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Abstract

:

The performance of a photocatalytic fibre reactor (UBE Chemical Europe), made of cartridges of fine particles of TiO2 dispersed within silicon fibres and irradiated by ultraviolet light, for the removal of organic pollutants from synthetic waters was evaluated. In the sensitivity analysis carried out, the factors catalytic surface area, fibre state, temperature and initial substrate concentration were studied using 4-chlorophenol as a test compound. The percentage of titanium in the fibre remained practically invariable after a series of experiments and cleaning procedures. Furthermore, the kinetics of removal of pyrene, phenol, 4-chlorophenol and bisphenol A (BPA) from water were evaluated by means of HPLC, UV-absorption and fluorescence techniques. Kinetic operational parameters were determined from a mathematical model proposed by Langmuir–Hinshelwood. Results show that catalytic surface, initial substrate concentration and temperature directly affect the degradation rate of organic compounds, whereas fibre state does not have a significant effect on that. It is proposed that removal of organic compounds from water mainly depends on the adsorption of the specific pollutant on the photocatalytic fibre and on the physical diffusion of the substrate towards the photocatalytic TiO2 active sites on the fibre, with the heterogeneous phase reaction prevailing over the homogeneous phase reaction.
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1. Introduction


Many methods for degrading organic compounds in water and wastewater have been developed during the last decades in order to reduce their effects on the environment and human health [1]. These compounds are classified as bio-recalcitrant and not biodegradable organic pollutants since they cannot be removed by traditional physical-chemical and biological treatment technologies [2,3].



Heterogenous photocatalysis (HPC) has become the most distinctive, popular, effective and promising treatment technique for the removal of recalcitrant contaminants, such as organic pollutants, in wastewater [4]. The mechanism of HPC consists of the capability of photon excitation on a semiconductor surface. Photon incidence causes electrons migration from valence band to conduction band generating hole/electron pairs (h+/e−). Valence-band holes are powerful oxidants while valence conduction electrons are powerful reductants. Migrated electrons hydrolyse water molecules to generate hydroxyl radicals (•OH) in situ, which are extremely reactive and strong oxidizing agents (•OH, oxidative potential of 2.8 eV), and can lead to further reactions generating harmless products such as CO2 and H2O [5,6,7].



A wide variety of compounds can be used as semiconductors in photocatalysis (e.g., Si, WO3, ZnS, SnO2, Fe2O3. Fe3O4, ZnO, CdS, ZnS, SrTiO3, WSe2 and TiO2 (rutile or anatase)). These are characterized by a filled valence band and an empty conduction band [8,9,10,11]. Over the past decades, TiO2 has been widely used to treat water pollutants due to its low cost, good stability, and high photocatalytic activity. Furthermore, it is biologically inert and resistant to chemical corrosion and can be used at ambient temperature and pressure [12,13,14,15]. Heterogenous photocatalysis (HPC) is used to avoid the limitation of separating TiO2 powder from the suspension after cleaning wastewater [16]. Other problems associated with the TiO2 suspended particles are: (a) ensuring that light has effective access to the photocatalyst; (b) photocatalyst suspensions exhibit significant light scattering and absorption phenomenon making homogeneous external illumination of the suspension difficult [17]. Moreover, different immobilizations of semiconductors on solid supports have been studied [18,19,20,21,22,23] to increase the adsorption of pollutants and photocatalytic activity [24,25]. Often, semiconductors are loaded with metal to improve the efficiency of the photocatalytic process [26,27,28,29].



Many materials have been developed to avoid thermomechanical stress at the interface between catalyst layer and support. The catalysts (TiO2) are deposited in surface layers by means of different techniques such as chemical vapour deposition [30], slip cast [31], ceramics [32], dry processing [18], coating methods and thermal chemical reactions [33] and inorganic fibres [19].



Practical application of metal oxide semiconductors as photocatalysts requires immobilization of the photocatalyst in a fixed-bed reactor configuration that allows the continuous use (commercial use) of the photocatalyst for treating aqueous or gaseous effluent streams by eliminating the need for post-process filtration. The fibre photocatalytic fixed bed reactors show advantages on the TiO2 suspended particles due to its higher uniformity and the greater extent of light propagation towards the fibre, the greater level of the refracted light absorption by the TiO2 coating, and the ability of the chemical substrates to diffuse towards the TiO2 coating. It also shows great strength and stability against acidic and alkaline effluents without suffering degradation. However, supported photocatalysts have reduced surface areas and need to have an unobscured path between the photocatalyst and the light source [34]. Another important operational parameter is the power of the UV-C ultraviolet irradiation and, therefore, the rate of photocatalytic activation and the formation of the electron-hole pair are strongly influenced by the power of the UV-C irradiant light [35,36]. Is also well known, photocatalytic oxidation is reasonably efficient when the concentration of organic compounds in the solution is low to moderate, but it fails to purify aqueous solutions with a high concentration of total organic carbon [37], the photocatalytic activity being strongly dependent on its phase structure, crystalline size, specific surface areas, and pore structure of the photocatalyst [38].



In this article, organic compounds degradation by heterogeneous photocatalysis with TiO2 supported on SiO2 fibre in an industrial photoreactor (UBE Chemical Ltd., Tokyo, Japan) is studied. With this photoreactor, previous works have been carried out on wastewater disinfection and on degradation of organic compounds [39,40,41,42,43,44,45]. The novelty of this work with respect to the aforementioned studies, focused mainly on the degradation kinetics of organic compounds, lies in the fact of considering not only said kinetic study but also the physico-chemical effects of the adsorption of these compounds in the surface of the catalyst, of the water flow rate and of the stability of the photocatalyst, when adding other substances such as H2O2 (Fenton effect), on the performance and the kinetics of the process. In this study, the technology developed by the group of Ishikawa [18,19] was used for replacing conventional TiO2-coated support with a new TiO2 support material which was implemented and checked in a fixed bed reactors pilot plant supplied by UBE Chemical Co. Therefore, the aim of this work was to assess the process performance of a photocatalytic reactor which incorporates as catalyst a fibrous ceramic silica—TiO2 composite. Assessment is focused on three fundamental aspects: (1) system modulization and kinetics, (2) fibre stability and (3) system feasibility and effectiveness treating organic compounds. Model organic compounds used in this study were polycyclic aromatic hydrocarbon (PAH), such as pyrene, and phenolic compounds, such as phenol, 4-chlorophenol and bis-phenol A (BPA). The latter (BPA) is one of the known as endocrine disrupting compounds (EDC’s) which have a special interest since they can cause adverse effects by interfering with the body’s hormones or chemical messengers at very low concentrations [46]. The European Directive 2008/105/EC on Environmental Quality Standards established, in Annex I, limits on concentrations of these priority substances [47].




2. Results


2.1. Kinetic Modelling of Phololytic and Photocatalytic Degradation Processes


The photocatalytic degradation rates of the pollutants studied have been fitted by the Langmuir-Hinshelwood (L-H) kinetic model [48]. The analysis of the data, according to this model, assumes that the reactions are superficial (Θ), which is accepted [49]. The reaction rate is then defined according to the equation:


  v = −   dC   dt   = k Θ =   k    K   C    1 +  K   C  +   ∑   i = 1  m   K i   C i         (  i = 1 , … , m  )   



(1)




where Θ is the surface coverage, i is the number of intermediates formed during degradation (water is also included in the sum), k is the reaction constant, K is the adsorption constant of the organic compound on the catalyst, C is the instantaneous concentration of the organic compound, Ci is the instantaneous concentration of each intermediate (type i) that may be formed and Ki is its adsorption constant on the catalyst. If it is considered that the concentration of reaction intermediates is always low (Ci <<< C), which is admissible as long as the initial concentration of the organic compound is small [50], and given that C < 0.15 g/L, for the organic compounds studied, the sum corresponding to the intermediates can be disregarded, obtaining again the equation:


  v = −   dC   dt   =   k    K   C    1 +  K   C     



(2)







Integrating the above differential equation gives the expression:


  t =  1  k        (   C 0  −  C t   )  +  1    k   K   ln  (     C 0     C t     )   



(3)







A classical approach is to consider that the initial pollutant concentration is not very large and the adsorption equilibrium constant usually has a sufficiently small value, so that the term 1 + KC can be approximated to 1, since 1 >> KC:


  v = −   dC   dt   = k    K   C  =  k  F C     C  



(4)




where kFC is the operational constant expressed as the product of the rate constant and the adsorption equilibrium constant (kFC = kK). The integral of Equation (4) relates the concentration of organic pollutants present in the mixture to the time elapsed in the photocatalytic process:


   [ C ]  =    [ C ]   0   e  −  k  F C   t    



(5)







Which in logarithmic form looks like:


  ln  (     C 0     C t     )  =  k  F C   t  



(6)







The treatment time can be replaced by the illumination time during photocatalysis, giving the relationship between the pollutant concentration and the illumination time (t). Accordingly, the slope of the graph of ln(C0/Ct) versus t gives the operational constant (kop) or first order kinetic constant.



On the other hand, organic compounds can be photolytically decomposed by two parallel or competitive reactions that would fit the equation:


  v = −   dC   dt   =  k 1    Θ +  k 2  C  



(7)







Likewise, k1 is the rate constant corresponding to the photocatalytic process and k2 is the rate constant corresponding to the photochemical process. Taking into account the above considerations (Equation (4)) that the product KC is much smaller than unity and taking out the common factor we would obtain the equation:


  v = −   dC   dt   = (  k 1  K +  k 2  ) C  



(8)







Equation corresponding to kinetics of first order, where the product k1K would be equal to a constant corresponding to the photocatalytic process, which we will call kFC, while k2, which is the rate constant corresponding to the photolytic process, we will call kFQ, from now on. This would leave the equation:


  v = −   dC   dt   = (  k  F C   +  k  F Q   ) C  



(9)







Whose integrated equation assumes a monoexponential decay of [C]:


   [ C ]  =    [ C ]   0   e  −  (   k  F C   +  k  F Q    )  t    



(10)






   [ C ]  =    [ C ]   0   e  −  k  o p   t    



(11)







With the reactor operational constant (kop) being equal to the sum of the two constants




2.2. Kinetic Study of the Influence of Catalyst Surface on the Degradation of Pollutant


The photolytic degradation of phenol and its simple halogenated derivatives has been extensively studied [51]. The model compound, 4-chlorophenol, will be degraded by two parallel reactions, the photocatalytic pathway and the photolytic pathway. To carry out the study, six experiments were carried out, four of them varying the amount of cone-shaped catalyst cartridges to study the photocatalytic pathway, and another two trials, in order to study only the photolytic pathway, one of them without photocatalyst and with UV-C lamp, and the other experiment irradiating with UV-C ultraviolet light, but replacing the photocatalytic fibre with glass wool.



Figure 1 below shows the fits of the competitive monoexponential model presented for the study of the decrease in 4-chlorophenol concentration as a function of time for the four photocatalytic experiments performed. The goodness of the fits is represented by values very close to 1 of the Coefficient of Determination (0.9992 < R2 < 0.9997) and very small of the Mean Squared Error (1.49 × 10−4 < MSE < 5.89 × 10−4).



Table 1 below shows the kinetic constants of the system, kop = kFC + kFQ and kFQ, obtained for each experiment and determined by non-linear regression fitting of the substrate concentration versus time data to the model defined in Equations (10) and (11), as well as the values of the photolytic (kFQ) and photocatalytic (kFC) constants calculated from the aforementioned approximations.



Figure 2 shows the influence of each of these effects on the degradation of 4-chlorophenol:



The results show the positive effect of increasing the number of photocatalytic cartridges on the degradation of the organic compound, i.e., increasing the photocatalytic active surface area (number of active TiO2 sites) increases the rate of degradation of the substrate. Thus, the generation of hydroxyl radicals (•OH) leads to an increase in the degradation rate of organic compounds, as has been observed by other authors [8]. However, the variation of kFC with the number of cones does not follow a linear dependence, as one would expect when assuming that the photocatalytic operational constant (kFC) is expressed as the product of the photocatalytic rate constant and the equilibrium constant of the adsorption process (kFC = k1K), but rather the degradation constant increases exponentially as the catalyst area increases proportionally. This could be due to various factors such as the adsorption of the pollutant or some of the by-products formed during its degradation on the surface of the catalyst, causing a loss of the effective capacity of the photocatalyst, or to operational flow modifications as a consequence of modifying the reaction volume, by modifying the number of cones, which produces a variation in the contact time of the pollutant on the surface of the photocatalyst.




2.3. Kinetic Analysis of the Effect of the Contact Time of the Pollutant with the Catalyst Surface


An important parameter to take into account in photocatalytic processes is the residence time or the time that each unit of fluid will be exposed to the catalyst and radiation as it passes through the reactor since the residence time in the reactor must be at least equal to the time required to carry out the adsorption-desorption processes necessary to favour the reaction of the adsorbed substance on the surface of the catalyst.



The operational condition controlling the contact time between the adsorbed species and the adsorbent (photocatalytic fibre) is the flow rate. To carry out the flow rate study, four experiments were carried out with four new photocatalytic fibre cartridges and the clean quartz tube with similar initial concentrations of 4-chlorophenol at temperature 25 ± 1 °C and with flow rates of 500, 1000, 1500 and 2000 L/h. Table 2 shows the values of the operational rate constants (kop = kFC + kFQ) for each of the flow rates studied, indicating also the hydraulic retention time (TR), which is defined as the ratio between the volume of the reactor (VR) and the flow rate (Q) that flows through this volume:


   T R  =    V R   Q   



(12)







Reactor volume (VR) measured experimentally without catalyst 3.5 dm3 and with catalyst 3.1 dm3.



Figure 3 shows the operational rate constant versus the flow rate (lower axis) and the contact time (upper axis) within the photocatalytic reactor.



Considering the approximation that the observed photolytic effect is similar at all flow rates studied, since the fundamental parameter on which it depends is the intensity of the lamp and the energy transfer (UV-C radiation) is faster than the matter transfer operations, it is observed that initially the reaction rate increases with time, since the transfer of matter to the catalyst surface is the rate limiting step, so the reaction rate increases with flow rate. As the flow rate increases, the reaction starts to be controlled by surface kinetics and the flow rate affects the reaction rate less, at which point the reaction rate could be considered to be independent of the flow rate. At high flow rates, the contact time may be too short for the transfer of matter from the liquid phase to the surface of the photocatalytic fibre, in which case surface phenomena would limit the reaction rate, which would decrease with increasing flow rate. As can be seen in Figure 3, the optimum hydraulic retention time is between 0.1 and 0.2 min, which corresponds to flow rates between 1000 and 1500 L/h.




2.4. Kinetic Study of the Effect of the Initial Concentration of the Pollutant


The overall kinetics of the process will depend on the matter transfer operations in the adsorption-desorption stage of the organic compound and on the surface rate on the photocatalyst surface, with the availability of active sites being a limiting factor in the rate of degradation of the compound [52]. Surface phenomena have a great influence, so that the reaction rate at low concentrations increases significantly due to the large number of free active sites, but as the pollutant concentration increases, the reaction rate follows an asymptotic behaviour because the catalyst surface becomes saturated, so that an increase in the substrate concentration hardly increases the reaction rate. This phenomenon occurs when the catalyst sites are occupied either by the reactants (at high concentrations) or by the reaction products. A model that interprets this behaviour well is the Langmuir–Hinshelwood model.



To study the influence of the initial substrate concentration, increasing concentrations of 4-chlorophenol between 0.1 and 2.0 mM were studied. For this purpose, four experiments were carried out under the usual conditions, this time with a new series of four photocatalytic cartridges. The recirculation flow rate was 2000 L/h, the volume of the feed tank was 50 L, the temperature was maintained at 25 ± 1 °C, and the recirculation time was 4 h. To reduce the influence of the effects of adsorption of the reactants and intermediates on the catalyst surface, initial degradation rates were measured in this study (Figure 4). The best fits of the experimental kinetic curves were to monoexponential models (R2 = 0.9705–0.9994, MSE = 1.48 × 10−4 − 2.02 × 10−3) and the corresponding values of vo are shown in Figure 4 for the different 4-chlorophenol initial concentrations. The green dotted line marks the tangent to the curve whose slope represents—the initial reaction rate (-vo) and the black dashed line indicates the asymptotic value.



The obtained initial rates (vo) for each initial concentration (Co) were fitted to the Langmuir–Hinshelwood differential equation. The fit to Equation (2), the Langmuir–Hinshelwood model, of the initial rates obtained versus initial substrate concentration is shown in Figure 5. The figure shows the estimates of the rate constant (k), the adsorption equilibrium constant (K) and the statistical quality of the fit (R2 = 0.9501, MSE = 1.22 × 10−3).



The fitting of the integrated Langmuir–Hinshelwood velocity equation model (3) was carried out using the “QNFIT” program of the SIMFIT statistical package [53], based on the parameters, velocity constant and equilibrium constant, estimated previously. Table 3 below shows the values of the rate constant (k), the adsorption equilibrium constant (K), as well as the operational constant defined as the product of the two constants (kop = k K) for each concentration.



Under the conditions studied, it can be observed that the reaction rate constant (k) decreases with increasing initial concentration of substrate. Likewise, a decrease in the adsorption equilibrium constant can be observed as a function of the initial concentration, which indicates that the surface reactions that have occurred on the surface of the photocatalytic fibre have had a great influence on the course of the reaction (heterogeneous phase) and on the reactions that may occur in the homogeneous phase during the course of the reaction. The surface coverage Θ can be related to the substrate concentration C and the apparent adsorption constant at equilibrium K, by means of Equation (1). The value of surface coverage will be between 0–1 since it indicates the ratio of occupied sites to total sites, tending to zero when all sites are free and to one when all sites are occupied [54]. Table 4 shows the values of the surface coverage.



The results indicate that the adsorption of this pollutant, 4-chlorophenol, on the catalyst surface plays an essential role in the photocatalytic process. Therefore, at high substrate concentrations, there will be a high adsorption of 4-chlorophenol on the catalyst surface, so that the pollutant could cover the active sites of TiO2 preventing the passage of radiation, thus reducing the generation of the hole/electron pairs (h+/e−) and consequently the generation of the oxidising species (•OH). Therefore, a high pollutant concentration is in accordance with a low operational degradation rate constant. When the substrate concentration is low, there will be active sites available and more free photocatalytic surface, for the generation of oxidizing species and the degradation rate should increase (Table 3).




2.5. Influence of Temperature on the Photocatalytic Degradation of 4-Chlorophenol


Photocatalytic reactions are not very sensitive to thermal variations since activation occurs photonically and the rate constant is not so dependent on temperature as established by the Arrhenius law for conventional thermally activated reactions [55]. In photocatalytic reactions, temperature mainly affects the adsorption-desorption processes of reactants, intermediates and end products, so its effect depends on the surface characteristics of the photocatalytic fibre and the reactant to be decomposed [56].



In this work, it was decided to study the influence of temperature on the degradation of 4-chlorophenol in a temperature range between 17.5 °C and 25.0 °C measured in the reaction tank and controlled by means of a water cooler. The thermodynamic activation parameters (Eyring equation) of the photocatalytic decomposition reaction of 4-chlorophenol: enthalpy, entropy and Gibbs free energy of activation and the kinetic parameters (Arrhenius equation) frequency factor or pre-exponential factor and the activation energy of the reaction were calculated and shown in Table 5.



These results indicate that the degradation efficiency is not significantly affected by increasing temperature, finding that is common in studies of photocatalytic processes. The low activation energy value obtained, i.e., the weak dependence of the degradation process on temperature, seems to indicate that the rate limiting step of the process should be the physical diffusion of the substrate towards the active sites on the surface of the photocatalytic TiO2 fibre. Positive values of the activation enthalpy indicate that the process is endothermic and positive values of the activation Gibbs energy indicate that the process is not spontaneous. The high negative entropy value indicates that the intermediate formed on the catalyst surface between the 4-chlorophenol and the free radicals (•OH) is more ordered than the reactant favouring its adsorption, this is in agreement with positive enthalpy and Gibbs free energy values.




2.6. Influence of Photocatalytic Fibre Condition on Pollutant Removal Rate


The influence of the state of the photocatalytic fibre was evaluated by comparing the conditions of the fibre before the start of each group of experiments and after the end of the experiments. To carry out these experiments, a study of the Titanium-Silicon surface ratio was carried out by means of scanning electron microscopy (SEM) with elemental microanalysis by X-ray scattering (EDX) (Figure 6). The variation of the operational rate constant of 4-chlorophenol degradation after each group of experiments was also studied to see the effect of the fibre coating on the degradation rate of the pollutant.



The coating of the photocatalytic fibre does not have such an influence on the degradation rate of the compound, because the results obtained for the operational rate constant were again of the same order of magnitude between the experiment with the clean fibre and the experiment with the coated fibre. It is also observed in the analysis of the fibre surface by EDX elemental microanalysis that there is not a change between the values of the surface titanium percentage of the unused fibre (43.49% Ti) and the coated fibre (43.60% Ti). This suggests that the generation of hydroxyl radicals on the surface of the photocatalyst is not affected by the possible fouling present on the fibre surface after several experiments. The new elements that appear in the EDX analysis may be due to ions in the milli-Q water, as well as iron and copper from the pilot plant construction material (the milli-Q water can be somewhat corrosive) (Figure 7).



Countercurrent cleaning procedures with acids, bases and peroxides were performed, the fibre showed better appearance and loss of the reddish colouration with respect to the fibre used before the washing procedure, observing that the cleaning procedure by acid washing leaves a lighter colour on the fibre. However, a decrease in the percentage of surface titanium was observed after the washings. Due to the results obtained in the fibre washing study, it was decided to study the characteristics of the fibre when treated with acids, bases and peroxides. This study of the stability of the fibre is shown below.




2.7. Study of the Stability of the Photocatalytic Fibre against Acids, Bases and Peroxides


In order to study the stability of the photocatalytic fibre against acids (HCl) and bases (NaOH), the degradation suffered by the photocatalytic fibre was determined according to the method for determining soluble matter in bases and acid (basic and acid loss) described in the UNE-EN-12902 standard [57]. The results are shown in Figure 8.



The study of fibre stability against acids and bases indicates that the fibre is stable with respect to pH, except at extreme pHs, with loss of titanium at very acidic pHs and loss of silicon at very basic pHs. On the other hand, it is observed that the fibre is less stable against peroxides (Figure 9), due to the fact that at high concentrations of peroxides, degradation of the fibre is observed due to loss of active surface (titanium). The use of the photo-Fenton effect to catalyse heterogeneous photocatalysis reactions with this photocatalyst material may be affected by the loss of surface titanium (Figure 9).



These results are consistent with those observed by Adan et al. [44] who observed that in absence of photocatalyst and under UV-irradiation, the organic compound degradation rate increases with increasing the amount of hydrogen peroxide added, but when the amount of H2O2 (photo-Fenton effect) added exceeds certain limit, the rate of organic compound removal becomes slightly lower than those measured in absence of photocatalyst. It was also observed by Réti et al. [58] that the performance of composites prepared from titanium decreased at extreme acidic pH because the anatase content decreased. The tested fibre is mainly composed of anatase (see below in Section 4).




2.8. Comparative Kinetic Study of the Degradation of the Organic Compounds Tested


Four aromatic organic compounds, phenol, 4-chlorophenol, pyrene and bisphenol A, of different chemical structure, nature and toxic to the environment were studied, in order to check if there are significant differences in their photocatalytic degradation according to their different chemical structures and degree of substitution (Figure 10).



As can be seen in Figure 10, the photocatalytic effect at Q = 2000 L/h and T = 20 ± 1 °C is greater in the degradation of pyrene (kop = 0.72 ± 0.05 h−1) than in the oxidation of the other compounds studied, which are of the same order of magnitude: 4-chlorophenol (kop = 0.23 ± 0.02 h−1), phenol (kop = 0.18 ± 0.08 h−1) and bisphenol A (kop = 0.27 ± 0.08 h−1). Low operational rate constants (kop) were observed, with no differences regarding structure or degree of substitution. On the other hand, differences were observed with regard to the initial concentration of the compound to be degraded, with the lower the initial concentration the higher the kop of the reaction. It has also been observed that the degradation rate follows an asymptotic behaviour due to the saturation of the catalyst surface, which suggests that an inhibition of the substrate excess type may occur.



It could be assumed that the different molecular sizes of these contaminants, their different electronic distributions, chemical groups, hydrophobicity/hydrophilicity balances, can influence their adsorption processes on the photocatalyst surface and, consequently, their photocatalytic degradation kinetics (Figure 10). However, without having carried out a detailed study of their possible degradation byproducts and pathways, it is premature to venture a rational explanation of the specific molecular causes of the greater photocatalytic degradability of pyrene compared to phenols.



Several authors have studied selective adsorption in combination with photocatalysis to improve the removal of organic compounds in water. Thus, Hitchman and Tian [59] found similar removal rates to those found in this study for the photocatalytic degradation of 4-chlorophenol on TiO2 films prepared by chemical vapour deposition (CVD) at comparable radiation times and similar initial concentrations. Dumitriu et al. [60] found low removal rates for the photocatalysis of phenol on TiO2 films supported on glass by ion bombardment, similar to those found in our study. Choquette-Labbé et al. [61] also studied the degradation of phenol and derivatives using TiO2 nanoparticles and Chen et al. in 2016 [62], in a study on the photocatalytic degradation of bisphenol A, also obtained similar values to those found in the present study.





3. Discussion


These results support the idea that the photocatalytic degradation process of the organic compounds studied is strongly influenced by the adsorption capacity of the pollutant on the surface of the catalytic fibre.



One explanation for the results obtained is that the heterogeneous phase reaction predominates over the homogeneous phase reaction. In this sense, the adsorption of the pollutants on the surface of the fibre takes place first and when the light hits the surface of the titanium dioxide, the hole-electron pair (h+/e−) is generated and forms the hydroxyl radicals (•OH), with most of these being adsorbed on the surface of the photocatalyst (heterogeneous phase) and only a small amount of the hydroxyl radicals passing to the aqueous phase (homogeneous phase). Thus, it is mainly on the fibre surface that the degradation reaction takes place and the products are formed. When the concentration of the pollutant is low, its adsorption on the surface leaves a large part of the catalyst area free for the incident ultraviolet radiation to generate the hole-electron pair (h+/e−), to form the radicals (•OH), and to carry out the degradation both heterogeneously and homogeneously. However, when the adsorption of the pollutant is very high, the entire surface of the photocatalyst is coated, preventing the ultraviolet radiation from reaching the surface, thus decreasing the number of sites available for the generation of the hollow-electron pair (h+/e−) and decreasing the photolytic reaction. This is independent of whether the reaction in the heterogeneous phase predominates over the reaction in the homogeneous phase or not, because simply, as the (h+/e−) pair is not generated, the •OH radicals responsible for the degradation are not formed, producing what we could call an inhibition due to excess substrate.




4. Materials and Methods


4.1. TiO2/SiO2 Fixed Bed Photoreactor with Total Recirculation


The TiO2/SiO2 fixed bed photoreactor (supplied by UBE Industries, Ltd., Tokyo, Japan) used in this work is shown in Figure 11. The system has a tank for the sample with a capacity of 200 L, a 1 hp pump for recirculation of the sample through the system, and, at the outlet of the pump, the water first goes through a 50 μm solid filter and then through a rotameter to measure the sample flow entering the photoreactor body.



The photoreactor is characterized by maintaining a vertical piston flow with bottom inlet and upper lateral outlet; the reactor body is made of stainless steel and has a manometer on the bottom and another on the top. The internal walls of the photoreactor are polished in such a way that the radiation that reaches them is reflected, thus generating greater incidence of light on the photocatalyst.



For the photocatalysis experiments, in addition to the pilot photoreactor described, a TiO2/SiO2 photocatalyst (UBE Industries, Ltd., Tokyo, Japan) was used. The semiconductor material used as a non-woven photocatalytic fibre with gradient in the crystalline structure, whose patent belongs to the company UBE Chemical Industries [18,19], consists of a SiO2 fibre mesh, which supports the TiO2 catalyst, generating a TiO2/SiO2 catalyst/support system, avoiding the phenomenon of dragging of the photocatalyst from the surface of the support (a phenomenon known as peeling), as a consequence of its friction with the fluid of the liquid. The maximum pressure that the fibre can withstand is up to 10 Kg/cm2, with optimum performance in the range of 3 to 6 Kg/cm2. The TiO2 semiconductor is immobilized on a SiO2 fibre, contained in 4 stainless steel conical meshes placed longitudinally on rods to support them. The photocatalyst is located between the radiation source and the walls of the photoreactor [39]. Low-pressure mercury lamps were used as irradiation sources: a 40 W lamp (Philips TUV 36T5 HE 4P SE UNP/32, Amsterdam, The Netherlands), emitting 15 W of UV-C ultraviolet radiation with a maximum wavelength of 253.7 nm. The lamp was placed inside a transparent quartz tube to prevent it from coming into contact with the sample.



To study the crystalline state of the photocatalytic fibre, its X-ray diffractogram was carried out (Figure 12) and performed using a Bruker D8 Advance diffractometer (Bruker BioSpin Corporation, Billerica, MA, USA). The diffractogram shows that the fibre is formed only by SiO2 and TiO2 and, furthermore, that of the 3 crystalline varieties of TiO2, brookite, rutile and anatase, only anatase exists in this photocatalytic fibre, with a larger surface area and a high surface density of active adsorption and surface reaction sites on the photocatalytic fibre.




4.2. Experimental Conditions


In order to establish the experimental conditions for the study of the organic compounds degradation in the UV-C photocatalytic reactor, the following considerations were taken into account.



Synthetic wastewaters with different organic compounds concentrations similar to those existing in industrial wastewater treatment plants were used. To carry out the degradation experiments in the UBE photocatalytic plant, volumes of 50 L of aqueous solutions of each of the substances tested were used in the feed tank of the photocatalytic reactor. The pump is activated by adjusting the flow rate with the rotameter to each of the flow rates studied and the lamp is switched on. This moment is taken as time zero and aliquot samples are taken from the sample tank at specific time intervals maintaining a constant temperature, which is controlled by means of a coolant.



As organic compounds, the endocrine disruptor bisphenol A, the polycyclic aromatic compound pyrene and two phenolic compounds, 4-chlorophenol and phenol, which were supplied by Sigma-Aldrich (St. Louis, MO, USA), were chosen. For pyrene, its decomposition kinetics was followed by its fluorescence spectra using a PERKIN ELMER LS 50 fluorescence spectrometer (PerkinElmer, Inc., Waltham, MA, USA). For 4-chlorophenol, phenol and bisphenol A, the pollutant was identified by HPLC area using an Agilent-Hewlett Packard HPLC Series 1100 equipped with a Waters Spherisorb ODS3 5 m, 4 mm × 25 mm column and a diode array detector (DAD) (Agilent, Santa Clara, CA, USA).



The stability studies of the photocatalytic fibre were carried out by energy dispersive X-ray elemental microanalysis (EDXMA) on a Tecnai Spirit Twin 120 kV Transmission Electron Microscope (FEI, Hillsboro, OR, USA). This technique was also used to measure the titanium/silicon ratio of the fibre as well as the percentage of titanium on the surface fibre.




4.3. Data Analysis


Free open source software has been used for the different studies. For the chemical kinetics studies of the organic compounds degradation tests and modelling of the proposed mechanism, the statistical package SIMFIT has been used. This package has been developed at the University of Manchester by Dr. William G. Bardsley (http://www.simfit.org.uk) (accessed on 20 November 2021). The Spanish version of SIMFIT is maintained by Dr. F. J. Burguillo of the University of Salamanca (http://simfit.usal.es) (accessed on 14 December 2021) [53].



The “INRATE” program was used for the calculation of the initial rates at the different substrate concentrations. The Langmuir–Hinshelwood integrated rate equation was fitted to the appropriate model using the “QNFIT” program.





5. Conclusions


The performance of the photoreactor has been studied as a function of operational variables using model substances. It was found that the photocatalytic surface area plays an important role in the degradation performance of the substance. Thus, increasing the photocatalytic surface area (number of TiO2 active sites) increases the degradation rate of the substrate. For compounds that are degraded simultaneously by photolytic (radiation only) and photocatalytic (radiation and photocatalytic fibre) routes, the catalyst surface area plays an essential role in the dominance of one process over the other.



This fact is corroborated by the different studies carried out, showing a high adsorption of the model substances on the surface of the photocatalyst, with high values of adsorption equilibrium constants and surface coverage, a low influence of temperature with low values of energy and enthalpy of activation and a high value of negative activation entropy, which suggests that the intermediate formed on the surface of the catalyst is more ordered than the reagents, which favours surface adsorption on the photocatalytic fibre. Similarly, the study of the pollutant contact time in the reactor has revealed that mass transfer is rate limiting at low recirculation flow rates, while surface kinetics is rate limiting at moderate flow rates. In other words, the rate of pollutant degradation increases with increasing flow rate, although this effect is reversed as residence time decreases as surface phenomena become rate limiting. This also explains the greater efficacy and efficiency in the degradation of organic compounds by photocatalytic route than by the photolytic route for those compounds that can be degraded by both routes.



Finally, the study of the stability of the fibre against acids, bases and peroxides indicates that the fibre is stable against pH, except at extreme pH, with loss of titanium at very acidic pH and loss of silicon at very basic pH. On the other hand, it is observed that the fibre is less stable against peroxides, since at high concentrations a degradation of the fibre is observed due to the loss of the active surface (titanium) of the fibre. It has been found that the dirt on the surface of the fibre containing titanium dioxide, after various experiments, does not affect the generation of hydroxyl radicals on the surface of the photocatalyst.



For these reasons, it is proposed for future works of this type that a simultaneous study of the adsorption of pollutants on the photocatalytic fibre and of the kinetics of their degradation should be carried out.
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Figure 1. Influence of the photocatalyst surface on the degradation of 4-chlorophenol at Q = 2000 L/h and T = 20 ± 1 °C. 
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Figure 2. Variation of the rate constant as a function of photocatalyst surface area in the degradation of 4-chlorophenol at Q = 2000 L/h and T = 20 ± 1 °C. 
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Figure 3. Variation of the operational rate constant (kop) as a function of flow rate (lower axis) and contact time (upper axis) in the degradation of 4-chlorophenol at C = 0.8 mM and T = 25 ± 1 °C. 
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Figure 4. Initial degradation rates at different initial concentrations of 4-chlorophenol at Q = 2000 L/h and T = 25 ± 1 °C. 
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Figure 5. Fit to the Langmuir–Hinshelwood differential equation of the initial degradation rates of 4-chlorophenol versus initial substrate concentrations, Q = 2000 L/h and T = 25 ± 1 °C. 
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Figure 6. Structural characteristics of the original photocatalytic fibre before use. Surface analysis by SEM (upper panel) and by EDX elemental microanalysis (lower panel). 
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Figure 7. State of the photocatalytic fibre after 24 h of use in the photocatalytic degradation reaction of 0.8 mM 4-chlorophenol, Q = 2000 L/h and temperature = 20 ± 1 °C. 
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Figure 8. Stability of the photocatalytic fibre versus pH. 
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Figure 9. Stability of the photocatalytic fibre against hydrogen peroxide concentrations. 
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Figure 10. Photocatalytic degradation of the different compounds tested. 
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Figure 11. Photoreactor system used for photolytic and photocatalytic degradation processes of organic compounds. 
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Figure 12. X-ray diffractogram of the UBE photocatalytic fibre. 
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Table 1. Rate constants of the photolytic and photocatalytic process.
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	Number of Cones
	0
	1
	2
	3
	4





	kop = kFC + kFQ (h−1)
	
	0.13 ± 0.06
	0.13 ± 0.02
	0.17 ± 0.02
	0.23 ± 0.02



	Photolysis kFQ (h−1)
	0.13 ± 0.02
	0.129 *
	0.126 *
	0.123 *
	0.12 ± 0.06



	** Photocatalysis kFC (h−1)
	
	0
	0.01
	0.05
	0.11







* The values without confidence limits are calculated by linear regression from the values obtained by fitting the kinetic data to the model of Equation (5) in the photolytic effect (Figure 2). ** The values of the photocatalytic rate constant (kFC) are calculated by the difference between the values of the operational rate constant (kop = kFC + kFQ) and the values of the photolytic rate constant (kFQ).
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Table 2. Rate constants of the photolysis and photocatalysis process as a function of flow rate (contact time).
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	Flow Rate (L/h)
	500
	1000
	1500
	2000





	kop = kFC + kFQ (h−1)
	0.22 ± 0.08
	0.31 ± 0.09
	0.32 ± 0.09
	0.28 ± 0.09



	TR (minutes)
	0.37
	0.19
	0.12
	0.09
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Table 3. Rate constants and equilibrium constant of 4-chlorophenol elimination at different initial concentrations.






Table 3. Rate constants and equilibrium constant of 4-chlorophenol elimination at different initial concentrations.





	Initial Concentrations
	k (h−1)
	K
	kop = k (h−1)





	Co = 0.1 mM
	0.72 ± 0.04
	1.56
	1.13



	Co = 0.5 mM
	0.47 ± 0.09
	0.85
	0.39



	Co = 0.8 mM
	0.41 ± 0.09
	0.85
	0.34



	Co = 2 mM
	0.24 ± 0.09
	0.81
	0.19
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Table 4. Surface coverage values as a function of initial substrate concentrations.






Table 4. Surface coverage values as a function of initial substrate concentrations.





	Initial Concentrations (mM)
	0.1
	0.5
	0.8
	2





	Surface coverage Θ
	0.13
	0.37
	0.40
	0.62
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Table 5. Activation parameters for the degradation of 4-chlorophenol.






Table 5. Activation parameters for the degradation of 4-chlorophenol.





	Pre-exponential factor (104 h−1)
	1.66 ± 0.38



	Activation energy (kJ/mol)
	27 ± 1



	Activation enthalpy (kJ/mol)
	25 ± 1



	Activation entropy (J/mol.K)
	−172 ± 5



	Activation Gibbs free energy at 298 K (kJ/mol)
	76 ± 1
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