions (Ar and N2). The competitive reactions between IO4− and the adsorbed oxygen to quench the conduction band electrons may be responsible for the degradation slow-down during aeration. Moreover, the effectiveness of this system seemed to be less sensitive to the zero-oxygen medium. Periodate as an electron acceptor played practically the same role of oxygen.




2.8. Mineralization


The efficiency of the photocatalytic systems were evaluated by monitoring the decolorization during reaction time, i.e., the destruction of the chromosphere group responsible for the dye color. However, the mineralization means that the conversion of hole organic matter, including the parent molecule and its degradation products, usually leads to CO2, H2O and mineral compounds. Sometimes, the degradation products are more toxic than the starting molecule. In this case, a complete mineralization of organic pollutants would be required.



The mineralization of SO in the UV/TiO2/IO4− and UV/TiO2 systems was examined (10 mg L−1 SO, 0.4 g L−1 TiO2, 0.15 mM IO4−, 25 °C and natural pH) using TOC (Total Organic Carbon) analysis. The depletion of TOC concentration as a function of reaction time is depicted in Figure 10. Despite the rapid decolorization in the periodate system, approximately equal TOC removal efficiency was obtained for both systems. In the presence of periodate, the complete decolorization was achieved in 50 min, while just 30% of dye concentration was mineralized in this duration. In illuminated TiO2, a discolored solution was obtained after 3 h of reaction in which 62% was converted to minerals. These outcomes are in harmony with other studies. Ohtaki et al. [45] observed a strong inhibition of coexisting halide ions against complete mineralization of the surfactants by photocatalytic process in the order: I− > Br− >> Cl−. The production of iodide (I−) during the periodate system can be an explanation for limited mineralization.





3. Materials and Methods


3.1. Reagents


SO and sodium periodate (NaIO4) were provided by Fluka and Sigma-Aldrich, respectively. For pH adjustment, NaOH and H2SO4 were purchased from Sigma-Aldrich. The photocatalyst used in this study was TiO2 Degussa P25 (80% anatase and 20% rutile, average particle size: 30 nm, specific surface area: 50 m2 g−1), which was supplied by Evonik. All stock solutions were prepared with deionized water and all reagents were used without further purification. Deionized water was utilized to prepare all solutions, and ultra-pure water for TOC analysis.




3.2. Photocatalysis Experiments and Apparatus


The photocatalytic experiments were conducted in a cylindrical water jacketed Pyrex reactor with a capacity of 500 mL, equipped with a magnetic stirring bar. The light irradiation was provided by a low-pressure mercury lamp (15 mW cm−2, Oriel 6035) emitting mainly at 365 nm, placed in a quartz tube. The lamp was totally immerged in the solution and fixed vertically at the center of the reactor at about 3 cm from the bottom.



The mixture of 200 mL SO solution (10 mg L−1) and a quantity of TiO2 (0.4 g L−1) was first agitated at 25 ± 2 °C for 30 min in the dark to ensure the complete adsorption/desorption equilibrium of the pollutant. For the conventional system, the lamp was turned on just after this period. Concerning the UV/TiO2/IO4− system experiments, a sufficient amount of NaIO4 was added to the reactional liquid simultaneously with the lamp illumination. After centrifugation (10,000 rpm during 30 min), the aliquots taken at different time intervals were analyzed at 519 nm using a UV-Visible spectrophotometer (Biochrom, Holliston, MA, USA) equipped with quartz cuvettes of 1 cm light path. Sufficient amounts of H2SO4 or NaOH were added to the SO solution in order to adjust its pH.



It is important to note that the variation in SO solution pH in the range of 1–10 affected neither λmax nor the initial absorbance at λmax.



The mineralization of SO solutions was monitored by measuring the total organic carbon (TOC) content in different centrifuged samples using a MembraPure UniTOC-lab analyzer. The instrument, equipped with an automatic sample injector, uses UV/persulfate oxidation followed by CO2 selective highly sensitive non-dispersive infrared detection.



All trials were carried out in triplicate and the mean values were reported.





4. Conclusions


The treatment of an aqueous solution of SO solely with TiO2-mediated photocatalysis (UV/TiO2) and then in the presence of periodate anion revealed a higher performance in the UV/TiO2/IO4− system. It was found that the degradation efficiency increased with an increase in periodate concentration with no overdose pH variation effect. The removal of SO was also examined for different initial dye concentrations and photocatalyst amounts. The dye destruction was more efficient at low initial SO concentration, while 0.4 g L−1 was found to be the best concentration for TiO2. Both photocatalytic systems presented a strong dependence on initial solution pH where the degradation rates increased proportionally with pH value up to a pH of 10 and decreased afterward. However, the performance of all systems seemed insensitive to the liquid temperature changes. The role of dissolved gases on decay yield was tested in the presence of air, nitrogen and argon atmospheres. A negative effect was observed under nitrogen and argon conditions for the UV/TiO2 system. At higher dissolved oxygen levels, the degradation was clearly hampered in the UV/TiO2/IO4− system, whereas a slight increase was observed in the absence of periodate. The TOC analysis revealed nearly the same abatement efficiency for target molecule mineralization in both systems (UV/TiO2 and UV/TiO2/IO4−). Finally, the residual amount of IO4− and the possible formation of iodine products may limit practical application of the UV/TiO2/IO4− technique in water treatment. So far, there are no legislated discharge requirements for iodine compounds, but their intrinsic toxicity may eventually lead to a restriction in permissible levels for all iodine species. Nevertheless, the process appears very promising as long as the involvement of IO4− is not very problematic.
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Figure 1. Degradation of SO in different systems (conditions: [IO4−] = 0.15 mM, [TiO2] = 0.4 g L−1, [SO] = 10 mg L−1, T = 25 ± 2 °C, pH~6). 
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Figure 2. Effect of initial concentration of SO on its photocatalytic degradation by (a) conventional TiO2-mediated photocatalysis and (b) in a UV/TiO2/periodate system (conditions: 0.4 g L−1 TiO2, natural pH~6, T= 25 ± 2 °C, [IO4−] = 0.15 mM). 
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Figure 3. Dependence of initial degradation rate on SO concentration in the range of 5–40 mg L−1 under UV/TiO2 and UV/TiO2/IO4− systems (conditions: 0.4 g L−1 TiO2, natural pH~6, T = 25 ± 2 °C, [IO4−] = 0.15 mM). 
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Figure 4. Effect of titanium dioxide concentration on SO degradation under (a) conventional photocatalysis and (b) photocatalysis in the presence of periodate (0.15 mM) (conditions: [SO] =10 mg L−1, pH ~6, T = 25 ± 2 °C). 
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Figure 5. Initial degradation rate of SO (10 mg L−1) as function of photocatalyst loading (0, 0.01, 0.05, 0.1, 0.4, 1 and 3 g L−1) at pH~6 and T = 25 ± 2 °C. 
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Figure 6. Effect of periodate concentration on (a) removal efficiency of SO within 15 min of illumination and (b) initial degradation rate of SO (conditions: [TiO2] = 0.4 g L−1, [SO] = 10 mg L−1, T = 25 ± 2 °C, pH~6). 
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Figure 7. Dependence of initial rate of photocatalytic degradation of SO (10 mg L−1) on solution temperature varying in the range 15–45 °C (conditions: [TiO2] = 0.4 g L−1, pH~6). 
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Figure 8. Effect of initial solution pH on removal efficiency of SO (10 mg L−1) within 5 min under UV/TiO2 and UV/TiO2/IO4− systems (conditions: [IO4−] = 0.15 mM, [TiO2] = 0.4 g L−1, T = 25 ± 2 °C. 






Figure 8. Effect of initial solution pH on removal efficiency of SO (10 mg L−1) within 5 min under UV/TiO2 and UV/TiO2/IO4− systems (conditions: [IO4−] = 0.15 mM, [TiO2] = 0.4 g L−1, T = 25 ± 2 °C.



[image: Catalysts 12 01460 g008]







[image: Catalysts 12 01460 g009 550] 





Figure 9. Effect of dissolved gases on photocatalytic degradation of SO (10 mg L−1) in: (a) UV/TiO2 and (b) UV/TiO2/IO4− systems (conditions: [TiO2] = 0.4 g L−1, [IO4−] = 0.15 mM, T = 25 ± 2 °C and pH~6). 
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Figure 10. Mineralization during photocatalytic degradation of SO (10 mg L−1) in conventional photocatalysis (UV/TiO2) and periodate system (UV/TiO2/IO4−) (conditions: [TiO2] = 0.4 g L−1, [IO4−] = 0.15 mM, T = 25 ± 2 °C and pH~6). 
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