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Abstract

:

In this work, a study of the main operating variables affecting TiO2/UV photocatalysis was carried out. The treatment of an industrial effluent containing aniline and benzothiazole from the manufacture of accelerants for vulcanization was performed in a TiO2-supported commercial photoreactor. The degradation of both contaminants was monitored by GC-MS analysis. The proposed experiments were able to properly identify the phenomenon of adsorption, as well as to improve the performance of the commercial photoreactor by adding small amounts of TiO2 in suspension. The removal performance, durability of the photocatalytic material, and energy costs were analysed. The results showed that the use of suspensions intensifies the degradation obtaining an improvement of 23.15% with respect to the use of the supported catalyst. For an aniline and benzothiazole solution, the best operating conditions were found at pH = 12.0, introducing 60.0 mg L−1 of suspended TiO2 together with the existing supported catalyst.
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1. Introduction


The industrial scale of many production processes has generated increasing amounts of waste by-products that have been dumped into the environment assuming that nature itself would absorb them properly. However, many of these compounds such as aniline (ANI) and benzothiazole (BT) have been shown to affect the health of live organisms [1]. These pollutants are typical of effluents from industries related to the manufacture of dyes for textiles, accelerators for vulcanization, oil refining, biocides, paper and leather manufacturing, anticorrosive agents in antifreeze formulations, and photosensitizers in photography [2,3].



Aniline and benzothiazole are two pollutants of concern due to their effects on the environment and human health [4,5]. These chemicals are highly soluble in water, resistant to biodegradation and have toxic effects [6]. In addition, together with the scarcity of information about the toxicity of BT, which is known to cause acute toxicity in the aquatic environment, the US Environmental Protection Agency has included it in the Contaminant Candidate List 4 (CCL4) [7]. Only in the USA BT’s production was around 450 t in 2016 [4,8]. Many of these pollutants cannot be completely eliminated by conventional water treatment processes and consequently BT has been detected in drinking water distribution networks that reach household taps [9]. Moreover, a study has been published showing genotoxicity and growth inhibition caused by aniline in wheat crops. The low biodegradability, stable chemical structure, and toxicity of this type of organic compounds prevent their removal in a biological treatment [6].



The degradation of these non-biodegradable organic pollutants could be satisfactorily achieved using advanced oxidation processes (AOPs). These processes could remove these contaminants completely or make them less harmful to human health and the aquatic environment [10].



TiO2/UV photocatalysis can be an alternative to conventional processes or other AOPs with low oxidation rates and high operating costs to treat recalcitrant and non-biodegradable contaminants [11]. This technology is proposed due to its low cost, operating temperature and atmospheric pressure, so it does not require complex installations. Among the most commonly used photoactive materials, TiO2 stands out due to its high activity under UV radiation. Oxidation reactions take place near the catalytic surface of the semiconductor. The electrons of the valence band under UV light move to the conduction band generating a hollow electron pair. These electrons in contact with air reduce O2 by forming superoxide ions. On the other hand, the generated holes oxidize the adsorbed water generating hydroxyl radicals (HO−) on the TiO2 surface. Next, these generated radical species will be in charge of oxidizing the organic compounds present in the aqueous reaction medium to produce CO2 [2,12]. The extent of the degradation can be conditioned by the adsorption of the organic compounds [13,14,15].



Although photocatalysis in suspension is becoming important within AOPs, the recovery of the catalyst has been always a challenge to its commercial implementation [2,16,17]. The immobilization of the catalyst on a support could overcome this limitation [12,16,18,19,20,21,22]. For example, in Kecskmét (Hungary) the Mercedes-Benz factory installed in 2016 a TiO2-supported photocatalytic h2o.TITANIUM® equipment to treat the flush water of the factory for chemical-free purposes [23]. Many studies indicate that TiO2 can be supported on several materials such as pebbles, glass spheres, silica gel beads, or cellulose. However, the simultaneous use of the catalyst supported on the wall of a photoreactor as well as suspended has not been studied yet. This would be a way of improving the performance of a commercial reactor of supported catalytic configuration.



The present work focuses on the improvement of commercial photoreactors for industrial implementation, which have TiO2 supported to remove aniline and benzothiazole. Therefore, TiO2 suspensions will be introduced to increase the degradation in this hybrid system. The adsorption and degradation of synthetic solutions containing aniline or benzothiazole using TiO2 catalyst under different experimental conditions have been investigated. The adsorption equilibrium and kinetic parameters were estimated from the adsorption experiments. In addition, a kinetic study of the main operating variables of the photocatalytic process has been carried out with synthetic solutions of aniline or benzothiazole, varying the initial pH of the solution, dose of catalyst in suspension, configuration of the TiO2 and the effect of the mixture of both compounds was analysed. Finally, the operating variables that lead to a higher removal percentage without generating difficulties and higher costs in the recovery process of the catalytic particles of TiO2 were selected.




2. Materials and Methods


2.1. Reagents


Aniline (C6H5NH2, Acros Organics, 99.5%), benzothiazole (C7H5NS, Sigma-Aldrich, 97%), hydrogen chloride (HCl, Merck, 37%), sodium hydroxide (NaOH, Panreac, 50%), dichloromethane (CH2Cl2, Merck, >99.9%), and diphenylamine (C12H11N, Merck, 99%). Deionized water was supplied by a Milli-Q water purification unit from Merck. The TiO2 Aeroxide® P25 catalyst was obtained from Evonik Industries.




2.2. Product Analysis


The quantification of each individual compound was determined by an Agilent 6890N gas chromatograph coupled to an Agilent 5975 mass spectrometer. The chromatograph was equipped with a 30.0 cm non-polar phase capillary column. The aqueous samples to be analysed, previously adjusted to pH = 11.0 for the determination of aniline and pH = 3.0 for benzothiazole, are subjected to an extraction with dichloromethane (with 0.1% diphenylamine as internal standard). A sample volume of 0.4 µL is then injected into the GC/MS chromatograph (Agilent, CA, USA) in a program consisting of an initial temperature of 60.0 °C for 2 min and a subsequent heating ramp of 12.0 °C min−1 until 280.0 °C is reached, a temperature that is maintained for 20 min. Other conditions: He is used as carrier gas with a flow rate of 1.0 mL min−1; split ratio, 1:50. pH monitoring was performed with a Knicks 911 pH meter. The degree of mineralization was quantified by Total Organic Carbon TOC analysis in a Shimadzu TOC-VCSH Analyzer (Izasa Scientific, Alcobendas, Spain).




2.3. Determination of pHpzc


The point of zero charge of TiO2 P25 was determined by acid-base titration method according to Silva et al. [24]. For this purpose, 50 mL of 0.01 M NaCl solution was transferred to 100 mL flask. The values of these solutions were adjusted between 2 and 12 using 0.1 M HCl or NaOH. Then, 0.15 g of TiO2 were added to the solution. After a contact time of 24 h, the final pH was measured. The final pH measured were plotted against the initial pH. The point of intersection of the curve result in pHpzc.




2.4. Adsorption Experiments


The adsorption experiments were performed in the dark to obtain equilibrium and kinetic data in the temperature ranged of 10–60 °C, pH of 2.0–12.0 for aniline and benzothiazole. All experiments were carried out at constant temperature and pH. The isotherms were obtained by preparing suspensions in which 500.0 mL solutions of aniline or benzothiazole were dissolved with 0.05 g of TiO2 catalyst powder in 0.5 L jacketed reactor provided with a stirrer. The agitation was maintained constant at 1750 rpm in order to keep perfect mixing. The temperature was controlled by a refrigerating bath. The adsorption equilibrium concentration was reached after the solutions were stirred magnetically for 24 h in the dark. To remove the catalyst particles, the solutions were filtered through a 0.45 μm membrane (MF-Millipore) before proceeding to the analysis of the concentration of each contaminant by GC/MS chromatography. The amount of aniline or benzothiazole adsorbed onto TiO2 at equilibrium, qe (mg g−1), was calculated using the Equation (1):


   q e  =    (   C 0  −  C e   )  ⋅ V  M   



(1)




where C0 and Ce are the initial and equilibrium aniline or benzothiazole concentration in mg L−1 respectively, V is the volume of the solution (L) and M is the mass of TiO2 (g). Similarly, the amount adsorption of pollutant at time t (min), was calculated by Equation (2):


   q t  =    (   C 0  −  C t   )  ⋅ V  M   



(2)




where C0 and Ct are the initial at any time aniline or benzothiazole concentration in mg L−1 respectively, V is the volume of the solution (L) and M is the mass of adsorbent (g). All adsorption experiments were performed in triplicate and the mean values were used for the adsorption study. The maximum standard deviation of measured concentrations was no greater than 0.052 mg L−1.




2.5. Photocatalytic Experiments


The removal of aniline and benzothiazole was carried out in a photoreactor unit AOP 1 of h2o.TITANIUM®. The experimental system consists of a tubular reactor, a mercury lamp and its corresponding power supply, a 16.0 L mixing tank and a centrifugal pump (Figure 1).



The reactor consisted of a titanium sintered monobloc with a volume of 2.15 L, length of 473 mm, diameter 76 mm and thickness of 5 mm. The reactor had 2.3 mg TiO2 cm−2 deposited therein on a structural substrate as a coating, as it is described in the patent US 2003/0059549A1 [25]. With regard to the photoreactor arrangement, it was oriented vertically with the entrance orifice of the effluent on the bottom, two orifices on the top and one on the side. The side one was used to insert the probe containing a compact infrared temperature meter, together with a radiometer (PLS Systems AB, Sloga Ingenieros S.L., Puertollano, Spain). The two remaining orifices were used to connect/disconnect the pipe with the water to be treated. The reactor is equipped with a 26 W low-medium pressure mercury UVC lamp (GPH436T5L/4-Eubizz Water, Eubizz Water, Høyanger, Norway) with a maximum emission band at 254 nm enclosed in a quartz casing which provides a minimum dose of 400 J m−2, equivalent to an irradiation intensity of 25.8 W m−2 [26]. The installation has a flowmeter (GPI Electronic Digital Meter, GPImeters.com, NJ, USA) at the reactor inlet and a device (Pool Pump-72512, The Pool Shop, Tauranga, New Zealand) to pump out the effluent with a flow rate of 0.5 m3 h−1, from the homogenization tank to the reactor.



The experiments were carried out at a constant temperature of 25.0 °C to treat 16.0 L of synthetic solutions of aniline or benzothiazole and mixtures of both with initial concentrations of 22.0 mg L−1, maintaining a constant pH and adding TiO2 P25 catalyst between 20.0 and 120.0 mg L−1. The solution was transferred to the mixing tank with the lamp switched off and in darkness to achieve adsorption equilibrium. The natural pH of the synthetic solution of aniline (pH = 6.23), benzothiazole (pH = 5.45) and a mixture of both (pH = 5.92) was adjusted with NaOH at 50% or HCl at 33% according to the experiment and was kept constant throughout the experiment. The pump and agitator were switched on at 1750 rpm. After 1 h, the adsorption equilibrium was reached. Then, the UV light source was switched on. The reactive mixture was irradiated for 22 h. The samples collected for monitoring the evolution of the photocatalytic reaction were filtered with a 0.45 µm (MF-Millipore) membrane (Merck KGaA, Darmstadt, Germany) for further analysis.





3. Results and Discussion


3.1. Characterization of TiO2 P25


The efficiency of the catalyst to remove pollutants and adsorptive properties could be affected by its point of zero charge (PZC). When the surface of the catalyst is positively charged (pH < pHpzc), interactions with anionic pollutants can be favoured (Equation (3)), whereas when it is negatively charged (pH > pHpzc), interactions with cationic pollutants would be promoted (Equation (4)) [27].


  pH <   pH   pzc        TiOH +  H +  ↔   TiOH  2 +   



(3)






  pH >   pH   pzc        TiOH +   OH  −  ↔   TiO  −  +  H 2  O  



(4)







The experimental curve obtained by the drift method for TiO2 P25 shown in Figure 2. The point of zero charge, pHpzc, of TiO2 P25 was 3.5. The calculated value differs from the typical value of 6.5 based on two reasons. The first one is that the proportion of the existing groups on the TiO2 surface (singly coordinated Ti3O0, doubly coordinated Ti2O2/3−, and triply coordinated TiO4/3−) with varying pK constants are capable of modifying the pH of the isoelectric point. Secondly, the increase in the size of the agglomerates is able to displace the zero point charged to lower pH values [28,29].



Another important physical property of the catalyst is the surface area (S). It can be calculated from Equation (5) [30,31] from adsorption data.


  S =  q  m a x   ⋅ C S A ⋅  N A   



(5)




where qmax is the monolayer adsorption capacity (mg pollutant g−1 TiO2) obtained from Langmuir isotherm model, CSA is the cross-sectional area occupied by aniline molecule (36.6 Å2) [32] and NA is the Avogadro’s number (6.022 × 1023 mol−1). The specific surface area of TiO2 P25 was found to be 50.03 m2 g−1.




3.2. Effect of pH in Adsorption Process


The study of the effect of pH was carried out taking into account the load on the surface of TiO2 with respect to its isoelectric point [27]. Figure 3 shows the effect of pH in the range of 2.0–12.0 for the adsorption of aniline or benzothiazole on TiO2 starting from solutions of initial concentration of 22.0 mg L−1.



As observed in Figure 3 the effect of pH on the adsorbed amount of benzothiazole in TiO2 remains almost negligible in the studied pH range with a value of 23.5 mg g−1. The fact that it remains unchanged can be related to the isoelectric point of TiO2 found at pHpzc = 3.5 and to the speciation of benzothiazole according to Equation (6):


   C 7   H 5  NS  (  aq  )     + H   2  O  ( l )  ⇄  C 7   H 6    NS  +   (  aq  )     + OH   −   (  aq  )       pK   a   = 0.85   



(6)







According to the pKa of the reaction in Equation (6), the observed in Figure 3 is due to the fact that benzothiazole in the pH range studied were in neutral form, therefore the effect of the electrical charge on the adsorption equilibrium of this compound in TiO2 is very limited.



However, in the case of aniline adsorption a considerable increase in the amount adsorbed was observed from 17.1 mg g−1 to an alkaline pH at a maximum of 122.78 mg g−1 at pH = 3.9. This could be explained by aniline dissociation equilibrium [6]:


   C 6   H 5    NH  2   (  aq  )     + H   2  O  ( l )  ⇄  C 6   H 5    NH  3    +   (  aq  )     + OH   −   (  aq  )       pK   a   = 4.61   



(7)







The pKa of Equation (7) indicates that aniline at pKa > 4.61 is in its neutral state. While at an acidic pH (pKa < 4.61) it is in the form of anilinium cation. If the isoelectric point of TiO2 is related to the latter with a pHpzc > 3.5 the surface of the TiO2 catalyst would be negatively charged so at a pH between 3.5 and 4.61 the aniline cation would be attracted by the negative charges of the external surface of TiO2, improving the adsorption.




3.3. Adsorption Isotherms


To analyse the process of adsorption, various isotherm models such as Langmuir, Freundlich, Temkin, Dubinin-Radushkevich, Elovich and Generalized isotherm were used to fit obtained experimental data. Figure 4 shows the adsorption isotherms of aniline and benzothiazole on TiO2 at 10 °C, 20 °C, 40 °C and 60 °C at pH = 12.0 for aniline and at pH = 8.0 for benzothiazole [33].



3.3.1. Langmuir Isotherm


This model assumes that the adsorbate forms a monolayer on the adsorbent surface and adsorption occurs over specific homogeneous sites on the adsorbent. There is also an absence of interaction between the adsorbed molecules. Langmuir isotherm model linearized is given by the Equation (8) [34]:


     C e     q e    =  1   q  m a x   ⋅  K L    +  1   q  m a x     ⋅  C e   



(8)




where KL is the equilibrium constant related to the affinity of the binding sites (L mg−1). Model parameters can be calculated from slope and intercept of linear regression Ce/qe versus Ce. According to Meena et al. [35] the characteristics of Langmuir isotherm can be described by a separation factor RL. This separation factor could be calculated from Equation (9). This factor indicates the nature of adsorption according to the criteria shown on Table 1.


   R L  =  1  1 +  K L  ⋅  C 0     



(9)







Table 2 shows the Langmuir adsorption isotherm values. Since RL values lie between 0 and 1 for aniline or benzothiazole adsorption onto TiO2, the adsorption process is favourable. According to the values obtained of maximum adsorption capacity, the adsorption process shows an increase in adsorption capacity as temperature increases from 20.08 mg g−1 to 23.75 mg g−1 for aniline and from 25.06 mg g−1 to 27.47 mg g−1 for benzothiazole. This may be due to aniline or benzothiazole molecules acquiring enough energy to experience an interaction with the active site on the surface. The values of the Langmuir equilibrium constant suggest that there is a strong interaction between aniline or benzothiazole with the TiO2 surface at high temperatures. However, at low temperatures the KL value obtained (0.036 or 0.097 L mg−1) indicates that the interaction between adsorbate and adsorbent is somewhat weaker.




3.3.2. Freundlich Isotherm


This empirical model of multilayer adsorption assumes the existence of interactions between adsorbed molecules. Freundlich equation can be defined by the following expression in linear form:


  ln    q e  = ln    K F  +  1 n  ⋅ ln    C e   



(10)




where KF (mg g−1) (L mg−1)1/n is the Freundlich constant, indicative of adsorption capacity, and n is the heterogeneity factor. Isotherm parameters can be calculated from slope and intercept of linear regression ln qe versus ln Ce. A value of n less than one indicates the irreversibility of the process and greater than one reveals favourable adsorption [36,37]. The values of the constants are presented in Table 2. The adsorption capacity of TiO2 increases with temperature as it was observed with the Langmuir model. The value of n > 1 is indicative of a favourable adsorption. However, the adjustment coefficient is significantly lower, R2 ≅ 0.920, compared to the one obtained with the Langmuir model (R2 ≅ 0.990).




3.3.3. Temkin Isotherm


Temkin’s model assume that the heat of adsorption decreases linearity with coverage due to adsorbent and adsorbate interactions. This adsorption differs from a uniform distribution of the bonding energies [37,38,39]. Temkin model can be applied in the linear form by the following expression:


   q e  =  B 1  ⋅ ln    K T  +  B 1  ⋅ ln    C e   



(11)




where KT (L mg−1) is the equilibrium constant corresponding to maximum binding energy and B1 is the variation of adsorption energy (kJ mol−1). These constants can be obtained from plotting qe versus ln Ce and are presented in Table 2. The increase of KT equilibrium constant from 0.362 L mg−1 to 2.727 L mg−1 with the increase of the temperature in the case of aniline or from 0.931 L mg−1 to 2.459 L mg−1 for benzothiazole it could be related to heat of adsorption.




3.3.4. Dubinin-Radushkevich (D-R) Isotherm


This model describes the adsorption isotherms of single solute system. This isotherm is more general than Langmuir isotherm and it does not assume the homogeneity of the surface or constant adsorption potential [31,36,40]. The linear form of D-R model can be expressed from the following equation:


  ln    q e  = ln    q s  − β ⋅  ε 2   



(12)




where qs (mg g−1) is the maximum amount of pollutant that can be adsorbed on TiO2, β (mol2 kJ−2) is the activity coefficient related to adsorption energy and ε is the Polyani potential, which can be calculated from this correlation [40]:


  ε = R ⋅ T ⋅ ln  (  1 +  1   C e     )   



(13)




where R is the universal gas constant (8.314 J mol−1 K−1), T is the absolute temperature (K). The mean adsorption free energy, E (kJ mol−1) per molecule of adsorbate can be calculate using this expression:


  E =  1    2 ⋅ β      



(14)







According to the obtained values of adsorption free energy, the adsorption energy of benzothiazole (12.70 kJ mol−1) is greater than the one obtained with aniline (2.50 kJ mol−1) at 60 °C. Regarding the quality of the adjustment of the experimental data, it would be behind Langmuir’s model. Even so, the quality of the fit suggests, based on the peculiarities of the D-R isotherm model, that the predominant mechanism is chemical adsorption in both cases.




3.3.5. Elovich Isotherm


This model assumes that adsorption sites increase exponentially with adsorption, implying a multilayer adsorption [41,42]. The linear form of the Elovich model is described in the following equation:


  ln      q e     C e    = ln    K E  ⋅  q  m a x   −  1   q  m a x     ⋅  q e   



(15)




where Elovich constant, KE (L mg−1) and maximum adsorption capacity can be calculated from the slope and intercept of ln (qe/Ce) versus qe. Modelized parameters are presented in Table 2.




3.3.6. Generalized Isotherm


The expression of the generalized equation is shown below:


  ln    (     q  m a x      q e    − 1  )  = ln    K G  − N ⋅ ln    C e   



(16)




where KG (mg L−1) is the saturation constant and N is the cooperative binding constant [36]. The parameters KG and N have been calculated from the slope and intercept of the plot of ln (qmax/qe − 1) versus ln Ce. Table 2 gives these values of generalized adsorption isotherm.



According to the R2 coefficient, the best fitting was obtained for the Langmuir isotherm model for all temperatures and pollutants studied. This good agreement can be attributed to the following causes according with Meena et al. [35]: (i) the formation of monolayer coverage on the surface of TiO2 with minimal interaction among molecules of aniline or benzothiazole, (ii) all sites having the same adsorption energies, and (iii) the maximum adsorption corresponds to a saturated monolayer of aniline or benzothiazole on TiO2 surface.





3.4. Adsorption Kinetics Models


In order to study adsorption kinetics, five possible models have been presented. The pseudo-first order equation, pseudo-second order equation, intraparticle diffusion, Elovich model and Bangham model have been studied. Figure 5 shows the adsorption kinetics of aniline and benzothiazole on TiO2 at 10 °C, 20 °C, 30 °C, 40 °C and 60 °C at pH = 12.0 for aniline and at pH = 8.0 for benzothiazole.



3.4.1. Pseudo-First Order Kinetic Model


The pseudo-first order model is based on the consideration that adsorption occurs through a physisorption mechanism because the limiting stage is film diffusion. By controlling the velocity of diffusion into the film, the velocity of adsorption will vary inversely with particle size, film thickness and distribution coefficient. This model assumes: (i) the adsorption only occurs on localized sites, (ii) the energy of adsorption process does not depend on surface coverage, (iii) maximum adsorption corresponds to a saturated monolayer, and (iv) the concentration of aniline or benzothiazole is considered constant, because it is provided in great excess [43,44]. Lagergren’s pseudo-first order equation can be expressed in the following terms:


    d  q t    d t   =  k 1  ⋅  (   q e  −  q t   )   



(17)




where qt (mg g −1) is the amount of adsorbate adsorbed at time t, qe (mg g−1) is the adsorption capacity at equilibrium and k1 (min−1) is the pseudo first order rate constant. The integration of Equation (17) applying boundary conditions t = 0 to t = t and qt = 0 to qt = qe, leads to the following expression:


  log    (   q e  −  q t   )  = log    q e  −    k 1    2.303   ⋅ t  



(18)







The kinetic parameter can be obtained from the slope of a plot of log (qe − qt) versus t. The values of k1 for the adsorption of aniline or benzothiazole onto TiO2 are given in Table 3.



The correlation coefficient R2 shows that the pseudo-first order kinetic model is not the most appropriate for adjusting experimental data (R2 ≅ 0.980), so physisorption does not appear to be the adsorption mechanism taking place for both aniline and benzothiazole.




3.4.2. Pseudo Second Order Kinetic Model


The pseudo second order model assumes that in this type of adsorption the chemical reaction seems significant, so the controlling stage is the velocity of the chemical reaction. Thus, the mechanism that takes place is chemisorption. In this mechanism the adsorption kinetics corresponds to a second order of a reversible reaction. The adsorption rate can be described as:


    d  q t    d t   =  k 2  ⋅    (   q e  −  q t   )   2   



(19)




where k2 (g mg−1 min−1) is the pseudo second order rate constant. Integrating Equation (19) for the boundary conditions t = 0 to t = t and qt = 0 to qt = qt and linearization leads to following expression:


   t   q t    =  1   k 2   q e 2    +  1   q e    ⋅ t  



(20)







The equilibrium adsorption capacity kinetic parameter can be obtained with the slope and k2 is obtained from the intercept of a plot of t/qt versus t. The values of k2 for the adsorption of aniline or benzothiazole onto TiO2 are given in Table 3. According to the correlation coefficient obtained (R2 = 0.990) the pseudo second order kinetic model shows a greater fit than pseudo first order model (R2 ≅ 0.980). Contrary to the other models, this model predicts that the adsorption mechanism is chemisorption and consequently, the reaction is the rate controlling step [43]. This prediction agrees with the observation of an increase of adsorption of aniline or benzothiazole at high temperatures, variable strongly dependent on chemical reactions.




3.4.3. Intraparticle Diffusion Kinetic Model


This empirical kinetic model explains the diffusion mechanism [37,39]. The functional relationship is represented as:


   q t  =  k  d i f   ⋅  t  + C  



(21)




where kdif (mg g−1 min−0.5) is the intraparticle diffusion rate constant. The values of the intercept, C (mg g−1) give an idea about the thickness of the boundary layer [37]. Kinetic model parameters are shown in Table 3. Obtaining a value other than zero in parameter C is indicative of the coexistence of the external diffusion step along with the intraparticular diffusion. According to Adam [31], the value of C indicates that the amount is adsorbed in a short period of time. This magnitude can be measured by the initial adsorption factor Ri as shown below:


   R i  = 1 −  C   q  m a x      



(22)







The criteria of Ri ratio of the initial adsorption amount is shown on Table 4:



The Ri values obtained from Table 3 were found between 0.96 and 0.30 for aniline or benzothiazole. This factor indicates that with increasing temperature the initial adsorption was stronger than at low temperatures.




3.4.4. Elovich Kinetic Model


This kinetic model assumes that the adsorption occurs on localized sites and the energy adsorption increases with the surface coverage. Additionally, the concentration of the TiO2 is considered to be constant [42,44]. The linear form of Elovich model can be illustrated as follows:


   q t  =  1   β e    ⋅ ln  (   α e  ⋅  β e   )  +  1   β e    ⋅ ln   t  



(23)




where αe is the initial adsorption rate (mg g−1 s−1) and βe is the constant related to the extent of surface coverage and activation energy for chemisorption (g mg−1). Table 3 shows the parameters obtained from the Elovich model for experimental kinetic data. As can be seen, the initial adsorption becomes stronger in both cases the higher the temperature, going from 0.05 to 2.18 × 105 mg g−1 min−1. This may be due to the fact that at high temperature the diffusion control is much stronger in a film diffusion step.




3.4.5. Bangham Kinetic Model


This model allows to know how slow the adsorption stage in the process. The Bangham equation [36] is given by:


  log    (  log  (     C 0     C 0  −  q t  ⋅ M    )   )  = log  (     k B  ⋅ M   2.303 ⋅ V    )  + A ⋅ log   t  



(24)




where kB (g) and A are constants of the Bangham system. The Bangham model responds to a diffusion in the micropores [45]. Since the double logarithm is capable of modelling experimental data (R2 = 0.940) it means that the diffusion of aniline or benzothiazole into the adsorbent pores is the phase that controls the rate of adsorption.



The best fit model was selected based on the determination coefficient R2. According to that criteria, the correlation coefficients were the highest (R2 = 0.990) for the pseudo-second order kinetic model for all temperatures and pollutants studied. As described throughout this section, several adsorption steps may be involved in the kinetic control regime, along with the main chemisorption mechanism of aniline or benzothiazole. Some of these identified steps are summarized in the next sections: (i) external mass transfer from the aqueous medium to the boundary film (ii) Mass transfer from boundary film to TiO2 external surface (iii) Mass transfer in the pores (iv) Adsorption onto TiO2 active sites (strong initial adsorption at high temperatures) and (iv) Internal diffusion step (intraparticle diffusion).





3.5. Thermodynamic Parameters


The influence of the temperature of adsorption of aniline or benzothiazole on TiO2 was studied in the range of 10–60 °C. As observed in Figure 4 and Figure 5, the adsorption of aniline or benzothiazole increased with the temperature increase from 10 to 60 °C. This increase in TiO2 adsorption capacity with temperature is indicative of endothermic processes [31,35,38]. This increase in adsorption can be attributed to the favourable intermolecular forces between the adsorbate, aniline or benzothiazole, and the adsorbent, TiO2, are much stronger than those between the adsorbate and the solvent. As a result of all this, the increase in temperature to 60 °C makes the adsorbate easier to be adsorbed. Increased adsorption can also be promoted by increasing the number of active sites available and decreasing the boundary layer. As the temperature increases, the diffusivity through the pores is enhanced and could contribute to increased adsorption. Other factors such as the external mass transfer could also be favoured with the increase of temperature. All these hypotheses can be corroborated from the evaluation of thermodynamic parameters.



The thermodynamic parameters: enthalpy, entropy and free energy changes, during adsorption, can be calculated using the following expressions [35]:


  Δ G = − R ⋅ T ⋅ ln    K L   



(25)




where ΔG is the free energy change (J mol−1), R is the universal gas constant (8.314 J mol−1 K−1), T is the absolute temperature (K) and KL is the equilibrium constant (L mol−1). The determination of enthalpy and entropy was carried out using Van’t Hoff equation [38]:


  ln    K L  =   Δ S  R  −   Δ H  R  ⋅  1 T   



(26)




where ΔS is the entropy change (J mol−1 K−1) and ΔH is the enthalpy change (J mol−1). These parameters can be obtained from the slope and intercept of ln KL versus 1/T. Table 5 summarizes obtained thermodynamic parameters. The positive value of enthalpy change confirms that the adsorption of aniline or benzothiazole onto TiO2 is endothermic. According with Adam [31], a value of enthalpy change less than 84 kJ mol−1 indicates a physisorption mechanism, while a chemisorption reaches typical enthalpy values between 84 and 420 kJ mol−1. In this work, enthalpy values of 92.78 and 101.26 kJ mol−1 for aniline and benzothiazole respectively confirm the hypothesis of a chemisorption mechanism. The positive values of entropy change indicate the increase of the randomness between solution and solid interface and, consequently, structural changes in the TiO2 and aniline or benzothiazole. The negative values of free energy change in both cases indicate the feasibility and spontaneous nature of adsorption process [35].



From the kinetic data taken at different temperatures between 10 and 60 °C, the activation energy was estimated using the following expression [40]:


  ln    k 2  = ln    k 0  −    E a   R  ⋅  1 T   



(27)




where k2 is the pseudo-second order adsorption kinetic constant (g mg−1 min−1), k0 is the frequency factor, R is the universal gas constant (8.314 J mol−1 K−1), T is the absolute temperature (K) and Ea is the activation energy for the adsorption process (J mol−1). The activation energy was determined from the slope of ln k2 versus 1/T according with Equation (27). The activation energy indicates the type of adsorption. According to Fil et al. [40,42] an activation energy value between 0–88 kJ mol−1 indicates a physical adsorption while, between 88–400 kJ mol−1, indicates chemical adsorption. The obtained values of activation energy for aniline (89.23 kJ mol−1) and benzothiazole (93.67 kJ mol−1) also confirm a chemisorption mechanism.




3.6. Adsorption Effect on the Photodegradation of Aniline and Benzothiazole


In order to identify the controlling step during the photocatalytic process, the kinetics of aniline and benzothiazole removal by adsorption and photocatalysis were adjusted to pseudo-first order (Equation (18)) and pseudo-second order models (Equation (20)). The results of kinetics parameters obtained by both models are presented in Table 6.



According to Table 6, slight differences in the fitting of the experimental data were observed, with good results in general, except in the cases when the photocatalysis participates, and the pseudo second order model is considered (R2 < 0.890). Supposing the overall photocatalysis process consist of an in-series combination of adsorption and photocatalysis steps, the lowest step kinetic will determine the rate of the overall process [46]. The pseudo first order model fitted the best overall process. Moreover, since the kinetic constant referring the photocatalysis step (k1 = 0.0065 min−1) is lower than that of adsorption only (k1 = 0.0124 min−1), either for aniline or benzothiazole, the photocatalysis step is postulated as the controlling one of the overall process.




3.7. Effect of pH on Photodegradation


The effect of pH was analysed with synthetic solutions of aniline or benzothiazole with a C0 = 22.0 mg L−1 and different initial pH using the supported configuration of the TiO2 catalyst. Modelling the oxidation kinetics of aniline or benzothiazole requires a model approach that satisfactorily predicts profiles in which the oxidation rate increases with the irradiation time until reaching a point in which the velocity remains constant. This behaviour is reflected in the Langmuir-Hinshelwood (L-H) model, a model widely used in photocatalytic reactions [47]. This model considers that a surface reaction occurs in five consecutive steps: (i) diffusion of the reagent molecules to the surface of TiO2, (ii) adsorption on the surface, (iii) reaction on the surface on which product formation occurs, (iv) desorption of products and (v) diffusion of non-absorbed products away from the surface of TiO2. L-H model is expressed according to Equation (28):


  r = −   d C   d t   =   k ⋅  K  a d   ⋅ C   1 +  K  a d   ⋅ C    



(28)




where, C is the aniline or benzothiazole concentration at time t (mg L−1), Kad is the L-H adsorption constant (L mg−1), k is the kinetic constant (L mg−1 h−1) and r is the reaction rate (mg L−1 h−1). In this study, since the initial concentrations of benzothiazole and aniline were lower than 1.0 × 10−3 mol L−1, the product Kad × C << 1.0 and consequently Equation (28) could approximate to Equation (29) [48].


  r = −   d C   d t   = k ⋅  K  a d   ⋅ C  



(29)







Integrating, Equation (30) is obtained:


  ln  (     C 0   C   )  = k ⋅  K  a d   ⋅ t ≈  k  a p p   ⋅ t  



(30)




where kapp is the kinetic constant of pseudo-first order (h−1). Figure 6 shows the removal kinetics obtained for aniline or benzothiazole solutions at different pHs with only supported TiO2.



Figure 6 shows that, in the case of aniline removal (Figure 6a), the photocatalytic oxidation rate is favoured at alkaline pH (above pH = 12.0). However, operating at pH = 2.5 results in less degradation rates, the formation of polyaniline on the lamp is induced [49]. This compound on the lamp surface prevents the passage of UV light reaches the reactor wall TiO2 resulting in low degradation rate.



For the benzothiazole removal (Figure 6b), slower kinetics than those obtained in the case of aniline were obtained. In this case the elimination is favoured at pH = 8.0. The lower degradation of benzothiazole could be due to the presence of several oxidation intermediates by-products, negatively charged, that compete with the initial compound [50].



The dependence of the kinetic constants of pseudo-first order for the degradation of aniline or benzothiazole with pH are shown in Figure 7.



In the case of aniline, there is an upward trend in the kinetic constant with pH, with a maximum value of =0.327 h−1 at pH = 12.0. This maximum can be attributed to the good interaction between the hydroxyl radicals located on the surface of the catalyst and aniline [50]. However, the decrease of kapp at acid pH led to observed minimum value of =0.112 h−1 at pH = 2.5. The appearance of condensation reactions that compete with oxidation reactions when polyaniline is deposited over the UV lamp [49] explains this behavior. In the elimination of benzothiazole at pH = 8.0, a maximum in the degradation rate was observed, with a value of kapp = 0.150 h−1.




3.8. Effect of TiO2 Suspended Catalyst Loading


The concentration of TiO2 in the photocatalytic reaction system directly affects the oxidation rate of aniline or benzothiazole, where the amount of TiO2 catalyst is directly proportional to the overall photocatalytic reaction rate. In this type of systems, it is common that initially a linear dependence is maintained between introduced catalyst dose and oxidation rate until reaching a certain critical concentration, from which the reaction rate begins to decrease due to the light scattering effect [50]. Figure 8 shows the removal kinetics obtained for aniline or benzothiazole solutions at different doses of TiO2 in a hybrid system with supported catalyst of TiO2.



In the case of aniline, a progressive increase in oxidation rate is observed when the existing supported catalyst in the photoreactor is used simultaneously with introduced TiO2. Thus, with a hybrid supported suspended configuration, 82% aniline removal was achieved, using a dose of 100.0 mg L−1 after 5 h of irradiation. However, with the addition of 20.0 mg L−1 of TiO2 only a 30% removal was achieved for the same time. In the case of benzothiazole, the differences observed in the degradation kinetics were not so relevant. Thus, with 100.0 mg L−1 TiO2 suspension a slight improvement was observed obtaining a 58% removal, for a reaction time of 5 h, clearly lower than that observed on aniline.



The effect of the simultaneous use of suspended and supported TiO2 catalyst on the pseudo first order kinetic constants can be observed in Figure 9 according to the model proposed in Equation (30).



In the case of aniline, it is observed that initially a TiO2 load between 20.0 and 80.0 mg L−1, there is a linear tendency between the dose of catalyst used and the obtained apparent kinetic constant. Over a critical 100.0 mg L−1 TiO2 dose (kapp = 0.408 h−1), kapp begins to decrease. This phenomenon may be due to a screen effect. Catalytic particles leads to an increase in turbidity, covering each other and reducing the light received by the TiO2 suspended and also that supported on the wall [50]. The consequences of this effect could be reduced with a reactor design in which the annular space between the UV lamp and the reactor wall was as small as possible in order to facilitate the efficiency of the UV light emitted [51].



In the degradation of benzothiazole, the influence of the catalyst dose on the apparent kinetic constant is smaller than for aniline. A kinetic constant of kapp = 0.181 h−1 was obtained with a TiO2 dose of 100.0 mg L−1. The lack of significant improvements in the degradation of benzothiazole suggests that the appearance of intermediate oxidation compounds, derived from the strong excision of the aromatic ring, would lead to the generation of ammonia, nitrate, amide compounds such as N-formyl-oxamic acid, and nitrous derivatives. These compounds of greater complexity than those derived from the oxidation of aniline could compete with benzothiazole for hydroxyl radicals and lead to a lower value of kapp [52,53].




3.9. Photocatalytic Reactor Configuration


The reactors used for water treatment by photocatalysis can be classified into two main configurations: reactors with suspended photocatalytic particles and reactors with immobilized photocatalyst. Systems based on the use of suspended catalyst were preferred due to their large active surface area per unit volume and the ease of regenerating once used with a simple wash with deionized water [12,21,50]. The configuration supported does not require a downstream separation stage either by decanting tanks or a cross-flow filtration system, to allow the reactor to operate continuously, but requires maintenance processes for reuse the catalyst after each use as a result of fouling [19]. Catalyst fouling is due to the accumulation of adsorbed by-products on the surface and cavities of the TiO2 support reducing received UV radiation. Besides, fouling also affects the blockage of the active adsorption sites resulting in significantly reduced catalytic activity [54]. Therefore, oxidizing fouling compounds would be required to fully recover the activity, with the consequent shutdown of the system; this is one of the great challenges posed by this configuration.



The progressive loss of activity of the photocatalyst after several cycles has to be considered, especially in the case of supported configurations [18,20,21], Figure 10 shows that the loss of activity can be compensated thanks to the use of hybrid form of the supported catalyst and the introduction of TiO2 in suspension in small concentrations (<<1.0 g L−1).



Figure 10 shows that adding the optimal dose of 100.0 mg L−1 of TiO2 in suspension, for both compounds, achieves higher yields than with the exclusive use of the supported catalyst. The adjustment to a pseudo-first order kinetics of the C/C0 profiles, in the case of aniline, gave an apparent kinetic constant variation from kapp = 0.327 h−1 to kapp = 0.408 h−1, while the degradation rate of benzothiazole increased from kapp = 0.150 h−1 to kapp = 0.181 h−1. This represents an improvement of 24.77% and 20.66%, respectively, respect to the only TiO2 supported configuration. With the simultaneous use of both configurations, species that were previously adsorbed on the supported catalyst could be oxidized. Thus, there would be no accumulation of degradation by-products, avoiding blockage of the active sites and catalyst activity loss. The results obtained are promising since authors such as Santiago et al. [21] or Velmurugan et al. [54] conducted studies comparing the mineralization of imazalil and gelatin industry effluent using Evonik commercial suspension catalysts such as P25 and P90 and only supported configuration concluded that the suspension configuration resulted in a higher degree of mineralization. Kete et al. [20] also studied the three catalytic configurations exposed for the removal of RB19 dye. It obtained worse results in the hybrid configuration with respect to the supported or suspended configurations due to the annular space of the reactor was 5.0 cm compared to the 2.5 used in this work. Another relevant aspect to consider is the durability of catalyst, according with Verma et al. [19] studies, the suspended catalyst maintains almost intact its catalytic activity after more than 100 cycles compared to the supported catalyst that loses 20% of its activity. The proposed hybrid configuration would avoid long stoppages in an industrial treatment plant for the regeneration stage. Regarding the recovery of TiO2 particles, using a concentration of 100.0 mg L−1, instead of 2.0–3.0 g L−1 dosage used by Bansal et al. [18], would considerably facilitate their separation by means of a tangential membrane filtration. Operating costs would not increase because of the improvement in degradation yields of approximately 25%, since there is no need of having to resort to a highly complex supported configuration using pebbles, glass spheres or silica gel beads [12,19,20,21,22].




3.10. Simultaneous Removal of Aniline and Benzothiazole


The effect of a synthetic aqueous matrix of aniline and benzothiazole on operational conditions was compared to each catalyst removal separately. In Figure 11, the oxidation of a mixture of both contaminants with C0 = 22.0 mg L−1 was studied at pH = 12.0, and introducing 60.0, 80.0 and 100.0 mg L−1 of catalyst in suspension.



Figure 11 shows that the pH of the solution that pH = 12.0 gives rise to a higher removal efficiency with a kapp = 0.341 h−1, for aniline, and kapp = 0.091 h−1 for benzothiazole. Under these conditions, a higher generation of hydroxyl radicals is obtained compared to pH = 8.0, in which a kapp = 0.138 h−1 was obtained, for aniline, and kapp = 0.228 h−1 for benzothiazole. The mechanistic degradation route of this binary matrix generates oxidation byproducts such as nitrobenzene, phenol, nitrate and amidic compounds that compete with aniline and benzothiazole [13,52,53] for the hydroxyl radicals. Most intermediates present a positive charge, which facilitates the interaction with the surface of the TiO2 catalyst. The introduction of a suspended catalyst did not behave in the same way as when each compound was studied separately. Therefore, it is necessary to reach an agreement that will lead to the highest levels of elimination of both aniline and benzothiazole. This break-even point is at a dose of [TiO2] = 60.0 mg L−1 with kapp = 0.220 h−1 for aniline and kapp = 0.181 h−1 for benzothiazole. In any case, it seems to be evidenced that in global terms the introduction of TiO2 suspensions in a photoreactor with internal TiO2 supported walls leads to an improvement in the oxidation of aniline and benzothiazole, in addition to the advantages indicated in the previous section [18].



Additionally, the degree of mineralization obtained from the mixture of aniline with benzothiazole was monitored using the supported configuration together with the addition of 60.0 mg L−1 of TiO2 in suspension at pH = 12.0. Figure 12 shows the evolution of total organic carbon (TOC).



As shown in Figure 12, a complete TOC removal is not reached, unlike the primary degradation of the aniline and benzothiazole mixture. This indicates that both compounds are easily transformed into more recalcitrant reaction by-products.




3.11. Energy Consumption


In order to compare and quantify the energy cost of the improvement introduced in this commercial photoreactor, the operating cost was estimated. The term electric energy per order (EEO) is defined as the energy required to degrade a pollutant by an order of magnitude. EEO values can be calculated from the following equation [55]:


   E  E O   =   P ⋅ t ⋅ 1000   V ⋅ 60 ⋅ log  (     C 0     C t     )     



(31)




where P is the electrical power (kW), t is the irradiation time (min), V is the volume of treated effluent (L), C0 and Ct are the initial at any time aniline or benzothiazole concentration in mg L−1 respectively. Estimated energy costs for experiments with a mixture of aniline and benzothiazole are shown in Figure 13.



The price of electricity that was considered for industrial consumers in Spain was 0.1059 € per kWh [56]. Under optimal conditions the suspended-supported photoreactor with 60.0 mg L−1 TiO2 (variant C of Figure 13) gives the lowest treatment cost (2.19 € m−3 order−1).





4. Conclusions


In this work, the removal performance of aniline and benzothiazole has been improved in a commercial reactor, getting the most favourable operational conditions using a hybrid photoreactor based on the simultaneous use of supported and suspended TiO2 catalyst. Different operational variants have been offered to enhance the photodegradation removal with small TiO2 concentrations in suspension. The phenomenon of adsorption of aniline and benzothiazole on TiO2 P25 was studied. The best adjustment was achieved to the Langmuir isotherm with parameter values of KL at T = 20 °C of 0.138 and 0.419 L mg−1 for aniline and benzothiazole, respectively. From the thermodynamic analysis, a chemisorption type adsorption mechanism on TiO2 was deducted. Regarding the photocatalytic oxidation, from the individualized analysis of each compound, the most favourable conditions for aniline degradation was determined at pH = 12.0 (kapp = 0.327 h−1). On the other hand, at pH = 2.5 the poorest degradation rate was e obtained (kapp = 0.112 h−1), because of darkening effect of formed polyaniline. In the case of benzothiazole, slower oxidation kinetics than for aniline were obtained due to the presence of several negatively charged by-products that difficult the chemisorption process on TiO2.



A 100.0 mg L−1 TiO2 suspended dose was found to be the most convenient either for aniline (kapp = 0.408 h−1) or benzothiazole (kapp = 0.181 h−1) removal, in separate solutions. Higher concentrated suspensions prevented UV light to reach the TiO2 on the reactor wall.



When treating samples with both compounds, pH = 12.0 was found the most convenient and a higher removal (23% of the total pollutant amount), respect to the only supported catalyst, was obtained. The optimal TiO2 dose used was 60.0 mg L−1, leading to the lowest energy cost: 2.19 € m−3 order−1.
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Figure 1. Schematic of the experimental equipment used to carry out the photocatalytic tests with aniline and benzothiazole. 
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Figure 2. Isoelectric point of TiO2 P25 catalyst determined by acid-base titration method. 
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Figure 3. Effect of solution pH on aniline or benzothiazole adsorption on TiO2 at equilibrium. Experimental conditions: C0 = 22.0 mg L−1, [TiO2] = 100.0 mg L−1, T = 25.0 °C. 
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Figure 4. Adsorption isotherms of (a) aniline at pH = 12.0 and (b) benzothiazole at pH = 8.0 on TiO2 P25 catalyst at different temperatures. 
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Figure 5. Evolution of the adsorbed capacity with time for effect of temperature (a) aniline at pH = 12.0 and (b) benzothiazole at pH = 8.0 on TiO2 P25 catalyst. 
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Figure 6. Effect of pH on the photocatalytic degradation of; (a) aniline and (b) benzothiazole, using only TiO2-supported catalyst. Experimental (dots) and pseudo-1st-order modelled ( [image: Water 11 00337 i001]) kinetic results. Conditions: C0 = 22.0 mg L−1; T = 25.0 °C; P = 1.0 atm. 
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Figure 7. Pseudo-first order kinetic constants, kapp, at different pHs, for photocatalytic degradation of aniline or benzothiazole with only TiO2-supported catalyst. Experimental conditions: C0 = 22.0 mg L−1; T = 25.0 °C; P = 1.0 atm. 
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Figure 8. Experimental (dots) and pseudo-1st-order modelled ( [image: Water 11 00337 i001]) kinetic results for photocatalytic degradation of: (a) aniline operating at pH = 12.0 or (b) benzothiazole operating at pH = 8.0 carrying out the treatment in a hybrid system with supported catalyst of TiO2 and different doses of TiO2 in suspension simultaneously. Experimental conditions: C0 = 22.0 mg L−1; T = 25.0 °C; P = 1.0 atm. 






Figure 8. Experimental (dots) and pseudo-1st-order modelled ( [image: Water 11 00337 i001]) kinetic results for photocatalytic degradation of: (a) aniline operating at pH = 12.0 or (b) benzothiazole operating at pH = 8.0 carrying out the treatment in a hybrid system with supported catalyst of TiO2 and different doses of TiO2 in suspension simultaneously. Experimental conditions: C0 = 22.0 mg L−1; T = 25.0 °C; P = 1.0 atm.
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Figure 9. Effect of the suspended TiO2 dosage on the pseudo-first order kinetic constants for the degradation of aniline or benzothiazole. Experimental conditions: C0 = 22.0 mg L−1; pH = 12.0 (aniline); pH = 8.0 (benzothiazole); T = 25.0 °C; P = 1.0 atm. 
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Figure 10. Comparison between only supported and suspended-supported TiO2 for the degradation of: aniline or benzothiazole, through the experimental (dots) and modelled ( [image: Water 11 00337 i001]) pseudo-first order kinetics. Experimental conditions: C0 = 22.0 mg L−1; pH = 12.0 (aniline); pH = 8.0 (benzothiazole); T = 25.0 °C; P = 1.0 atm. 
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Figure 11. Effect of the matrix on photocatalytic oxidation of aniline and benzothiazole using the supported or supported configuration with addition of TiO2 in suspension fitted to the pseudo-first order kinetic model ( [image: Water 11 00337 i001]). Experimental conditions: C0 = 22.0 mg L−1; T = 25.0 °C; P = 1.0 atm. 
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Figure 12. Photocatalytic oxidation of aniline and benzothiazole mixtures monitored by total organic carbon (TOC) with hybrid suspended-supported TiO2 configuration. Experimental conditions: C0 = 22.0 mg L−1; [TiO2] = 60.0 mg L−1; pH = 12.0; T = 25.0 °C; P = 1.0 atm. 






Figure 12. Photocatalytic oxidation of aniline and benzothiazole mixtures monitored by total organic carbon (TOC) with hybrid suspended-supported TiO2 configuration. Experimental conditions: C0 = 22.0 mg L−1; [TiO2] = 60.0 mg L−1; pH = 12.0; T = 25.0 °C; P = 1.0 atm.



[image: Water 11 00337 g012]







[image: Water 11 00337 g013 550] 





Figure 13. Electrical cost estimation for photocatalytic oxidation of mixtures of aniline and benzothiazole. Photoreactor variants: A and B, only supported TiO2 (pH = 8.0); C, D and E, supported-suspended TiO2 at pH = 12. Conditions: A (pH = 8.0), B (pH = 12.0), C ([TiO2] = 60.0 mg L−1), D ([TiO2] = 80.0 mg L−1), E ([TiO2] = 100.0 mg L−1). 
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Table 1. Nature of adsorption from Langmuir isotherm fitted equilibrium data.
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	RL values
	Adsorption Nature





	RL > 1
	Unfavourable



	RL = 1
	Linear



	0 < RL < 1
	Favourable



	RL = 0
	Irreversible
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Table 2. Values of adsorption isotherm models for adsorption of aniline or benzothiazole onto TiO2 at different temperatures.
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Adsorbate

	
Aniline

	
Benzothiazole




	
Isotherm Model

	
Temperature, °C

	
Temperature, °C




	
10

	
20

	
40

	
60

	
10

	
20

	
40

	
60






	
Langmuir

	

	

	

	

	

	

	

	




	
KL, L mg−1

	
0.036

	
0.138

	
1.568

	
13.314

	
0.097

	
0.419

	
5.958

	
61.528




	
qmax, mg g−1

	
20.08

	
21.14

	
22.62

	
23.75

	
25.06

	
26.11

	
26.89

	
27.47




	
R2

	
0.997

	
0.997

	
0.998

	
0.994

	
0.995

	
0.997

	
0.996

	
0.998




	
RL values

	
0.56

	
0.25

	
0.03

	
3.4 × 10−3

	
0.32

	
0.10

	
0.01

	
7.38 × 10−4




	
Freundlich

	

	

	

	

	

	

	

	




	
KF, (mg g−1)(L mg−1)1/n

	
0.84

	
2.99

	
16.82

	
23.14

	
3.485

	
5.413

	
25.295

	
27.303




	
n

	
1.28

	
1.69

	
10.52

	
131.58

	
2.00

	
2.90

	
55.87

	
555.56




	
R2

	
0.986

	
0.960

	
0.928

	
0.896

	
0.906

	
0.859

	
0.937

	
0.926




	
Temkin

	

	

	

	

	

	

	

	




	
KT, L mg−1

	
0.362

	
1.243

	
2.107

	
2.727

	
0.931

	
1.035

	
2.050

	
2.459




	
B1, kJ mol−1

	
4.34

	
4.78

	
5.42

	
6.11

	
5.5608

	
8.9068

	
10.115

	
15.192




	
R2

	
0.995

	
0.994

	
0.907

	
0.895

	
0.998

	
0.974

	
0.945

	
0.958




	
Dubinin-Radushkevich

	

	

	

	

	

	

	

	




	
qs, mg g−1

	
11.54

	
17.80

	
22.26

	
23.71

	
15.28

	
23.64

	
26.57

	
27.44




	
β, mol2 kJ−2

	
17.428

	
6.315

	
0.755

	
0.080

	
1.996

	
1.533

	
0.054

	
0.003




	
E, kJ mol−1

	
0.17

	
0.28

	
0.81

	
2.50

	
0.50

	
0.57

	
3.05

	
12.70




	
R2

	
0.990

	
0.942

	
0.965

	
0.993

	
0.908

	
0.977

	
0.967

	
0.999




	
Elovich

	

	

	

	

	

	

	

	




	
KE, L mg−1

	
0.064

	
4.733

	
18.415

	
33.360

	
0.300

	
2.254

	
24.890

	
37.601




	
qmax, mg g−1

	
12.47

	
4.65

	
0.59

	
0.16

	
11.15

	
2.21

	
0.31

	
0.03




	
R2

	
0.984

	
0.950

	
0.962

	
0.946

	
0.963

	
0.762

	
0.828

	
0.952




	
Generalized

	

	

	

	

	

	

	

	




	
KG, mg L−1

	
27.79

	
8.06

	
0.64

	
0.08

	
10.339

	
5.277

	
0.168

	
0.016




	
N

	
1.07

	
1.04

	
1.01

	
1.00

	
1.36

	
1.28

	
1.21

	
1.08




	
R2

	
0.999

	
0.989

	
0.986

	
0.995

	
0.903

	
0.920

	
0.952

	
0.991
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Table 3. Kinetic parameters for the adsorption of aniline or benzothiazole onto TiO2 at different temperatures.
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Adsorbate

	
Aniline

	
Benzothiazole




	
Kinetic Model

	
Temperature, °C

	
Temperature, °C




	
10

	
20

	
30

	
40

	
60

	
10

	
20

	
30

	
40

	
60






	
Pseudo-1st order

	

	

	

	

	

	

	

	

	

	




	
k1, min−1

	
0.001

	
0.006

	
0.026

	
0.053

	
0.084

	
0.001

	
0.005

	
0.019

	
0.043

	
0.097




	
R2

	
0.949

	
0.979

	
0.955

	
0.939

	
0.966

	
0.969

	
0.940

	
0.952

	
0.960

	
0.962




	
Pseudo-2nd order

	

	

	

	

	

	

	

	

	

	




	
k2, g mg−1 min−1

	
0.0002

	
0.0006

	
0.0021

	
0.0062

	
0.0513

	
7.87 × 10−5

	
0.0003

	
0.001

	
0.0034

	
0.0305




	
R2

	
0.993

	
0.996

	
0.999

	
0.991

	
0.998

	
0.995

	
0.997

	
0.998

	
0.991

	
0.999




	
Intraparticle diffusion

	

	

	

	

	

	

	

	

	

	




	
kdif, mg g−1 min−0.5

	
0.17

	
0.89

	
1.16

	
1.83

	
1.67

	
0.29

	
1.14

	
1.88

	
3.45

	
1.27




	
C, mg g−1

	
0.46

	
1.38

	
2.51

	
6.71

	
16.59

	
0.78

	
2.07

	
0.29

	
1.31

	
20.01




	
R2

	
0.986

	
0.998

	
0.932

	
0.881

	
0.756

	
0.984

	
0.998

	
0.979

	
0.975

	
0.880




	
Ri

	
0.98

	
0.93

	
0.89

	
0.70

	
0.30

	
0.97

	
0.92

	
0.99

	
0.95

	
0.27




	
Elovich

	

	

	

	

	

	

	

	

	

	




	
αe, mg g−1 min−1

	
0.05

	
0.43

	
1.61

	
7.87

	
2.18 × 105

	
0.07

	
0.47

	
1.55

	
4.72

	
6.00 × 103




	
βe, g mg−1

	
3.654

	
0.497

	
0.242

	
0.231

	
0.656

	
3.366

	
0.570

	
0.222

	
0.159

	
0.419




	
R2

	
0.880

	
0.932

	
0.995

	
0.978

	
0.950

	
0.931

	
0.948

	
0.981

	
0.999

	
0.956




	
Bangham

	

	

	

	

	

	

	

	

	

	




	
kB, g

	
0.36

	
5.58

	
44.03

	
174.70

	
469.67

	
0.58

	
6.47

	
44.35

	
193.85

	
573.80




	
A

	
0.935

	
0.755

	
0.445

	
0.220

	
0.036

	
0.950

	
0.757

	
0.484

	
0.235

	
0.035




	
R2

	
0.999

	
0.990

	
0.946

	
0.884

	
0.800

	
0.999

	
0.994

	
0.973

	
0.938

	
0.896
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Table 4. Initial adsorption factor means from intraparticle diffusion kinetic model fitted kinetic data.
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	Ri Values
	





	Ri = 1
	No exist initial adsorption



	0.9 < Ri < 1
	Weak initial adsorption



	0.5 < Ri < 0.9
	Intermediately initial adsorption



	0.1 < Ri < 0.5
	Strong initial adsorption



	Ri < 0.1
	Approaching complete initial adsorption
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Table 5. Activation energy and thermodynamic parameters of aniline or benzothiazole onto TiO2.
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Adsorbate

	
T

°C

	
KL

L mol−1

	
ΔH

kJ mol−1

	
ΔS

J mol−1 K−1

	
ΔG

kJ mol−1

	
Ea

kJ mol−1

	
k0






	
Aniline

	
10

	
3.35 × 103

	
92.78

	
395.13

	
−19.11

	
89.23

	
4.92 × 1012




	
20

	
1.29 × 104

	
−23.06




	
40

	
1.46 × 105

	
−30.96




	
60

	
1.24 × 106

	
−38.86




	
Benzothiazole

	
10

	
1.31 × 104

	
101.26

	
436.41

	
−22.31

	
93.67

	
1.44 × 1013




	
20

	
5.67 × 104

	
−26.68




	
40

	
8.05 × 105

	
−35.41




	
60

	
8.32 × 106

	
−44.13
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Table 6. Determined kinetic parameters of adsorption and photocatalysis processes for the removal of aniline or benzothiazole with TiO2 catalyst. Experimental conditions: C0 = 22.0 mg L−1; T = 25.0 °C; P = 1.0 atm; [TiO2] = 100.0 mg L−1; pH = 12.0 (aniline removal); pH = 8.0 (benzothiazole removal).






Table 6. Determined kinetic parameters of adsorption and photocatalysis processes for the removal of aniline or benzothiazole with TiO2 catalyst. Experimental conditions: C0 = 22.0 mg L−1; T = 25.0 °C; P = 1.0 atm; [TiO2] = 100.0 mg L−1; pH = 12.0 (aniline removal); pH = 8.0 (benzothiazole removal).





	
Pollutant

	
Aniline

	
Benzothiazole




	
Kinetics Model

	
Process




	
Adsorption

	
Photocatalysis 1

	
Adsorption

	
Photocatalysis 1






	
Pseudo-1st-order

	

	

	

	




	
k1 (min−1)

	
0.0124

	
0.0065

	
0.0097

	
0.0031




	
R2

	
0.963

	
0.999

	
0.957

	
0.997




	
Pseudo-2nd-order

	

	

	

	




	
k2 (g mg−1 min−1)

	
0.0035

	
0.00081

	
0.0005

	
7.39 × 10−6




	
R2

	
0.999

	
0.889

	
0.997

	
0.864








1 Adsorption process with simultaneous photocatalysis.
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