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Abstract
Volatile organic compounds (VOCs) are the major pollutants in indoor air, which significantly impact indoor air quality (IAQ). As a promising technique to remove VOCs, photocatalytic oxidation (PCO) takes the advantages of oxidation of a large range of VOCs with low energy consumption. In this study, the mass transports and reaction mechanism involved in the PCO process have been studied. In addition, the kinetic models of PCO on the different conditions of elementary reactions have been critically reviewed. Moreover, the factors that may affect the efficiency of PCO were interpreted based on the established fundamental mechanism of PCO. Some recommendations were made for future work to improve the efficiency of PCO system for building applications.


Introduction
Modern building ventilation design must take into account the health and comfort of the occupants as well as energy consumption and the environment. The system needs to protect occupants against chemical contaminants from numerous internal sources - office equipment, furniture, building materials, appliances, as well as bio-contaminants [1, 2]. To reduce exposure to internal contaminants, outdoor air is brought in to dilute the contaminants.
The quantity of the outdoor air brought into the building can have a direct negative effect on the energy cost of ventilation. There is a cost to heat, cool, humidify or dehumidify the outdoor air depending on the location and season. This leads to a challenge for optimizing the balance between Indoor Air Quality (IAQ) and ventilation cost. 
The strategy of diluting indoor contaminants with outdoor air assumes that the outdoor air is clean; this is not the case in many large cities or near industrial complexes. Most ventilation systems have a form of particulate filtration, but this is usually more to protect heating or cooling equipment from fouling than to protect occupants and is not effective for gaseous contaminants removal. Modern ventilation systems must now also incorporate a response to the threat of chemical release either intentional as in a terrorist attack, or unintentional as in an industrial accident.
The filters commonly used for air cleaning are designed to capture the various sizes of particles while being generally ineffective in the removal of gaseous or vapour phase pollutants and some micro-organisms. Some air cleaners for chemical agents act on the basis of the adsorption phenomenon. For this purpose, granular activated carbons or zeolites are commonly used, since they have a high capacity in adsorbing pollutants due to highly developed porous structure and huge specific surface area [3, 4]. 
Another promising technology which has great potential in this respect is photocatalytic oxidation (PCO) [5-7]. This technology can play a significant role in reducing building energy consumption, and in reducing indoor air contaminant level, hence improving the well-being of occupants. Most PCO technologies are implemented in buildings as in-duct systems, located either on the return air duct, the supply air duct, or portable air cleaners. For such systems, UV lamps are used to provide high energy radiation and thus promote electron transition within the catalyst. In addition, if emitting in the range of UVC, i.e. in the wavelength band from 200 to 280 nm, more specifically around 254 nm which is germicidal radiation, UV-PCO contributes to the removal and deactivation of microorganisms. Finally, UV light may initiate photolysis reactions (gas phase) leading to the decomposition of inorganic contaminants such as nitrogen oxides or ozone when the ventilation air passes through the UV-PCO device. 
The UV-PCO technique for air purification is usually implemented under room temperature and pressure and may be more energy efficient than other conventional techniques. This is because the semiconductor catalysts are inexpensive and may be capable of oxidizing most organic compounds effectively. Industrial applications of UV-PCO have been studied for years and considerable knowledge has been developed. However, indoor air applications are put into play specific and to some extent much more complex operating conditions than in industrial applications: contaminants are never isolated but present as complex mixtures in the air; their concentrations in the incoming air, as well as possibly temperature and humidity, will vary over time. This technology is still in the experimental stage for such application. In the past two decades, a lot of investigations have been conducted in photocatalytic oxidation of gaseous contaminants, several parameters relevant to the efficiency of UV-PCO have been studied, and there have been some papers in the review of PCO technology. However, no systematic studies have been carried out regarding their comparative performance. Furthermore, reported experimental results often show different trends regarding the impact of some parameters on the conversion efficiency, even for same contaminants. For the first time, this paper demonstrates that most of this data is relevant in essence because the dominating process will be different based on the specific conditions, and provides explanations to the differences observed based on a fundamental analysis of the mass transports and reaction mechanism involved in the PCO process. Another contribution of this paper is to develop comprehensive knowledge on the properties and working mechanisms of PCO for integration into mechanical ventilation systems, which can be used to improve indoor air quality and sustainability of buildings.
Basis of PCO
The whole PCO process may be divided into six elemental mass transfer processes occurring in series, namely 1) advection (VOCs and precursor species are carried by airflows), 2) external diffusion of reagent species through the boundary layer (BL) surrounding the catalyst or catalyst pellet, 3) adsorption onto the catalyst surface, 4) chemical reaction at the catalyst surface, 5) desorption of reaction product(s), and 6) boundary layer diffusion of product(s) to the main flow (Figure 1).
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Fig. 1. Elemental mass transfer processes involved in the photocatalytic oxidation of VOCs with a non- porous catalyst.
Figure 2 illustrates the chemical mechanism at the catalyst surface (step 4). When the semiconductor is illuminated by photons whose energy hν is equal or greater than the band-gap energy Eg (Fig. 2), the semiconductor absorbs the photons. This process stimulates the electron to transfer from the valence band (VB) to the conduction band (CB) and creates positive holes in the valence band (VB). These highly creative electron (
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) pairs can either recombine to produce heat or be used to reduce or oxidize species at the semiconductor surface. The positive holes react with adsorbed water to form highly reactive hydroxyl radicals (·OH), which can initiate the oxidation of the adsorbed organic compounds. Under optimal reaction conditions, organic pollutants can be completely oxidized to form carbon dioxide, water, etc., as final products. Equations (1)-(9) describe a possible reaction pathway using titanium dioxide (TiO2) as the semiconductor.
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                ∙ OH + Pollutant + O2 → Products (CO2, H2O, etc.)      （9）
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Fig. 2. Primary mechanism of photocatalytic reaction. 

Understanding the fundamentals of UV-PCO is of central importance to interpret experimental data, improve the knowledge on the parameters influencing PCO efficiency, and finally optimize systems for building applications. To achieve this, one key point is to consider that the kinetics of each of the above-mentioned elemental phenomenon is determined by many factors, and one factor may have influence on several processes. For instance, the airflow rate not only determines the amounts of contaminants and precursors (H2O, ·OH) incoming to the system, but also the boundary layer mass transfer coefficients and thus the diffusion kinetics of both reagents and products. Chemical kinetics at the catalyst surface is influenced by the UV irradiance, which determines the rate of electron transfer, and the temperature, which determines the speed of subsequent surface reactions. The rate limiting process of the whole VOC mineralization processes determines the PCO efficiency. The problem is this rate limiting process may be different depending on the physical properties of the catalyst, reactor geometries, operation conditions, and environmental conditions. This will be further discussed in section of factors affecting efficiency. The next section presents a critical review of various modeling approaches.  

Kinetic Models of PCO

The whole PCO chemical mechanism, equations (1) to (9), is often described as a unimolecular decomposition reaction or bimolecular combination reaction, although more complex interactions may exist [8]. When considering unimolecular decomposition of the VOC at the catalyst surface, the rate of VOC removal is given by: 
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where kr (s-1) is the global kinetic coefficient of the oxidation reaction, and Cs is the sorbed-phase concentration of the VOC. Cs can be estimated if one uses Langmuir’s model as adsorption isotherm model:
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where Cs0 and K are Langmuir’s parameters, substituting equation (11) into equation (10) gives: 
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In this expression, k (s-1) is the synthetic kinetic rate coefficient that embeds both the kinetic coefficient of the oxidation reaction, kr, and the sorbed-phase concentration corresponding to monolayer coverage of the surface, Cs0. By rearranging Equation (12), one obtains,  
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where 
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 can further be obtained from experimental data: from the slope and intercept of the fitting curve of 1/r and 1/C, respectively.
Since indoor air contains hundreds of contaminants, competition for adsorption at the catalyst surface may occur. In this case, the sorbed-phase concentration of the VOC will be decreased in a way that can be described by the extended Langmuir equation [9]:
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where the terms Ki and Ci stand for Langmuir’s constants and gas phase concentrations of species i, respectively, and n is the total number of species contained in the air. Substituting equation (14) into equation (10) gives:
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This model has been used by Turchi et al. [10] and Wang et al. [11] to investigate the adsorption competition between isopropanol, acetone and methanol and the adsorption competition between dichloroethylene and water molecules, respectively.
If considering the PCO process of a given VOC originates from a bimolecular reaction, the removal rates of each reagent i, ri, is the product of kinetic rate of the reaction, kr, and the stoichiometric coefficient of the compound in the reaction, ni, and the sorbed-phase concentrations of both reagents:
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Using Langmuir’s adsorption isotherm model for each reagent, equation (11) leads to the following PCO kinetic model:
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where ki embeds the kinetic coefficient of the global reaction, the stoichiometric coefficient of compound i in the reaction, and coefficients Cs0 of the two reagents.
Practically, equation (17) proves to be relevant if hydroxyl radicals concentration at the catalyst surface may become rate limiting factor or, by extension, if the moisture content of the air is sufficiently low so that advective transports of water vapor become the rate limiting process of the whole PCO process. In such a scenario, species i and j of equation (17) will be the VOC of interest and humidity. This model, or similar ones, has been proposed by several authors (i.e. Adamson [12]); further developments would come from the implementation of equation (14) instead of equation (11) if competition for sorption is to be considered. However, one limitation is that the adsorption equilibrium data of water vapor usually show two inflexion points and thus does not fit a Langmuir isotherm [13]. Therefore, the models can fail in the range of high humidity (up to 70%). It must also be noted that the above mentioned kinetic models only represent steps 3 to 5 of the whole PCO process (see Figure 1). 
Generally, it is assumed that the gas phase concentrations over the catalyst surface are uniform throughout the system and same as the gas phase of the airflow in the bulk, which may be a very rough assumption if the boundary layer diffusion is the rate limiting factor. This problem can, nevertheless, be easily overcome by coupling in series equation (12), (15) or (17) with the equation(s) representing the mass conservation of species within the bulk of airflow on the one hand, and the boundary layer diffusion equation(s) on the other. The mass conservation equation(s) account for advective transports and boundary layer mass flux, and the boundary layer diffusion equation is given as:
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where C is the local gas phase concentration and h (m·s-1) is the convective mass transfer coefficient, which can be correlated to the airflow rate through correlation between dimensionless numbers, 
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is the three-dimensional Laplacian gradient. 
Another possible shortcoming of the PCO kinetic models is that they consider mass transports to only occur on the (irradiated) surface that is exposed to the airflow, while experimental studies showed that catalyst porosity can be a key factor in determining the photocatalytic performance of TiO2 coatings [14,15]. The significance of solid-phase transports actually depends on the nature of the catalyst. Most PCO devices now use thin coatings or films made from nanosized TiO2 powders. Depending on the way the photocatalyst is applied – sol-gel process, chemical vapor deposition, physical vapor deposition or thermal spraying – and further treated (drying, heating/calcinations for better adhesion on the support), the structural properties can be very different. For instance, Tanaka and Suganuma [14] noted that the apparent porosity of some TiO2 gel decreased from 50% to less than 2% when the calcinations temperature is increased from 150 to 600°C. Meanwhile, the effective surface area determined by BET technique was decreased from 210 to 0.2 m2/g; Krysa et al. [16] obtained similar results. Finally, Tomkiewics et al. [17] reported that some commercial TiO2 powders have a porosity and specific surface area as high as 80% and 426 m2/g, respectively, with a pore size distribution in the range of mesopores (2-50 nm). These structural properties suggest that the surface area available for adsorption of gases on the solid surface can be much higher than the catalyst surface area that is exposed to the airflow. Moreover, Obee [18] indicated that UV light intensity decreases exponentially as the distance to the exposed surface increases, and thus suggested that photo degradation may occur at the pore surfaces, with a lower activity of the catalyst. 
Considering that chemical kinetics are constrained by the diffusion and sorption processes that determine the amounts of reagents locally available, the contaminant mass transports within the catalyst could be represented by implementing equations (12) or (17) into Fick’s law, which represents the pore diffusion of reagent(s) and is given by:
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where 
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is the three-dimensional Laplacian,
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, D is the diffusion coefficient and C is the gas phase concentration over catalyst surface. In this case, r is the local photo-degradation rate of the compound, a function of local reagent concentration(s) and a global kinetic rate constant of the degradation reaction. It would vary according to UV light extinction within the catalyst. If pore chemistry is not to be considered due to insufficient irradiation, i.e. r = 0 within the catalyst, this equation could account for the sorption dynamics of the contaminant. These phenomena may greatly affect the PCO efficiency, especially during the early stage of system operation (before the contaminant reach adsorption equilibrium for the concentration tested). These factors and others may explain why many authors noted decreasing removal efficiencies after the system is switched on [19-21].
Implementing boundary layer and catalyst internal diffusion models would provide a detailed modeling of all steps involved in the PCO process, thus enabling for a thorough analysis of the factors determining removal efficiency. However, the issue is that several model parameters are to be determined experimentally, which is a demanding task. In this context, the approach proposed by Zhang et al. [22] may be more practical. Fundamentally, Zhang et al.’s model is made of the following two equations and boundary conditions to describe the VOC transport through a photocatalytic reactor:
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where G (m3·s-1) is the volumetric airflow rate, W (m) is the catalyst plate width and x is the spatial dimension perpendicular to the surface, C(x) is the average gas phase VOC concentration, Cin the inlet VOC concentration, Cs stands here for the gas phase VOC concentration over the catalyst, and h (m·s-1) is the convective mass transfer coefficient. Finally, K (m·s-1) is called the reaction rate constant but actually also includes the contribution of adsorption, desorption and possibly internal diffusion.
Zhang et al. [22] then used an analogy between heat exchangers and photocatalytic reactors as a way to express the photooxidation performance of PCO reactors as a function of only two parameters: the system efficiency, , and the number of mass transfer units (NTUm). The latter is determined from an analogy between heat and mass transfers; it embeds the airflow rate, G, the physical parameters, h and K, as well as the surface area of the catalyst, A (m2):
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Moreover, NTUm is related to  through the relation:
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Based on equations (22) and (23), Zhang et al.’s method can be summarized as follows: 1) determine NTUm experimentally (for the VOC and operating conditions of interest), 2) calculate  from equation (23), and 3) determine the room VOC concentration(s), and subsequently assess the impact of the cleaning system. From a mass balance, the contribution of the PCO system is easily modeled using the computed efficiency. For instance, assuming perfect mixing of the air within the room, no contaminant sources and no sinks other than the PCO cleaner operating on the recirculated air, this mass balance [22] will become:
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Compared to the detailed model, the great advantage of this method is that only one parameter to be determined experimentally (NTUm). It is nevertheless challenging as it may be considered to be a dynamic model. But it is definitely not! K embeds the contributions of adsorption and surface chemical kinetics, two processes that depend upon concentration, C(t), and also temperature if non isothermal conditions are to be considered. 
Factors Affecting Efficiency

Contaminant mixtures
Indoor air contains a variety of contaminants and some studies investigated the conversion efficiency of binary or even ternary mixtures of contaminants [23-28]. No general conclusion can be drawn from these studies since different species affects the PCO efficiency of target VOCs differently. Ao et al. [28] investigated the performance of PCO when it was challenged by and formaldehyde: 
· The presence of nitric oxide (NO) promotes the photocatalytic conversion of formaldehyde. Photo-dissociation of NO yields hydroxyl radicals that initiate the oxidation process in a way that has been further explained by Devahasdin et al. [29]. 
· On the other hand, sulfur dioxide (SO2) inhibits the conversion of formaldehyde. SO2 reacts with water vapor to yield sulfate ions (SO42-). The latter accumulate at the catalyst surface with the adverse effect of decreasing the adsorption of formaldehyde molecules. Ao et al. [28] showed that sulfate ions also inhibit the conversion of ethylene, ethanol and dichloroethane. 
· Similarly, aromatic hydrocarbons (BTEX) decrease the conversion efficiency of formaldehyde. Intermediates products such as benzaldehyde are generated and keep a strong bond to the surface, thus blocking reaction sites. After some time, this can lead to a complete deactivation of the catalyst.  
A compound can affect the removal rate of other VOCs differently. For instance, Lichtin et al. [23] noted that the presence of trichloroethylene promoted the removal rate of i-octane, dichloromethane and trichloromethane but inhibited acetone conversion. To some extent, this is consistent with the fundamentals of mass transports in PCO devices. Based on the aforementioned results and subsequent considerations, it can be concluded that the presence of chemicals can affect the conversion of a target VOC in physical and chemical ways: 
· Physical interactions contribute to the reduction of the adsorption of target VOCs: all gases compete for adsorption on the catalyst surface in a way that depends upon their affinity for sorption, and their concentrations (see Langmuir’s multi-component adsorption isotherm model, equation (14)). The higher the number of species in the air and/or their concentrations, the lower the sorbed-phase concentrations of each VOC. Consequently, some contaminants will affect the conversion of target VOCs if tested at high concentrations, but their influence may actually be negligible in the context of indoor air applications where gas concentrations are very low (seldom exceed few tens of ppb). 
· Additionally, some chemicals produce sticky intermediates that block active sites on the catalyst surface. The higher the concentration of these chemicals is, the higher the yield of intermediates and thus the lower the adsorption of target VOCs.
· Chemical interactions can either promote or inhibit the oxidation process of target VOCs: all species undergoing photodegradation will consume hydroxyl radicals and superoxide ions, which may then turn to the rate limiting phenomenon of the VOC degradation process under some conditions. On the other hand, some chemicals can promote the yield of these precursors. This is likely to be the case of nitric oxide, as mentioned above, and the ozone [25]. 
The way that the presence of contaminants globally affects the degradation of target VOCs will be the result of these dual interactions. The dominating processes can be different depending on the nature of the species, their concentrations and operating conditions of the system. Hence, multi-component mixtures will either promote or inhibit the conversion of target VOCs. Further research involving mixtures of contaminants at low concentrations are needed to determine which effect is more likely to dominate the PCO process in the context of indoor air applications.
Humidity
Based on the elemental approaches presented above, the influence of humidity on target VOC conversion efficiencies can be interpreted the same way as for contaminant mixtures, except that typical water vapor concentrations in the air are several orders of magnitude higher than those of contaminants. Molecular water and hydroxyl groups which are generated by chemical decomposition are weakly or strongly adsorbed on the surface of TiO2. If the level of humidity is on it, the efficiency of PCO for some chemical compound can be seriously reduced. On the other hand, excessive water vapor on the surface of the TiO2 can also decrease the photo-activity due to the fact that water molecules will occupy the active sites of the reactants on the surface. Moreover, the presence of water may enhance the efficiency of electron-hole recombination, which is obviously an unfavorable process for photocatalytic oxidation of air contaminants [30]. Therefore, the optimal humidity level will be determined by the balance between conversion promotion through chemical processes and inhibition through physical interactions. The concentrations that are configured in the air cleaning process become a key issue once again. Having very low contaminant concentrations in indoor air applications, it is unlikely that hydroxyl radical concentrations become rate limiting. Competitive adsorption and electron-hole recombination can be deemed as the dominating interaction processes under the condition that the relative humidity is achievable in buildings and HVAC system. In other words, the conclusion would be that the lowest relative humidity is the best condition for PCO of indoor air contaminants. This is somewhat supported from experimental investigations when concentrations in the ppm level or higher were tested, most studies suggest promotion of the conversion efficiency by increasing the humidity [19, 24]. On the other hand, when tested at concentration levels that are representative of indoor air applications, experimental results generally show inhibition of the conversion efficiency of VOCs. For instance, Ao et al. [28] studied the performance of a PCO system when it was challenged with formaldehyde at a concentration of 50 ppb: they noticed a decrease in the reaction rate as a function of relative humidity which was given by
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where r is the reaction rate, in units of mol/m2/min, and [H2O] is the air relative humidity, in unit of ppm.
Ao et al. [28] observed a decrease in the conversion efficiency of formaldehyde from 80% to 54% when the humidity level was increased from 2100 ppm (10 % RH) to 22000 ppm (80% RH). Yu et al. [31] also studied the photocatalytic degradation of formaldehyde, but at a slightly higher concentration (750 g/m3). They observed a decrease in the conversion rate from 83% to 33% when the relative humidity of air increased from 40% to 70%.
Ao and Lee [32] had tested BTEX, and their results revealed the same trend as for formaldehyde, but with even higher impact of humidity on the degradation rates. The conversion of toluene, for instance, was decreased from 72% to 19% when the humidity level was increased from 2100 to 22000 ppm. When tested at much higher concentration (152 ppm), humidity was shown to promote the conversion of toluene [33]. Finally, Luo and Ollis [24] concluded from their experiments that for toluene (80-550mg/m3) the oxidation rate increases with the water concentration up to 2000-3000mg/m3 and decreased thereafter.
Air Temperature

Temperature impacts the reaction rate in many ways: it influences the adsorption, kinetic reaction, and desorption processes. According to the Arrhenius equation, the rate constant k of chemical reactions depends on the temperature, T, and activation energy, Ea. 
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where, R is the gas constant. Usually, activation energy Ea is greater than zero; hence the increase of temperature results in enhancing the reaction rate.

Adsorption is an exothermic process. The higher temperature, the lower adsorption and the less reactant attached to the catalyst surface. The adsorption constant, K, followed a temperature dependence equation [34]
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where, Q is the rate of heat generation of adsorption.

On the contrary, desorption is an endothermic process. Higher temperature makes the removal of reaction products, such as CO2, from photocatalyst surface easier, providing more active sites for PCO reaction [31]. Therefore, low temperature is beneficial to adsorption process, while high temperature is good for kinetic reaction and desorption process. Since there is a tradeoff, under a certain condition one of the three processes is rather dominant and it will control the overall reaction rate. For example, increasing temperature will enhance the reaction rate when kinetic reaction or desorption is a rate limiting process, while decreasing temperature enhances the reaction rate when adsorption is a rate limiting process. That may be the reason why some researchers came to different conclusions when they carried experiments with different contaminants [35-37]. 
It can also be noted that the optimal temperature may be varied with different compound. For formaldehyde, the temperature of highest degradation rate was 298K, which indicated the UV-PCO was a promising energy-saving technology for the oxidation of VOCs [31].
Air Flow Rate
The airflow rate of a reactant may also affect the reaction rate and impacts on PCO performance. On the aspect of low airflow rate, Yu et al. [38] investigated the relationship between the oxidation rate and gas flow rate with 5ppm VOCs. Their study showed that the oxidation rate increases with enhancing airflow rate for mesitylene, m-xylene, ρ-xylene, toluene, n-hexane, iso-butanol at a low flow rate (0-600mL/min). The gas-phase mass transfer strongly affects the oxidation rate during this diffusion-controlling phase. The oxidation rate does not change significantly with a higher flow rate, plateauing when the flow rate exceeds 1000 ml/min. This indicates the surface reaction mainly controls the oxidation rate under this condition while the gas-phase mass transfer effect is negligible.
With respect to the high airflow rate, Ginestet et al. [7] designed a PCO air filter for aircraft cabin applications using a UV-A and UV-C lap type. Their investigation clearly showed the influence of airflow rate on the efficiency of a PCO unit. When the airflow rate is increased from 40m3/h to 80m3/h, the efficiency of the system is reduced to half. They found same relation for the photooxidation of acetone and toluene and their results indicate that the conversion is strongly dependent on the residence time.. Tomasic et al. [39] and Yu et al. [31] also came to the same conclusion. The typical face velocity expected in the HVAC system is around 2-3 m/s, thus the mass transfer effect is not considerable. The multi-pass method may be a good choice to relatively extend the residence time of VOCs in the PCO system.
Light intensity
The light intensity has played a crucial role on the reaction rate. Usually, the pollutant decomposition rate increases with increasing the irradiance [35, 40 and 41]. Obee and Brown [35] summarized the empirical correlation between the reaction rate and the light intensity:

[image: image43.wmf]1/2

Ionesun

I

r

Ionesun

I

>

ì

µ

í

£

î

                                      （28）
In this equation r (ppmv/min) is the reaction rate, I (mw/cm2) is the UV irradiance, one sun is equivalent to about 1-2 mw/cm2 for wavelengths below 350 and 400 nm, respectively. Thus, at low light intensity, electron-hole pairs effectively participate in the chemical reactions, whereas recombination of the electron-hole pairs inhibits the rate of electron transfer at the high light intensity. Silva and Faria [42] proposed the following the relationship between reaction rate constant k and light intensity:
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where α is a proportionality constant and β is equal to 1.0 and 0.5 for low and high absorbed light intensity, respectively. It can be seen the reaction rate constant increases with the light intensity since more hydroxyl radicals are generated to take oxidation reactions.

The effect of light intensity on the apparent adsorption constant K was also modeled by Silva and Faria [42] on the basis of pseudo-steady state:
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where k1 and k-1 are the adsorption constant and desorption constant of reagents on the catalyst surface, respectively. The result showed K decreased with higher light intensity. Similar trend was obtained by Yu et al. [43] and Du et al. [44]. That means active species, such as electron-hole pairs and hydroxyl radicals, occupy most part of whole catalyst surface resulting in less active surface available for absorbed reagents and as such it results in a smaller value of K.

Light source
The energy required to stimulate a photocatalyst is provided by a light source. At present, light sources emitting UVC (100-280nm), UVB (280-320nm) and UVA (320-400nm) are widely used since the UV energy of these spectrums is equal or greater than the 3.2ev band-gap energy of TiO2. However, UV light region accounts only 3-5% of the solar light. Therefore, considerable work has been carried out toward modifying TiO2 and testing other semiconductors to improve the overlap of the absorption spectrum of the photocatalyst with the solar spectrum [45, 46, 47, 48 and 49].
Under purely visible light lamp, the photocatalytic removal of n-butanol with two kinds of commercial TiO2 has not been observed [45]. However, solar applications are still feasible when additional metal ions, such as Pt, Au, and Ag, are deposited onto the TiO2 lattice to enhance catalytic activity [47, 48 and 49]. Another strategy employed to utilize visible light is to develop stable single-phase photocatalysts. For example, Ai et al. developed nonaqueous sol-gel synthesized BiOBr microspheres, and their results revealed this novel photocatalyst exhibited higher photocatalytic efficiency than that of TiO2 on degradation of NO under UV-visible light irradiation and showed high photocatalytic activity even under visible light [46].
The new photocatalyst, which has been explored and can successfully make use of visible light, was tested with only one or two pollutants with high efficiency. In order to find a photocatalyst, which can effectively degrade a wide range of pollutants in the indoor air environment under visible light, it needs more experiments to further study.
Reflection and Soiling
Some of the light emitted from the lamp may directly reach the surface of TiO2 and provide the energy of reaction, while the rest hits to the duct surface, reflects several times and then reaches TiO2. Reflection of light depends on the properties of the interface. Even without considering the soiling effect, the duct surface is not smooth. The light bounces off in all directions due to the rough surface. Decreasing the wall reflectivity decreased the light intensity and efficiency, and there is insignificant effect of wall reflectivity with the increase in the adsorption coefficient [43, 50].
Besides duct surface reflection, there is also TiO2 surface reflection. Brucato et al. [51] and Hossain and Raupp [52] developed a 3D-model to account for reflection in a monolith channel. They assumed that light reflection from the thin-film coating perfectly diffuses and optical thin-film properties are only dependent on light wavelength 
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(nm). They found the following empirical expression between the reflectivity and wave length:
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Soiling is a very complicated phenomenon in a duct system. Many factors lead to undesired results, including the quality of the air, the airflow rate, the UV-lamp temperature and the type of lamps. Soiling effects the lamp output and prevents the uniform delivery of UV-light to the TiO2, causing reduction of the PCO efficiency. The duct wall also becomes soiled in a long-term operation, which causes a reduction in reflection. Hence, it is highly recommended that high efficiency filters (HEPA) is installed prior to the lamps to collect particulates.
Lamp Placement and Quantity
Location of the lamp affects greatly the PCO efficiency in duct system. A mounting location is a place that will allow enough space for the lamp to be installed and to be replaced easily. In order for a UVPCO system to be effective, the UV purifier must be strategically oriented to maximize exposure. The lamp may be mounted vertically or horizontally within the HVAC system. When the ultraviolet lamps are installed parallel with airflow, TiO2 plate must be mounted around four sides of duct for maximum exposure. The limitation of this method is hard to ensure all the air effectively pass through the PCO system since only VOCs in the air around duct surface will be influenced by photocatalytic reaction. The larger the diameter of a duct, the more obvious the disadvantage is. In order to ensure all the air through a duct takes photocatalytic reaction, a TiO2 plate may be installed perpendicularly in the duct. From this point of view, UV lamps also need to be installed parallel with TiO2 plate so they could deliver more UV energy to TiO2.
In addition, the number of UV lamps in the UV-PCO unit is another important consideration. If an amount of lamps are not enough to deliver UV energy to some part of TiO2, hydroxyl radical concentrations become rate limiting process, and the efficiency of PCO system will be reduced. If too many lamps are used, energy and project cost will be wasted. Furthermore, as discussed in “Light Intensity” section, the adsorption coefficient decreased with higher light intensity. Therefore, this is a complicated problem which involves many factors, such as the output of UV lamps, the distance between lamps and TiO2 surface and the size of duct.

Catalyst Life
Many reports demonstrated that photocatalysts would be deactivated after working for a certain period of time [19, 20 and 21]. The common phenomena mentioned during the deactivation include the appearance of yellow viscous material on the surface of TiO2 and decreased reaction rate of PCO. Not all yellow material has been identified, and part of it is regarded as the intermediates by several investigators. Zhao and Yang (2003) concluded from their literature review that deactivation may originate from fouling which changes the catalyst surface by blocking pores, but overall generation of reaction residues which cause the loss of active sites on the surface: some intermediates are irreversibly chemically adsorbed; they accumulate at the catalyst surface, which gradually retard the reaction and finally stop it due to lack of reagents [53]. The PCO degradation of toluene was experimentally demonstrated by Cao et al (2000). The authors found no hydroxyl groups on the surface after deactivation of the catalyst [54]. Benzaldehyde and benzoic acid have been identified as the most important poisoning species [24, 28 and 54]. These two species are intermediates of various primary contaminants.   
Regeneration of catalyst was also examined [19, 20, 21and 55]. Jing et al. (2004) compared the lifetimes of ZnO and TiO2 nanoparticles challenged with n-C7H16 or SO2 in PCO system, and results indicated the photocatalytic performance of TiO2 is superior to that of ZnO due to a longer lifetime [55]. There are two approaches that have been practically used. The first one is to expose the catalyst surface to humid air under UV radiation. The second is to illuminate the catalyst in the presence of hydrogen peroxide. Therefore, catalyst regeneration cost is a major part of operational cost. Henschel (1998) suggested that the catalyst regeneration frequency is every six months and catalyst replacement frequency is every five years [56].
Future work
With regard to commercial-scale applications, the present challenge is to design photocatalytic treatment devices with optimal parameters, as discussed above. Some parameters discussed by many researchers are clearly known as contributions to the efficiency of PCO, while others may need more experiments to further identify the influence on the efficiency of PCO. With regard to future researches that can be conducted to accelerate PCO applications, the HVAC industry will benefit from the following efforts:
· Testing PCO devices at concentrations that are representative of indoor air conditions is really necessary to further the knowledge of parameters affecting the conversion efficiency, and subsequently optimize systems.
· The composition of indoor pollutants is quite complex and their concentrations are greatly different. But recent research on the degradation characteristics of PCO is mainly focused on the removal of single or several species of indoor pollutants. Future research could explore the degradation characteristics of PCO under real indoor conditions, such as offices with different sources and concentrations of VOCs.
· In order to make use of solar light, it is necessary to explore chemically modified TiO2 forms or develop new stable semiconductors, which have high photocatalytic activity on degradation of a wide variety of contaminants in the indoor air environment.
· The intermediates produced during the PCO process can be more toxic to human health. Future research should be focused on systematical measurement of CO2 conversion to quantify incomplete mineralization.
· In order to extend the life of the photocatalyst and thus reduce the operational cost, first it is necessary to prevent fouling in duct system. In addition, it is also important to fully analyze intermediates accumulated on the surface of photocatalysts with HPLC or GC-MS so as to avoid or reduce the intermediates produced through changes in experimental conditions.
· In order to explore the optimal reaction condition and to design PCO reactors with high efficiency, it is necessary to establish an experiment in a full-scale duct system, and to investigate actual performance of PCO under controlled conditions.
· It is necessary to develop a standard method to evaluate the performance of PCO system for IAQ applications and make comparisons between PCO and other air purification methods.

Conclusions 

PCO is a promising technology that can be applied to HVAC systems to improve IAQ. Both experimental and modeling work has been conducted to understand the mechanism of PCO as well as to optimize the operation conditions. The following conclusions can be drawn from this review:
PCO is an integrated process which combines physical mass transfer with photolysis. Each of the steps is determined by many factors, and one factor may have influence on several processes. The combination of elementary reaction mechanisms and Langmuir adsorption model systematically explains the PCO kinetics on different conditions. Boundary layer and catalyst internal diffusion models further develop PCO models, enabling for a thorough analysis of factors on PCO efficiency. The impacts of different kinetic parameters on the PCO efficiency have been discussed, and the relative rate limiting process between physical interactions and photochemical interactions will control the whole PCO process. The dominating process will be different based on the specific conditions, which is the reason why different results were reported in the literature. Future researches, which would really contribute to progress towards efficient PCO air cleaners for HVAC applications, should be conducted at concentration levels representing typical indoor air conditions to fully understand the contributions of each parameter on PCO efficiency.
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