Heterogeneous photocatalysis: Guidelines on experimental setup, catalyst characterization, interpretation and assessment of reactivity
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Abstract
Soon after the publication of the first pioneering works on heterogeneous photocatalysis, the number of papers on this topic continuously increased. This intriguing field of research is very complex as it endows with an interdisciplinary overview that involves different aspects of chemistry, physics, material and environmental sciences. Even if photocatalytic applications in real processes are often difficult to be implemented and scaled-up, investigations at laboratory scale are easy to be performed, and in some cases they may give rise to misconceptions. For this reason, the present work aims to sum up most of the common experimental techniques and procedures generally used in heterogeneous photocatalysis and to highlight the guidelines and the rules that a rigorous analysis and study of a photocatalytic system must follow. The paper focuses on the importance of standardization of photocatalytic experiments with special attention on the possibility to compare results obtained under different experimental conditions. 
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1. Introduction
	Since the work of Fujishima and Honda [1] on TiO2 induced water photolysis, heterogeneous photocatalysis has attracted significant attention [2-6] mainly as a “green” and sustainable technology for the degradation of toxic and non-biodegradable species both in gaseous and liquid phases. The main limitation of this “advanced oxidation process” is the low photonic efficiency (ξ), i.e. the ratio of the rate of the photoreaction measured for a specified time interval (usually the initial conditions) to the rate of incident photons within a defined wavelength interval inside the irradiation window of the reactor [7]. In fact, each absorbed photon is able to generate an electron/hole pair which can be efficiently exploited only if spatially separated and transferred to species with a suitable redox potential. Otherwise, their recombination results in a significant energy loss [8]. Various techniques have been used to overcome this problem. For instance, photocatalytic activity was positively influenced by the application of a small bias [9] or by adding external electron acceptors, more efficient than oxygen, such as hydrogen peroxide, peroxydisulfate ions or ozone [3,4,8,10]. Moreover, charge recombination has been inhibited by surface modification of TiO2 by using oxygen-deficient TiO2 [11] or by grafting suitable species [12].
	A number of studies have been reported on water splitting, such as those by Grätzel and co-workers, who have used TiO2 based photocatalysts. In view of a sustainable development, photocatalytic H2 production and CO2 reduction are nowadays receiving an increasing attention as they have significant potential in environmental and solar energy storage applications [13-19].
	Moreover, Kiwi and Grätzel [14] investigated Pt loaded and Mg2+ doped TiO2 photocatalysts for water splitting processes under UV irradiation. Mg doping enhanced the water cleavage process and H2 production. 0.05% Pt-1% Mg2+-TiO2 showed to be the most efficient photocatalyst with 0.26 % efficiency in light energy conversion. However, the overall efficiency observed was low since both oxidized and reduced species were produced simultaneously at the TiO2-water interface throughout the photocatalytic reaction. 
	Recently, photocatalysis has attracted great interest as a green alternative to traditional synthetic methods of fine chemicals [20,21]. The possibility of producing high value added products in gram scale and with good selectivity has been often reported in literature [22], although in most cases the products have been only detected by means of chromatographic methods. However, unlike traditional synthetic methods performed in harmful solvents, making use of stoichiometric amounts of strong oxidants in severe conditions of temperature and pressure, photocatalysis perfectly fits the features listed by Anastas and Warner [23], required to define a process as “green”. In fact, photocatalysis may operate at atmospheric pressure and room temperature by using water, alcohols or dimethyl carbonate as cheap and non-toxic solvents and it allows the potential exploitation of solar light and the use of safe powdered or supported, composite and doped photocatalysts [24,25]. Moreover, studies on preparation and testing of alternative photocatalysts, also as nanocomposite powders and/or films, have been presented during the last decades [26]. Further appealing possibilities are related to the facile combination of heterogeneous photocatalysis with membrane processes. In the integrated system, the product of interest, once photocatalytically generated, is continuously separated from the reacting mixture by means of suitable membranes in order to avoid its further transformation, giving rise to selectivity and efficiency generally higher with respect to those obtained with the single technologies. Other important benefits of coupling membranes and photocatalysis are: (i) the complete retention of the photocatalytic powder in the reacting side, thus avoiding further separation costs, (ii) the possibility of operating in a continuous or semi-continuous mode, (iii) the satisfactory purification of the product, (iii) an easy control and (iv) modularity [27]. 
	Another effective strategy to improve the yield of partial oxidation reactions is the combination of heterogeneous photocatalysis with electrocatalysis. The resulting process, called photoelectrocatalysis, is reported to be an effective tool for hindering the photogenerated charges recombination and consequently for the optimization of the process [9,28].
	The number of papers published on photocatalysis from 1992 to 2017 (according to Scopus database, January 2018) is shown in Figure 1. An almost linear growth of reports is evident in the last decades. Soon after 2002 and 2009 a significant increase of the article numbers can be noticed (see Fig.1). Researches cover both basic aspects and applications. Contributions from catalysis, photochemistry, electrochemistry, environmental chemistry, radiation chemistry, material chemistry, surface science and electronics make the scenario even more complex, thus highlighting the need of an interdisciplinary overview and of scientific collaborations. 

Insert Figure 1 here

Figure 1. Published papers on photocatalysis from 1992 to 2018, according to Scopus database. Searched as “photocatalysis” just in “Article title, Abstract and Keywords” (♦) and searched as “photocatalysis” in “all fields” (■).

	Many books or reviews on the fundamentals [2-4, 29,30] and on specific applications of photocatalysis for environmental remediation [31], selective oxidations [20,21,32], novel photocatalysts [33,34], photocatalytic hydrogen generation [35,36], and photocatalytic CO2 reduction [17,37,38] have been published. Moreover, the importance of reactions activated by light is confirmed by IUPAC, which published the “Glossary of terms used in photocatalysis and radiation catalysis” [7]. Also few critic publications on misconceptions in photocatalysis [39-41] can be found. In particular, reviews by Herrmann [41] and Emeline et al. [39] report on the mechanistic aspects of photocatalytic reactions, whereas Ohtani [40] mainly approaches some issues encountered when writing articles on photocatalysis. 
	This review article presents some fundamental and practical issues on heterogeneous photocatalysis. The experimental procedures required in order to afford accurate and reliable experimental data, the main characterization techniques used to unveil the properties of the photocatalysts, and the methods to obtain suitable kinetic models satisfactorily describing the experimental data have been reported. These issues have been critically evaluated with special attention on the possibility to compare results produced in different conditions. Moreover, commonly used concepts such as photoadsorption and adsorption in liquid-solid interface under irradiation have been also discussed by giving some real examples. The common issues producing misconceptions in heterogeneous photocatalysis have been also highlighted in the manuscript, and are briefly summarized in Table 1, for the benefits of the reader, along with the indication of the section in which they have been discussed. 
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2. 	Photocatalysts
2.1.	Properties of a suitable photocatalyst
	The ideal photocatalyst should be highly photoactive, stable against photocorrosion, harmless, cheap and chemically inert. Moreover it should be active in both UV and visible region as sunlight is a costless, green and sustainable energy and its wavelength ranges from 280 to 4000 nm, with the UV photons which account for just a small percentage of the total energy (3-5%) [42]. Therefore, it is critical to check the photoactivity and the stability of the chosen semiconductors under sunlight (see section 3.3.2). 
	The assessment of the performance of a catalyst is not trivial, and it requires a correct evaluation of physico-chemical and opto-electronic features of the material. The catalyst crystal phase, specific surface area, particle size, surface morphology, crystallinity and active sites density are particularly important parameters [3]. 
	The photocatalyst crystal phase strongly influences the photoactivity. Generally, combination of different semiconductors [43] or different phases [44] present photoactivity higher than the pure components due to heterojunctions able of efficiently affording spatial separation of the photogenerated charges. An example of this synergistic effect is represented by the most active commercial TiO2, Degussa P25 (Evonik), which is a mixture of anatase (ca. 75%) and rutile (ca. 25 %).
	Since the relevant steps of a photocatalytic reaction mainly occur onto the photocatalyst surface or in its immediate proximity, the specific surface area is one of the main parameters to be considered. Reducing particle size often results in increased surface area and photoactivity. On the other hand, when the particle size becomes comparable with the distance between the photogenerated charges, their recombination is very likely so that a detrimental effect on the photoactivity is often observed [45]. Moreover, reduction of the particle size on a quantum scale causes dramatic changes in the optical features of the photocatalysts. We remind here the so called “quantum size effect”, i.e. the shift of the absorption spectra towards higher energies which becomes significant when the size of particles decreases [46]. 
	Generally, highly ordered crystalline semiconductors show higher photoactivity than the correspondent partially amorphous materials [47]. However, thermal treatments normally applied in order to endow the catalysts with higher crystallinity, reduce the specific surface area due to sintering of particles with a consequent reduction of the photoactivity. 
	On the other hand, partially amorphous catalysts have been successfully applied for synthetic purposes. Palmisano and co-workers investigated poorly crystallized TiO2 based photocatalysts for the selective partial oxidation of aromatic alcohols to the corresponding aldehydes [47,48]. 

2.2.	Characterization techniques of the photocatalysts 
2.2.1.	Bulk and surface characterizations
	X-ray diffraction (XRD) is certainly a first characterization which is run always on inorganic semiconductors, providing quantitative information on their crystallinity as a function of different parameters such as annealing temperature, treatment time, pH of precursors solution. The Scherrer’s equation allows to determine the main particle size of the photocatalyst. Moreover, by comparing specific patterns with those of reference materials such as CaF2 [49] and pure natural crystals [50], it is possible to get information on the absolute crystallinity of the material and on the percentage of possible amorphous phases. XRD allows also to assess the geometry of crystals and the percentage of certain exposed facets [51]. More advanced information can be obtained by means of Raman spectroscopy [52-54]. This technique is surface sensitive and very useful when the crystallinity of films rather than powders needs to be assessed. The information given by Raman is not only related to semiconductor crystal structures, but also to defects in the crystals. For instance, in the TiO2 anatase phase a positive shift in Eg wavenumber, signal produced by O-Ti-O symmetric stretching vibrations, can be correlated to the abundancy of oxygen vacancies [52-54]. In turn, these defects can drastically affect the reactivity and the hydrophilic properties of the material. However, the intensity of the Raman peaks is influenced by the background fluorescence and the surface density of the analyzed material. Accordingly, Raman spectra cannot provide quantitative information on crystal phases or degree of crystallinity, which are instead provided by XRD.
	X-ray photoelectron spectroscopy (XPS) is a powerful technique affording information on the type and oxidation state of the atoms constituting the semiconductor by investigating their binding energy. Quantitative and qualitative information as the intensity of the signals may be related to the amount of the species of interest and their oxidation state. Moreover, by varying the sputtering intensity it is possible to know the composition of the surface or of the bulk (some atomic layer under the surface) [55]. Notably, also the optical absorption edge of a semiconductor may be retrieved by means of XPS [56]. XPS is also used to analyze trace dopants in semiconductors, such as in the case of Cu-TiO2 or N-TiO2. However, sometimes XPS sensitivity is not enough to discriminate between different oxidation states, and one needs to perform X-Ray Absorption Spectroscopy (XAS) measurements at a synchrotron facility [57], especially if the catalyst is supported as a film on a substrate giving a strong background signal, see Figure 2.
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Figure 2. Comparison of the Cu K-edge XAS spectra of Cu based materials to determine the oxidation state of Cu in a mixed sample (Cu-TiO2-500). Reprinted with permission from [57]. Copyright 2016 American Chemical Society.
	The surface morphology, which can have significant effects on reactivity and some textural properties may be directly observed by means of different microscopy techniques such as scanning electron microscopy (SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM) [58].
	The specific surface area (SSA) of a catalyst is one of the main parameters to be considered when photoactivity results are presented. In many papers authors compare different photocatalysts by keeping constant their surface area. Although this approach expresses the relevance of SSA in photocatalysis by analogy with heterogeneous thermal catalysis, it neglects the essential role played by the optical features. Furthermore, the photoactivity results may be easily normalized per unit specific surface area thus eliminating the SSA dependence [21].
Thermogravimetric characterization allows to quantify the amount of hydroxyl groups on the surface of the oxide photocatalysts. Particular attention must be paid to distinguish between phisically adsorbed water molecules and OH groups. To do so, a multi-step heating must be performed allowing the needed time to desorb physisorbed water from the surface, taking place at temperatures below 120 ºC. OH groups are typically recognized as active sites where photogenerated electrons or holes can be trapped. However, it was recently shown that the amount of reactive species formed during photocatalysis, is not directly related to the density of OH surface groups but also to structural parameters of the samples [59]. Therefore, it has been proposed that not all of the surface OH groups play an active role in determining the photoactivity. This finding has been obtained by means of electron paramagnetic resonance (EPR) spectroscopy which should be mentioned among the important characterization techniques allowing qualitative and quantitative information on the reactive paramagnetic species generated upon irradiation.
	Acidity is another essential feature of the surface, strongly affecting the interaction with substrates and intermediates. It is well known that some of the OH surface groups behave as Lewis acids or bases, differently interacting with the molecules present in the reacting medium. Titration procedures, also coupled with other techniques such as thermogravimetry, allow to get information on the acidity of the surface [60].
	It is worth to mention that Fourier transformed infrared spectroscopy (FTIR) and solid state nuclear magnetic resonance (NMR) are classical but powerful tools to investigate the interactions and the dynamics of compounds on the surface of semiconductors [61,62].
	However, the most discussed and intriguing feature of the surface is the presence of morphological and structural defects which are of great importance to determine the activity of a semiconductor. This is testified by the predictions of theoretical calculations applied on perfect surfaces which are very far from the behaviour of real powders. For instance, nearly stoichiometric (100) MgO is inert with respect to carbon monoxide but readily reacts with this molecule at low temperature in the presence of defects giving rise to carbonate complexes. The “virtue of defects” [63] consists in creating on the surface highly reactive sites due to impurities, geometric dislocations and/or local stoichiometric variations, capable to confer unexpected properties [64]. Morphological characterization, especially transmission electron microscopy (TEM) is able to evidence some types of defects. However a special class of point defects, known as oxygen vacancies may be considered as the “invisible agents” [65] on the surface of oxidic materials. Indirect evidences of oxygen vacancies may be obtained by taking into account their influence on the optical properties of the material or, inter alia, by considerations drawn from photoluminescence spectroscopy (PL), solid state NMR, XPS, and EPR results. Direct observation of oxygen defects may be achieved by means of atomically resolved scanning tunneling microscopy (STM) which also allows observation of their dynamics and their interactions with molecular oxygen. However, the great importance of the oxygen defects consists in their influence on the electronic structure of the material, whose main characterization techniques will be discussed in the following paragraph.

2.2.2.	Optical and electronic characterization
	Optical and electronic characterization techniques take into account the modifications occurring in the material upon light excitation. Inorganic photocatalysts are generally semiconductor materials in which energetically similar full or partially filled molecular orbitals create the so called valence band (VB), while empty orbitals energetically close to each other form the conduction band (CB). The energetic gap between VB and CB is a fundamental parameter to be considered in order to individuate the wavelength range in which the material can absorb the impinging radiation. Diffuse reflectance spectroscopy (DRS) is the most used and simple technique to get information [66], and it allows to distinguish between direct and indirect band gap, and sometimes also to detect multiple band gaps occurring especially in composite photocatalysts [28]. The most used method to determine the band gap of a photocatalyst is to consider the absorption coefficient of the powder proportional to the Kubelka Munk function, F(R’∞) which in turn can be obtained from reflectance (R’∞) data by means of Eq. 1.

										(1)

Where α and s are the absorption and scattering coefficient, respectively. A plot of (F(R’∞) hν)n, where n is a coefficient related to the type of the electronic transition, versus the incident photon energy (hν), and a subsequent extrapolation of the linear part of the plot to the x axis, defines the band gap energy. By considering some reports recently published, it is useful here to point out that the intercept must be taken with the x axis which is described by the equation y=0 (i.e. (F(R’∞) hν)n = 0 in the Tauc plot). Furthermore, this routine procedure can be used only under defined conditions such as monochromatic irradiation, infinitely thick sample (normally about 5 mm), low sample concentration, uniform distribution, and absence of fluorescence. The situation is even complicated by the presence of intermediate energy states, generally due to defectivity, whose energetic position cannot be safely evaluated with this method. Notably, a detailed “electronic map” of the energy states of a semiconductor, along with their relative electronic density can be retrieved by means of photoacustic spectroscopy [67] or a spectro-electrochemical approach [68] which have been recently proposed.
However, the knowledge of the band gap of a semiconductor is not sufficient for the knowledge of the absolute potential of the conduction and valence bands. In order to determine the potential of the photogenerated electrons many characterization techniques can be used. Photoelectrochemical methods such as capacitance, photocurrent onset, and open circuit photovoltage measurements have been proposed. Other methods such as a combined spectroelectrochemical approach or potentiometric titrations have been also reported [69]. By coupling the knowledge of the band gap and the absolute position of the conduction band edge, it is possible to estimate the potential of the valence band edge, thus obtaining a rough electronic map of the material. 
	Qualitative information on the recombination of the photogenerated charges can be obtained by means of photoluminescence (PL) spectroscopy [70,71]. In fact, recombination often results in releasing radiative energy which can be measured upon excitation of the sample at a suitable wavelength, so that higher values of the photoluminescence intensity correspond to higher recombination. However, the relationship between photoluminescence and photoactivity is not straightforward, as samples showing high photoluminescence response may be highly photoactive too. This may account for the hypothesized energy transfer based reaction mechanisms, only rarely approached up to now, occurring under experimental conditions favouring recombination.
	Steady state photoluminescence is not conclusive to assess electron-hole recombination, since a decrease of the PL signal switching from one catalyst to another, can be due either to a decrease of crystal defects and surface trap states, or to an increase of the charges lifetime [72,73]. The only way to discriminate between the two components is to perform time resolved photoluminescence measurements, which are able to provide information on lifetimes.
	Very detailed information on the electronic transitions and position of the bands can be obtained by using Resonant X-Ray Emission Spectroscopy (RXES): by exciting the semiconductor with a finely tuned X-Ray energy corresponding to the absorption edge of the semiconductor under study. This technique allows to simultaneously map the highest occupied electronic states (upon monitoring the valence to core transition), and the valence band by measuring the core to core transition [74-76].
	Transient spectroscopy [77] or photoelectromotive force measurements [78] have been used to evidence the life time and the dynamics of the photogenerated charges, which are also important parameters to be considered.
	The characterization of the optical properties of the semiconductor suspensions deserves a particular attention due to the engineering issues involved and to their importance from a practical point of view. This issue will be approached in the following paragraph.

3. Experimental
3.1. 	Photoreactors
	Several types of photoreactors with different geometry, in gas or liquid system, in continuous or in batch regime are commercially available. The geometry is one of the key parameters to consider when designing a reactor [2,3]. Indeed, it strongly influences the radiant field distribution and the mass transfer dynamics. It is worth mentioning that the comparison of photocatalytic results obtained in different researches is almost meaningless if the mass transfer is the rate limiting step. Similarly, if the geometry (or the amount of the photocatalyst) does not ensure homogeneous illumination and light distribution, the active photoreactor volume may be smaller than the nominal one, because the part of the reactor which is poorly irradiated gives a negligible contribution to the reaction. Figures 3 and 4 show some examples of different configurations of photoreactors with slurry and immobilized photocatalyst, respectively. Generally, the walls of the photoreactors are made by Pyrex glass although quartz glass sometimes is used, to allow total transmittance of visible and near UV radiation. The choice of the type of photoreactor depends on the aim of the research study. Generally, for laboratory tests focused on organic and/or inorganic pollutants degradation in liquid suspensions, batch photoreactors are preferred both mixed or in total recirculation mode because this configuration allows easy setting and control of the operating parameters. As far as the gas phase is concerned, it is convenient, whenever possible, to use continuous systems directly connected to the analysis instruments by means of automatic sampler valves. Similar considerations can be done in the case of photocatalytic syntheses, even if in these cases further optimization studies should be carried out in order to maximise selectivity and conversion. To this aim, microreactors have been recently proposed with promising results (see section 3.1.1). For kinetics studies the system must be in kinetic regimen, thus mass transport phenomena must be avoided. In this case it is preferable to use batch cylindrical or annular slurry photoreactors with a suitable radiation source able to uniformly irradiate the reacting dispersion. 
	Fixed bed photoreactors can be used also for kinetic analysis by choosing suitable operative parameters as the flowrate [3,79]. Care must be paid on the material used as support and on the various methods to deposit the photocatalytic film. Indeed, the active layer should possess a good mechanical resistance and a sufficient porosity.
	Moreover, when systems are used in which the impinging radiation is not filtered, as in Figure 3 (C), the UV-vis absorption spectrum of the substrate and of the photocatalyst must be compared with the emission spectrum of the irradiation system, especially if the study is devoted to the determination of the kinetics of the heterogeneous reaction. In this way photolytic reactions may be avoided and the nature of the light absorbing species can be assessed. 

Insert Figure 3 here

Figure 3. Some schemes of slurry photoreactors: (A) Annular batch photoreactor with immersed lamp axially positioned and cooling jacket; (B) Externally irradiated cylindrical batch photoreactor with cooling jacket; (C) Cylindrical batch photoreactor with cooling jacket, irradiated from the top; (D) Plug flow photoreactor (batch or continuous) externally irradiated artificially or with solar light.


Insert Figure 4 here

Figure 4. Some schemes of photoreactors with immobilized photocatalyst: (A) Annular photoreactor (batch or continuous) with cooling jacket, irradiated internally and/or externally; (B) cylindrical photoreator without cooling jacket, with the lamp axially positioned; (C) Flat photoreactor with immobilized photocatalyst irradiated artificially or with solar light from the top; (D) Step photoreactor with immobilized photocatalyst irradiated artificially or with solar light from the top; E) Flat photoreactor with supported photocatalyst irradiated artificially or with solar light.

	Only few bench and/or pilot plant scale systems have been studied so far. A pilot plant continuous stirred tank photoreactor was designed, built and tested in a power plant located at Puertollano (Spain) for the degradation of cyanides thereby produced [80]. Moreover, one of the first commercial plant was implemented by the Spanish company Albaida in Arganda del Rey (Spain) with the aim of treating the washing water of the plastic bottles containing pesticides used in greenhouses agriculture systems. The photoreactor was a solar continuous one (plug flow type) with compound parabolic collectors [81].

3.1.1. Photocatalytic microreactors
In recent years a great effort has been devoted to reduce the size of the reacting systems. The use of photocatalytic microreactors not only produces logistic advantages, such as the reduction of plant spaces and the possibility of mobile systems [82], but intrinsically affects conversion and selectivity of the considered reaction. In fact, with respect to conventional photoreactors it is possible to easily obtain laminar flow conditions, short molecular diffusion distances, large surface-to-volume ratios, high spatial illumination homogeneity, and good light penetration [83-86]. However, the most appealing feature of microreactors consists in the possibility to scale-up the process by simply increasing their number, each considered as a unit cell. The combination of several devices in parallel would definitely avoid the difficulties and the high capital costs of scaling from laboratory to production plant, while avoiding demanding pilot plant experiments and allowing faster transfer of results from research to production. Moreover, the reaction rates obtainable in microreactors are ca. one order of magnitude higher with respect to those typical of equivalent conventional reactors. 
	Generally, the photocatalyst was supported on the internal part of the glass window which cover the microchannels. In some cases the microreactor was manufactured with a titanium foil whose microchannels inner walls were coated with a mixture of TiO2 nanotubes or nanoparticles prepared in situ by a two-step synthesis, i.e. anodic oxidation and a hydrothermal treatment [83]. Typical microreactor configurations are shown in Figure 5.
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Figure 5: Typical microreactor configurations: (a) capillary glass microreactor setup. Reprinted with permission from [86]. Copyright 2015 Royal Society of Chemistry; b) and c) microreactor with serpentine microchannels. Reprinted with permission from [83]. Copyright 2013 American Chemical Society; d) microreactor with spiral shaped microchannels [85]. 

	Recently, as a synergy of optics and microfluidics, optical elements such as waveguides, lasers, and plasmonics have been integrated into microfluidic devices. Lei et al. [87] obtained an increase of the photoreaction efficiency by more than 100 times by using an optofluidic planar reactor. Moreover, optofluidic microreactors are able to perform photocatalytic reactions within a few seconds rather than the typically several hours in large-scale reactors. Li et. al. [88] developed a novel optofluidic microreactor with TiO2-coated fiberglass to enhance mass transport in the microreactor. Figure 6 shows some optofluidic microreactor schemes.

Insert Figure 6 here
Figure 6: Schemes of optofluidic microreactors: (a) Top and (b) cross section views of a photocatalytic microfluidic reactor. Reprinted with permission from [87]. Copyright 2010 American Institute of Physics. c) Scheme of an optofluidic microreactor with catalyst coated fiberglasses. Reprinted with permission from [88]. Copyright 2013 American Chemical Society.
	
	Photocatalytic microreactors are currently under investigation for environmental purposes, but synthetic applications are still rare [2]. Cambie et al. recently summarized the research of continuous-flow photochemistry in organic synthesis and discussed several potential reactor designs for multiphase reactions, e.g., single channel, falling film, and membrane reactors [89].
The above mentioned enhanced mass transfer, for instance, results in higher availability of oxygen as the electron scavenger, thus reducing electron–hole recombination and leading to high reaction efficiency. Two main challenges must be faced in the field of photocatalytic microreactors: (i) high efficiency and high throughput, (ii) efficient utilization of the irradiation and introduction of solar light.
Notably, reduction to millimeter-scale is sometimes enough to achieve the maximum selectivity so that some technical problems for the design of microreactors can be avoided. For instance, the design of the size and shape of the micro-channels should carefully take into account the fluid phase (liquid or gas), the type of reaction and the fluid-dynamic behaviour. 

3.2. Solvents
	When it comes to the choice of a solvent, one should pay attention to its capability to dissolve reagents and products, increase the reaction activity and selectivity (as it strongly affects the reaction mechanism and mass and heat transfers), facilitate product separation and catalyst recovery and recycling [90]. Moreover, the solvent should allow the direct contact between reagents and stabilize (for selective oxidations) or destabilize (for degradation or mineralization reactions) intermediates to hinder or promote their further conversion. Finally, it should not compete with reactants on catalytic sites and be non toxic, nonvolatile and possibly cheap. The best solvent fulfilling the above mentioned characteristics is, in many cases, water, widely used to conduct photocatalytic degradation of pollutants at low concentration levels.
	However, due to the low solubility of many organic compounds in water and the generation of strongly oxidizing radicals from this solvent, water has a limited utilization in selective organic conversions [47,48].
	Despite the majority of the photocatalytic syntheses have been performed in organic solvents such as acetonitrile, water has been successfully used as the solvent for the oxidation of alcohols [91,92], amines [93], bioactive molecules as trans-ferulic acid, isoeugenol, and glycerol [94-96], selective cyclization of aromatic acids [97] and vitamin B3 [98,99].
	The problem of the low solubility of reactants in water may be overcome by using mixed solvents. Dimethyl carbonate has been used as a green solvent in the presence of small amounts of water for the photo-oxidation of phenanthrene in a fixed bed annular photoreactor [24].
	Carbon dioxide in supercritical conditions has been also used as a green, non-toxic and environmental friendly solvent. The physico-chemical properties of supercritical CO2 allow high solubility of substrates and easy solvent separation by transition of CO2 to the gas phase [90,100,101]. However, the high operative costs dramatically hinder large-scale industrial applications [102,103]. Supercritical CO2 has been rarely used as the solvent in photocatalysis [104], and most of the applications aim to CO2 reduction [105,106] or preparation of new photocatalysts [107,108].
	Ionic liquids and glycerol have been also used as green solvents. Ionic liquids can dissolve a large range of substrates [109,110]. They also enable easy product separation and catalyst recycling. However, their production process is hazardous and costly for large-scale applications. Glycerol is very attractive due to the interest to commercialize this co-product of oils and fats industry. However, its high polarity and viscosity strongly limits its use as a solvent [90].


3.3. Irradiation sources
3.3.1 Lamps
	The radiation source is an important factor to be considered in a photocatalytic system. Many different types of lamps with different emission spectra and powers are commercially available. There are five main types of radiation sources: (a) arc lamps; (b) fluorescent lamps; (c) incandescent lamps; (d) LEDs; (e) lasers. 
In particular, for mercury lamps a classification based on the pressure of Hg can be as follows [3]:
1. Low-pressure Hg lamps: The pressure of Hg vapour is about 0.1 Pa at 25 °C and the lamp emits mainly at 253.7 and 184.9 nm.
2. Medium-pressure Hg lamps: The radiation source contains Hg vapour at pressures ranging between 100 and several hundreds of kPa. This type of lamp emits mostly from 200 to 1000 nm with most intense bands at 313, 366, 436, 576, 578 nm.
3. High-pressure Hg lamps: The radiation source contains Hg vapour at a pressure higher than 10 MPa with emission in a continuous background and broad lines from 200 to 1000 nm.
4. Xenon and Hg-Xenon lamps: Xenon lamps are used to simulate the solar radiation and the addition of Hg vapour increases the intensity of radiation in the ultraviolet region (both Xe and Hg vapours are at high pressure).
	In the fluorescent lamps an emitting fluorescent substance deposited in the inner side of a glass cylinder emits at suitable wavelength when it is properly excited by the plasma generated with an electric discharge in the gas filling the lamp. Actinic lamps have emission in the near-UV region with a typical emission peak at ca. 365 nm.
	Sometimes also incandescent lamps are used in photocatalysis. Indeed, halogen lamps have a tungsten filament sealed in a transparent case filled with an inert gas with small amounts of a halogen as iodine or bromine. This type of lamp is used to simulate sunlight (emits also in the near-UV region) and needs a cooling system.
	LEDs are special diodes formed by a thin layer of p-n junction doped semiconductor material which emits photons through the recombination of electron-hole pairs. For instance GaN based LEDs are used to generate UV light at ca. 350–370 nm.
	LEDs are the most used radiation sources due to their low price, flexibility and wide range of intensity and emission spectra. However, despite the advantages of LEDs, these can result in irradiation systems less effective than traditional ones, since light distribution can hardly be optimized, with highly heterogeneous irradiation intensities in reacting systems. Accordingly, the reactor design must take into consideration the use of LEDs to provide homogeneous light distribution, thus minimizing detrimental effects on reactivity [111]. In fact, if the reactor is not uniformly illuminated, as it generally occurs by using LEDs, a 3D simulation with a suitable number of spatial points and directions of propagation of light is required for a rigorous kinetic analysis. However, the local values of the kinetic parameters may be satisfactorily approximated by the average values experimentally accessible for sufficiently low values of optical thickness [112]. Some lamps supposed to emit visible light, such as halogen lamps and metal halide lamps, present small shoulders in the UV region which may considerably affect the photoactivity results. In this case it is important to use solid cut off filters or solutions (as NaNO2) able to cut off the UV radiation. Notably, sunlight simulators, ensuring reproducibility and repeatability of experiments, are commercially available. 

3.3.2 Sunlight irradiation
	Experiments under real sunlight have to be carefully carried out. Indeed, many factors influence the irradiation as location and time at which the experiments are performed and weather conditions. In order to ensure reproducibility, photoactivity results under solar irradiation must be plotted versus the cumulative photonic energy incident on the reactor, Ehν, rather than versus irradiation time [113] which is in practice the dose of the radiant energy which the reactor receives. However, in view of the fact that the quantum yield is a function of the radiation intensity, this procedure is not fully correct. In fact, if the time evolution of the sunlight intensity changes, the same photocatalytic conversion may be achieved with different values of the cumulative photonic energy or the same cumulative photonic energy may give different conversions.
	Anyway, this quantity can be evaluated as:

 										(2)

where I(t’) is the photon flow [Einstein/s] at time t’ and t the irradiation time. The values of I may be obtained from the measured irradiance (UVG, W∙m-2) through Eq. 3:

 											(3)
where S is the geometrical irradiated surface and UVG can be easily expressed in Einstein∙s-1∙m-2 by using the Planck’s equation (E=hc/λ) when the radiation spectrum is known.

3.4 Photocatalysts: in suspension or as immobilized films?
	Reactors with suspended photocatalyst particles have a uniform catalyst distribution and a relatively high photocatalytic surface-to-volume ratio. As a consequence, the typical slurry systems applied in laboratory show greater efficiencies than immobilized systems [114]. For practical uses, however, this configuration presents some drawbacks. The first one is the separation of the solid particles from the solution in order to be reused. This task is not easy as in some cases is not possible to remove completely the solid and moreover it is an expensive and time consuming process.
	The second drawback is the penetration depth of UV light which rapidly decreases due to the strong absorbing properties of the photocatalyst particles and other organic molecules and to scattering and reflection phenomena.
	Fixed bed photoreactors are a better and more practical option for photocatalytic reactions. The main drawbacks of immobilized photocatalyst are the limited amount of exposed active surface area, and the possibility of mass-transfer limitations.
	In many cases, some commercial applications of photocatalytic technology have encountered problems due to the lower photonic efficiencies and reactor performance of the scaled up systems with respect to the preliminary laboratory experiments. Notably, reactor performance refer to the capability of the set-up to afford the reaction rate, selectivity and conversion as similar as possible to the maximum values theoretically obtainable. Key phenomena in this regard are light penetration, mass transfer limitations, and photocatalyst loading. These phenomena influence the irradiation efficiency, i.e. the amount of activated photocatalyst (i.e. effectively irradiated) with respect to its total amount in the system. 
	Moreover, for industrial purposes, slurry systems still require large installation areas for an effective utilization of the captured energy.
	In any case, the irradiation efficiency, can be optimized more easily in systems with immobilized photocatalyst, given that the penetration depth of UV light in a slurry is limited, while absorption of thin photoactive layers [79,115] is smoothly achieved.
	On the other hand, photocatalytic thin layers present problems [116,117] related to the transport of the reactants towards the photocatalyst surface, so that the overall process may be controlled by mass transfer steps. Notably, the optimization of the thickness of the photocatalytic bed is not straightforward because the radiation propagation through the bed is not a linear phenomenon, and the support used in the photocatalytic bed must be transparent to the applied radiation [118,119]. Finally, it is worth to mention that most of the commercially available photocatalytic applications are related to air purification based on gas solid photodegradation reactions on supported photocatalytic materials. Even if of higher technical importance, gas/solid applications have been less investigated with respect to the liquid/solid systems in the relevant scientific literature. However, this trend is rapidly changing by considering the growing interest on photocatalytic microreactors (see section 3.1.1). 

3.5 Standardization issues
	Standardized protocols have been developed to assess the performances of supported films for industrial applications, allowing a comparison of different photocatalysts. In particular, in the field of air purification, ISO standards are available for testing NOx (ISO 22197-1:2016), acetaldehyde (ISO 22197-2:2011), toluene (ISO 22197-3:2011), formaldehyde (ISO 22197-4:2013), and methyl mercaptan (ISO 22197-5:2013) abatement. Standardized tests are also available for water purification from DMSO (ISO 10676:2010), for the assessment of self-cleaning properties through methylene blue degradation (ISO 10678:2010), and photosterilization (ISO 27447:2009) [120].
	Apriori setting of the experimental conditions, although necessary for standardization purposes, may give rise to some issues reported in the relevant literature. For instance a critical point concerns reactor type and configuration used in the standardized experiments [121], and the conditions to be met in order to obtain reliable results. Generally, the central problem for standardization of the photocatalytic efficiency is the reaction rate evaluation. In gas/solid experiments different reactors, such as batch or flow-through (both continuous stirred-tank reactor, CSTR, or plug flow reactor, PFR), have been used. However, the ISO 22197 norms describe test methods carried out in a PFR. It is evident that only in a continuous reactor system it is possible to unambiguously observe, for example, catalyst poisoning or improvements of the reaction rate, whilst in batch regimen these effects will be hidden due to the interference of the products which can in turn degrade according to their kinetic law. However, as the section of flow is fixed (50 x 5 mm), the PFR configuration is problematic for real supported samples with a surface curvature, or for which a perfect cutting is not possible. On the other hand, a reactor allowing to place samples of arbitrary volume and surface, like CSTR, presents relevant advantages with respect to PFR. Even if a PFR is more efficient than a CSTR having the same volume [122], in a CSTR all the catalyst surface is exposed to the same (output) concentration [118]. The resulting perfect mixing condition implies that different samples can be fit in the reactor thus overcoming the above mentioned limitations. Furthermore, a CSTR configuration presents a lot of advantages for practical uses. In fact, mass transfer limitations can be reduced by using forced ventilation and consequently volume, shape of supported catalyst and gas flow can be changed without relevant constraints. Furthermore, while the values obtained in PFR may be seen as mean values, the CSTR configuration affords an evaluation of the photocatalytic rate more close to the intrinsic ones. For these reasons, the European Standard Organization (CEN) is currently working on standard test methods performed in CSTR configurations.
Some researchers focused the problem of identifying a reference photocatalyst which could be considered an indicator for high activity [40]. Commercial TiO2 Degussa P25 (Evonik) is the most used photocatalyst for comparison purposes. In fact, it has been thoroughly investigated and it presents a very high photoactivity [123]. However, its high activity could not be guaranteed for all of the reactions, and in some cases it is useful to compare photocatalysts in the same polymorphic form because P25 consists of a mixture of anatase and rutile. Commercial TiO2 powders are available in the form of anatase (for example Merck), rutile (for example Sigma-Aldrich) or brookite (for example Sigma-Aldrich) and these samples can be also used as standards when the crystal phase is a relevant parameter. 

3.6. Assessment of catalyst amount 
	In many publications, fixed masses of different photocatalysts are used and the results are compared without performing any optimization procedure. Generally, very high amounts of photocatalysts are used. It is important to consider that the optimum catalyst amount depends mainly on the optical features of the photocatalyst suspension, the photoreactor geometry, and the properties of the used light source. This problem is not barely an experimental issue, as it dramatically influences the possibility of comparing scientific results. Rate constants are often reported in the literature to compare the activity of various photocatalysts, as usually done in thermal Chemistry. However, this approach is not justified for all of the reactions induced by light in which light absorption mainly influences the reaction. Therefore, most of previously reported comparisons have to be taken with care. In fact, as described in the following sections, the reaction rate depends on the absorbed light intensity, which is difficult to be estimated, especially in heterogeneous systems where scattering and reflection phenomena cannot be disregarded. This problem can be faced by solving the radiant transport equation (still a difficult task, see section 4.3) locally describing the radiant field, or by introducing simplifications which allow a semiquantitative comparison, at least within one research group where, generally, one reactor type is used. For instance, it has been proposed to measure the reaction rate as a function of the increasing catalyst amount [124]. The reaction rate first increases linearly and then reaches a plateau. In irradiated slurries the photoreaction rate depends on the rate of photon absorption, which in turn depends on the concentration of the species which can absorb light. At high catalyst amounts per unit volume the observed reaction rate generally reaches a plateau because the increase of reaction rate due to the increased exposed area is balanced by the reduced penetration depth of photons. Indeed, for amounts of catalysts higher than an optimum value which depends on the system under investigation, only the dispersion layers closer to the light source are effectively irradiated, whilst the farthest layers are shadowed by the nearest ones, thus reducing the active reaction volume of the reactor. For these reasons, in order to compare the photoactivity of different photocatalysts it is important to select their amount close to the onset of the plateau region, where most of the incident photons are absorbed by the reacting suspension. Some authors select the catalyst amount by means of photon flux measurements, as the one which ensures that not more than 10% of the incident radiation exits the reacting suspension [91,125]. It is worth to mention that in the case of photocatalysts immobilized on a support, the plateau region observed when increasing the amount of deposited catalyst mainly originates from mass transfer limitation [126]. 

3.7. Model compounds for photocatalytic tests
	As a matter of fact, dyes are the most used model compounds for photocatalytic tests [127-130]. This is mainly due to the very simple analytical techniques, generally UV-vis spectroscopy, used for their quantification in liquid solutions even at low concentrations. However, the utilization of dyes as model pollutants should be avoided as their use undermines the generality required when testing novel photocatalysts, particularly under visible irradiation [131]. Indeed, the primary light induced step in the presence of dyes may be their light absorption in the visible region and the consequent injection of electrons from their excited state to the conduction band of the semiconductor. In this case an “indirect” photocatalytic mechanism can take place, and no information on the activity of the photocatalyst as the primary light absorbing species could be obtained [33,132,133]. For these reasons, it is strange that methylene blue (MB) has become one of the most commonly used model compounds in photocatalysis, and it is not rare to find reports where the visible light photocatalytic activity of some powders is claimed on the basis of MB decolorization tests [134-139]. Notably, ISO standard 10678:2010 restricts the use of MB only to tests performed under UVA irradiation [120,140]. In addition to the above mentioned issues common to all dyes, MB presents highly peculiar photochemical properties which make its use in photocatalysis even more odd. In particular, two electrons reduction of MB yields leuco-methylene blue (colorless), while one electron reduction produces the corresponding pale yellow anion radical [131]. Furthermore, Mitoraj et al. [141] recently pointed out that MB degradation on InVO4/BiVO4 composites is induced by singlet oxygen generated from triplet oxygen through the well known visible light induced MB sensitization. Given this highly specific photochemistry of MB, its use as a model pollutant should be strongly discouraged. Other molecules, absorbing in the UV region, once adsorbed on the semiconductor may form charge transfer (CT) complexes who behave as the light absorbing species, initiating an indirect photocatalytic mechanism [142]. Indeed, this mechanism could allow visible light activation of a system in which neither the photocatalyst nor the adsorbate themselves absorb visible light. Even if the adsorbate is colorless, it could form a colored charge transfer complex chemically interacting with the surface of TiO2. Therefore, also these types of substrates must be avoided when testing novel photocatalysts. In this case a simple diffuse reflectance spectrum of the photocatalyst impregnated with the substrate, may evidence formation of novel CT bands, thus indicating if the molecule is a suitable model compound or not. A different situation occurs when the photocatalytic degradation of the above mentioned species as emerging contaminants is the object of investigation to highlight the degradation path, the intermediates, and the kinetics.

3.8. 	Mechanistic considerations
	As already pointed out in the previous section, if the semiconductor absorbs the impinging light, the resulting photocatalytic process is called “direct”. On the other hand, when the light absorbing species is the substrate or its charge transfer (CT) complex with the semiconductor, the process is called “indirect”. The two mechanisms can be experimentally distinguished. If the action spectrum, i.e. a plot expressing the wavelength dependence of the reaction rate, is similar to the UV-vis absorption spectrum of the photocatalyst, the mechanism is direct, while if it is similar to the absorption spectrum of the substrate or of the CT complex the mechanism is indirect [143,144].
	Generally, the photogenerated charges reduce and oxidize an electron acceptor (A) and an electron donor (D), respectively. In most of the photocatalytic reactions, the primary redox products A-· and D+· evolve into the final products according to a mechanism which has been classified as type A photocatalysis. Some rare examples of additions of two (Eq. 4) or three (Eq. 5) components have been also reported and can be classified as type B photocatalysis.

A + D → A-D 										(4)
A + D + C → A-D-C 										(5)
	Recently, it has been observed that the photocatalytically produced stable compounds further react in the bulk of the solution or catalytically on the surface of the semiconductor thus producing the target species.
	Worth of note are the cases where the activity of mixed semiconductors is under consideration. In those cases the optical and electronic properties of the single components and the deriving interactions should be considered to propose a mechanistic hypothesis. Generally, if the bands edges position allows spatial charge separation, the activity of the composites is generally higher than that of the single components. Notably, in some cases, when the components present strong electronic interactions, the resulting electronic structure of the composite is altered compared to the single components so that the energetic values retrieved in literature may not be safely used for mechanistic considerations. This occurs for instance in vanadium, chromium, iron or nickel doped TiO2 prepared by ion implantation, [145] for GaN–ZnO solid solutions [146] and for some ZnO-Fe2O3 systems [147]. The strong interactions between two electronic systems may be unveiled by simple UV-vis spectroscopy which generally evidences band gap shifts rather than novel adsorption shoulders.
	Degradation experiments of emerging contaminants are often carried out by measuring the reduction of the pollutant concentration during irradiation time [148]. However, the toxicity of degradation intermediates and by-products may be even higher than that of the starting contaminant. Therefore it is necessary to investigate the degradation path of the considered substrate in order to determine the highest possible number of generated intermediates along with their toxicity. The total mass balance must be verified by means of total organic carbon (TOC) analysis which gives information on the percentage of mineralization, i.e. the total oxidation of the organics to small molecules where they appear in their highest oxidation state (e.g. CO2 and H2O when the substrate contains only C, H, and O). Obviously, the percentage of the initial substrate totally mineralized should be maximized. Notably, TOC analysis is a powerful tool also when photocatalysis is used for synthetic purposes. Indeed, by measuring variation of TOC in the reacting medium, it is possible to determine the amount of CO2 (inorganic carbon) generated by the total oxidation of the reactant. In this way useful information on the mass balance of the considered reaction may be retrieved.

4. 	Modelling photocatalytic reactions
4.1. 	Photoadsorption
	The dark adsorption properties of many semiconductors with respect to specific substrates cannot be neglected [149,150]. As generally the substrate concentration is measured in solution, the adsorbed amount under dark should be taken into consideration. Therefore it is advisable before illumination of the photocatalytic system, to wait until adsorption-desorption equilibrium is obtained. This may be easily done by measuring the substrate concentration prior to irradiation until a constant value is reached. Analogously, dissolved oxygen concentration must reach its saturation limit at the given experimental conditions before irradiation. Despite the important role played by dark adsorption in photocatalysis, as above mentioned, a thorough discussion on this topic is out of the aims of the present work. In fact, unlike the thermally activated catalytic reactions, where dark adsorption is of fundamental importance as testified by the endless related literature, light induced processes must also take into account the interaction of molecules with an irradiated surface. Indeed, the surface of the photocatalyst dramatically changes under irradiation, thus causing photoadsorption and/or photodesorption phenomena, depending on many factors such as crystal phase and crystallinity, surface properties of catalyst, features of adsorbed molecules, radiation spectra and its intensity in the measured region, pH, and solvent features. Unfortunately, dark adsorption tests are often straightforwardly related with the photoactivity. Even if, generally, strongly adsorbed substrates (in the dark) may be degraded faster than weakly adsorbed ones, the interaction molecule-surface may dramatically change under irradiation. For this reason photoadsorption and photodesorption phenomena must be taken into account, although they are difficult to be estimated due to the fact that during irradiation the substrate not only photoadsorbs or photodesorbs, but it is also chemically consumed. Moreover, the formed intermediates may compete with the substrate so that several parameters are involved making the problem challenging.
	To the best of our knowledge this problem has been investigated by Augugliaro et al. [151]. It has been proposed a method to evaluate the photoadsorption phenomena in liquid-solid systems. This study allows to evaluate the photo-reaction mechanism and kinetics on the catalyst surface in real operative reaction conditions and to correctly compare the performance of different photocatalytic systems.
	The Langmuir-Hinshelwood (LH) model can be used satisfactorily for the description of the observed kinetics of a catalytic reaction. This model assumes that the rate determining step is the reaction between reactants adsorbed in monolayer onto the catalytic surface and that the adsorption/desorption steps are rapid equilibrium processes. Moreover, both reaction rate and adsorption isotherm have the same analytical form (i.e. saturation function of Langmuir isotherm form). However, in the case of photo-induced processes some precautions should be taken. For instance, the dark adsorption equilibrium constant is not the same as the equilibrium photoadsorption constant which depends also on the light absorption. The obtained equation by using LH model for photoadsorption determination is showed below [151]:

 			(6)

	in which, CL is the concentration in the liquid phase (M) at tıme t, CL,0 the substrate initial concentration (M) after photoadsorption equilibrium ıs establıshed, k the pseudo-first-order rate constant (mol m-2 h-1), K*L the Langmuir equilibrium photoadsorption constant (M-1), N*S the maximum capacity of photoadsorbed moles of substrate (mol g-1), N*S,Ox the maximum capacity of photoadsorbed moles of oxygen (mol g-1), SS the catalyst specific surface area (m2 g-1), t the time (h), V the volume of the liquid phase (dm3), W the mass of catalyst (g).
The value of CL,0 is unknown but it could be determined by the regression analysis carried out with the experimental data obtained after startıng irradiation [151]. 
	Eq. 6 contains four unknown parameters, K*L, N*S, k, and CL,0, whose determination may be carried out by a best fitting procedure. Indeed, k and CL,0 may be determined considering the two asymptotic situation of the Langmuir isotherm at very low and very high substrate concentrations [151]. At very high substrate concentration (K*LCL >>1) the fractional sites coverage by the substrate can be written as:
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which leads to the following equation:

 										(8)

	representing a linear relationship between the substrate concentration in the solution and the irradiation time. The intercept and slope allow to determine the CL,0 and k values.
	At very low concentrations the inequality K*LCL <<1 is assumed to hold and the fractional sites coverage by the substrate becomes:
 								(9)

	leading to the following equation;

 									(10)

	In which CT,0 is the total initial concentration of the substrate (adsorbed onto the catalyst and dissolved in solution). Also Eq. 10 represents a straight line in which CL,0/(CT,0 – CL,0) is the dependent variable, CL,0 is the independent variable, V/(WN*SK*L) is the linear coefficient, and V/(WN*S) is the slope of the straight line. Thus, by plotting CL,0/(CT,0 – CL,0) vs. CL,0, one can determine the maximum adsorption capacity, N*S, and the equilibrium photoadsorption constant, K*L, respectively.
	Determination of K*L allows checking the inequalities expressed by K*LCL >>1 and K*LCL <<1. For the runs for which the previous inequalities do not hold, Eq. 6 must be used for determining the only unknown parameter contained in it, that is, the CL,0 value. 

It could be interesting to present, as an example, the determination of the photoadsorption of benzyl alcohol on a mainly amorphous home-prepared TiO2 photocatalyst (HP0.5) [151]. Figure 7 reports the photoactivity results obtained from representative runs carried out at different initial benzyl alcohol concentrations under UV irradiation by using the same amount of HP0.5 (0.4 g/L). The concentration values reported for zero time correspond to those of the starting solution, i.e. without catalyst and irradiation. It must be noticed that at the end of a dark period, lasting 30 minutes, the benzyl alcohol concentration in the suspension is only a little smaller than that of the starting solution. Calculations of photoadsorbed amount, however, have been performed by hypothesizing that all the molecules present on the catalyst surface participate to the photo-process and therefore the concentration of the starting solution has been taken into account.

Insert Figure 7 here
Figure 7. Benzyl alcohol concentration vs. irradiation time. HP0.5 amount: 0.4 g/L, lamp power: 500 W. Empty symbols indicate the concentratıon of the starting solution (CT,0). The solid lines show the Langmuir photoadsorption model (Eq. 6). Reprinted with permission from [151]. Copyright 2009 Elsevier.

On this basis the Langmuir isotherm satisfactorily describe the photoadsorption phenomenon. The validity of Langmuir model to describe photoadsorption has been confirmed by using its linear form (Eq. 10). Indeed, Figure 8 reports the values of the CL,0/(CT,0 – CL,0) group (obtained with the same mass of catalyst and the same lamp power) versus the equilibrium concentration of benzyl alcohol (CL,0). Straight lines represent Eq. 10 and a very good fitting (R2 > 0.99) with the experimental data (symbols) can be noted.

Insert Figure 8 here
Figure 8. Linear form of the Langmuir model represented in the plot of CL,0/(CT,0 – CL,0) (left hand side of Eq. 10) versus CL,0. Lamp power: 125 W (♦), 500 W (▲), in the dark (○). The dark data are multiplied by 10-3. The solid lines represent the Langmuir photoadsorption model (Eq. 10). Reprinted with permission from [151]. Copyright 2009 Elsevier.





 and  can be retrieved from the slope and the linear coefficient of the straight lines shown in Figure 8. The obtained values are very similar to those determined by using Eq. 6 (standard deviation ca. 4 %). Figure 8 also shows the adsorption results under dark conditions. The LH equilibrium constant (KL = 350 M-1) and the maximum adsorption under dark conditions (NS = 4.57 10-6 mol∙g-1) values were determined by a least square fitting procedure. It can be noticed that the photon flow absorbed per unit mass of photocatalyst is the parameter which mainly affects the photoadsorption phenomenon. Indeed, results reported in Figure 9 show that,and k values increase by increasing the specific photonic absorption. The positive influence of light intensity on the photoadsorption is showed in Figure 9 which reports also results of dark experiments.
The values of KL* and NS* are one and two orders of magnitude, respectively, higher than those obtained in the absence of irradiation. 

Insert Figure 9 here
Figure 9. Kinetic and Langmuir model parameters values (see Eq. 6) versus the absorbed photon flow per unit mass of catalyst (HP0.5). ♦, K*L; ▲, N*S; ■, k. The empty symbols on the y ordinates refers to dark conditions. Reprinted with permission from [151]. Copyright 2009 Elsevier.

4.2.	Radiant field
	The main difference between a photoprocess and a classical one is the need of photons which act as reagents for the generation of electron-hole pairs [112,152]. The photons participating to a reaction can be considered as immaterial reactants, which cannot be mechanically “mixed”, differently from the “conventional” ones. Then, in order to obtain an optimal and efficient light distribution, the properties of the system (i.e. geometry of the reactor and of the irradiation source) are of fundamental importance.
	The radiant field in the reaction environment depends on: i) light absorbing species; ii) type of reactor and its geometry; iii) radiation source; iv) type of photocatalyst. The radiant field modeling requires the application of mass balances related with fluid-dynamics aspects, and with the kinetics law. Moreover, it is necessary to know the rate of photon absorption, which cannot be measured locally and may vary very much in different points inside a photocatalytic reactor.
	The scattering albedo (ω) which considers the optical properties of the photocatalyst (the fraction of dispersed energy) and the optical thickness (τ) which characterizes the degree of opacity of the reacting dispersion [153,154] are the most important dimensionless parameters to be considered.

 											(11)
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	Where CCat is the photocatalyst mass concentration, δ the thickness of the reaction volume and κ* and σ* the specific absorption and scattering coefficients, respectively. These are average values calculated over the spectrum of the incident radiation. Depending on the particle size, the scattering phenomena involved can be described by using different laws. Rayleigh scattering (elastic scattering) occurs in the presence of particles of very small size (dp < 0.03-0.06 μm for near-UV radiation). Mie theory is used in the presence of particles of any size, while specular and diffuse reflectance models (geometrical optics) are used for particles of large size (dp > 0.5 μm for near-UV radiation) [155]. Even if the most rigorous approach to the problem consists in solving the radiation transfer equation [156-165], some simplifications may be assumed under certain conditions. One of the most used approximations is that the radiation field intensity within the suspension may be described by means of expressions similar to the Lambert–Beer law (LBL) [166]. This approximation is based on the following assumptions: (i) the incident radiation impinges vertically on the suspension which is assumed consisting of parallel rectangular shaped layers, (ii) each layer is subjected to diffuse radiation, (iii) both absorption and scattering coefficients are ıntrınsıc properties of the irradiated layer, (iv) the cosine–Lambert law is valid (hypothesis of isotropic distribution of scattering, neglecting the regular reflection) and in this case the phase function is equal to one, (v) the particles with size smaller than the thickness of the layer are randomly distributed and, (vi) the size parameter z (see Eq. 13) satisfies the following relation [167].

 										(13)

	Experimental methods have been developed to determine the optical parameters under specific conditions. Yurdakal et al. [114] determined both scattering and absorption coefficients of aqueous TiO2 suspensions irradiated by a monochromatic radiation by means of transmitted photon flow measurements. Actinometric analyses, as a function of the mass of photocatalyst allowed to estimate the transmitted light (T) and an asymptotic form of the Kubelka–Munk solution of the radiative transfer equation has been used to determine the scattering and absorption coefficients. The solution of the radiative transfer equation, in its hyperbolic form, may be expressed by Eq. 14 [168].

 				(14)

	In which x represents the thickness of the participating medium and the two parameters κ* and σ* are the absorption and scattering coefficients, respectively. 
	The influence of the optical thickness (i.e. photocatalyst load) on the reaction rate depends on type of solid, particle size and optical parameters previously described. Generally, the dependence between the observed reaction rate and the concentration of the photocatalyst is linear by increasing the amount of photocatalyst. Consequently a plateau is reached in condition of light saturation, and finally a decrease of the observed reaction rate is observed for high τ, due mainly to the reduced penetration depth of light. 

4.3. 	Reaction rate and quantum yield
	The intrinsic rate of a photocatalytic reaction depends on the quantum yield and on the absorbed radiation. 

	The rate, ȓ, per unit mass of photocatalyst is the product of the specific rate of photon absorption, (SRPA) and the quantum yield η [169].

 											(15)


expresses the moles of photons absorbed per unit mass of photocatalyst and per unit time i.e., the ratio between the volumetric rate of photon absorption, φλ, and the photocatalyst concentration (Eq. 16). 

 											(16)
	The primary quantum yield can be defined, in general, as the ratio between the moles of molecules reacted in the primary processes (i.e. the ınıtıal ınterfacıal electron transfer) and the moles of absorbed photons at wavelength λ:

 								(17)

	It is possible to find a different definition of quantum yield, the “overall quantum yield”, used for practical applications. This parameter is not an intrinsic kinetic parameter, but it depends on the process.
	It is defined as the ratio between the moles of molecules of the reactant reacted and the moles of absorbed photons at the wavelength λ 

 								(18)

	For its determination not only the primary events but also all of the other secondary reactions are taken into account [118].

	This has caused many researchers to report a so-called “quantum yield” estimated on the basis of the incident light rather than the light actually absorbed by the heterogeneous system. Indeed, the determination of the absorbed photons implies also the knowledge of the fractions of transmitted, reflected and scattered light in dispersed photocatalytic systems. 
	In some cases, for peculiar experimental set ups, it is possible to simplify this problem. 
	Emeline et al. [170] proposed to apply the concept of a black body like reactor to measure the quantum yield of photochemical reactions in liquid-solid heterogeneous systems. Due to the reactor geometry and the sufficiently high loadings of photocatalyst, both reflectance and transmittance of light, can be neglected, so that the experimental determination of the quantum yield required only measurements of reaction rates and irradiance of the actinic light.
	Studies by Sun and Bolton [171], and by Salinaro et al. [172] proposed the application of an integrating sphere to determine the absorbed light and developed a standard protocol using the photodegradation of phenol over TiO2 (Degussa P25) as the standard photoreaction. Another experimental method which used a macroscopic balance of energy by actinometric measures of transmitted photons was proposed by Augugliaro et al. [114]. 
	As far as the photoreactions in gas-solid regimen are concerned, Joo [173] obtained the amount of photons absorbed by a supported photocatalyst by means of a portable radiometer, an optical fibre and a suitable home-made accessory, during the oxidation of isopropyl alcohol, as the test reaction. However, the most rigorous and general approach to determine the quantum yield and to correctly model the kinetics of photocatalytic reactions [156-158] is to solve the radiation transfer equation (RTE) which considers the effects of absorption and scattering. The solution of RTE has been carried out by using numerical methods based on Monte Carlo simulations [159,160] and also by means of the discrete ordinate method (DOM) [156,161-163], analogously to the case of radiative heat transfer [164]. However, these methods require to perform two independent measurements [165] to obtain separate values of the absorption and scattering coefficients, and moreover they do not provide analytical solutions.

4.4 Are average values enough to describe intrinsic kinetics?
	Generally, the radiation inside the reactor volume is not homogeneously distributed.  Then, in any kinetic experiment, it is necessary to differentiate the local values of the different quantities (quantum yield, SRPA, reaction rate,) from their average values, which may be measured by an external observer. The local values (impossible to be experimentally measured) represent the theoretical values that should be known for the evaluation of the “intrinsic kinetics”, i.e. the rate which considers only events occurring at a molecular level. Therefore, by definition the intrinsic kinetics does not depend on phenomena such as radiant energy and mass transport occurring on a macroscopic scale in a real reactor. It is possible to determine experimentally both the quantum yield [114] and the quantum efficiency [174] for geometrically simple systems. In general, their correct evaluation requires the demanding solution of the radiant transport equation. On the other hand, the local values are similar to the average ones for a photodifferential reactor, i.e. when the difference between the light entering the system and that transmitted is low (theoretically infinitesimal). This occurs when the catalysts mass concentratıon is very low. However in these conditions the reactıon time would be very long thus causing experimental disadvantages. Recently, it has been demonstrated that at suffıciently low values of the optical thickness, τ, the reactor approaches the “photodifferential” behavior and it is possible to use the average values of the reaction rate in the kinetic equation instead of the local values with negligible error. The possibility of operating at this value of the optical thickness is positive because it allows to use the experımentally accessible average values for the kinetic analysis, and at the same time to absorb enough radiant energy with a significant reduction of the reaction time. The maximum acceptable value of the optical thickness depends on the extent and the type of scattering and on the reactor geometry. As an example, for Evonik P25 TiO2 under UV light irradiation, the optical thickness which makes the reactor similar to a photodifferential one is about 2.5.
	Moreover, these conditions allow to obtain high values of the average SRPA even at low irradiation conditions. On the contrary, at higher optical thickness values, it is not possible to correctly determine the intrinsic kinetics because the average values signifıcantly differ from the local ones. 
	Anyway, the local values of the reaction rate and of the SRPA can be obtained by the solution of the radiant energy transfer equation, the flow field and the substrate mass balance. By using these values, the kinetic analysis is rigorous and does not need specific simplifications. To this aim the system needs to be quite strictly modeled. For instance, if the reactor is not well illuminated, a 3D simulation with a suitable number of spatial points and of directions of propagation of the light is required [169].

4.5 Physical meaning of kinetic parameters and different kinetic models
	Kinetic analysis is employed to obtain the rate equation and to estimate the related parameters. The Langmuir–Hinshelwood (LH) model is used very often to describe the observed kinetics of most of the photocatalytic reactions in liquid-phase [31,175-178]. By assuming LH kinetics for a general photocatalytic degradation process of a species A, the expression for the reaction rate, rA, can be written as:

 										(19)

Where θA and θOx are the fractional sites coverages by A and O2 and kLH is the second order surface rate constant (which depends mainly upon the radiation flux, I)

 											(20)

 										(21)

	KA and KOx are the equilibrium adsorption constants, and CA and COx the concentrations of A and oxygen, respectively.
	It is well known that the adsorption isotherm and the reaction rate may be described by the same analytic form, i.e. the saturation function of the Langmuir adsorption isotherm is formally similar to the Langmuir-Hinshelwood kinetic rate form. On the contrary, the dark adsorption equilibrium constant (KA) is not the same as the apparent adsorption constant under irradiation. This was experimentally evidenced by Atitar et al. [179] which observed, for the photocatalytic degradation of imazapyr, that the apparent adsorption constant obtained under irradiation was significantly larger than the adsorption constant obtained in the dark. These findings highlight the purely empirical nature of the Langmuir approach which, even if useful for predictive and design purposes, can be hardly substantiated mechanistically for light induced reactions. In fact, under irradiation of suitable energy, the surface of the solid undergoes a change in its physico-chemical properties and the Langmuir Hinshelwood type kinetic expression for semiconductor photocatalysis can be written as:

 										(22)

	k'LH = k·Iα is a proportionality constant (I is the incident irradiance), which depends on the system. The term α, is equal to 1 at high values of I and to 0.5 at low value of I. K'A is the Langmuir apparent adsorption constant which can be experimentally determined together with k'LH, by plotting the reciprocal of the initial reaction rate as a function of the reciprocal of CA, that generally yields a straight line.
	The physical meaning of the Langmuir adsorption coefficient K'A is depending on the mechanism hypothesized [180]. However, by considering the same photocatalytic reaction, the values of k'LH and K'A differently depend on the light intensity [181-183]. In fact, increasing the light intensity results in decreasing K'A and increasing k'LH [182]. On the other hand, KA does not depend on light intensity, as it is the ratio between the adsorption and the desorption rate constants under dark, which individually have the same dependence on light intensity. 
	The light intensity dependence of K'A is apparent by considering the following mechanism [39]. Excitation of the light absorbing species S (Eq. 23) produces an activated state (S*) which in turn can undergo radiative (Eq. 24) or non-radiative (Eq. 25) quenching or react with a reactant A to give the product (Eq. 26).

S + hν → S* 											(23)


											(24)

S* → heat + S											(25)

S* + A → Product										(26) 

	In the presence of photogenerated charges Eq. 27-28 should be also considered: 


										(27)


										(28)
	On the basis of this mechanism, the kinetics can be described according to the Langmuir-Hinshelwood or the Eley-Rideal (Eq. 29) approach if the species A reacts after adsorption or directly from the liquid or gas phase 
											(29)

	where k1, k2 and α are fitting constants.
	However, under irradiation adsorption/desorption equilibria of reactants are generally not established due to the fast reactivity of the photogenerated charges or radicals. Therefore a pseudo steady state approach should be used not only for the intermediates (as in the original LH model where steady state adsorption/desorption of reactants was inferred) but also for reactants [184].
	For this reason the simple LH model (which can straightforwardly applied for thermally activated reactions is simply a manifestation of saturation-type kinetics and cannot universally describe light induced processes in heterogeneous systems. As a consequence, the kinetic parameters can be hardly mechanistically substantiated and their physical meaning is rather questionable.
	Modifications of the LH model have been proposed to take into account these problems as, for instance, the disrupted adsorption model (Eq. 30, k1, k2, k3 and α fitting constants) or others based on the direct and/or indirect transfer mechanism [185]. 

 									(30)

	Many of these models present various adjustable parameters which decrease their degree of generality. Minero et al. [186-188], adopted an original model [188] expressed by an equation (Eq. 31) containing only one kinetic parameter (k) and some relevant variables such as the rate of photon absorption (φ), concentration of substrate (CA), oxygen (Cox) and catalyst (Ccat). 
 							(31)



The catalyst concentration can be eliminated by considering the values of reaction rate () and rate of photon absorption () per unit mass of photocatalyst [189].

 						(32)

	where η is the quantum yield.

4.6.	Kinetic parameters determination
	The rate law is characterized by kinetic parameters whose number should be minimized in order to avoid overfitting. At the same time the number of parameters should be enough to afford a model with good descriptive capability. 
	As above mentioned the knowledge of the rate of photon absorption is of paramount importance to carry out a correct kinetic analysis. However, its local value cannot be experimentally obtained in a real photocatalytic reactor. For this reason, the intrinsic rate of reaction is not experimentally accessible and may greatly differ from the average rate of reaction which, on the contrary, may be directly determined. Camera Roda et al. [112] show that the differential and/or the integral methods of kinetic analysis may be used if a suitable mathematical model satisfactorily describes the essential features of the reaction. Both the methods have been applied in photocatalysis often neglecting problems related to the specific task of irradiating a slurry system.  Some of them are listed below [189]:
1. Most of the proposed laws are similarly consistent with the experimental results. This confirms the above mentioned difficulty to mechanistically substantiate a kinetic model. Furthermore, for engineering purposes, it implies the need of choosing a congruent number of data to minimize experimental errors and correctly evaluate the best fit. 
2. Soon after the beginning of a photocatalytic reaction, intermediate products are formed and agglomeration of particles may occur. A correct kinetic analysis must explicitly consider the effects of these phenomena as for instance reported by Satuf et al. [190]. Alternatively, experimental data must be retrieved at sufficiently short reaction times, when these phenomena are surely negligible [27,191-193].
3. The non-linearity of the kinetic equations in CS and  imposes the use of non linear regressions. Although linearization would simplify the problem from a numerical point of view, it would afford an inaccurate kinetic analysis [194-197].
4. The local values of the quantities of interest (SRPA, reaction rate, quantum yield) may greatly differ from their average values. While the average values could in theory be measured by an external observer, the local values cannot be experimentally retrieved. Therefore, if the radiant field distribution is unknown, the “intrinsic kinetics” cannot be determined, unless the reactor behavior is photo differential, i.e. when SRPA does not significantly change inside the reactor [169]. 
5. The distribution of the SRPA may be obtained by solving the radiant transport equation (RTE). While analytical solutions of RTE are possible only in few cases (simple geometries  and boundary conditions), numerical methods such as Monte Carlo, discrete ordinate and finite volume methods [162,198] and recently some CFD (Computational Fluid Dynamics) software (ANSYS Fluent, 2015. User’s guide, version 6.3. COMSOL Multiphysics, 2015. Heat transfer module, User’s guide version 5.2) accurately describe the radiation field when the spatial and directional discretization is sufficiently fine.
	When the reaction is performed in the presence of photocatalysts immobilized on specific supports the post process separation of the powder required in slurry systems [199,200] can be avoided, but the influence of mass transfer phenomena (inside and/or outside the film) cannot be disregarded [117,201,202].
	The effectiveness factor ηF (Eq. 33) is a good indicator of the extent of the influence of mass and photons transport limitation for a supported photocatalytic film [116,203]

								(33)

	in which the reaction rate is calculated at the initial concentration of the substrate (CS0) and at the light intensity impinging on the film.
	The trend of the observed rate of reaction [116,117,204] as a function of the film thickness is different when the film is irradiated from the top or from the rear side. In the first case the rate increases up to a plateau, while it reaches a maximum and then decreases in the second case. Vezzoli et al. [205] highlighted the influence of the porosity of the film by introducing, along with the internal diffusion, also the dependence of the reaction rate on external mass transport.

5. Conclusions 
	This review presents some fundamental and practical issues on heterogeneous photocatalysis. Attention has been paid to the experimental procedures required in order to afford accurate and reliable experimental data. Indeed, the presence of photons as immaterial reactants poses several problems with respect to thermal catalysis, to be taken into account for the standardization of procedures and repeatability of experiments. The main characterization techniques used to unveil the properties of the photocatalysts and their influence on the photocatalytic activity have been discussed. Finally, the methods to obtain suitable kinetic models satisfactorily describing the experimental data have been critically evaluated with special attention on the possibility to compare results produced in different conditions. Although some sections of the present review may overlap with previous reports, the above mentioned topics are, in our opinion, worth to be summarized by taking into account the recent fast growth of heterogeneous photocatalysis and the misconceptions often reported in the literature. Indeed, even if photocatalytic experiments are relatively simple on laboratory scale, nonetheless the correct interpretation of the obtained results requires an interdisciplinary overview on basic aspects of different fields and greatly benefits of scientific collaborations. One aim of this work is to show how the knowledge of elements of catalysis, photochemistry, electrochemistry, environmental chemistry, radiation chemistry, material chemistry, surface science and electronics is of paramount importance to understand heterogeneous photocatalysis. For these reasons, the present review could represent a helpful tool both for young researchers and well experienced scientists, stimulating discussions and possible criticisms with the aim of facilitating further developments in this intriguing research field.
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Soon after the publication of the first pioneering works on heterogeneous photocatalysis, the 


number of papers on this topic continuously increased. This intriguing field of research is very 


complex as it endows with an interdisciplinary overview that invo


lves different aspects of 


chemistry, physics, material and environmental sciences. Even if photocatalytic applications in 


real processes are often difficult to be implemented and scaled


-


up, investigations at laboratory 


scale are easy to be performed, and i


n some cases they may give rise to misconceptions. For 


this reason, the present work aims to sum up most of the common experimental techniques and 


procedures generally used in heterogeneous photocatalysis and to highlight the guidelines and 


the rules that 


a rigorous analysis and study of a photocatalytic system must follow. The paper 
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