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Abstract
Modern building ventilation design must take into account the health, safety 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 intentional release. A promising technology which has great potential in this respect is UV photocatalytic oxidation (UV-PCO).  Designing a UV-PCO system for a building requires full understanding of its performance, which strongly depends on the UV intensity field, types and concentration levels of reactants, oxygen and moisture levels, temperature, reflectance of duct surfaces, system configuration, orientation, air stream characteristics like temperature, humidity, air velocity and mixing, just to mention a few.
This paper reports the development of a mathematical model for predicting the performance of a honeycomb monolith PCO reactor used in building mechanical ventilation systems. The model is validated by comparing its prediction with experimental data and with the prediction made by an existing model. The influence of several kinetic parameters such as airflow rate, pollutant inlet concentration, light intensity, humidity, and catalyst deactivation has been investigated. The developed model can be used as a practical tool to simulate and optimize a UV-PCO system for application in building mechanical ventilation system.
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1. Introduction
The needs to provide a healthy, safe and comfortable indoor environment and to reduce building energy consumption have all increased the interest in systems to filter gaseous contaminants from the air. Ultraviolet photocatalytic oxidation (UV-PCO) is a promising technology which has great potential for such an application (Zhong et al. 2010). Such devices use titanium dioxide (a semiconductor) where electron transition from the valence band to the conduction band results from the absorption of light in the near UV range. The subsequent generation of positive holes and their interactions lead to the formation of hydroxyl radicals. These act as powerful oxidizing agents and can be used in the mineralization of organic molecules on the surface of titanium dioxide.  In addition, claims have been made with respect to the use of UV-PCO devices in enhanced inactivation rate of microorganism (Wang et al. 2009). However, it must be noted that in case of incomplete oxidation, the pollutants may be transformed into other by-products that can also pose health hazards. There is little reliable information available in the literature about the performance of this system. Although a number of devices such as chemical filtration, UVGI, and UV-PCO are available in the market, no systematic studies have been carried out regarding their comparative performance. In the quest for more successful commercial applications of UV-PCO technology in buildings, more attention is being brought to the modeling and simulation of reactors in order to obtain a more comprehensive and systematic understanding of the UV-PCO system.
Nicolella and Rovatti (1998) proposed a mathematical modeling of monolith reactors, which predicted the rate of chemical reaction and energy transfer. This model provided the distribution of photo flux along the channels, and defined the contributions of thermal and pure photonic effect on the overall rate of conversion. Although enthalpy balance was an innovative aspect in their modeling, they neglected the contribution of molecular diffusion transfer in the mass balance, and therefore their model cannot accurately account for the behaviour of PCO under the case of continuous injection of contaminants. 
Changrani and Raupp (2000) presented the development of a two-dimensional heterogeneous convection-reaction model for an annular reticulated monolithic gas-solid photo-reactor. This model was developed on the basis of efficient utilization of UV irradiance, and it evaluated the reaction rate with local volumetric rate of energy absorption (LVREA). The magnitude of LVREA mainly determined the influence of mass transfer when it was a limiting process. At the same time, LVREA was affected by the catalyst loading and porosity of the porous catalyst support. However, this model assumed steady state conditions, which makes it difficult to be applied to practical usage due to the variation of numerous properties, such as the pollutant concentration in the inter-fibres or at the surface of fibres as function of time.
Yang et al. (2004) proposed an improved PCO model based on three main parameters: the average total removing factor, Kt, the number of mass transfer units, NTUm and the fractional conversion, ε. This model can be applied to predict the controlling process of a PCO reactor under specific conditions. The controlling process could be mass-transfer-controlled process, reaction-controlled process, or combined-controlled process. The limitation of this model is that the mass conservation equation was constructed only in air-phase and the effect of irradiance on PCO performance was not clearly reflected in their mathematical model.
Developed one-dimensional and two-dimensional models, based respectively on plug flow and laminar flow, are used to study the effect of the key parameters on the performance of an annular reactor (Tomasic et al 2008).  Through simulation analysis, they concluded that the inter-phase mass transfer was the dominating process, which determined the behaviour of the annular photocatalytic reactor. Nevertheless, the kinetic rate model they developed does not consider the light intensity and interference effects.
In the past two decades, although different prediction models for PCO reactors have been developed, most of them are not intended for mechanical ventilation applications and cannot correctly simulate the behaviour of a PCO reactor under the conditions encountered in buildings (Vincent et al., 2009; Puma et al., 2009). In addition, most reported models consider mass balance of pollutants in either air-phase or solid-phase (Hossain et al., 1999; Zhang et al., 2003; Lewandowski and Ollis, 2003; Yang et al., 2004; Estivill et al., 2007). Only few models consider pollutants mass balance for both air-phase and solid-phase, and those which take it into account assume a steady state condition (Nicolella and Rovatti, 1998; Changrani and Raupp, 2000; Tomasic et al., 2008).
This paper reports the development of a reliable time-dependent PCO model to simulate an in-duct PCO air cleaner under the conditions relevant to the actual applications.  The proposed two-phase model incorporates the influences of properties of light sources and catalyst, reactor geometry, mass transfer parameters, kinetic parameters as well as operational conditions, such as the airflow rate, inlet pollutant concentration, relative humidity, and irradiance. The comprehensive PCO model is then used to analyze the effects of key parameters on PCO performance, to predict the single-pass removal efficiency of the in-duct UV-PCO air cleaners, and to estimate the dominating process between physical interactions and photochemical interactions.
2. Model development
Photocataytic degradation of gaseous pollutants is a complex physico-chemical process and the catalytic reaction rate is an essential gauge of the efficiency of UV-PCO system. Simple kinetic models are different order empirical models, which assume the concentrations of reacting species in air as the driving force for reaction. The effects of the rest of aforementioned UV-PCO parameters are lump-summed into a reaction rate constant as well as the order of reaction (Zhang et al., 2003; Yang et al., 2004). In contrast, the models that assume the concentrations of adsorbed species on the catalyst as the driving force can separately account for the effects of pollutant mixture, oxygen and moisture levels, as well as the concentration of reactants. Several studies (Obee, 1996, Chen et al., 2005) applied different forms (e.g., unimolecular with or without interference effects of mixture, and bimolecular) of Langmuir-Hinshelwood (L-H) model, which retains the assumptions underlying the Langmuir adsorption isotherm. L-H model, however, cannot explicitly describe UV irradiation or mass transfer of reactants in the bulk fluid and porous structure of the catalyst. In this research, an L-H model combined with a proper light scattering model and a mass transfer model will be developed to closely reflect the actuality of the photocatalytic reaction.
The considered PCO reactor is integrated into a mechanical ventilation system, and UV lamps with peak wavelengths of UVA, UVB and UVC are positioned in front of and parallel to the filter surface coated with titanium dioxide (TiO2). The following fundamental mechanisms are considered in the development of in-duct UV-PCO: 
1. The distribution of photo energy within ducts and interaction between light and matter at the surface of catalyst;
2. Convection, diffusion, and boundary transfer of contaminants in the air-phase;
3. Adsorption and photocatalytic oxidation reaction on the solid-phase;
4. Inter-phase mass transfer of reactant species.

The following assumptions are made in the development of the model: 
1. Irradiance emitted from UV lamp is constant, stable in the imaged plane of a light source and independent of specified directionality;
2. The inner geometries of ducts are identical and inner walls are uniformly irradiated by UV lamps asymmetrically mounted in the duct;
3. Absorption, reflection, refraction and diffraction of light by mixed gases are negligible;
4. TiO2 catalysts are uniformly coated at the fibrous support;
5. Reflectivity of inner walls is a function of light wavelength, and independent of the light incidence angle;
6. Air flow in duct is regarded as ideal plug flow; and
7. PCO reaction occurs at the surface of catalyst fibres illuminated with UV-lights.

UV irradiance field model
In this model, the irradiation on the catalyst surface is attributed to two factors: one is the direct photon transmittance from the light source; another is the photons reflected from interior duct walls. In the modeling process the principle of view factor is employed. Using this method, the contributions of irradiation on two parts to TiO2 surfaces are easily and accurately estimated. 
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Figure 1 - Schematic diagram of square duct demonstrating the spectral intensity contributions of differential areas to a purification filter with area Af

The mathematical expression of the spectral intensity If(λ) to the fibrous filter coated with TiO2 (Figure 1) is determined as follows:


                                                                                                                                                                 (1)
The first term is the contribution of direct illumination from all the infinitesimal dA0 area composing the plane of UV light. The remaining terms are the contributions of indirect illumination from adjacent and opposing wall surface on both sides of UV source. 
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Figure 2 - Schematic diagram of square duct demonstrating the spectral intensity contributions of differential areas to a differential wall strip element dA

The mathematical expression of the spectral intensity Iw(λ) to the wall surface (Figure 2) is shown below:

      (2)
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Figure 3 - View factor associated with the radiation heat exchange between two elemental surfaces of area

According to the thermal radiation theory, view factor, F(M,N), is the proportion of all radiation which leaves surface M and strikes surface N. The view factor is geometrically determined (as shown in Figure 3) and mathematically expressed between two elemental areas:

                                                                                               (3)                       

                                                                                             (4)                                

                                                                                             (5)            

                                                                                             (6)                       
The standard equations of integral and differential view factors were provided by Siegel and Howell (1992) and Worth et al. (1996) to calculate the view factors on right side of the UV source for a square channel. Similarly, equations of integral and differential view factors on left side of the UV source are derived. 
Combined with the spectral power distribution of wavelength provided, the average intensity at the catalyst surface can be subsequently determined through the method of integral weighted mean. The expression is shown as follows:

                                                                                                        (7)
Compared with the previously developed irradiance models (Hossain and Raupp, 1998; Hossain and Raupp, 1999; Hossain et al., 1999; Alexiadis, 2006), the advantage of this new UV irradiance model is that the contributions of wall surface on left and right side of UV light are considered, because UV sources are always mounted within a duct of HVAC system. Therefore, this model accurately simulates the actual distribution of UV irradiation in an in-duct air purification system.
Reaction kinetic model
The determination and evaluation of kinetic parameters in photocatalytic reaction rate model is based on the fundamental mechanism of PCO, and is one of the main obstacles for practical application of mathematical model of PCO reaction. The simple representation of photochemical process is:

       
Based on this mechanism, developed Langmuir-Hinshelwood reaction rate equation is used for modeling the mean PCO reaction rate of species i removal, which is given by

                                                                                  (8)


Considering the irradiance distribution within the catalyst as non-uniform, meaning that the irradiance within the catalyst is smaller than that at the external surface, the effectiveness factor, , of the photocatalyst, defined by Hill (1977), is used to evaluate the mean efficiency of the entire catalyst. Assuming irradiance within the catalyst varies exponentially; the effectiveness factor  of the geometry of interest is expressed as:

                                                                                                             (9)
Mass balance
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Figure 4 - Schematic diagram of gas molecule transfer in the inter-fiber (air-phase) and at the surface of fibres (solid-phase)

The PCO dynamics of contaminants in fibrous TiO2 film is described by two equations, one representing the mass balance of the contaminant in the inter-fibre air-phase, and the other representing the mass balance at the surface of catalyst fibres (Figure 4):

                                                          (10)   

                        
                                                                                                                             (11)
where the initial and boundary conditions are


 at                                                                                               (12)                                    


  at                                                                                                    (13)                      


 at                                                                                                 (14)                                            
3. Model implementation
To numerically solve the problem, the TiO2 film is discretized into n elemental cells connected in series in the airflow direction.  Since the fibrous diffusion inside the fibres is not considered, only one fibre element is needed for each film node, and the concentrations CB and CS are assumed to be uniform within a same cell (Figure 5). Each of the film cells was implemented as a mass transport component solving with the Matlab R2009b using finite difference method.
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Figure 5 - Discrete representation of TiO2 filter

The PCO model is then used to simulate photocatalytic oxidation of toluene without intermediates generated. The parameters in the PCO model are summarized in Table 2 (column a). Once these parameters are obtained/estimated from the existing literature (column b), the predicted performance of PCO air cleaners can be evaluated for given values of the operational conditions. 
Miyayama et al. (2004) found that the porosity of TiO2 film was controllable in the range of 30% to 56% by changing trehalose concentration in the dip-coating solution. Ould-Mame et al. (2000) mentioned that the typical values of porosity and turtuosity of TiO2 film were 0.5 and 3, respectively. These two typical values were also taken in this study. The thickness of TiO2 film is linearly proportional to deposition time, but photocatalytic activity has nonlinear relationship with the film thickness. The optimum thickness of TiO2 catalyst film grown by the low-pressure metal-organic chemical vapour deposition is between 3 and 5µm (Jung et al., 2005). In this study we select a film thickness of 5µm.
The method developed by Wilke and Lee (1955) is commonly used to estimate gaseous diffusion coefficients for a wide range of temperatures. The value of 8.6×10-6m2/s for toluene at room temperature is calculated using Wilke- /Lee’s correlation, that is, the diffusion of gases is a function of temperature, the molecular weight, the collision integral, the pressure, and the characteristic length of molecules.
Votruba et al.,’s (1975) developed Sherwood number (Sh) is used to calculate the interphase mass transfer coefficient, kg:
                                                                                       (15)
where Sc is the Schmidt number and Re is the Reynolds number, D is the characteristic length  of fibrous media, and it was taken as 3×10-7(m). Considering Reynolds number is associated with the airflow rate, Sherwood number is a function of the airflow rate and characteristic length of TiO2 particle. In addition, Sherwood number integrates the convective mass transfer coefficient in its definition, , then the convective mass transfer coefficient can be determined from the computed Sherwood number. The mass transfer coefficients for the three airflow rates were presented in Table 1.

Table 1 Mass transfer coefficients for different airflow rates
	Empirical estimation
	Airflow rate (m/s)

	
	0.5
	1.0
	1.5

	kg (m/s)
	1.39
	1.87
	2.23



Kinetic parameters have been evaluated by many researchers, and different results have been reported for different models under various reaction conditions. For example, in literature, various values of reaction rate constant k0 and absorption coefficient K for toluene with a concentration range from 0.064-98mg/m3 (0.02-26ppm) have been reported. They include 13.388mg/m3·s and 0.0049m3/mg (Bouzaza et al., 2006), 6.77×10-7mol/m2·s and 0.24m3/mg (Zhang et al., 2007), 0.026 mg/m3·s and 0.0266 m3/mg (Shiraishi and Ishimatsu, 2009), as well as 0.0134 mg/m3·s and 0.66 m3/mg (Sleiman, 2009). It is very hard to compare these values, partly because most of experimental setups and reaction conditions are totally different, partly because the kinetic parameters have different units. In this study, reaction rate coefficient of 1 mg/m3·s and absorption coefficient of 0.24 m3/mg were selected, which are within the range of aforementioned reported values. Obee (1996) investigated the effect of moisture on photo-oxidation of sub-ppm toluene, and obtained the value of 4.9×10-4m3/mg (0.00036ppm-1) for water absorption coefficient by using the least-squares optimization. We used this value in our simulation. 
Taking into account the fact that the irradiance distribution within the catalyst follows exponential decay, the extinction coefficient of catalyst was set to a typical value of 0.3µm-1 (Hill, 1977; Changrani and Raupp, 2000).
In this study, the irradiance at the surface of TiO2 filter was always greater than 1-2 mW/cm2. According to the empirical correlation between the reaction rate and the light intensity (Obee and Brown, 1995), the power exponent value of 0.5 is considered in our simulation. 
A value of 0.6m-1, apparent catalyst surface area per unit PCO reactor volume, has been calculated on the basis of known geometrical size of the rectangular PCO reactor (Figure 6). The contaminant concentration, UV irradiance, airflow velocity and relative humidity were assumed to be controllable in the range of 0.038-37.7mg/m3 (0.01-10ppm), 2-20mW/cm2, 0.5-1.5m/s (100-300cfm), and 6990-18940 mg/m3 (30-80%), respectively. 


Figure 6. Schematic diagram of experimental setup

Table 2 Simulation parameters for UV-PCO tests
	Parameters (a)
	Compound: 
Toluene (b)

	Catalyst property
	TiO2 film porosity, 
	0.5 

	
	TiO2 film tortuosity factor, 
	3

	
	TiO2 film thickness, Lf
	5µm

	Mass transfer
	Molecular diffusion coefficient, Dm
	8.6×10-6m2/s

	
	Inter-phase mass transfer coefficient, kg
	1.39, 1.87, 2.23m/s

	
	Geometric surface area per unit reactor volume, a
	0.6 m-1

	UV-PCO reaction
	Synthetic kinetic rate coefficient, k0
	1 mg /m3∙s 

	
	Absorption coefficient, K
	0.24 m3/mg

	
	Water absorption coefficient, KH2O
	4.9×10-4m3/mg (0.00036 ppm-1)

	
	UV irradiance extinction coefficient, µ
	0.3 µm-1

	
	Reaction order with respect to UV light applied, β
	0.5

	Operation conditions
	Concentration range, Cin
	 0.038-37.7mg/m3
(0.01-10 ppm)

	
	UV irradiance range, If
	2-20 mW/cm2

	
	Velocity range, ux
	0.5-1.5 m/s
 (100-300cfm)

	
	Humidity, CH2O
	 
6990-18940 mg/m3
(30-80%)




4. Model Validation
To validate the PCO model prediction, simulation results are compared with the prediction made by two-site kinetic model developed by Lewandowski and Ollis (2003). Two-site kinetic model is established on the basis of the presumed presence of two different types of adsorption sites, hydrophobic adsorption sites (type I) and hydrophilic adsorption sites (type II). For the reactant i, it is assumed to be only accessible to hydrophobic adsorption sites (type I).  The site balance is given as follows:  

                                                                                    (16) 
Compared with the PCO model, the two-site kinetic model only considers the mass balance of a reactant at the fibre surface, but gives a more detailed description (including adsorption and desorption) on mass transfer.
Figure 7 compares the PCO model simulation results with both experimental data and the two-site kinetic model simulation results for two cases. Two models provide reasonable fits for experimental data collected during the photocatalytic oxidation of toluene in a single-pass, powder layer PCO reactor under operational conditions of 20 mg/m3 and 30 mg/m3 of feed concentration, 1000 mg/m3 of water vapour concentration and 1×10-6 m3/s (2cfm) of gas flow rate. In Lewandowski and Ollis (2003), a 100W blacklight was used as a UV energy provider, but no information about the irradiance was provided. So the value of irradiance is the only adjusted parameter in the simulation, and finally 16.5 mW/cm2 is found to be a correct value to simulate the trend of the toluene concentration for both cases.
It is worthwhile to mention that in their experimental work, Lewandowski and Ollis (2003) did not turn on UV lights until the adsorption of toluene and water by the regenerated catalyst reached equilibrium. In other words, the first part of the experimental data reflects the adsorption process taking place, whereas the latter part shows the UV-PCO photochemical process being underway. This is the reason for the discrepancy between experimental data and the PCO model predictions at the initial stage. After 60 minutes, however one can see that the exit concentration profile predicted by the PCO model for both cases seems to be more consistent with the experimental data than that predicted by the two-site kinetic model. The good agreement between the predictions from the proposed PCO model and previous experimental results indicates the PCO model can correctly capture the trend of efficiency as a function of time. Hence, the validated model can be applied to describe the behaviour of a PCO for application in the in-duct UV-PCO air cleaners.


(a)


(b)
Figure 7 – Comparison of model prediction with the prediction of two-site kinetic model (Lewandowski and Ollis, 2003) for toluene with inlet concentration of (a) 20mg/m3 (b) 30mg/m3. (Simulation conditions: Cin=20mg/m3 and 30mg/m3; CH2O=1000mg/m3; u=0.011m/s; If=16.5mW/cm2)


5. Parametric simulations analysis
The simulation program is then used to predict the reactor behaviour under different operational conditions, as well as to account for the PCO performance changes resulting from the influencing design parameters. Moreover, it can provide information regarding limiting case tests beyond experimental possibilities. For example, it is of great interest to investigate the impact of operational conditions on the PCO efficiency. Figure 8 demonstrates the interrelationships between different influencing elements in the PCO reactor model.
[image: ]
Figure -8 - Structure of simulation program

Effect of airflow rate
Figure 9-a shows the single-pass efficiency decays as function of time. It also shows that as the airflow rate increases, the efficiency drops. In other words, as the air velocity increases, the exposure time to the PCO is so short that the decomposition of VOCs is greatly compromised. More precisely, it means that the PCO reaction time is longer than the residence time and that the pollutants cannot fully participate in PCO reaction. Therefore, the lower the airflow rate, the higher the single-pass efficiency.
 Effect of inlet concentration
Figure 9-b shows the simulated result of single-pass efficiency as function of time for various toluene inlet concentrations; this shows that as the inlet concentration decreases the steady-state efficiency increases and the time to reach equilibrium is shorter. Theoretically, the single-pass efficiency can reach one within the first few minutes. Then, it rapidly drops down as time elapses since the active sites at the catalyst surface are gradually blocked by reactants and/or intermediates. This figure also shows that the slopes of all curves before 40 minutes are almost identical. This is due to using the same air velocity for all cases. It should be noted that in this study the change of the reaction rate constant due to gradually deactivated catalyst is not considered, which will be discussed later.
  
Effect of light intensity
UV irradiance has a pronounce impact on the performance UV-PCO since it determines the number of electron-hole pairs reacting with adsorbed water to form highly reactive hydroxyl radicals. In this study, the UV irradiance can be changed by altering the distance between the UV lights and the catalyst surface, and by changing the numbers of UV lights. Figure 9-c shows the impacts of three levels of UV irradiance on the PCO efficiency. This figure demonstrates that increasing the irradiance increases single-pass efficiency, and to be more specific, that the removal efficiency is nonlinear with UV irradiance. At low light intensity, electron-hole pairs effectively participate in the photochemical reactions, whereas recombination of the electron-hole pairs inhibits the rate of electron transfer at the high light intensity. Thus, not much hydroxyl groups expected are promoted by high irradiance. Hence, the single-pass removal efficiency depends nonlinearly on the light intensity. 

Effect of relative humidity
Humidity has a dual role on the performance of UV-PCO system: on one hand it supplies high-activity hydroxyl radicals, and on the other hand it competes with contaminants adsorbed on the catalyst surface. The optimal level of humidity needed in PCO air cleaners is determined by contaminant concentrations. Figure 9-d shows that decreasing the relative humidity leads to the increase of the single-pass efficiency, which indicates that the limiting factor is the adsorptive competition between moistures and pollutants under the case of photocatalytic oxidation of low concentration pollutants.  This conclusion was also stated by Zhong et al (2010); they reported that for the low concentration of a single contaminant, the lowest relative humidity is the best condition for PCO.
Effect of catalyst activities
Catalyst deactivation is a common phenomenon reported in previous work (D’Hennezel et al., 1998; Alberici and Jardim, 1997; Ameen and Raupp, 1999). The effect of assumed reaction rate constants on the efficiency of PCO was simulated to study the catalyst with different levels of deactivation. Figure 9-e shows that single-pass efficiency after 25 minutes decreases whenTiO2 catalyst has lower activity. The efficiency curves in the first 25 minutes have nearly identical slopes because the PCO process at initial stage is mainly controlled by advection and mass transfer, which brings reactants into the catalyst bed. After a certain amount of reactant accumulation at the surface of TiO2 fibres, PCO reaction is the limiting process which controls all other PCO processes. Therefore, after PCO works for a certain period of time and reaches equilibrium, the single-pass efficiency curve is closer to zero as the reaction rate constant becomes smaller. It should be mentioned that the kinetic rate coefficient, which in this study is assumed to be constant, changes with time.
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(a) Simulation conditions: Cin=3.77 mg/m3; If=5mW/cm2; u=0.5, 1.0, 1.5m/s; CH2O=11720mg/m3
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(b) Simulation conditions: Cin=0.038, 3.77, 18.85, 37.7mg/m3; If=5mW/cm2; u=0.5m/s; CH2O=11720mg/m3
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(c) Simulation conditions: Cin=3.77mg/m3; If=2, 10, 20mW/cm2; u=0.5m/s; CH2O=11720mg/m3
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(d) Simulation conditions: Cin=3.77mg/m3; If=5mW/cm2; u=0.5m/s; CH2O=6990, 11720, 18940mg/m3
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(e) Simulation conditions: Cin=3.77mg/m3; If=5mW/cm2; u=0.5m/s; CH2O=11720mg/m3; k0=0, 0.5, 1.0, 1.5mg/m3·s
Figure 9 Effects of operating parameters: (a) airflow rate (b) inlet concentration (c) light intensity (d) relative humidity (e) catalyst activities

Limiting cases study
In order to further verify the model prediction, it is used to investigate the impact of limiting cases, which includes zero air velocity, zero reaction rate constant, zero adsorption coefficient, and zero mass transfer coefficient. These limiting cases are beyond the experimental possibility, but they still can be compared with theoretical analysis. 
· Zero velocity (u). Airflow is mainly responsible for bringing the reactant into the filter bed. When the velocity is zero, the molecular diffusion is the only mechanism of mass transfer into the surface of catalyst. The order of magnitude of molecular diffusion is about10-6, which is significantly small. Therefore, only a very small amount of reactants can reach TiO2 catalyst. Hence, the removal efficiency can remain unity for a long time, as shown in Figure 10. 

· Zero reaction rate constant (k0) and/or zero absorption coefficient (K). In this case, the model is changed to account for the sorption dynamics of contaminants. Figure 10 shows that after the TiO2 fibres adsorb pollutant molecules for some time and then the fibres have no capacity to hold additional contaminant molecules, the removal efficiency curve will be close to zero due to the breakthrough.

· Zero mass transfer coefficient (kg).  Reagent species need to transport through the boundary layer surrounding the catalyst fibres before being absorbed and photochemical reaction takes place. So mass transfer coefficient is an important parameter which determines the number of pollutant molecules reaching the PCO surface and being involved in the reaction. When the mass transfer coefficient is zero, there is no occurrence of external diffusion in the boundary layer and thus no PCO reaction. Therefore, breakthrough happens after the contaminant flow passes through the bed depth, and the removal efficiency also soon drops to zero (Figure 10). 
[image: ]
Figure 10 - Single-pass efficiency-time profile modeled under different limiting cases
(Simulation conditions: Cin=3.77mg/m3; u=0 and 0.5m/s; If=5mW/cm2; k0=0 and 1mg/m3·s; K=0 and 0.24mg/m3; kg=0 and 1.39m/s)

The simulation results for aforementioned extreme cases are presented in Figure 10. It can be observed that the developed model is able to predict correctly the performance of the system for the extreme cases and the prediction follows the theory.       

6. Conclusions
A Langmuir-Hinshelwood (L-H) model combined with light scattering model as well as mass transfer model is developed and numerically implemented to simulate the performance of a PCO air cleaner commonly used in building HVAC systems. Although a more comprehensive validation needs to be carried out in the near future, the proposed comprehensive PCO model could be a useful tool to simulate and optimize a UV-PCO reactor for scaling-up and design purposes. The main features of this mathematical model are:
· The comprehensive PCO model is developed based on three sub-models: irradiance field model, reaction kinetics model, and mass balance.
· Properties of light sources and catalyst, reactor geometry, mass transfer parameters, kinetic parameters as well as operational conditions determine the performance of PCO air cleaners. 
· The model parameters can easily be estimated from real systems. 
· The descriptions of mass balance of species at air and solid phase allow the exit concentration at downstream to be computed.
The main advantages of this model in comparison with other models are:
· The model parameters can be measured independently.
· The time-dependent model can predict the single-pass removal efficiency of UV-PCO air cleaners more accurately.
· This model can be used to investigate the effects of key parameters on the performance of PCO.
· Optimization of VOCs removal process in PCO system can be carried out by analysis of the dominating process between physical interactions and photochemical interactions.
In summary, a mathematical model of UV-PCO is developed and the simulation results are in good agreement with the experimental data and with the prediction made by an existing model. The validated model is then used to carry out parametric studies to identify the influencing parameters. The current model is therefore suitable for assessing the behaviour of an in-duct UV-PCO air cleaner. Moreover, the hybrid model based on fundamental principles provides important insights into physical or photochemical processes involved in UV-PCO technology. Future work includes implementing experimental validation and improving modeling methodologies to better reflect the actuality of photocatalytic reactions.  
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Notation
English symbols 
a                    geometric surface area per unit reactor volume (1/m)
A                   area (m2)
C                   concentration (mg/m3)
Dm                 molecular diffusion coefficient (m2/s)
D                   characteristic length of fibrous media (m)
F                    view factor 
I                     UV irradiance (mW/cm2)
K                   Langmuir’s absorption parameter (m3/mg)
k0                   synthetic kinetic rate coefficient (s-1)
kg                   inter-phase mass transfer coefficient (m/s) 
kads,i               adsorption rate constant for species i on type I sites (atm-1s-1)
kdes,i               desorption rate constant for species i on type I sites (s-1)
kI                   reaction rate constant for conversion of species i to a intermediate on 
                      type  I sites
Lf                   TiO2 film thickness (nm)
P                    distribution function of spectral power
Pi                   partial pressure of species i in reactor (atm)
r                     PCO reaction rate (mol/m3s)
s                              length of the connecting line (m)
t                     time (min)
u                    velocity (m/s)

Greek letters
β                     reaction order with respect to UV light applied
ξ                     stoichiometric coefficient of the compound in the reaction

                   wall reflectivity (%)
Ω                    angle
λ                     wavelength (nm)

                    porosity of the catalyst

                    tortuosity of the catalyst
υ                     air viscosity (m2/s)

                    effectiveness factor of the photocatalyst
µ                     UV irradiance extinction coefficient
θi                    coverage of species i on type I sites
θS1                  coverage of vacancies on type I sites

Dimensionless parameters

Re                  Reynolds number, 
Sc                  Schmidt number,  
Sh                  Sherwood number, 


Subscripts 
0                      plane occupied by UV lights 
1                      duct wall at the right side of UV light
2                      duct wall at the left side of UV light
ad                    adjacent walls 
B                     bulk
f                      filter
H2O                 humidity
i                       species
in                     inlet
j                       intermediates converted from i
min                  minimum wavelength provided
op                    opposing wall 
out                   outlet
S                     sorbed-phase
w                     wall
x,                     vector

Superscripts 
max                maximum wavelength provided

Special symbols
¯                      average value
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