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Abstract 

Volatile organic compounds by-products generation in photocatalytic 

oxidation reactor: Experimental and modelling 

Mojtaba Malayeri, Ph.D. 

Concordia University, 2021 

 

The presence of volatile organic compounds (VOCs) in indoor air is inevitable. Their adverse 

effect on human health has encouraged researchers to develop various technologies for air 

pollution remediation. Photocatalytic oxidation (PCO) has been regarded as a promising and 

emerging technique for air purification and extensively investigated in the last two decades to 

characterize and improve the effectiveness and performance of this technology. In addition, the 

development of appropriate models can enhance the understanding of reactor performance and the 

evaluation of intrinsic kinetic parameters that enable the scale-up or re-design of more efficient 

large-scale photocatalytic reactors. 

This research works on mathematical modeling of gas phase photocatalytic reactors and 

analyses different key factors that can enhance pollutants decomposition. At the first step, a one-

dimensional time-dependent mathematical model for continuous flow UV-PCO reactor has been 

developed. In this model, transfer of pollutants by advection and dispersion in bulk phase 

incorporates with the reaction rate based on the extended Langmuir Hinshelwood model in the 

catalyst phase. CFD modeling was also used to determine the flow distribution in the reactor at 

various airflow rates. Moreover, the light intensity distribution on the photocatalyst surface was 

simulated using the linear source spherical emission model. A dimensionless form of the model 

was then proposed to generalize the result for any scale. The proposed model was validated first 

by comparing with predictions of other models (inter-model comparison) and then by experimental 

data from two different scales (pilot and bench) of UV-PCO reactors. Furthermore, a sensitivity 

analysis using dimensionless parameters was conducted to find the controlling step in the PCO 

process. To validate the model, acetone, MEK, and toluene were tested in the UV-PCO reactor 
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with a commercial PCO filter (TiO2 coated on silica fiber felts) at various operating conditions, 

such as concentration, relative humidity, irradiance and air velocity. 

 The main issue for applying PCO technology in the indoor environment is the generation of 

hazardous by-products. The effect of by-products formation was usually ignored in former 

modeling studies.  The next effort was to improve the model and build a comprehensive one to 

consider by-products generation in the UV-PCO reactor. To achieve this goal, a possible reaction 

pathway for degradation of each challenge compound was proposed based on identified by-

products in analytical methods (GC-MS and HPLC). Different possible reaction rate scenarios 

were evaluated to find the best expression fitted to experimental data at the steady-state condition. 

The obtained reaction coefficients were then used to validate the model under various operating 

conditions. Finally, the Health Risk Index was used to investigate the implications of generated 

by-products on human health under varying operating conditions. The results indicated that the 

proposed model has a great potential to simulate the behavior of UV-PCO reactor in a real 

application. 
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1. Introduction  

1.1. Background 

Indoor air quality (IAQ) has become a growing concern in developed countries, as most people 

spend more than 90% of their time indoors, namely in the home, office, car, or shopping center [1, 

2]. Moreover, the rates of respiratory illnesses such as asthma, infection, and allergies are growing 

especially in children. These increases are believed to be related to the changes in the air quality 

of indoor environments, as the levels of pollutants in indoor air are generally higher than that of 

outdoor air [3, 4]. Therefore, there is an increasing concern for the removal of these pollutants 

even at relatively low concentrations found in indoor environments, since long-term exposure to 

indoor air pollutants causes sick building syndrome, and even cancer in extreme cases [2, 5]. 

Sources of indoor air pollutants can be outdoor air, furniture, construction materials, occupants 

and their activities. In terms of chemical pollutants, nitrogen oxides, ozone, radon, volatile organic 

compounds (VOCs) can be produced. VOCs are the major sources of gaseous pollutants in the 

building environment [2]. VOCs can originate from various sources such as construction materials, 

cooking, combustion by-products, office equipment, etc. [6]. Aromatics, aldehydes, halocarbons, 

alcohols, and esters are the main groups of VOCs identified in the indoor air[7]. 

Generally, there are three main methods to improve indoor air quality: source control, 

ventilation and air purification. Source control would be the best solution that can remove/reduce 

the source of emissions. However, occupants themselves (occupant activities, tobacco smoking, 

photocopying, cleaning and other activities) are the source of pollutions in most indoor 

environments such as classrooms and workplaces [8]. Ventilation also is the most common 

approach to reduce the pollutants concentrations inside the buildings. Nevertheless, it may transmit 

unwanted pollutants from outdoor to indoor environments. Another limitation of this method is 

that increasing the ventilation rate requires higher energy to minimize pollution levels. Air 

cleaning is another possible technique that eliminates chemical pollutants from the air. In addition, 

it is believed that a combination of air cleaning and ventilation method is the effective approach 

to reach a healthy indoor air quality and low energy consumption [9, 10]. 

Adsorption, a traditional air cleaning technology, has high efficiency for removing VOCs in the 

air [11]. Since VOCs are separated from the air stream by adsorbing on the adsorbent filter, this 

method requires regular adsorbent replacement. Among various adsorbents, activated carbon is the 

most common because of its high surface area and storage capacity [12]. Although the adsorption 
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method is economically favorable, it transfers pollutants from gas phase to adsorbed phase instead 

of decomposing them. 

Another promising technology in this respect is photocatalytic oxidation (PCO) for the 

destruction of VOCs. The most important characteristic of this method is the operation at ambient 

pressure and temperature without a significant energy supply. Furthermore, the PCO method, in 

an ideal condition, can decompose hydrocarbons and create carbon dioxide and water at the end 

[13]. Despite the known advantages of PCO, the generation of hazardous by-products (i.e., O3, 

CO, and organic by-products), which can be even more harmful than the target VOCs, can be 

significant in this process [14]. Moreover, low efficiency and slow reaction rate are other 

shortcomings, which highlight the necessity of more studies to enhance the capability of this 

method for indoor environment application [15, 16]. 

For the materials scientist, the main research interest centers on the synthesis of more efficient 

materials and the investigation of degradation mechanisms, whereas for the engineers, most 

research has been concerned with the development of appropriate models to enhance the 

understanding of photocatalytic reactor performance [17]. Besides, one of the major challenges in 

studying the potential of UV-PCO reactors for commercial applications is to find a reliable tool to 

assist the design, scale-up, and optimization. An appropriate mathematical model of the 

photocatalytic reactor can be a powerful tool to consider all phenomena involved in the PCO 

process [6]. 

1.2. Research objective 

Based on the aforementioned facts, this research is aiming to develop a reliable and validated 

mathematical model for UV-PCO reactor, which can facilitate the extensive application for indoor 

air remediation. As many factors influence the performance of PCO, it is essential to study the 

impact of affecting parameters on the simulation result and removal efficiency. 

Most existing models of the UV-PCO reactor have been developed without consideration of 

by-products formation. However, in reality, due to a very small residence time, VOCs partially 

oxidized, and some by-products appear in the outlet stream. The main goal of this research is to 

find an adequate mathematical model to predict by-product generation in a continuous UV-PCO 

reactor. To do this, the first step is finding a validated model for degradation of VOCs, and the 

second step is to improve that model to take both removal of challenge compound and formation 

of by-products into account. The following steps are the specific tasks of this research: 
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Á CFD modeling was used to determine the flow distribution in the reactor.  

Á Evaluation of mass transfer parameters, including dispersion and interphase-mass transfer 

coefficients to develop a reliable model. 

Á Finding the best reaction rate model to describe the experimental data.  

Á Developing a validated mathematical model for degradation of challenge compound in UV-

PCO reactor.  

Á Presenting a dimensionless model to generalize the result for any scale (scale-up) and then 

parametric simulations analysis based on non-dimensional parameters.  

Á Proposing reaction pathways for degradation of challenge compounds based on identified 

by-products by analytical methods. 

Á Proposing a by-product predictive model based on reaction pathways and, accordingly, 

reaction rate expressions. 

Á Validation of by-product predictive model at different operating conditions. 

 

1.3. Thesis outline  

Chapter 1. Introduction  ï This chapter presents a brief background, problem statements, and 

main objectives of this research. 

Chapter 2. Literature review ï This chapter presents the fundamentals of PCO technology 

and overviews by-products of some common indoor VOCs. Then, this chapter provides different 

reaction rate models, mass transfer equations used for the UV-PCO system. Finally, it presents a 

brief literature review on the effect of operating parameters, including flow rate, catalyst surface 

area, and porosity, and catalyst thickness, on degradation efficiency.    

Chapter 3. Methodology ï This chapter explains the principal of model development for PCO, 

including mass balance, radiation model, and reaction rate expression. Then, it describes the 

solving method, experimental procedures for adsorption and PCO tests, analytical methods, and 

air sampling procedures. 

Chapter 4. Modeling of PCO reactor in the presence of mass transfer limitation and axial 

dispersion ï This chapter focuses on CFD simulation to describe the flow distribution in the 

reactor and validate it with the RTD tracer experiment. In the next section, it evaluates the mass 

transfer parameters, including axial dispersion coefficient and mass transfer coefficient, in the 

presence of mass transfer limitation in the PCO system. 
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Chapter 5. Kinetic modeling of the photocatalytic degradation for removal of MEKï This 

chapter focuses on kinetic modeling of MEK in PCO using different Langmuir Hinshelwood base 

reaction rate models. In this chapter, the curve fitting was conducted by dispersion model and ideal 

plug flow model to find the best fitting result. A radiation field model was also developed and 

validated at different intensity levels. The mass transfer effect on the PCO reaction was also 

evaluated in this chapter. 

Chapter 6. Modeling of MEK in PCO: Systematic Model Development and Validation ï 

This chapter is dedicated to comprehensive validation of the developed model in both small and 

pilot-scale reactors. An inter-model comparison between the proposed model and two other models 

available in literature has been conducted. This chapter also presents the sensitivity analysis using 

dimensionless parameters to find the controlling step in PCO and generalize the model for 

application on any scale. 

Chapter 7. Reaction pathway and predictive model for generated by-products in the PCO 

reactor ï The first section of this chapter focuses on kinetic modeling and reaction mechanism of 

acetone and MEK to predict the generation of by-products in the PCO system. The next section of 

this chapter is dedicated to that of toluene with a greater number of by-products. The validation of 

the by-product predictive model is tested at various operating conditions. 

Chapter 8. Conclusions and recommendations ï This chapter presents the summary and 

findings of this thesis and provides recommendations for future research on the present study.  

 

1.4. Current thesis type 

This dissertation is a manuscript-based thesis in which the contents of chapters 2 to 7 are part 

of the published journal papers in the area of environmental chemical engineering as: 

¶ Chapter 2: 

Malayeri, M., F. Haghighat, and C.-S. Lee, Modeling of volatile organic compounds 

degradation by photocatalytic oxidation reactor in indoor air: A review. Building and 

Environment, 2019. 

¶ Chapter 3 & 4:  
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Malayeri, M., C.-S. Lee, F. Haghighat, and L. Klimes, Modeling of gas-phase 

heterogeneous photocatalytic oxidation reactor in the presence of mass transfer 

limitation and axial dispersion. Chemical Engineering Journal, 2020. 386: p. 124013.  

¶ Chapter 3 & 5: 

Malayeri, M., F. Haghighat, and C.-S. Lee, Kinetic modeling of the photocatalytic 

degradation of methyl ethyl ketone in air for a continuous-flow reactor. Chemical 

Engineering Journal, 2021. 404: p. 126602.  

¶ Chapter 3 & 6: 

Malayeri, M., C.-S. Lee, and F. Haghighat, Modeling of Photocatalytic Oxidation 

Reactor for Methyl Ethyl Ketone Removal from Indoor Environment: Systematic 

Model Development and Validation. Chemical Engineering Journal, 2020: p. 128265.  

¶ Chapter 3 & 7: 

- Malayeri, M., C.-S. Lee, J. Niu, J. Zhu, and F. Haghighat, Kinetic and reaction 

mechanism of generated by-products in a photocatalytic oxidation reactor: Model 

development and validation. Journal of Hazardous Materials, 2021: p. 126411.  

- Malayeri, M., C.-S. Lee, J. Niu, J. Zhu, et al., Kinetic modeling and reaction 

mechanism of toluene and by-products in photocatalytic oxidation reactor. Chemical 

Engineering Journal, 2021: p. 131536.  
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2. Literature Review 

2.1. Fundamentals of PCO 

PCO, as a new generation of air cleaning technology, has a great potential to eliminate gaseous 

pollutants even at low concentrations [18-20] and applicable for different kinds of pollutants [21, 

22]. Basically, PCO is performed using photocatalyst, ultraviolet (UV) light and oxygen to 

decompose chemical pollutants [23]. Among different types of photocatalysts, TiO2 has attracted 

significant attention owing to its high stability, low cost, simple preparation, the excellent 

capability to destruct various compounds [24, 25]. 

The main step of PCO is the creation of electron/hole pairs via absorption of photons from UV 

light on the surface of the photocatalyst [22, 23]. In this step, when photon energy is equal to or 

greater than photocatalystôs band gap, photocatalyst reaction is started, in which highly reactive 

hydroxyl  radicals ( /(Ɇ) in the presence of H2O molecules are generated. Moreover, oxygen reacts 

with electron and produce hydroxyl radical after a series of reactions [21, 26, 27]. These reactive 

species can oxidize adsorbed VOCs and degrade them to lower molecular weight products. Under 

optimal circumstances (total mineralization), CO2 and H2O would be final products from the PCO 

reaction of hydrocarbon compounds [20, 28, 29]. The prime photocatalytic reaction mechanism 

using TiO2 activated by UV light can be described as follows [22]: 

 

Fig. 2.1: Reaction mechanisms of PCO on photocatalyst  
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TiO2 +hvŸ TiO2 (Ὤ  + Ὡ ) ( 2.1) 

ὕὌ+Ὤɣ ὕὌɆ (2.2) 

ὕ  + Ὡ Ÿ ὕ      (2.3) 

Ὄὕ  Ÿ ὕὌ+ Ὄ  (2.4) 

 ὕ  + Ὄ  Ÿ ὌὕὕɆ (2.5) 

ὌὕὕɆ  +Ὡ  Ÿ Ὄὕὕ (2.6) 

Ὄὕὕ+ Ὄ  Ÿ Ὄὕ   (2.7) 

VOC +  ὕὌɆ ὕ   Ÿ Ὄὕ + ὅὕ + by-products (2.8) 

The unfavorable phenomenon during the photocatalytic reaction is the recombination of hole 

and electron, which happens on the surface or in bulk very fast. This process reduces the 

performance of PCO due to the reduction of oxidized species on the surface of the photocatalyst. 

Thus, it is necessary to develop a photocatalysts with high efficiency, in which the recombination 

process is slow and charge carriers have a high conductivity [20, 30, 31]. 

2.1.1. PCO process 

Understanding the photocatalysis fundamentals is vital for interpreting experimental results, 

modeling of PCO reactor, and analyzing the affecting parameters on performance [20]. Generally, 

as Fig. 2.2 shows, the PCO process can be divided into seven main steps: (1) transfer of species 

by air flow (advection), (2) mass transfer from the bulk fluid to the external surface of catalyst 

(external mass transfer), (3) motion of reactants from the exterior surface into the interior pore of 

catalyst through diffusion (internal mass transfer), (4) adsorption of the reactant on the interior 

surface, (5) PCO reaction in the presence of photons, (6) desorption of products from the surface, 

and (7) motion of species from the interior of pores to bulk fluid by internal and external mass 

transfer [21, 27, 32].  
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Fig. 2.2: Individual steps of catalytic fluid-solid reaction on a porous catalyst 

As can be seen in Fig. 2.2, adsorption, surface reaction, and desorption are consecutive steps. 

On the other hand, as the photochemical reaction takes place on the catalyst surface, the mass 

transfer rate (external or internal mass transfer) is in a steady-state and, in terms of timescale, 

equivalent to the reaction rate. It is worthwhile to mention that most of the reaction occurs in step 

2 (external surface reaction), where more hydroxyl radicals are available owing to direct radiation 

of light and higher photon energy. Generation of these highly reactive radicals, to a large extent, 

rely on number of active sites, dispersion of Titania particles, and distribution of light within the 

catalyst bed. In this regard, altering the catalyst density or thickness can have a major impact on 

radiation distribution throughout the reaction volume and, hence, the activation of catalyst 

particles. Besides, adsorption on the surface of the catalyst has an important role in the reaction 

rate and decomposition of VOCs. To be more specific, adsorption of challenge compounds is 

influenced by humidity level, physicochemical properties of challenge compounds, the adsorption 

capacity of catalyst [22, 33, 34]. 

 Internal and external mass transfers from bulk to surface of the catalyst depend on temperature 

and velocity of the air, molecule collision, and size of the pores. Depending on the situation 

(reaction rate-limited or mass transfer-limited), any of these steps can control the total removal 

rate of the PCO reactor. In this regard, when mass transfer steps (i.e., steps 1, 2, 6, and 7 in Fig. 

2.2) occur too fast, mass transfer resistance from bulk to catalyst surface and from surface to pore 

site can be neglected, and it can be implied that concentration around the catalyst is the same as 

that of the bulk one. Under this circumstance, mass transfer steps do not influence the rate of 

reaction. On the other hand, if mass transfer from bulk to catalyst surface takes place slowly, the 

resistance of external mass transfer is high, and it controls the overall reaction rate. To overcome 
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the external mass transfer limit, varying design parameters (e.g., flow conditions and catalyst 

characteristics) can help to reduce this resistance [20, 32, 34-37].  

2.1.2. PCO Reaction By-products 

Due to the short residence time of reactants in PCO reactor, in reality, VOC degradation can 

continue up to a certain level (partial oxidation), and many by-products/intermediates exist both 

in the gas phase and on photocatalyst. Formation of the undesired by-products is the main concern 

in the application of the PCO technology in buildings as some of these by-products are more toxic 

than their parent compounds [22]. The concentration of each by-product is usually in the range of 

ppb. Detecting very low concentrations of these compounds is a big challenge. Table 2.1 presents 

the by-products of some contaminants in the PCO reactor. 

Table 2.1: By-products of some VOCs in PCO reactions 

Compound Intermediates/by-products Analysis methods Ref. 

Acetaldehyde Formaldehyde, acetic acid GC-FID, FTIR [38] 

 Acetic acid, formic acid, formaldehyde FTIR [39] 

Acetone 
Acetaldehyde, methyl and isopropyl alcohol, MEK, ethyl acetate, 

acetic acid, mesityl oxide, diacetone alcohol 
GC/MS, GC-FID [40] 

 Acetaldehyde, formaldehyde, acetic acid, formic acid FTIR [41] 

 Formic acid, acetic acid, formaldehyde, bicarbonate FTIR [42] 

Benzene 2-propenoic acid, 2-methyl-1-propanol GC [43] 

 
1,5-hexadien-3-yne, 2,4-hexadiyne, 1,3-hexadien-5-yne, formic 

acid 
GC/MS, FTIR [44] 

 Hydroquinone,4-benzoquinone, phenol, formic, acetic acids GC/MS, HPLC [45] 

Ethanol Acetaldehyde, formaldehyde, acetic acid, formic acid GC-FID, FTIR [38] 

 Acetaldehyde, formaldehyde HPLC [46] 

n-Butanol Butanal, propanal, ethanal, crotonaldehyde GC/MS, GC/FID [47] 

MEK 
Acetone, ethanol, acetaldehyde, acetic acid, methanol, 

formaldehyde, formic acid 
GC/MS, GC-FID [48] 

Toluene benzyl alcohol, benzaldehyde, benzoic acid, p-toluquinone, cresol GC/MS, GC/FID [49] 

 
Benzoic acid, benzyl alcohol, and benzaldehyde, formic acid, 

acetic acid 
GC/MS, HPLC [45] 

 
Benzaldehyde, benzene, formaldehyde, MEK, cresol, phenol, 

benzyl alcohol 
GC/MS, HPLC [50] 

 Benzyl alcohol, benzoic acid, benzaldehyde, hydroquinone, cresol FTIR [41] 

 
Acetone, acetic acid, butyraldehyde, benzene, pentanal, 

benzaldehyde, benzoic acid 

PTR-MS, 

GC/MS 
[51] 
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Formaldehyde, acetaldehyde and methanol, propylene, acetone, 

acetic acid, benzene 
PTR-MS [52] 

1-propanol Propionaldehyde, acetaldehyde GC/MS [53] 

 

The generation of intermediate highly depends on reaction mechanisms of different 

contaminants in the PCO process. In addition, the form and quantity of by-products have a close 

relationship with the operational conditions, the PCO reactor configurations, and the 

characteristics of the catalysts [16, 54]. Some intermediates/by-products adsorb on the catalyst 

surface and block the reactive sites, which can inhibit the photocatalytic degradation of the target 

compound. Therefore, with increasing the illumination time, conversion of VOC reduces due to 

the deactivation of the catalysts [55]. 

2.2. Modeling of PCO  

Designing an efficient photocatalytic reactor requires knowledge of the kinetic reaction 

mechanism, mass transfer of VOCs and radiation transfer. The lower operating costs are of great 

importance for utilizing a PCO reactor in a real application, which can be achieved by optimizing 

light radiation and by providing efficient mass transfer of reactants. Therefore, the scale-up and 

finding the efficient operation of the PCO reactor are demanding tasks, which may hamper 

commercial development [56, 57]. Mathematical modeling of the PCO process can be an effective 

tool for design, scale-up, and optimization studies, as it opens up an opportunity to comprehend 

the optimal performance of the reactor and its limitation [56]. In addition, developing a 

mathematical model is crucial to investigate the influence of parameters on each step of PCO (Fig. 

2.2). To reach this purpose, a combination of an appropriate reaction kinetic with an elemental 

mass balance is required to be considered. Such an equation can predict the removal rate of 

pollutants as a function of operating parameters, reactor geometry, and physical property of 

photocatalyst [6, 21, 58]. In the PCO process, there are interactions among pollutants, catalyst, and 

irradiation, which make modeling of photocatalytic reactor a complex task. For instance, the 

concentration of catalyst (amount of titania per unit volume) has a direct impact on radiation 

distribution and, consequently, on the activity of catalyst [59-63]. 

2.2.1. Reaction kinetic models 

Reaction kinetic gives information about the mechanisms that the reactants are converted to 

products and is used to determine the performance of the photoreactor for VOC degradation. 

Theoretically, the kinetics of reaction can be described as decreasing rate of reactants or raising 
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rate of products. The degradation rate of challenge compounds in the PCO reactor depends on 

operating conditions such as concentration of VOCs, temperature, irradiation, humidity, and 

catalyst loading such that [21, 23, 64]:  

-r = k (f [C])                                    (2.9) 

k =f (T, I,ὡ )                            (2.10) 

where f [C] is a function of VOC concentration and relative humidity. Moreover, f (T, I, ὡ ) 

reperesnts dependency of kinetic constant on temprature, irradiation and catalyst loading, 

respectively. Concentration is one of the key factors in reaction rate. Generally, the reaction rate 

increases with reactant concentration due to the increment in the frequency of collision. The 

relationship between reaction rate and reactant concentrations is described mathematically by rate 

law (shown in the next section). Temperature is also regarded as a major factor that influences the 

rate of a chemical reaction. Raising temperature provides enough activation energy for more 

effective molecular collisions. In terms of humidity, it is believed that complete degradation to 

carbon dioxide is unachievable without the presence of water vapor. On the other hand, introducing 

excessive humidity leads to reduction in catalyst active sites and, consequently, a decrease in 

reaction rate. As for catalyst loading, it has a major impact on catalyst activity and degradation 

rate. Depending on saturation value, support material and coating method, the amount of 

semiconductor on the substrate is dissimilar in different studies, which affects catalyst activity and, 

consequently, the reaction rate. Since photons activate semiconductors to create charge carriers for 

the degradation of VOCs, light intensity has a prime impact on the reaction rate and removal 

efficiency of the PCO reactor.  

2.2.1.1. Pollutant and water vapor concentrations 

As photocatalyst reaction rate relies on surface coverage of pollutants on catalyst particle, 

kinetic modeling of PCO reactor is associated closely with adsorption model [26]. In this respect, 

the relationship between concentration of VOCs and reaction rate can be described through various 

adsorption isotherm including Langmuir, Freundlich, and BrunauerïEmmettïTeller (BET) [65-

69]. Among them, Langmuir isotherm is widely used in the literature. This isotherm is based on 

the hypothesis that there is monolayer adsorption on a uniform catalyst site. It also assumes that 

each site holds only one adsorbate molecule and there is no interaction between adsorbate 

molecules [65, 66, 69].  
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In general, the kinetic model of PCO is commonly described as unimolecular (first-order) or 

bimolecular (second-order) reaction rates. As the mechanism of photocatalytic decomposition 

contains numerous reaction steps and pathways as well as many different reaction intermediates, 

developing a reliable reaction rate model that is applicable for various pollutants and conditions is 

a complex task. Practically, kinetic experiments are employed to investigate the dependency of 

degradation rate and influencing parameters (i.g. concentration, irradiation, water content and 

temperature). Unimolecular removal of VOCs based on Langmuir adsorption model can be 

described as following equation (also known as Langmuir-Hinshelwood) [70-72]: 

ὶ =k 
  

               (2.11) 

where k and K are global kinetic coefficient and adsorption constant respectively. ὅ is the 

sorbed-phase concentration of challenge compounds. In the absence of mass transfer limitation, 

the concentration at the catalyst surface is equivalent to that in the bulk flow. Curve fitting routine 

(least-square method) is applied in order to measure kinetic data.  

Eq.(2.11) is applicable under the assumption that there is no competition between the target 

compound and other compounds (including intermediate and by-product). By considering the 

effect of other compounds, the concentration of adsorbed target compound reduces and can be 

indicated by modified Langmuir relation [21, 73-76]: 

ὶ =k 
  

В ȟ
                     (2.12) 

  where n stands for the number of compounds existing in the air. One of the main compounds 

that compete with other reagents for adsorption on the surface of the catalyst is water vapor. 

Including the effect of water molecules for adsorption in Eq.(2.12), the removal rate of compound 

p can be stated as [77-82]: 

-ὶ=Ὧ
 

          (2.13) 

where ὑ  is the Langmuir adsorption constant of water vapor and ὅ  is the gas-phase 

concentration of the water vapor. Eq.(2.13) is applicable under the assumption that reaction 

products do not have any effect on the degradation rate and the reaction kinetics is mainly 

dominated by competitive interaction between water (ὅ ) and inlet concentration of challenge 

compound (ὅ  [78].             
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By considering the second-order (bimolecular) Langmuir adsorption model, there are three 

different scenarios: (1) adsorption of target gas and water on the same type of sites with 

competitive adsorption, (2) adsorption of target gas and water on different types of sites with 

competitive adsorption, and (3) adsorption of target gas and water on different types of sites 

without competitive adsorption. Bimolecular reaction rate equations for each above-mentioned 

case are presented in Table 2.2 [83-85]. 

Table 2.2: Three different types of bimolecular reaction in Langmuir model 

Reaction rate equation Principles Ref. 

-ὶ=Ὧ
 

 
 

 (2.14) 

 

Adsorption on different types of sites, 

without competitive adsorption 

[83-86] 

-ὶ=Ὧ  (2.15) 

 

Adsorption on the same type of sites, with 

competitive adsorption 

[43, 83-86] 

-ὶ=Ὧ
 

  (2.16) 

 

adsorption on different types of sites, with 

competitive adsorption 

[83-85, 87-90] 

 

In practice, Eqs. (2.14) to (2.16) are applicable when the relative humidity of air is low enough 

and hydroxyl radicals concentration on catalyst surface is the rate-limiting element. In this case, 

mass transfer of water molecule from bulk to catalyst particle becomes rate-limiting step of PCO 

process. It is also worthwhile to be noted that the kinetic model varies with operating conditions 

or reactor designs. Fig. 2.3 presents some common types of PCO reactor. For instance, the results 

of the kinetic model for formaldehyde in a flat plate reactor [91] using Eq.(2.16) were different 

from that in the monolith reactor [92] or were not the same as flat plate reactor results with a 

different operating condition [83]. To be more specific, at same operating condition, monolith 

reactor provides better mass transfer of VOCs than flat plate reactor. In a monolith reactor, more 

VOC molecules are in contact with catalyst active sites, so more reactions can happen for the same 

adsorbed photons [26]. Additionally, reaction rate highly depends on operating conditions and 

kinetic parameters may change with operating parameters (such as flow rate, relative humidity, 

light intensity). 
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Fig. 2.3: Schematics of typical PCO reactors a) flat plate reactor b) monolith reactor c) annular reactor d) packed bed reactor 

In some earlier research works, Langmuir kinetic model could not be well-fitted with 

experimental data and a new kinetic model has presented with some modifications in Langmuir 

model. Demeestere et al. [93] presented a new kinetic model for TCE (Trichloroethylene) after 

reaching inadequate fitting for the first order Langmuir equation, in which reactions of electron-

holes and the effect of recombination are explicitly regarded. Muñoz et al. [94] implemented the 

same approach for toluene through the second-order reaction rate, in which toluene, water, and 

other compounds are considered to have a competition for adsorption on the same site. In general, 

a higher initial concentration of pollutants leads to reaction rate increment until it reaches its 

plateau but ends up having lower removal efficiency [95, 96]. In contrast, a lower concentration 
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of VOCs raises removal efficiency and degradation of pollutants to carbon dioxide [97]. Increasing 

inlet concentration enhances the number of adsorbed molecules on the catalyst surface and, then, 

the reaction rate. However, it declines the removal efficiency of the PCO reactor due to the 

reduction in number of active sites. Moreover, as the initial concentration rises, the mass of by-

products and intermediates occupying catalyst active sites increase, which causes more gas 

molecules to leave the reactor without reaction [84]. 

Many authors enquired into the influence of inlet pollutant concentration on decomposition 

rate. Mo et al. [98] investigated the effect of toluene concentration on various catalysts in a flat 

plate type of PCO reactor. They showed that with raising concentration from 0.5 to 4.5 ppm, 

removal efficiency reduces up to 40%. Likely, Cao et al. [99] revealed that conversion of butene 

drops with increasing inlet concentration from 1 to 9 ppm; however, the oxidation rate grows with 

butene concentration. They also indicated that the changing magnitude of oxidation rate at low 

concentrations of butene is higher than at high concentrations. Lopes et al. [100] investigated the 

impact of PCE concentration on degradation efficiency, which showed that the efficiency declines 

about 1.8 times as feed concentration raises 4.25 fold. This occurs because more PCE molecules 

pass through the catalytic bed without being decomposed, either by the hydroxyl or chloride 

radicals. Therefore, it can be concluded from the observation of each research that low inlet 

concentration results in higher degradation performance of PCO reactor. 

2.2.1.2. Light source and intensity 

The light source provides the energy required to initiate the photocatalytic process. 

Theoretically, TiO2 photocatalysts are activated at a wavelength of less than 380 nm [51, 101]. 

Fluorescent black-light lamps (300-400 nm) and germicidal lamps (UVC, 254 nm) are the most 

commonly used light sources in PCO of air pollutants. The energy of these spectrums is equivalent 

to or higher than the 3.2eV band-gap energy of TiO2 [102, 103].  

Increasing light intensity leads to more excitation and electron-hole pairs creation, accordingly, 

an increase in hydroxyl radical generation and, then, in VOC degradation rate. The influence of 

light intensity on reaction rate can be divided into two regimes: first-order regime at low light 

intensity, where chemical reaction dominates recombination of electron-hole pairs, and a half order 

regime at high light intensity, where recombination speed is more than chemical reaction. 

Therefore, the correlation between reaction rate and light intensity can be summarized as follows 

[21, 22, 91, 104]: 
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r  θ Ὅ 
n=0.5    I  one sun 

(2.17) 

n=1      I  one sun 

where r is the reaction rate and I is the light intensity. One sun is equivalent to about 10-20 

W/m2 for wavelengths below 350 and 400 nm, respectively [21, 105].  

In addition, some researchers proposed a zero order (n=0) regime to describe the relationship 

between reaction rate and light intensity, where the overall rate is limited by mass transfer. In this 

situation, the degradation rate becomes independent of light intensity, and the conversion reaches 

a constant value. This happens when light intensity is very high and the concentration of pollutants 

is quite low (ppb range). In such cases, they indicated that raising light intensity does not have any 

effect on the reaction rate as reactions take place under mass transfer control [40, 106]. In general, 

the relationship between reaction rate and the exponent of light intensity can be classified as three 

different regimes, depending on the amount of intensity (Fig. 2.4). 

 

Fig. 2.4: Reaction rate versus light intensity for different regimes 

For the purpose of the optimal design of PCO reactor, radiation field has also been simulated 

using different methods, such as geometrical method using differential view factors ([81, 92, 107]), 

Monte Carlo simulation ([108-110]), and Beer-Lambert law ([111-113]). The last one, owing to 

its simplicity, was used frequently in literature to describe the distribution of light inside the 

catalyst. When the catalyst particles are in very close proximity to each other (a non-scattering 

medium), the influence of absorption is much more than scattering and Beer-Lambert law (eq 

(2.18)) can be readily applied for light intensity [113]. 

Ὅ ὍὩ                (2.18) 
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where Ὅ is the intensity of incident (W/m2), ‘ is the attenuation coeff icient for UV in the 

catalyst (m-1) and x is catalyst thickness. According to this equation, the intensity of light decreases 

exponentially with depth in the material.  

2.2.1.3. Temperature 

Temperature is one of the most significant factors in gas-solid photocatalytic reactions. 

Temperature influences the activity of photocatalyst and consequently affects not only kinetic 

reaction but also adsorption of gas compounds on the catalyst. However, oxidation reactions are 

not sensitive to minor alterations in temperature [114-117]. The dependency of temperature to rate 

constant, k, can be expressed using Arrhenius equation [83, 115]:  

k  θf (exp  )       (2.19) 

where Ὁ is apparent activation energy (kcal mol-1) which is usually greater than zero. R and T 

stand for gas constant (1.987×10-3 kcal mol-1K-1) and titania temperature in Kelvin, respectively. 

Increasing temperature has a positive effect on the removal rate of VOCs, owing to the increment 

in collision frequency. Nevertheless, adsorption is an exothermic process; enhancing temperature 

reduces the coverage of photocatalyst by VOCs, and consequently, decreases adsorption capacity 

[118-120]. The relationship between adsorption equilibrium coefficient, K, and temperature, T, 

can be stated similarly to Arrhenius equation [78, 121, 122]:  

K  θf (exp  )    (2.20) 

 where Q represents the heat generation of adsorption.  

In general, it can be noted that in low temperature, adsorption is the dominant process and in 

high temperature, kinetic reaction plays a dominant role. Since the overall reaction rate considers 

the combined adsorption and kinetic reaction processes, a maximal reaction rate can be reached at 

an optimal temperature [120, 123, 124]. Depending on the rate-controlling process, raising 

temperature can enhance reaction rate or drop it. For instance, when adsorption is the rate-limiting 

process, raising temperature decreases the reaction rate. On the other hand, increasing temperature 

enhances reaction rate when kinetic reaction becomes a controlling process. This may result in 

dissimilar results by researchers when they perform experiments with different chemical pollutions 

[105, 123, 124].  



18 

 

2.2.1.4. Catalyst loading 

Though photocatalytic reaction takes place on the surface, catalyst loading (catalyst 

concentration) has a significant effect on the reaction rate. Increasing catalyst loading in a PCO 

reactor enhances the concentration of the active site. This improvement leads to a higher reaction 

rate and, consequently, greater degradation efficiency [63, 125, 126]. Numerous researchers 

reported that the decomposition rate firstly raises with increasing catalyst loading, but it drops after 

a specific limit. This decline in reaction rate is attributed to poor light penetration, increase in light 

scattering effect, and particle accumulation created by the high catalyst concentration. In this case, 

the optimal value of catalyst loading should be found to reach the maximum level of VOC 

conversion [127, 128]. 

Einaga et al. [101] studied the dependency of benzene conversion on the loading of TiO2 

catalyst in the PCO reactor. They observed that with increasing catalyst loading from 0 to 0.24g, 

benzene conversion grows sharply from 0 to 100%. Alternatively, some researchers pointed out a 

decreasing tendency of catalyst activity as an excessive amount of TiO2 particle is loaded on the 

support surface. For instance, Takeda et al. [125] noticed that for TiO2 loading less than about 50 

wt%, the mineralization rate of propionaldehyde is plainly proportional to TiO2 particle content, 

and its adsorbed amount does not have any great effect. However, after about 50% loading, with 

elevating TiO2 concentration, the photodecomposition rate drops. They highlighted that before the 

critical point, the illuminated photons were effectively utilized in photoexcitation of the loaded 

TiO2, but beyond this value, a fraction of loaded catalyst is not utilized in photoexcitation and leads 

to the decrease in degradation rate. Romero et al. [128] demonstrated that increment in catalyst 

(Aldrich titanium dioxide) concentration from 0.05×10-3 to 0.5×10-3 g.cm-3 results in increased 

scattering and absorption effects as well as smaller intensities. They also compared the result of 

this catalyst with Degussa P25 titanium dioxide at catalyst concentration of 0.3×10-3 g.cm-3 and 

found that the latter equivalent to duplicating the mass particle concentration of Aldrich titanium 

dioxide. Likewise, Alonso-Tellez et al. [129] compared two different catalysts, UV100 and P25, 

to find the effect of enhancing catalyst loading on the degradation of MEK. Raising TiO2 particle 

content elevated MEK removal efficiency for both catalysts until optimum value and beyond this 

to reach a plateau level. The optimal amount of loading for UV100 and P25 were about 1.25mg 

cm-2 with 40% decomposition and 0.75 mg cm-2 with 19% conversion, respectively. They 

concluded that the received irradiance and light transmission through UV100 photocatalyst is 
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higher than the other one at similar catalyst loading. The deeper light penetration inside the UV100 

results in activation of more TiO2 particles and, accordingly, a higher level of degradation. 

2.3. Mass transfer model 

The performance of PCO reactor can be divided into two main parts: (1) VOC transport from 

bulk to catalyst surface (2) removal of them by the photocatalytic reaction. Referring to last section 

(reaction kinetic model), most researchers presumed that the PCO process being limited by the 

kinetic reaction and mass transport is often ignored in photocatalysis studies, especially by 

chemistry groups. The reason is that they try to concentrate more on catalyst activity and its 

efficiency, even though knowing mass transfer phenomenon has a vital role in interpreting 

experimental results and scaling up of PCO reactor [130, 131]. Therefore, to obtain a complete 

model and apply the photocatalytic reactor on a larger scale, a kinetic reaction model coupled with 

a mass transfer model provides a more comprehensive and accurate model [40, 106]. 

2.3.1. Internal and external mass transfer 

The mass transfer phenomenon can be categorized as internal and external mass transfer. The 

internal mass transfer in porous media includes diffusion of molecules from the external surface 

of the catalyst particle to the inside of the pore. As the internal mass transfer resistance of TiO2 is 

assumed to be negligible (a very small thickness of TiO2 layer), this type of mass transfer is usually 

neglected in most numerical modeling studies. The presence of rate-limiting step by internal mass 

transfer can be determined using dimensionless WeiszïPrater criterion (ὅ . This criterion is 

defined as the actual reaction rate per diffusion rate. When the value of ὅ  is greater than one, 

internal diffusion limits the reaction [132-134]. The external mass transfer involves the motion of 

molecules from bulk to catalyst surface via diffusion and convection. This kind of mass transfer 

controls the PCO process when the driving force is large enough, and the transport of molecules 

from high concentration (bulk) to low concentration (catalyst surface) is slower than reaction [40, 

132]. 

The diffusion step incorporates the diffusivity of challenge gas in the film layer. The convection 

step associates with fluid velocity, fluid characteristics, and geometry of the reactor. However, the 

mass transfer coefficient expresses both diffusion and convection concepts and their influencing 

parameters in a single number [135, 136]. The rate of external mass transfer (N) on catalyst surface 

can be stated as below[40]: 
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N=km(Cb-Cs)        (2.21) 

where km is external mass transfer coefficient, Cb and Cs are bulk and surface concentration. 

Consequently, mass balance over film layer can be rewritten as follow [137]: 

 =km as (Cb-Cs)   (2.22) 

where as represents the ratio between the surface area of film and reactor volume. Mass transfer 

coefficient (km) can be calculated using Sherwood number (Sh), Reynolds number (Re), and 

Schmidt number (Sc) as follow: 

Sh= x Rey Sc1/3      (2.23) 

where the value of x and y, depending on flow characteristic and type of reactor, can be vary. 

Vezzoli et al. [137] used this correlation to calculate mass transfer constant in a flat plate PCO 

reactor with laminar flow, in which values of 0.664 and 0.5 were considered as x and y coefficients. 

In another study by Yang et al. [138] for a tubular PCO reactor, these parameters changed into 

1.17 and 0.58, respectively, due to different experimental conditions and flow property. 

In the case of external mass transfer limitation, changes in concentration during the time by 

considering reaction rate can be expressed as below: 

 =km as (Cb-Cs)-rp (2.24) 

Where rp is the reaction rate presented in section 3.1.  Chen et al. [132] and Vezzoli et al. [137] 

studied the effect of mass transfer in a flat plate reactor with a porous media. They found that 

internal mass transfer resistance can be neglected according to the magnitude of Thiele modulus 

and external mass transfer controls the overall rate of reaction. Dijkstra et al. [139] observed that 

the system is limited by mass transfer since the removal rate rises with increasing Reynolds 

number. In terms of mass transfer, they also realized external mass transfer limitation happens in 

the PCO reactor. 

2.3.2. Material  balance 

The overall mass balance in each control volume for the PCO reactor can be applied in both gas 

and solid phase. According to Fig. 2.2, conservation of mass for species involves diffusion, 

advection phenomenon and photochemical reaction. The mass balance equation in bulk phase for 

species i can be indicated as [140]: 
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Ͻɳὠὅ  ɳϽὐ + Ὑ     (2.25) 

where, ὅ is the molar concentration of species i, J and ὠ are the diffusion flux and velocity 

vector, respectively, and Ὑ represents the rate of production or depletion of species i by the 

photocatalytic reaction. In this equation, the left-hand side appears for the accumulation of species, 

and the first term on the right-hand side represents the mass transfer of species through advection. 

To simplify Eq.(2.25), Fickôs law is often used for gas diffusion, which represents that the rate of 

diffusion is proportional to the concentration gradient. Some researchers applied a 2D model and 

assumed diffusion term in the axial direction and/or advection in perpendicular to flow direction 

are neglected [141, 142]. In order to do more simplification on the model, plug flow and laminar 

flow for velocity profile are frequently used.  

Assadi et al. [143] proposed one dimensional mathematical model for scaling up of different 

continuous flow reactors (cylindrical reactor, planar reactor and pilot unit) to remove 

Isovaleraldehyde (Isoval) in gas phase. In this model, they considered mass transfer phenomena 

combined with the kinetic model as well as the chemical pathways of reaction. Model validation 

indicated an average error of less than 10%, which shows a great agreement between model and 

experiment. Adjimi et al. [144] modeled a continuous stirred-tank reactor, under simulated UV 

intensity, for degradation of ethanol over TiO2/SiO2 in the gas phase by coupling the convection-

diffusion equations for mass transfer and the light intensity model for UV penetration. They also 

investigated two types of flows (counter and co-current) and found out that differences in 

concentration and diffusive flow patterns can cause a discrepancy in the activity of photocatalyst. 

Lopes et al. [100] presented a complete mathematical model in a continuous-flow tubular 

photoreactor, under simulated solar irradiation, for degradation of Perchloroethylene (PCE). To 

develop the model, they tested six different kinetic rate equations, suggesting that 

Perchloroethylene and water molecules should be taken into account in relation to the different 

active sites of the surface. This model considered the effects of operating parameters, namely PCE 

concentration, feed flow rate, and water vapor content, on process performance. Zhong et al. [35] 

developed a time-dependent model for an in-duct PCO air cleaner under conditions related to 

actual application. This model integrates the kinetic reaction model, mass balance, and light 

scattering model, including the effect of reactor geometry, parameters of mass transfer and kinetic, 

and properties of catalyst and light source. Tomasic et al. [145] compared three different 

mathematical models, one-dimensional (1D) model and two-dimensional (2D) models based on 

ideal flow and laminar flow conditions, in the annular photocatalytic reactor for removing toluene 
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from the air. They highlighted that the overall rate of this reactor is controlled mainly by the 

interphase mass transfer and concluded that 2D model based on the laminar flow is the most 

appropriate model for a comprehensive description of annular photocatalytic air purification 

system.  

In terms of advection, laminar flow and ideal plug flow are most commonly implemented 

assumptions in PCO reactor. In plug flow, the velocity profile is assumed constant (uniform flow) 

in each direction along the reactor, and there is no boundary layer near the wall, whereas laminar 

flow takes the effect of boundary layer into account and velocity profile has a parabolic shape after 

fully developed region. One important shortcoming of most modeling studies is related to the 

effects of intermediates and by-products in the reaction term. Effects of these products are assumed 

to be negligible in kinetic rate, while they can impact the adsorption of main compounds and 

activity of the catalyst. 

Some authors, for example, Hossain et al. [92] and Jarandehei et al. [146], presented a 

comprehensive three-dimensional advection-diffusion-reaction model to investigate elimination 

of VOCs in monolith and flat plate PCO reactor, respectively, under steady-state condition, which 

the result was impressively fitted with experimental data. In addition, Wang et al. [88, 147] 

developed a three-dimensional and unsteady-state mathematical model, which reached a good 

agreement with experiments. However, these models considered only the mass balance of 

pollutants in gas phase and assumed reaction occurs in a control volume adjacent to the catalyst 

surface.  

Applying advection and diffusion in gas phase and reaction rate model in the solid phase, as 

well as boundary layer transfer, can provide detailed modeling of all involving steps in PCO 

process (Fig. 2.2). To date, most studies considered the mass balance of species in either gas or 

solid phase and only a few models presented mass balance in both phases [81, 145]. In this context, 

some authors (for example, Zhang et al. [148], Boulinguiez et al. [149], Biard et al. [150] and 

Tomaġiĺ et al. [145]) introduced a simple 1D mass conservation equation, in which mass transfer 

happens through gas boundary layer near catalyst surface and pore diffusion has been assumed 

negligible due to very thin catalyst layer. Considering the aforementioned facts, they implemented 

the following mass balance in the gas phase (Eq.(2.26)) and solid-phase (Eq.(2.27)):     

 u =Ὧ as(C-Cs)         (2.26) 
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 Ὧ as(C-ὅ)=r=f [Cs]     (2.27) 

The more realistic mass transfer model can be achieved when the concentration gradient by 

diffusion (Fickôs law) along the PCO reactor is taken into consideration. This model provides a 

better approximation than the previous one, where a quick drop of concentration at gas boundary 

layer is unrealistic [145]. Similarly, Mareļiĺ et al. [151] and Tomaġiĺ et al. [145] developed a two-

dimensional and unsteady-state mathematical model for both gas and solid phase with considering 

molecular diffusion in the gas phase. A more comprehensive model was presented by Zhong et al. 

[81]  and Assadi et al.[143]  for PCO reactor by considering advection, diffusion, and boundary 

layer transfer of molecule in the gas phase as well as reaction in the solid phase.  

2.4. Parameters affecting PCO performance  

As decomposition of challenge gas in photocatalytic oxidation reactor depends on airflow 

condition, type of pollutant for adsorption process and properties of photocatalyst, determining the 

influence of each parameter can provide great insight into removal performance of VOC. 

Accordingly, this section briefly reviews the effect of flow rate, catalyst surface area, porosity, and 

catalyst thickness. 

2.4.1. Airflow rate  

The airflow rate plays an important role in the degradation rate of VOCs in PCO reactor. The 

general idea about the influence of air flow rate is that it has a dual adverse effect on PCO reaction. 

Increasing flow rate reduces residence time in the photoreactor, which, accordingly, causes 

decrease in removal efficiency. On the other hand, as the flow rate increases, the rate of mass 

transfer between gas and photocatalyst surface grows, which leads to enhancement of reaction rate 

[152, 153]. In case of higher residence time, VOC molecules have a more chance to be adsorbed 

on the catalyst surface. In consequence, the number of compounds that react with hydroxyl radicals 

or superoxide anions increases; hence, removal efficiency enhances [97]. Therefore, in the mass 

balance equation, the mass transfer coefficient (km) is influenced by changing airflow rate in the 

PCO reactor. As airflow rate (or velocity) increases boundary layer thickness (or film thickness), 

 and consequently, km increases. As long as mass transfer ,‏/decreases according to relation km=D ‏

controls the overall rate, increasing the airflow rate can improve the reactor efficiency. By contrast, 

degradation efficiency is declined by increasing flow rate when the PCO process is not limited by 

mass transfer. 
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 Bouazza et al. [154] reported that removal of benzene over P25 decreases sharply up to 72% 

when flow rate rises from 7.5 to 60 ml/min, which represents the negative effect of lower residence 

time dominates the positive effect of higher mass transfer. Yang et al. [155] observed that the 

reaction rate enhanced when the airflow rate increased from 0.3 to 0.6 m/s and decreased when the 

flow velocity changed from 0.6 to 0.94 m/s. They concluded that mass transfer and surface reaction 

are two vital factors controlling the overall reaction rate of PCO. When mass transfer controls the 

overall reaction rate, the conversion enhances with the increase of flow velocity. Conversely, when 

surface reaction controls the overall reaction rate,  the removal efficiency decreases with the 

increase of velocity because of a shorter resident time [155]. 

2.4.2. Catalyst surface area and porosity 

The surface area and porosity can have a major impact on photocatalyst activity and accordingly 

on degradation efficiency. As for the surface area, pollutant adsorption capacity and the ability of 

hydroxyl radical generation enhance at the higher surface area. In this case, more VOC molecules 

can transfer to the catalyst surface and react, which promotes decomposition of challenge 

compound to final products [129]. The impact of surface area (as) in mass balance equation of 

PCO appears in interphase mass transfer term (Ὧas(C-Cs)) and adsorption constant (K) in reaction 

rate (defined by L-H model). Increment in surface area enhances both mass transfer and reaction 

rates, which, consequently, increases removal efficiency of the reactor.  Maira et al. [156] showed 

that the activity of the TiO2 is strongly affected by crystal size. In view of this, the smaller TiO2 

crystals provide a higher surface area for the adsorption of pollutants, which results in higher 

conversion. Alonso-Tellez et al. [155] compared the performance of UV100 and P25 in PCO 

reactor. They found that UV100, owing to its larger surface area, has a higher ability to store large 

amount of pollutants and means that UV100 can provide higher removal efficiency for the same 

VOC content.  

Porosity plays an essential role in photocatalytic activity. High porosity implicates higher 

surface contact for reactants and enhances the degradation rate. Moreover, the porous structure 

facilitates the harvesting of light because of the enlarged surface area [157, 158]. As for the 

modeling perspective, porosity can affect both mass transfer and reaction rate terms. With raising 

porosity (‐), effective diffusion coefficient (Ὀ ὈȢ‐Ⱦ† in diffusion terms increases, resulting in 

higher mass transfer of VOCs. Moreover, in terms of reaction rate, rate constant (k) (due to better 

light penetration in catalyst bed) is enhanced by increasing porosity. Arconada et al. [157] 

evaluated the effect of porosity in photocatalytic activity. They showed that porous TiO2 film could 
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improve TCE conversion by around 20% higher than that of dens film. Alonso-Tellez et al. [155] 

also reported that UV100, owing to the smaller size of the porous network, has better 

photocatalytic activity than P25. They pointed out that this large fraction of microporosity can lead 

to an artificial increase in the residence time of the pollutant within the UV100 particles. In 

consequence, reactants and intermediates can escape from P25 much easier than from UV100, 

resulting in a lower degradation yield. 

2.4.3. Catalyst thickness 

Another key factor that impacts the final product conversion and photocatalyst efficiency is the 

thickness of photocatalyst film. Basically, varying catalyst thickness influences both the available 

surface of the catalyst and the percentage of absorbed light. Increasing catalyst thickness enhances 

external mass transfer on account of increment in diffusional length of reacting molecules from 

bulk to the catalyst surface. As the film thickness increases, at some point, light can be totally 

absorbed by photocatalyst layers and, therefore, the reaction rate can be reached at maximum. 

Besides, with a further increase in catalyst length, the reaction rate would not change, and the 

diffusional length of the charge carrier to the solid-gas interface remains constant, which restricts 

the reactivity of the catalysts near the surface of the support material [132, 159, 160]. In terms of 

modeling, the impact of catalyst thickness is on mass transfer rate and reaction rate. In terms of 

mass transfer, with increasing thickness, internal diffusion ( Ͻɳὐȟ) gets more significant role in 

degradation of VOCs and, hence, may cause internal mass transfer limitation. Beer-Lambert 

equation (Eq.(2.18)) shows that increment in thickness increases rate constant (Ὧ Ὧ Ὅ ) due 

to improvement in light absorption (I) .   

Chen et al. [132] proposed an optimal catalyst layer thickness (5 ‘ά at which the degradation 

rate is at maximum. They found that while the film layer is thin, the light absorption will not be 

strong enough and therefore, the activity of photocatalyst layer cannot be at its highest possible 

level. When the catalyst thickness increases, more electrons and holes will be created and then, 

reaction rate can reach to its maximum value. However, further increase in catalyst length results 

in recombination of charge carrier at relatively far from solid-gas interface, which cause to lower 

reaction rate. Vezzoli et.al [59] pointed out that using a very thin film layer of catalyst in the PCO 

reactor can reduce diffusion limitation. Meanwhile, the decrease of light absorption declines the 

reactor efficiency, which represents wasting resources and money. They noticed that the final 

conversion of phenol grows with the increase of average film thickness up to about 4-5 ‘ά and 

https://www.powerthesaurus.org/increment/synonyms/improvement
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reaches to a plateau after that. Up to this thickness, diffusion of pollutants inside the film layer 

have minimal effect on reaction rate and growth in reaction rate nearly follows light absorption.  
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3. Methodology 

3.1. Model development 

3.1.1. Mass balance  

A one-dimensional heterogeneous mathematical model of UV-PCO reactor was developed by 

considering the following physical phenomena: 1) advection and dispersion of molecule in bulk 

as well as mass transfer across the boundary layer in the gas phase; and 2) adsorption and PCO 

reaction in the solid phase (Fig. 3.1). The following assumptions are made in the model 

development: 

i) Axially dispersed plug flow along the bed, 

ii)  Constant bed porosity, 

iii)  Negligible temperature gradient in the PCO filter, 

iv) Negligible light reflection or scattering by photocatalyst, 

v) Uniform coating of TiO2 particles on the support material, 

vi) PCO reaction on the TiO2 surface, and 

vii)  Negligible internal diffusion, 

(a) 
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(b) 

 

(c) 

 

 

Fig. 3.1: Schematic diagram of (a) UV-PCO system (b) mass transfer in the PCO filter (c) adsorption-

desorption and reaction of molecules on TiO2. 

Accordingly, VOCs mass balance in gas-solid phase can be expressed as: 

- Gas phase: 

Ὀ ό Ὧὥ ὅ ὅ ) (3.1) 

- Solid phase: 

Ὠὅ

Ὠὸ
Ὧὥ ὅ ὅ ὶ (3.2) 

Initial conditions: 

ὅ ὅ π     at t=0 (3.3) 
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where ‐ȟόȟὈ , Ὧ , ὥ Ánd ὶ are defined as the bed porosity, interstitial air velocity, axial 

dispersion coefficient, inter-phase mass transfer coefficient, geometric surface area per unit 

volume of PCO filter, the reaction rate for challenge compound and by-products, respectively. C, 

and Cs stand for concentration in the gas and solid phases.  

The Danckwertsô boundary conditions for the closed-closed system are applied [161]. In this 

system (Fig.3.2-a), plug flow (no dispersion) to the immediate left of the entrance line (x=0-) 

(closed) and to the immediate right of the exit (x = ὒ+) (closed) is counted. However, dispersion 

and reaction occur between x=0+ and x = ὒ-. At the reactor exit, concentration is continuous (no 

concentration gradient) (Fig.3.2-b). Hence, a Robin-type boundary condition at the inflow 

boundary and a Neumann-type one at the outflow were defined [162]. Boundary conditions are 

expressed as follows: 

(b) (a) 

 
 

Fig.3.2: a) Closed-closed vessel b) Schematic of Danckwerts boundary conditions at entrance and exit 

 όὅȟ όὅ Ὀ            at x=0 (3.4) 

   π                                      at x=ὒ (3.5) 

  

3.1.2. Radiation model 

The radiation model is based on the linear source spherical emission model (LSSE) [6]. The 

model regards the UV lamp as a line source, with each point on this line emitting radiation in every 

direction isotropically. The incident radiation intensity at any position (y, z) on the PCO filter 

surface was modeled with the following assumptions [6, 163]: 1) isothermal conditions; 2) 

negligible absorption, scattering, or radiation emission by the gaseous media between UV lamps 

and filter; and 3) negligible lamp radius compared to the lamp-to-filter distance. 
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(a) (b) 

  

Top view (x, y) Side view (x, z) 

Fig. 3.3. Schematic of PCO reactor representing LSSE model coordinates 

 

Considering Ὅ as the light intensity emitted per unit length of the lamp, radiation intensity at 

point P (see Fig. 3.3) for a specular source is obtained by [163]: 

ὨὍ
Ὅ ὨὬ

τ“Ὑ ᾀ Ὤ
    (3.6) 

Ὅώȟᾀȿ ᷿
 

 = ᷿
 

 = ÔÁÎ ÔÁÎ  (3.7) 

where z is the vertical coordinate, y is the lateral reactor coordinate, ὒ is the lamp length, and 

R is the distance between lamp axis and the point of interest on filter surface (Fig. 3.3). When there 

are multiple lamps (N lamps) laterally parallel to the PCO filter, the distance between the axis of 

lamp j and a point (P) on the photocatalytic surface can be estimated by: 

Ὑ ὢ ώ ȟ ώ Ȣ (3.8) 

 where ώ ȟ is the distance of the lamp axis from the origin (Fig. 3.3). The radiation intensity 

on the surface of the photocatalyst equals the sum of contributions from each lamp. By measuring 

radiation intensity at the lamp wall (Ὅ), the incident light intensity on the catalyst surface is 

defined as follows [163]:  
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 where ὶ is the radius of the lamp. It should be noted that Eq.(3.9) is valid only for 

monochromatic irradiation. 

The UV light irradiance inside Titania film can be estimated according to the Beer-Lambert law 

[164] (Eq. (3.10)). 

Ὅ Ὅ ÅØÐ ‘•  (3.10) 

• ὒ ρ ‐
‏

Ὠ
 

(3.11) 

where Ὅ is the UV light incident intensity, ‘ is the attenuation coefficient, and • is the overall 

effective TiO2 layer thickness. Ὅ  is considered the average UV light intensity at the catalyst 

surface, calculated by: 

Ὅ
ḀὍώȟᾀὨὃ

ὃ
        (3.12) 

3.1.3. PCO rate expressions 

Several models have been proposed to study the kinetics of photocatalytic oxidation of a 

contaminant, and they are mainly based on Langmuir Hinshelwood (L-H) expressions [15, 165-

167]. The L-H model quantitatively describes the PCO gas-solid reaction rate based on the 

hypothesis that monolayer adsorption occurs on a uniform catalyst site [165]. At the steady-state 

condition, the L-H degradation rate of compound A in PCO (ὶ) can be expressed by (model M-

1) [70, 71, 168]: 

ὶ Ὧ
ὑὅ

ρ ὑὅ
 (3.13) 

where Ὧ  is the reaction rate coefficient, ὑ  is the adsorption equilibrium constant, and CA is 

the compound A adsorbate concentration. When adsorbate concentration is low, ὑὅ becomes 

<<1 and the reaction rate can be simplified by a linear expression (model M-2) [27, 35]: 

ὶ Ὧ Ȣὅ (3.14) 

 where Ὧ  is the apparent reaction rate coefficient (Ὧ =Ὧ  ὑ). In addition, Eq. (3.13) can 

be modified to consider the inhibiting effect of water molecules and by-products (competitive 
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adsorption with water molecules and byproducts) in the reaction rate. In such a scenario, the water 

vapor and by-products compete with the pollutant for adsorption sites on the photocatalyst, hence 

decreasing the pollutant removal rate [52, 123]. In this case, the L-H rate expression of challenge 

compound in PCO is determined by (model M-3): 

ὶ Ὧ
ὑὅ

ρ ὑὅ ὑὅ Вὑ ȟὅ ȟ
 (3.15) 

where ὑ  and ὑ  represent the water adsorption equilibrium constant and adsorption 

coefficient of by-product on a single site, respectively. Models M-1, M-2, and M-3 are generally 

called unimolecular L-H models as they describe the reaction rate only based on challenge 

compound and catalyst surface interaction [64]. 

However, bimolecular L-H models consider interactions between both target compounds and 

water vapor molecules (dual adsorption of both species on the photocatalyst surface sites) [165]. 

In these models, water molecules have dual effects on the PCO rate; they produce hydroxyl radicals 

to attack VOCs and adsorbs competitively with pollutants. If dual adsorption happens on the same 

type of site, the model is defined as competitive adsorption of target gas (compound A) with water 

vapor molecules and by-products on the same type of sites [90, 165]. In this case, the PCO reaction 

rate is calculated considering the bimolecular competitive single site L-H model (model M-4), 

[90]: 

ὶ Ὧ
ὑὑὅὅ

ρ ὑὅ ὑὅ Вὑ ȟὅ ȟ

 (3.16) 

 where all variables are the same as in Eq. (3.16).  

On the other hand, there are also two other bimolecular L-H models for cases when dual 

adsorption occurs on two different types of surface sites, with or without the competition of 

challenge compounds with water molecules and by-products. They are called non-competitive two 

types of sites bimolecular L-H (model M-5) and competitive two types of sites bimolecular L-H 

(model M-6) models, respectively. In this regard, models M-5 (Eq.  (3.17)) and M-6 (Eq. (3.18)) 

are defined as follows [87, 165, 169, 170]: 

ὶ Ὧ
ὑὅ

ρ ὑὅ Вὑ ȟὅ ȟ

ὑὅ

ρ ὑὅ Вὑ ȟὅ ȟ
  (3.17) 
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ὑȟὅ

ρ ὑȟὅ ὑ ȟὅ Вὑ ȟὅ ȟ
 (3.18) 

where ὑȟ, ὑȟ, ὑȟ, ὑ ȟ, ὑ ȟ and ὑ ȟ are the target compounds, water vapor 

molecules and by-products adsorption equilibrium constants on the two types of sites (1 and 2), 

respectively.  

The PCO reaction rate coefficient (Ὧ ) in models M-1 to M-6 is a function of light intensity, 

electron-hole generation and recombination. Hence, this coefficient can be modified as [83]: 

Ὧ  
ὯɲὍ

Ὧ

Ȣ

Ὧ Ὧz (3.19) 

 where Ὧɲ  and Ὧ  are the photon generation and recombination rate coefficients, 

respectively. This expression is on the basis of the constant concentration of holes h+ at steady-

state and the same concentration as electrons (e-) [171]. Moreover, it was assumed that the 

recombination rate coefficient of the separated electron and hole is much faster than the holes 

generation coefficient (Ὧ ) [171, 172]. Eq.(3.19) can be simplified by combining Ὧɲ, Ὧ , and 

Ὧ  to form Eq.(3.20), which make the estimated parameters of reaction rate model more reliable 

(less unknown parameters leading to narrower confidence interval in the curve fitting). 

Ὧ  ὯȢὍȢ (3.20) 

To estimate kinetic parameters of models M-3 to M-6 through nonlinear curve fitting, 

overparameterization may occur due to a greater number of parameters. In this regard, adsorption 

coefficients of the challenging compound and water vapor were obtained independently in the dark 

condition (in the absence of UV light). In the PCO reactor, the primary competition for adsorption 

on photocatalyst happens between target compound and water owing to the higher amount of these 

compounds in the air compared with by-products. Langmuir adsorption isotherm by considering 

competitive adsorption of challenging compound and water vapor on a single adsorption site can 

be defined as [173]: 

ή ή
ὑὅ

ρ ὑὅ ὑὅ
 (3.21) 

where ή  and ή  are the adsorption capacity of adsorbents (mgvoc/gcat) and the maximal 

adsorption capacity (mgvoc/gcat), respectively. The adsorption capacity can be expressed as the total 

mass of the adsorbed VOC till adsorption equilibrium time per mass of PCO filter [68]: 
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where ὸ  is the elapsed time of adsorption test (min), Q is the airflow rate (L/min), ὅ and 

ὅ  are the upstream and downstream target compound concentration, and ά  is the mass 

of removal media (g). It should be highlighted that the obtained adsorption coefficients from Eq. 

(3.21) are applied in Models M-3 and M-4, as they consider single site competition adsorption of 

compounds. To calculate the adsorption parameters of models M-5 and M-6, independently, 

through two sites adsorption isotherm under dark condition, overparameterization problem is 

occurred again due to a large number of unknown parameters[174] with the limited amount of 

available data. Therefore, kinetic parameters of models M-5 and M-6 were estimated directly from 

PCO reaction tests and then compared with the results of other models (M-1 to M-4).  

 The water concentration in the air (Cw) was calculated from the pressure of saturated water 

vapor ὴ  using the Antonine equation [175]: 

ÌÎὴ  ςσȢρωφ
σψρφȢττ

Ὕ τφȢρσ
 (3.23) 

where T (ЈK) is the air temperature. Then, Cw can be defined as [175]: 

ὅ  
πȢφςρωψὙzὌz ”

ὴ ὴ ὙὌϳ
 (3.24) 

where ὴ  and RH are the standard atmospheric pressure and relative humidity, respectively.   

3.2. Model implementation  

The developed model was solved numerically by the finite difference in MATLAB R2018a. 

For the estimation of the kinetic parameters, two built-in MATLAB® subroutines were used: 

bvp5c for numerical integration of differential equations and lsqcurvefit for minimizing the 

objective function, which was the difference between the numerical solution and experimental 

result. The mass transfer model combined with the reaction rate equation was solved using bvp5c, 

a finite difference code that implements an implicit Runge-Kutta formula with fifth-order accuracy 

(four-point Lobatto IIIA formula). The bvp5c function is an effective BVP (Boundary Value 

Problems) solver that controls both the scaled residual and true error [176]. Moreover, the non-

linear least-square based on the LevenbergïMarquardt algorithm [177] was employed for curve 

fitting, which minimized the error between experimental data and predicted one. This algorithm 

works based on the combination of gradient descent and Gauss-Newton methods. To solve the 
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problem numerically, the catalyst bed is decomposed into n=500 elemental cells connected in 

series (see Fig. 3.4). Gas-phase concentration (Ci) and solid phase concentration (Csi) are assumed 

uniform within the same cell and differ from one cell to another. Simulations were performed with 

an absolute and relative tolerance of 1×10ī5.  

Moreover, the governing equations of transient state were solved by the ODE15S function via 

the method of line (MOL). This function is an implicit method that solves the equation at each 

time by backward differentiation formulas with 5th order Taylor expansion (Gearôs method). 

Gearôs auto-adaptive algorithm selects step size automatically and changes orders from one to five 

(e.g., k = 1 ï 5). Based on MOL, the Partial Differential Equation (PDE) and Ordinary Differential 

Equation (ODE) resulting from the mass balance in gas and solid phases were converted into a 

system of ODEs, in which the second-order central scheme was utilized in the spatial domain 

discretization. Then, the ODE system was solved by using ODE15S function. 

Fig.3.5 illustrates the numerical simulation flowchart. Input parameters are either computed 

from the existing empirical equations or measured using experimental results. The adsorption 

isotherm and kinetic reaction expression are obtained through curve fitting of experimental data, 

and the mass transfer parameters are computed from empirical correlations. Other parameters are 

measured directly before the experiment. Then, they are applied in the overall mass balance 

equations for gas and solid phases. Ultimately, ODE15s integrates the differential equations 

system to calculate the downstream concentration during the UV-PCO reaction. 

 

Fig. 3.4. Spatial discretization of the catalyst bed. 
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Fig.3.5: Structure of the simulation program. 

3.3. Experimental investigation 

3.3.1. Material  and characterization 

A commercially available PCO filter (Saint-Gobain Quartz made up of TiO2 coated on 

amorphous silica fiber felts (SFF)) was used in this study. The Scanning Electron Microscopy 

(SEM) system (Hitachi Tungsten Filament S-3400N Variable Pressure SEM) was used to analyze 

the media surface. In the SEM test, a small piece of TiO2/SFF was coated with gold nanoparticles 

(for better resolution), placed on the sample holder, and scanned. SEM images of TiO2 coated on 

silica fiber felts at different magnifications were displayed in Fig. 3.6. BET surface area and pore 

parameters of the PCO filter were investigated by N2 adsorption measurement (Quantachrome, 

Autosorb-1). Some of the main properties of the photocatalysts are listed in Table 3.1. Methyl 

ethyl ketone, acetone, and toluene (99.9%) (Fisher Scientific Inc., Canada) were chosen as a 

challenging compound. Acetonitrile (HPLC grade) was used for HPLC analysis. 
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Table 3.1:Technical data for TiO2/SFF filter obtained from BET and SEM analysis 

Parameter PCO filter 

Fiber diameter (d) 10 ‘ά 

Specific surface area (BET) 150.8 m2/g 

Bed porosity (‐) 0.96 

TiO2 layer thickness of a fiber (ɿ) 1 ‘ά 

Filter thickness (Lf) 10-12 mm 

Filter weight (mcat) 1.4 ± 0.05 g 

 

3.3.2. Experimental set-up and procedure  

The schematic of the experimental set-up employed to study the PCO performance is displayed 

in Fig. 3.7. The photocatalytic reactor is made up of an aluminum duct with 10 cm × 10 cm inner 

cross-section area and 1.3 m in length to deliver a uniform airflow on the PCO media. Compressed 

air with 0% relative humidity and temperature of about 20 ᴈ was used as the carrier gas. The 

airflow rate was adjusted by a mass flow controller (OMEGA, FMA5542A) and measured 

accurately using a calibrated flow meter (DryCal DC-Lite). The inlet air was humidified by passing 

a portion of it through a bubbling system filled with distilled water. A sensor (DATAQ 

Instruments, Model ELUSB-2) was placed in the reactor to monitor the temperature and humidity. 

The light intensity was provided by the UV lamps (Philips, TUV PL-S 5 W/4P), and it was 

measured using a Germicidal Radiometer IL77. The light intensity on each lampôs wall was 650 

W/m2 and its intensity varied from 7 to 104 W/m2 on the PCO filter. Challenge compounds were 

automatically injected into the airflow by a syringe pump (KD Scientific, Model KDS-210). 

   

Fig. 3.6. SEM images of the TiO2/SFF filter at different magnifications. 

a c b 
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Fig. 3.7. Schematic diagram of the experimental set-up for PCO experiments. 

  

3.3.3. Adsorption experiment 

The adsorption test was performed at airflow rate of 30 L/min under dark condition with a layer 

of TiO2/SFF filter. The challenge compound was injected at four different concentrations (250, 

500, 800, 1000 ppb) and at relative humidity ranging from 15% to 50%. The challenge compound 

was introduced into the airflow and concentration at the outlet was recorded with the time using a 

PID detector (ppb3000 RAE with measurement range of 1 ppb to 10,000 ppm).  The adsorbed 

amount of mass by the PCO media was computed according to the time scale from the beginning 

of injection till the saturation time. 

3.3.4. PCO reaction test 

3.3.4.1. Steady-state PCO experiment 

The PCO reaction for the kinetic study was carried out at the steady-state condition using a 

layer of PCO filter. The test was done at two stepsðpreliminary dark adsorption step (lamp turned 

off) and then photocatalytic reaction step by turning on the lamp. After injection of challenge 

compound (concentration range of 50 to 1000 ppb) into the air stream, the downstream 

concentration of the reactor was monitored by PID until the PCO filter was saturated 
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(concentration was the same as upstream). Then, the UV lamp was turned on to start the PCO 

reaction step and it was continued till reaching the steady-state condition. 

3.3.4.2. Time-dependent PCO experiment 

A time-dependent experiment was carried out to validate the developed model in transient 

condition. The experiment was conducted with a layer of TiO2/SFF filter and two UV lamps on 

each side of the filter. Before starting the PCO reaction, the UV lamps were turned on, then the 

challenge compound at specific concentration was automatically injected into the inlet air stream 

at flow rate of 20 L/min and relative humidity of 50±1%. The downstream concentration was 

monitored during the test till it reaches the steady-state condition.  

3.3.5. Air sampling and analysis method 

3.3.5.1. HPLC analysis. 

 Aldehydes and ketones were collected on the high-purity silica adsorbent coated with 2, 4- 

dinitrophenylhydrazine (2, 4-DNPH) cartridge (SUPLECO LpDNPH S10L, Sigma Aldrich) and 

analyzed by HPLC method. The sampling pump flow rate was 1 L/min, and the sampling duration 

was 20 min for the steady-state test. In the case of time-dependent experiment, the sampling flow 

rate was 2 L/min for the duration of 3 min. The absorbed compound was extracted with acetonitrile 

based on US EPA TO-11a [178] and analyzed by PerkinElmer Flexar HPLC with LC-18 column 

(SUPELCOSILTM LC-18, 25 cm × 4.6mm, 5 ʈÍ) and a UVïVis detector. The mobile phase in 

HPLC was 72% acetonitrile and 28% of deionized water with a total flow rate of 0.017 mL/s. The 

minimum detection limit of HPLC based  on  calibration curve was around 15 ng/DNPH cartridge. 

3.3.5.2. TD-GC/MS analysis 

VOCs were collected in AirToxic tubes (SUPELCO). The AirToxic adsorbent tube is made up 

of stainless steel filled with Carbotrap B followed by Carbosieve adsorbent for capturing C3-C12 

VOCs. GC tubes were conditioned for 30 min at 320 with helium (as carrier gas) before sampling. 

Samples were collected at flow rate of around 15 mL/min and a sampling duration of 10 min. The 

adsorbed VOCs in tubes were released into GC/MS ((Agilent 88 90 GC coupled with Agilent 

5977B GC/MSD system) using coupled Gerstel thermal desorption unit (Gerstel TD3.5+) and 

Gerstel Cooled Injection System (CIS4). The primary desorption (Gerstel TD3.5+) was conducted 

in splitless mode with initial temperature of 30 oC (no hold) and raised to 230 at a rate of 240 

oC/min (hold 10 min) while CIS was held at -30 oC. The secondary desorption (Gerstel CIS4) was 

operated in split mode (ratio: 15:1). The temperature in CIS was rapidly increased to 250 oC at a 
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rate of 10 oC/sec (hold 10 min). Analytes were separated in the GC at a flow rate of 1 ml/min using 

an Agilent DB624 column (60 m, 0.250mm I.D., and 1.4 ɛm film thickness) with the following 

GC oven temperature program: Initial temperature: 40 oC, hold time: 5 min, ramp rate of 10oC/min, 

final temperature: 250 oC, hold time: 10 min. MS was operated in electron impact (EI) ionization 

mode with a scan a range of m/z 30 to m/z 300. Ionization source and quadruple temperatures were 

set at 230 oC and 150 oC, respectively. Helium was used as carrier gas for the TD-GC/MS analysis. 

Peak areas based on total ion current (TIC) were used for quantification. The detection limit for 

measuring the sample was between 1-5 ng/tube depending on the challenge compounds and the 

lowest calibration levels.  

3.3.5.3. GC-FID analysis 

 Additionally, the grab sampling of upstream and downstream, simultaneously, were also taken 

using 1liter Supel-Inert foil gas sampling bags. The air was then injected manually into the gas 

chromatograph (GC-7890B, Agilent Technologies) equipped with a flame ionization detector 

(FID)- methanizer in order to analyze carbon dioxide (CO2). The GC/FID system contained a J&W 

GC packed column in UltiMetal tubing (length 6 ft (1.83 M), 1/8 in. OD, 2 mm ID, Hayesep Q 

packing, mesh size 80/100). Helium was used as carrier gas (31.8 psi). The oven temperature was 

kept at 60 ᴈ  with 8 min holding time. The FID temperature was 250 ᴈ and the flow rate of Air, 

H2, and N2 (makeup flow) were 500, 48, 2 mL/min, respectively. The range of quantification by 

FID-methanizer was around 0.4 ppm-0.2%.  
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4. Modeling of PCO reactor in the presence of mass transfer limitation and axial 

dispersion 

 

Mass transfer plays a critical role in the efficiency of photocatalytic oxidation (PCO) 

technology for air purification applications. Photocatalytic reactors are often different from ideal 

reactors like batch, perfect mixed, and plug flow reactors. Although substantial research work has 

been published on the modeling of the PCO reactor for air purification, most of the existing models 

were verified based on small scales under ideal conditions [35, 81]. In the small-scale reactors, the 

plug flow model and laminar velocity profile (with negligible dispersion) could describe flow 

behavior and mass transfer in the reactor. However, an appropriate description of the 

hydrodynamics is necessary to consider fluid mixing, mass transfer from the gas phase to solid 

phase and reaction at the catalyst surface for proper evaluation of reaction rate. This is increasingly 

more important when simulating large-scale reactors, in which dispersion, bypass, recirculation, 

and dead zone may happen and the effect of fluid elements containing different velocities cannot 

be ignored [6, 26]. Therefore, the performance of existing PCO models validated for small scale 

could be questionable and may not be scaled up to simulate the full-scale reactors correctly [35]. 

Moreover, most of the correlations for the mass transfer coefficient were obtained for non-

photocatalyst media with larger characteristic length. Nevertheless, in fiberglass-based PCO filter, 

the characteristic length is very small (due to the micro-size of fiber), and consequently, the 

Reynolds number is quite low. This can cause a considerable deviation when a mass transfer 

correlation validated for non-fiber is used for fiber one. This work presents a modeling study on 

the photocatalytic oxidation of methyl ethyl ketone (MEK) by SFF modified with titanium dioxide 

as a photocatalyst when the kinetic reaction rate does not control the system (very fast reaction).  

First, a three-dimensional CFD modeling has been conducted to simulate the behavior of flow in 

the photochemical reactor. An accurate CFD model can provide greater insight into the evaluation 

of the velocity profile on the PCO filter. Since airflow in the continuous system deviates from ideal 

flow, a residence time distribution (RTD) analysis with tracer gas is then performed to find a 

quantitative characterization of the carrier fluid hydrodynamics and its divergence from ideal 

conditions. The experimental data were compared to the CFD simulation results. Moreover, an 

axial dispersion plug flow model was proposed to represent the residence time distribution of the 

challenge compounds in the reactor. Finally, this paper focuses on the modeling of the PCO reactor 
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under mass transfer-controlled regime. A mass transfer correlation (Sherwood formula) for the 

SFF filter in the UV-PCO reactor was proposed and compared with the results of other existing 

ones in the literature. 

4.1. Methodology 

4.1.1. Modeling with COMSOL Multiphysics  

Modeling in COMSOL Multiphysics (from COMSOL Inc.) was performed in two stages; first, 

a steady-state turbulent flow study within the reactor, and second, a tracer study (RTD analysis) 

with a solution of mass balance including the flow distribution from the first stage but considering 

unsteady conditions (transient simulation).  

The simulation of airflow in the PCO reactor was conducted using the CFD module of 

COMSOL, which is a commercial finite-element-method-based modeling tool. Even though the 

fluid flow through the main part of the reactor is laminar, the value of Reynolds number at the 

entrance region was high in the bench-scale system using compressed air, representing a turbulent 

regime. Due to this complexity, the use of an appropriate model allowing for consideration of 

turbulence effects is crucial. Various turbulent models are available in COMSOL, such as k-‐ and 

k-The k-‐ model is the most widely-used engineering turbulence model [179]. This model is .‫ 

quite robust, economical, and reasonably accurate in a wide range of flow conditions. However, it 

is suitable rather for external flows, is accurate only in the fully turbulent regime and some 

difficulties can occur in complex 3-D cases. Moreover, the k-Ů model tends to over predict 

turbulence generation in regions where the flow is highly accelerated or decelerated [180]. On the 

other hand, the k-model is often more suitable in cases where the k-Ů model is not accurate, such ‫ 

as with internal flows in non-circular ducts. Moreover, the k-  model possesses high accuracy and 

applicability when used in regions with the laminar flow for which the turbulent kinetic energy 

becomes zero [181]. Due to these reasons, the k-turbulence model was applied in this study to ‫ 

simulate the fluid flow in the PCO reactor. The reasons for using the turbulent model can be 

expressed as follows: 

 1) The straight inlet pipe with a diameter of 6 mm was considered in the model to simulate 

turbulent effects inside a flexible hose. The flow in the inlet pipe was turbulent due to a small 

diameter of the hose and high air velocity through it.  
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2) The wire mesh located near the inlet of the reactor for the airflow homogenization caused a 

local reduction of the cross-section of the reactor. Such reduction necessitates an increased air 

velocity, resulting in a locally increased Reynolds number corresponding to the turbulent flow. 

Moreover, the fluid flow pattern in the vicinity and behind the wire mesh was, in general, expected 

to be more complex and rather turbulent. 

The fluid flow was solved in COMSOL Multiphysics 5.1 as an incompressible flow with the k-

 model, which was the two-equation turbulence model adopting the Wilcox revised model [182] 

with realizability constraints and the Reynolds-averaged NavierïStokes (RANS) approach. The 

internal geometry of the reactor was created in COMSOL as a geometry node. Then, due to its 

symmetry, the geometry was divided longitudinally in half to save computational resources. The 

lateral face (longitudinal cut) was set to a symmetry boundary condition. The boundary conditions 

of the internal walls of the reactor were treated with a built-in procedure employing wall functions. 

A uniform velocity profile u0 at the inlet and zero gauge pressure (meaning the atmospheric 

pressure) at the outlet were specified.  

The mesh used in the simulations consisted of mainly tetrahedral and swept elements. The 

influence of the mesh density to simulation results was investigated by means of eight various 

mesh configurations.  It was necessary to create a sufficiently dense mesh near the entrance of the 

reactor and the wire mesh where large velocity gradients and vortexes can exist. The finest 

considered mesh contained about 8.1 million of elements, while the coarsest one consisted of 0.31 

million mesh elements. The mesh independence and the suitable mesh configuration was evaluated 

and identified, respectively, by refining the mesh until the velocity profile was affected less than 

1% by a further refinement.  The mesh with 2.36 million elements with an average element quality 

of 0.71 was determined as suitable in this respect (more details can be found in the supporting 

information file in [183]). The mesh generation process was made by considering the maximum 

element size, minimum element size, element growth rate, and curvature factor 5.7, 1.1, 1.13, and 

0.5, respectively. At the entrance section (including the expansion in the geometry of the duct and 

the wire mesh), at the middle part of the reactor (where the lamps are placed), and at the outlet, the 

tetrahedral type of mesh elements was used. In other sections of the reactor, where the geometry 

of the duct has a simple geometry, the swept mesh (prism mesh elements) was adopted.   

In the next stage, a tracer study (RTD analysis) was performed by means of the solution of mass 

balance in the time domain. As the tracer was present in a diluted form, a COMSOL built-in model 

for transport of diluted species from Chemical Reaction Engineering Module was applied. This 
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model allows for the solution of diffusion and convection and for modeling the component 

concentration in the fluid. In the advection-diffusion mode, the turbulent kinematic viscosity ɜt 

was used as the turbulent diffusivity in the mass balance equation [184]. The tracer concentration 

over time at the inlet of the reactor (the input signal) was defined as follows [184, 185]: 

ὅ ὅȟ  ÅØÐ ὸ ὸ )                      (4.1) 

where ὸ stands for the time delay during the injection (in the present paper, ὸ τ ί was 

applied).  

The simulation was conducted with an insulation boundary condition (no-flux) and also 

advective flux specified as boundary conditions at the internal walls and the outlet, respectively. 

For the outlet concentration, it was assumed that mass transfer was only caused due to convection 

in the free-flowing fluid. A summary of the boundary conditions is presented in Table 4.1. 

Table 4.1: Boundary conditions for the CFD model 

 inlet outlet channel wall 

Momentum balance u0 p0 Wall function 

Component mass balance Cin Convective flux No flux 

 

4.1.2. Residence time distribution experiment 

To characterize the flow in the PCO reactor, the Residence Time Distribution (RTD) was 

determined by the injection of carbon dioxide (CO2) and methyl ethyl ketone (MEK) tracers into 

the process fluid (air). The CO2 tracer gas was used to evaluate the effect of SFF filter on RTD 

since it is an inert passive gas that is adsorbed little on the photocatalyst. The RTD experiment 

with MEK (as a target compound for the PCO reaction) for flow rates, ranging from 10 L/min to 

40 L/min, was also performed to determine the axial dispersion coefficient. In order to verify the 

applicability of the result, RTD test was also conducted at flow rates of 50 L/min and 60 L/min.  

An input signal of 1 mL of CO2 was loaded instantly into the inflow stream, using a syringe at 

time t=0 s (flow rate of 10 L/min). CO2 outlet concentrations were measured as a function of time 

using a CO2 analyzer (Fluke 975 AirMeter with measurement range of 0 to 5000 ppm) (Fig. 4.1). 

In the case of MEK tracer signal (input signal of 1 uL), its outlet concentrations were measured in 

time for various flow rates by a PID detector (ppb3000 RAE). The exit age distribution function, 

E(t) is defined as follows [186]: 
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Fig. 4.1. Schematic of the experimental set-up for RTD experiments. 

It should be noted that for CO2 testing, the RTD experiment was performed in presence of PCO 

filter, due to the non-adsorptive characteristic of CO2 on the media while MEK testing was carried 

out without the filter (as shown in Fig. 4.1). 

4.1.3. Mass-transfer limited PCO experiment 

Experimental conditions for the mass transfer-controlled regime in the PCO reactor include the 

use of high light intensity and an extremely active photocatalyst. Moreover, the short residence 

time is necessary to limit the conversion. This can be accomplished by means of high flow rates. 

The PCO filter with thicknesses of 3 mm and 5 mm, and the MEK concentration of 150 ppb were 

utilized. A low challenge concentration was chosen to achieve a high conversion of the oxidation 

reaction at a lower level of light intensity. In order to investigate the mass transfer rate effect on 

the performance, it is more favorable to operate at high conversions since the efficiency reduction 

with flow rate increment can be observed clearer than at low conversions. To ensure that the 

photocatalyst was operating in the mass transfer limited regime, experiments at various light 

intensities (26, 52, 78, and 104 mW/cm2) were carried out to determine the independency of the 

MEK removal efficiency on the light intensity. Further, the experiments in the second series were 

performed for a constant intensity (78 mW/cm2) with the variation of the gas flow rate in the range 

of 10 to 40 L/min.  
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4.2. Result and discussion 

4.2.1. CFD Simulations 

In the steady-state analysis, the CFD model provided the velocity distribution throughout the 

flow domain. Numerical results demonstrate that the velocity distribution through the reactor, 

particularly, at the entrance, after and behind the wire mesh, and also in the reaction section is non-

uniform (see Fig. 4.2). The simulations were performed for various airflow rates, the range of 10-

40 L/min, to investigate fluid dynamics in the photocatalytic reactor. Fig. 4.3 shows the distribution 

and contours of the velocity magnitude at the filter cross-section for various flow rates. It is clear 

from the figure that the lamp has a major impact on the flow distribution on the filter. However, 

the velocity at the lower part of the filter is more uniform as there is no effect of the lamp in that 

region. With increasing the flow rate, the relative velocity distribution (regardless of its magnitude) 

is almost the same, and the flow tends to pass below the lamp. In the contour plots (Fig. 4.3), it can 

be pointed out that the magnitudes of velocity on the filter media corresponding to the lamp 

location are nearly identical for all the considered flow rates, and the main variation can be 

observed in the area below the lamp.   

The CFD simulation results indicated that the expansion and reduction in the geometry as well 

as the presence of lamps at the middle part, cause a significant flow mixing in the channel, resulting 

in the non-uniform flow in the PCO reactor. Although the streamlines behind the wire mesh 

become more uniform, they deviate when the flow is close to the lamps and also behind the lamps, 

where the PCO filter is placed, leading to the non-uniform flow in the PCO filter.    

 

Fig. 4.2. CFD modeling of the fluid field in the reactor channel at Q=10 L/min (red lines show the streamlines). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 4.3. Contours and distribution of the velocity magnitude at the PCO filter cross-section for various 

flow rates; (a) Q=10 L/min, (b) Q=20 L/min, (c) Q=30 L/min, (d) Q=40 L/min 

 

In the next step, results from the simulation of the tracer gas were compared with experimental 

data. For this purpose, distribution functions E(t) were plotted versus time using the CO2 outlet 

concentration by applying Eq. (4.2). The RTD experiment was also performed, and the 

concentration of CO2 tracer was measured with the flow rate of 10 L/min lasting 224 seconds both 

in the presence and in the absence of the photocatalyst media (see Fig. 4.4-a). It can be observed 

from this figure that the results of the residence time distribution in the PCO reactor for the 

experiment, including the filter, are very similar to those gained in the experiment without the 
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filter. This can be justified and attributed to the fact that the SFF filter is highly porous (‐ πȢωφ), 

and the non-adsorbing gas (CO2) can easily pass through it. Further, the results obtained from the 

numerical simulation are in good agreement with the experimental one. This indicates that this 

simulation approach can be used to predict the flow behavior, even in complex geometries, and 

with high accuracy. The simulations were also performed for the assumption of ideal plug flow 

and laminar flow to investigate deviations with respect to the actual flow. Fig. 4.4-b confirms that 

the dispersion in the PCO reactor is not negligible, as the RTD curve for the actual flow is fairly 

different from those of ideal flows. In the case of plug flow, molecules have the same residence 

time and move with the same velocity and concentration. However, in the laminar flow, molecules 

in the centerline of the reactor channel move faster than those near the wall (as the velocity profile 

of laminar flow is parabolic), which leads to a higher dispersion than in the case of plug flow. Fig. 

4.4-c displays that with increasing flow rate up to 40 L/min, dispersion increases. However, there 

is a considerable deviation from ideal plug flow and laminar flow. It should be mentioned that the 

results in Fig. 4.4 determined in a way that the area under the E(t) curve of RTD is unity. The 

analytical model displayed in this figure will further be explained in section 4.2.2. 

(a) 
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(b) 

  

(c) 

 

Fig. 4.4. Residence time distribution E(t) of CO2 in the PCO reactor; (a) the comparison between 

simulation and experimental results in the presence/absence of catalyst (b) the deviation of the actual flow 

from the ideal plug flow and the laminar flow at Q=10 L/min (c) the deviation of the actual flow from the 

ideal plug flow and the laminar flow at Q=40 L/min determined by a simulation.   

4.2.2. Analytical analysis of RTD 

Users of photocatalysts generally do not have access nor knowledge of CFD tools. Thus, one 

of the aims of this research is to develop a simple and straightforward methodology for the 

evaluation of flow characteristics in the presence of dispersion using the RTD curve. To 
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characterize the non-ideal flow within reactors, several models have been developed, namely, 

continuous stirred tank reactors in series and dispersion models [162, 186].  

Since RTD data are generally known for a number of discrete time intervals, the mean residence 

time (ὸӶ) and the variance of the residence time („) can be evaluated as [186]:  

 ὸӶ ὸὉὸὨὸ
В ὸὅὸЎὸ

В ὅὸЎὸ
 (4.3) 

„
᷿ ὸ ὸӶ ὅὸὨὸ

᷿ ὅὸὨὸ

В ὸ ὸӶ ὅὸЎὸ

В ὅὸЎὸ
 (4.4) 

The axial dispersed plug flow model, or simply the dispersion model has been applied to 

simulate the non-ideal behavior of the gas in the PCO reactor. Considering the fact that the axial 

dispersion is mainly due to velocity gradients whereas the lateral dispersion is owing to the 

molecular diffusion only [186], the differential equation representing this dispersion can be 

expressed as:  

      
‬ὅ

‬ὸ
Ὀ
‬ὅ

‬ὼ
ό
‬ὅ

‬ὼ
 (4.5) 

where Ὀ  is the axial dispersion coefficient, which characterizes the degree of dispersion. It 

should be noticed that the concentration gradient in lateral directions was assumed to be negligible. 

By considering an opened-opened vessel, the analytical solution of the model can be described as 

follows [186]: 

      Ὁὸ
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where L, u, and Pe represent the characteristic length, the superficial velocity, and the Peclet 

number, respectively. By applying the proposed method for the CO2 tracer, the result is 

demonstrated in Fig. 4.4. It can be observed that the analytical solution perfectly matches the 

experimental result. This method was then used to evaluate the RTD analysis of MEK at various 

flow rates. Fig. 4.5-a presents the residence time distribution behavior of the PCO reactor and 

simulation results gained with the use of the axial dispersion model at flow rates of 10, 20, 30, 40, 

50, 60 L/min. It was found that, with an increase in the airflow rate, the peak value of the tracer 

increases as well. Moreover, the higher the flow rate, the shorter the time after which the peak was 

observed. Thus, the dispersion increases with enhancing the flow rate, which is in accordance with 
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the earlier studies [187-189]. As Peclet number indicates the extent of axial dispersion, it was 

plotted versus velocity in Fig. 4.5-b.  Under our experimental conditions, the Pe value is lower than 

100, which is the acceptable minimum limit for plug-flow [186]. These low values of Pe imply 

that the PCO reactor cannot be considered as an ideal plug-flow reactor owing to that substantial 

axial dispersion. On the other hand, it is easy to see that the axial dispersion coefficient (Dax) 

continuously increases as superficial velocity increases (see Fig. 4.5-b). As the value of Re.Sc in 

the present study is between 200 to 700, the axial dispersion coefficient, according to the Aris-

Taylor correlation [190, 191], can be represented by a quadratic function of the superficial velocity 

(Dax = ‌u2) [186]. However, the correlation proposed by Aris-Taylor is only valid for cylindrical 

channels. In this research, the best fit is given by: 

Ὀ ςȢςπχ ό                                   (4.8) 

 

(a) 
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(b) 

 

Fig. 4.5. (a) the residence time distribution E(t) of MEK at various flow rates, (b) the 

dependence of the Peclet number and axial dispersion values on the superficial velocity 

4.2.3. PCO reaction under mass transfer limitation  

Fig. 4.6 demonstrates the removal efficiency of MEK versus light intensity and flow rate for 

two different PCO filter thicknesses. As it is mentioned in the methodology section of this chapter, 

the reaction requires to be conducted at shorter filter thickness and high lamp radiation to ensure 

that the system operates at the mass transfer-controlled regime. This way, it was assured that the 

lights with high intensities could completely penetrate the media, resulting in an extremely active 

photocatalyst. Therefore, to determine the optimum value, the photocatalysis reaction experiment 

was performed at various light intensities (Fig. 4.6-a). This figure shows that the optimum point 

for both filters was at a light intensity of 78 mW/cm2. It should be noted that all experiments were 

performed at a low concentration of MEK (150 ppb) to reach high conversion under the mass 

transfer-limited condition. In Fig. 4.6, at lower light intensity, the filter with a thickness of 3 mm 

has higher removal efficiency, whereas, at high light intensity, it has lower efficiency compared to 

the filter with 5 mm thickness. This can be attributed to the possibility of electron-hole 

recombination in the thick photocatalyst [36]. However, with elevating the light intensity, the 
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number of activated particles in the filter with 5 mm thickness increases, which leads to outperform 

the other one. 

Fig. 4.6-b demonstrates the dependence of the experimentally measured MEK conversions upon 

flow rate. The experimental light intensity was taken equal to 78 mW/cm2 when the apparent 

reaction rate is completely controlled by mass transfer limitations. As expected, for all samples, 

the observed removal efficiency decreases as the flow rate increases (due to the corresponding 

reduction of the residence time). 

(a) 

 

(b) 

 

Fig. 4.6. MEK PCO efficiency as a function of (a) light intensity (flow rate=10 L/min) (b) flow rate 

(intensity=78 mW/cm2) 
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The mass balance through the PCO filter considering axially dispersed plug flow and steady-

state condition and assuming a pseudo-first-order reaction is given by: 

Ὀ
Ὠὅ

Ὠὼ
ό
Ὠὅ

Ὠὼ

ρ ‐

‐
Ὧὥ ὅ ὅ π     

(4.9) 

 ὶ Ὧὥ ὅ ὅ Ὧ ὅ                                                      (4.10) 

where Ὧ  , ὥ , ‐, ὅ , ὶ and Ὧ  are the external mass transfer coefficient, the geometric 

surface area per unit volume, the bed porosity, VOC concentration at the catalyst phase, the 

photocatalysis reaction rate, and the apparent photodegradation rate constant, respectively. In the 

case of a high reagent consumption in comparison with the mass-transfer process, a significant 

concentration gradient happens in the boundary layer. It means the surface reaction is extremely 

rapid, and the mass transfer rate to the surface dictates the overall rate of reaction. Accordingly, 

the concentration ὅ becomes much lower than the bulk-gas concentration (i.e., ὅḺὅ) [192]. 

Eq. (4.9) and Eq. (4.10) are readily combined to give: 
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where the overall rate constant (Ὧ ) is stated as: 
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Since mass transfer is the rate-controlling process (Ὧ ḻὯ ), then Ὧ Ὧ . To solve the 

Eq. (4.11), Danckwertôs boundary conditions were applied as: 

όὅ όὅ Ὀ             (4.13) 

π                                   (4.14) 

   The analytical solution of Eq. (4.11) in term of removal efficiency can be written as [186]: 
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The parameter q is expressed as: 

ή ρ
τὯ ȟ ὥ†Ὀ ρ ‐

όὒ‐
 (4.16) 



55 

 

where †, and ὒὪ are the hydraulic residence time of reactor (s) and thickness of SFF filter, 

respectively. The geometric surface area ὥ (m2/m3) was calculated on the basis of fiber diameter 

and coating thickness (shown in Fig. 4.7) through Eq.(4.17). 

 

Fig. 4.7. Schematic of a silica fiber coated with TiO2 

ὥ
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 (4.17) 

where Ὠ, ‏ and ὒ represent fiber diameter, the TiO2 layer thickness, and the fiber length, 

respectively. For the SFF filter used in this study, a value of 109103 (m2/m3) was calculated based 

on SEM analysis.  

The relevant variables were then expressed in dimensionless form by calculating the Sherwood 

(Sh), Schmidt (Sc), and Reynolds (Re) numbers, as defined in the Nomenclature section. For the 

range of experimental conditions, Sc was calculated to be 1.04. Using this value of Sc, Sh is 

calculated based on the mass transfer coefficients obtained for two different catalyst thicknesses 

and plotted against Re, as shown in Fig. 4.8. This figure displays that Sh number for airflow rate 

ranging from 10 L/min to 40 L/min using thickness of L=3 mm is very close to L=5 mm. This 

indicates that mas transfer is independent of the catalyst bed thicknesses due to the same geometry 

and characteristic of the fibrous catalyst.  Following correlation was obtained using least squares 

regression: 

ὛὬ πȢππυφὙὩȢ Ὓὧ           (4.18) 

where Re is defined based on fiber diameter and interstitial velocity. Due to very small fiber 

diameters, Re becomes lower than unity in the SFF filter. Correspondingly, the observed 

dimensionless mass transfer coefficients are very low. 

  

d 

 ‏

ὒ  
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Fig. 4.8. Dependence of the Sh number upon the Re number in SFF filter with varying thickness 

and velocity (Sc=1.04). 

 

Contrary to earlier works on fiber-based structured materials, which focused more on the 

activity of the catalyst, limited numbers of articles covering mass transfer are available [193]. To 

date, just a few correlations between Sherwood and Reynolds numbers for a fibrous catalyst in the 

gas phase with a low Reynolds number are available. Table 4.2 demonstrates some literature 

correlations for mass transfer in fiber-based catalyst supports (except Ref. [194]; for monolith 

structure) validated for the relatively low range of Reynolds number. Groppi et al. [195] studied 

the gas/solid mass transfer in a metallic fiber filter. Their results showed significantly low values 

for Sh number. Satterfield [196] and Ahlstrom-Silversand [197] studied the mass transfer 

characteristics of wire-mesh catalysts with high porosity and then proposed correlations for the 

mass transfer coefficient in the absent of axial dispersion. The correlation proposed by Votruba 

[194] for the monolithic structure was commonly used in PCO studies [35, 71, 198]. Zhong [35] 

used Votrubaôs correlation to evaluate the mass transfer coefficient of fiberglass filter by 

considering fiber diameter as the characteristic length. However, this correlation was obtained 

based on mass transfer through the vaporization of liquid from the surface of monolithic structure. 

Furthermore, in Votrubaôs correlation, the hole diameter of monolith was defined as characteristic 

length. 
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Fig. 4.9 compares the correlation developed in the present study with those given in the 

literature for 0.01<Re<10 at a constant Sc=1.04. At low values of Re, prediction by Groppi is 

closer to the present study. However, the deviation increases when it is compared with other ones. 

By increasing the value of Re, the calculated Sh number of all other correlations deviated 

considerably from that of the present study. One of the possible explanations for higher deviation 

is the effect of axial dispersion on mass transfer, which was neglected for studies related to wire 

mesh and honeycomb type of catalyst (i.e., Refs. [194, 196, 197]). Although Groppi accounted the 

axial dispersion effect for developing the mass transfer equation, the correlation demonstrates a 

weaker dependence on Re than that of present work. Groppiôs correlation was validated for lower 

porosity and higher fiber diameter, which over-predicts the mass transfer for the condition related 

to the present study. Correlations related to wire mesh (i.e., Satterfield and Ahlstrom-Silversand) 

are validated for high Re number where turbulences may occur. Votruba obtained the relationship 

by considering the hydraulic diameter of the monolith as the characteristic length, which may cause 

such a significant deviation [194].       

The above observations highlight the necessity for the verification and assessment of the 

applicability of mass transfer correlations for actual conditions prior to their use for performance 

estimation.  

Table 4.2: Experimental parameters and correlations used in different research works. 

Application Study Media type ‐ Ä  (‘m) Re Pe Correlation 

Photocatalytic reaction Present work Fiberglass 0.96 10 0.02-0.07 8-17 ὛὬ πȢππυωὙὩȢ Ὓὧ 

Catalytic reaction Groppi [195] Metal fiber 0.86 25 0.25-1 >10 ὛὬ πȢπψωὙὩȢὛὧ 

 Satterfield [196] Wire mesh 0.71-0.91 68.5-84 1-100  very high ὛὬ πȢτχὙὩȢ Ὓὧ 

 
Ahlstrom-

Silversand [197] 
Wire mesh > 0.7 300-1650 0.8-140 very high ὛὬ πȢχψὙὩȢὛὧ 

Liquid vaporization Votruba [194] Honeycomb 0.32-0.38 1-10 ρπ 3-480 very high ὛὬ πȢχπυὙὩ
Ὠ

ὒ

Ȣ

ὛὧȢ  
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Fig. 4.9. Effect of 2Å on Sh as predicted by various correlations at Sc=1.04 
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5. Kinetic modeling of the photocatalytic degradation for removal of MEK  

Kinetic analysis is a powerful tool to assess the catalytic properties of material and reaction rate 

in the PCO process. The prominent factors affecting catalytic performance or kinetic parameters 

of photoreaction are the adsorption capacity and oxidation capability of the photocatalysts [199, 

200]. Most reported kinetic parameters in the literature strongly depend on the experimental 

conditions and cannot be easily extrapolated to other conditions. For a continuous flow reactor, it 

was usually assumed that reactors operate under ideal plug flow; hence, reaction rates are 

determined by ignoring dispersion/diffusion. This model is based on the assumption that the 

velocity profile is uniform and, accordingly, dispersion is negligible (Dax/uL 0). However, the 

result of the previous chapter demonstrated that significant dispersion occurs in the PCO reactor 

(Dax/uL>0.01), and flow in the reactor deviated from the ideal plug flow [183]. Additionally, the 

main limitation of previous kinetic studies on the PCO reactor is that they were validated at very 

low velocities, in which high/complete mineralization efficiency to CO2 and H2O was achieved 

with little generation of by-products. Nevertheless, at higher velocities (due to the short residence 

time), complete mineralization cannot be achieved (partial oxidation) and amount of by-products 

is not negligible. In such case, by-products can compete with challenge compounds for adsorption 

on the active sites of the photocatalyst. This chapter compares the result of kinetic modeling using 

both ideal plug flow and axially dispersed flow in the PCO reactor. Six kinetic rate equations on 

the basis of Langmuir-Hinshelwood (L-H) expression were examined to find the best model that 

fits the experimental data. The L-H model was extended to consider the competition effect of by-

products in the reaction rate.  Moreover, the light intensity distribution on the photocatalyst surface 

was simulated using the linear source spherical emission model (LSSE) and validated with the 

experimental data.  

5.1. Methodology 

5.1.1. Dispersion model 

As kinetic modeling of VOCs in this research was performed under steady-state condition, the 

developed model in chapter 3 is simplified as follows: 

Gas phase: 

Ὀ
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π         

      (5.1) 
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Catalyst phase: 

Ὧὥ ὅ ὅ   ὶ   (5.2) 

Boundary conditions: 

όὅȟ όὅ Ὀ             at ὼ π                     (5.3) 

π                                   at ὼ ὒ                    (5.4) 

5.1.2. Ideal plug-flow model. 

To compare dispersion model results with the ideal plug-flow, the dispersion term was 

neglected and Eq.       (5.1)-(5.4) were simplified as follows: 

Gas phase: 

ό
Ὠὅ
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ρ ‐

‐
Ὧὥ ὅ ὅ π         (5.5) 

Catalyst phase: 

Ὧὥ ὅ ὅ ὶ   (5.6) 

boundary conditions: 

  ὅ ὅ ὅȟ             at ὼ π                    (5.7) 

Assuming that the bulk concentration of component A (ὅ ) changes linearly in the PCO filter, 

a reasonable estimate is [201]: 

ὅ
ὅȟ ὅȟ

ς
   (5.8) 

Eq.   (5.8) can be stated Ўὅ ὅ ὅ  and solved using Eq. (5.6): 

Ўὅ
ὶ

Ὧ ȟ ὥ
    (5.9) 

The mass transfer effect is significant if the following criterion occurs [202]: 

Ўὅ

ὅ
πȢρ (5.10) 

 

5.1.3. Experimental procedure  

The PCO reaction test of MEK was conducted using the reactor set-up displayed in Fig. 3.7. A 

layer of TiO2/SFF was installed in front of the UV lamp and MEK was injected automatically into 
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humid air by a syringe pump. Table 5.1 also shows the experimental conditions at which the PCO 

test was performed. In addition, an adsorption test was conducted in the PCO reactor with a layer 

of TiO2/SFF filter under dark condition. The detail of the adsorption test condition is provided in 

section 3.3.3. 

Table 5.1: Experimental conditions employed in gas-phase PCO of MEK carried out in a continuous-flow 

photoreactor (T=20 oC; P=1 atm) 

# of Experiment QFeed  

[L/min]  

CMEK,feed 

 [ppb] 

RHFeed 

 [%] 

I  

[W/m2] 

1 30 100 33 7 

2 30 250 33 7 

3 30 375 33 7 

4 30 500 33 7 

5 30 600 33 7 

6 30 800 33 7 

7 30 900 33 7 

8 30 1000 33 7 

9 30 250 50 7 

10 30 500 50 7 

11 30 800 50 7 

12 30 1000 50 7 

13 30 500 17 7 

14 30 500 67 7 

15 30 500 33 14 

16 30 500 33 23.5 

17 20 1000 33 7 

18 10 1000 33 7 

 

5.2. Results and discussion  

5.2.1. UV radiation intensity  

Fig. 5.1 illustrates the radiation intensity distribution on the photocatalyst surface for three 

different lamp arrangements and positions as predicted by the LSSE model. The irradiance 

distribution using one lamp (presented in Fig. 5.1-a) indicates intensity at the side of the filter, 

where the lamp was mounted, was higher than other positions. However, when two lamps were 
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used, the light intensity distribution on the filter surface became more uniform (see Fig. 5.1-b), 

due to the symmetrical lamp placement in the duct. Decreasing the distance between the lamps 

and the filter (at x=15 cm) increases light intensity magnitude but reduces the light uniformity (see 

Fig. 5.1-c). To validate the results, after measuring lamp walls intensity (Iw for each lamp was 650 

w/m2), irradiation intensity on the catalyst surface was measured at 5 points for each case and 

compared with the LSSE model predictions. A good agreement was observed between the model 

prediction and experimental results (R2 0.94).  

To simulate photon absorption rate in TiO2 film, the attenuation coefficient was obtained. In 

this regard, the light intensity was measured at the front and back of the media for different 

thicknesses. Fig. 5.2 presents the dimensionless light absorption rate ()Ӷ) ȟȾ) ȟ) versus 

overall effective TiO2 layer thickness. The average light intensity at the front was ) ȟ=7 W/m2 

and average light intensity at the back of the media was measured for filter thicknesses of 0.2, 

0.45, 0.8, and 1.2 cm. The attenuation coefficient was calculated and presented in Table 5.2. 

Table 5.2: Attenuation coefficient in the Beer-Lambert model. 

Parameter Unit Value  95% CI R2 

‘ ‘m-1 0.1053 0.0082 0.98 

(a) 
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(c) 

 

Fig. 5.1. Distribution of radiation intensity on the surface of the PCO filter for (a) one lamp at x=20 cm, 

(b) two lamps at x=20 cm and (c) two lamps at x=15 cm. 

 

(b) 
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Fig. 5.2. Dimensionless light intensity versus overall effective photocatalytic TiO2 layer thickness. 

5.2.2. By-products of MEK in the PCO 

The MEK degradation mechanism and corresponding formation of its intermediates/by-

products have been studied [48, 203-205]. Results show that aldehydes and ketones are the primary 

intermediates/by-products of MEK. Vincent et al.[204] and Raillard et al. [48] detected 

acetaldehyde (by GC/MS) as the main by-product of MEK decomposition under UV light 

illumination. However, the latter authors observed the presence of formaldehyde, acetone, acetic 

acid at very low concentrations. Zhong et al.[97] and Mamaghani et al.[203] analyzed MEK by-

products in the UV-PCO reactor quantitatively and found formaldehyde, acetaldehyde, and 

acetone were the major detected compounds. In this study, identification and quantification of 

MEK photocatalytic reaction by-products were measured by HPLC. The result is presented in 

Table 5.3 for the experimental conditions of run 8 (described in Table 5.1). The identified 

compounds in the reactor exit were (for Run 8): unreacted MEK (816.3 ppb), formaldehyde (70.5 

ppb), acetaldehyde (74.6 ppb), acetone (5.8 ppb), and traces of propionaldehyde. Aldehydes 

(formaldehyde and acetaldehyde) are the main by-products of the PCO reaction, which is in line 

with previous studies [97, 203].  

Considering that Ci,C-MEK is representative of carbon atom concentration of compound i formed 

by MEK decomposition (including unreacted MEK and its by-products), it can be expressed as 

below [85]: 
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ὅȟ ὅ  zὲὅ    (5.11) 

where Ci (ppb), and n(C) represent the gas phase concentration and the number of carbon atoms 

of each component i molecule, respectively. Therefore, the mineralization efficiency can be 

evaluated [85]: 

– Ϸ
ὅ

ὅ
 (5.12) 

The carbon atom concentration of each identified by-product arising from MEK photooxidation 

and also unreacted MEK are calculated using Eq.   (5.11) and shown in Table 5.3. Then, the result 

showed that for 18.4% conversion of feed, 4.7% of MEK mineralized into CO2 (see Table 5.3). It 

was also found from carbon mass balance that 99.14% of carbon detected by analytical methods 

(HPLC and GC-FID), and only 0.86% of carbon concentration is related to undetected by-

products. The total atoms concentration of all by-products formed by MEK photodegradation was 

around 6.4%. This indicates that by-products effect on adsorption of MEK should be considered 

in order to describe the PCO reaction rate appropriately.   
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Table 5.3:Product analysis by HPLC for the photocatalytic reaction of MEK; experimental conditions described in Table 5.1(run 8) 

Compound (i) 
Molecular 

CAS no. Ci [ppb] Ci,C [ppb] Ci,C/ CC-MEK,feed [%] 
Formula Structure 

MEKa C4H8O 

 

78-93-3 816.3 3265.2 88.03 

Formaldehyde CH2O 

 

50-00-0 70.5 70.5 1.9 

Acetaldehyde C2H4O 

 

75-07-0 74.6 149.2 4.03 
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a Carbon atom concentration of MEK in feed stream (CMEK,feed = 927 ppb) was CC-MEK,feed = 3709.2 ppb

Acetone C3H6O 

 

67-64-1 5.8 17.4 0.47 

Propionaldehyde C3H6O 

 

 

123-38-6 
trace - - 

Carbone dioxide CO2 
                 

124-38-9 175 175 4.7 
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5.2.3. Kinetic data and model fitting 

MEK degradation through PCO was simulated for six kinetic rate expressions (see Eqs. (3.13)-

(3.18)) using the ideal plug flow model and the dispersion model (see Eqs.       (5.1)-(5.7)). It 

should be noted that the LSSE and Beer-Lambert model were also used to simulate the radiation 

intensity applied in the rate expressions (models M-1 to M-6). Additionally, within this work, 

reaction parameters were estimated under kinetics-controlled regimes (free of mass transfer 

limitations). In order to consider the competition effect of by-products in models M-3 to M-6, an 

assumption was made to find the adsorption coefficients of by-products with higher confidence. 

According to the identified concentration of by-products (given in Table 5.3), the major generated 

by-products were aldehydes (formaldehyde and acetaldehyde), and the mass of others was 

negligible. In this regard, both formaldehyde and acetaldehyde have been lumped into a single 

pseudo species to reduce the number of kinetic parameters. Therefore, the term ὑ ὅ   in the 

denominator of models M-3 to M-6 was defined as: 

ὑ ὅ = ὑ ὅ  = ὑ ὅ ὑ ὅ  (5.13) 

 where Ald, F-Ald, and A-Ald stand for the Aldehyde, Formaldehyde, and Acetaldehyde, 

respectively. 

The equilibrium adsorption of MEK (0.25-1 ppm) under different relative humidities for the 

PCO filter is presented in Fig. 5.3. As can be seen, the adsorption capacity drops as the relative 

humidity increases. This indicates that despite water solubility and polarity of MEK, relative 

humidity can have a considerable inhibitive effect [206]. Similarly, the adsorption reduction effect 

of formaldehyde by increasing relative humidity was reported by Kibanova et al.[207]. The 

adsorption parameters of the Langmuir model (Eq.(3.21)) are determined and given in Table 5.4. 

The maximum adsorption capacity (qm) was computed at different levels of humidity separately 

and correlated by a linear equation. However, the adsorption coefficients of MEK and water were 

obtained independently to be applied in the L-H reaction rate model. Some authors [208-210] 

reported that the adsorption coefficient obtained from the dark condition is different from the 

equivalent coefficient determined in the photocatalytic reaction process. But it should be noticed 

that the rate expression used in their studies was applied only for the degradation of single 

compound, and it was assumed that the intermediate/by-products do not influence the reaction rate. 

If the adsorption coefficient truly reflects the adsorption affinity between adsorbate and the 

surface, this coefficient determined in PCO should be the same as measured in the dark adsorption  

[208, 211]. Thus, the estimated adsorption parameters from dark adsorption (single site adsorption) 

were applied in the models M-3 and M-4 to find other unknown parameters. 

Table 5.5 reports the kinetic and adsorption equilibrium parameters resulting from models 

fitting to the experimental data by considering the ideal plug flow model and dispersion model. 

From Table 5.5, it can be concluded that both plug and dispersion models provided a high fitting 

accuracy (R2>0.99) to the reaction data. However, the dispersion model gives less residual error 

(S2
R). In terms of kinetic rate expression, all rate models applied in modeling can qualitatively 

express experimental results of MEK degradation through the PCO filter (see curve fitting results 

in Fig. 5.4). Models M-5 and M-6, because of the greater number of parameters and limited 
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experimental data, result in a large value of confidence intervals. However, these two models were 

used to compare with other models at different operating conditions.  

The results of curve fitting were then used to validate experimental data at different operating 

conditions.  Fig. 5.5 demonstrates the prediction of both models (plug and dispersion) at various 

concentrations (at RH=50%). According to this figure, the rate expressions M-3, M-4, and M-6 

show a better prediction than others, particularly at high concentrations. This can be attributed to 

the competitive adsorption of MEK with water and by-products on active sites of the photocatalyst. 

Due to the hydrophilic characteristic of TiO2[68], all of these polar compounds take part in 

competitive adsorption on each site. On the other hand, M-5 has less accuracy, especially in the 

plug flow model, since it considers the adsorption of MEK and water separately in two different 

adsorption sites without any competition. M-1 and M-2 also have less accuracy at higher 

concentrations as the competition of other molecules was neglected. In terms of RH, Fig. 5.6 

displayed that M-3 and M-6 provided the best prediction for variation in relative humidity, and M-

4 deviated from the experimental result, particularly at low RH. This might attribute to the 

dominant effect of by-products at lower RH, and its hindering effect cannot be predicted properly 

by M-4. 

It was also observed that all rate expressions failed to fit the change in air velocity (Fig. 5.7-a) 

and light intensity (Fig. 5.8-a) when the ideal plug flow model was used. The reason can be the 

presence of large dispersion in the PCO reactor, which is neglected in a plug flow model. In 

previous study [183], residence time distribution (RTD) analysis with a tracer gas indicated that 

the flow regime in the photoreactor cannot be considered as ideal plug flow and that a significant 

axial dispersion is available. Therefore, ignoring the dispersion term in the ideal plug flow model 

(Eq. (5.5)) causes such a major discrepancy between simulation results and experimental ones in 

Fig. 5.7-a and Fig. 5.8-a. 

 Results show that the dispersion model using rate expressions M-3 and M-6 could provide an 

acceptable fit to describe the variation in velocity (see Fig. 5.7-b) and light intensity (see Fig. 5.8-

b). Kinetic modeling suggests that MEK and water vapor molecules must be considered in the rate 

expression. Due to the significant impact of the water molecule on the MEK degradation rate, 

models M-1 and M-2 cannot properly describe the experimental data. Considering the inhibiting 

effect of water and by-products on MEK adsorption, M-3 could provide the best fitting results 

among unimolecular rate expressions. Furthermore, among different bimolecular L-H models (M-

4 to M-6), the most appropriate fit was achieved by assuming MEK, H2O, and by-products 

adsorbed competitively on the different types of active sites (M-6). From a purely statistical 

standpoint (see Table 5.5), the M-3 model produces the best fit for the existing experimental data 

according to the highest R2 and lowest Ὓ  values. Moreover, for the sake of simplicity, model M-

3 has the least number of required parameters, which leads to narrower confidence interval and 

plausible value of estimated parameters.  

The kinetic study of PCO degradation of MEK was reported by Arconada et al.[212] and 

Raillard et al.[213] using M-1 rate expression considering the ideal plug flow reactor. However, 

the kinetic parameters obtained were for a very high concentration (hundreds of ppm), which 

resulted in lower values of these parameters in comparison with the present study (concentration 
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of less than 1 ppm). That could be due to the possibility of multi-layer adsorption formation at 

very high concentrations, which may affect the value of kinetic parameters. Another possible 

explanation is that the nature and characteristics of the photocatalyst used in those studies are 

different from the one used in this study. Apart from that, the kinetic parameters in this research 

were obtained at a different air velocity than those from [212, 213]. As Fig. 5.7-a shows, the ideal 

plug flow model failed to predict the PCO performance at various velocities, which may cause the 

discrepancy between calculated kinetic parameters derived from the literature and the present 

study. 

The kinetic study result in the present study indicates that the ideal plug flow model cannot 

properly describe PCO reactor behavior since significant deviations were observed, particularly, 

when light intensity and air velocity were changed. This implies that the axial dispersion cannot 

be ignored in the PCO reactor, which is in agreement with [183]. In that work, it was found that 

significant deviation from the plug flow reactor occurred because of low Peclet number (less than 

100) or high value of axial dispersion. Therefore, the validated dispersion model combined with 

the rate expression M-3 is the most appropriate model to be applied in building mechanical 

ventilation air purification systems. 

 

 

Fig. 5.3. Adsorption of MEK under various relative humilities for TiO2/SFF filter 

 

Table 5.4: Langmuir parameters for adsorption of MEK on TiO2/SFF filter. 

Parameter Value 95% CI 

qm (mgMEK/gcat) -0.0003Cw [ppm]+4.0215 - 

KMEK (ppm-1) 7.5 0.067 

KW (ppm-1) 8.6×10-6 2.08×10-7 

R2 0.98 
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Table 5.5: Kinetic and adsorption equilibrium parameters obtained from the application of rate expressions M-1 to M-6 in the plug flow model and the dispersion model (for run 1 to 8). 

Model Par. 

Plug flow model  Dispersion model 

Units Values 95% CI R2 
Ὓ  ×102  

(ppm-2) 

 
Values 95% CI R2 

Ὓ  ×102  

(ppm-2) 

M-1 k ppm s-1 mW-1 m2 5.37 0.25 0.997 

 

0.18  
7.86× 103 0.40× 103 

0.997 0.12 

ὑ  
ppm-1 

1.52 0.14  
2.01 0.19 

M-2 Ὧȹ s-1 W-1 m2 

3.95 0.63 0.992 0.55  
6.27×103 0.25×103 

0.993 0.47 

M-3 k ppm s-1 W-1 m2 8.33 0.95 0.998 0.14  
14.28×103 0.2×103 

0.998 0.10 

ὑ  ppm-1 7.5 -  
7.5 - 

ὑ  ppm-1 8.6×10-4 -  
8.6×10-4 - 

 ὑ  ppm-1 13.8 1.2  
14 1.5 

M-4 k ppm s-1 W-1 m2 13.13 1.38 0.997 0.19  
21.7×103 0.23×103 

0.997 0.12 

ὑ  ppm-1 7.5 -  
7.5 - 

ὑ  ppm-1 8.6×10-4 -  
8.6×10-4 - 

 ὑ  ppm-1 3.13×10-3 4.97×10-4  
2.33×10-3 4.81×10-4 

M-5 k ppm s-1 W-1 m2 169.4 113.34 0.997 0.19  
9.06×103 3.4×103 

0.997 0.12 

ὑ  ppm-1 0.98 3  
1.95 4.2 

ὑ  ppm-1 6.85 13.8  
75.9 11.9 
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 ὑ ȟ ppm-1 270 1700  
2 7 

 ὑ ȟ ppm-1 980 110  
99 360 

M-6 k ppm s-1 W-1 m2 43.73 773 0.998 0.17  
9.24×103 101×103 

0.998 0.11 

ὑ ȟ ppm-1 0.99 11  9.3 95 

ὑ ȟ ppm-1 0.046 10  0.037 6.6 

ὑ ȟ ppm-1 3.15 784  3.15 63.3 

ὑ ȟ ppm-1 0.046 13.3  0.063 9.17 

 ὑ ȟ ppm-1 970 2170  920 1440 

 ὑ ȟ ppm-1 980 2800  
1032 1890 
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(a) 

 

(b) 

 

Fig. 5.4. Results of curve fitting for different kinetic rate expressions (models M-1 to M-6) using (a) Plug-flow model; (b) dispersion model; u=0.05 m/s; RHFeed=33%; Iave=7 W/m2 (Run 1-8). 
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(a) 

 

(b) 

 

Fig. 5.5. Effect of MEK inlet concentration [CMEK,feed] on the PCO degradation (CMEK,exit at steady state conditions) with different kinetic rate expressions (models M-1 to M-6) using (a) Plug-

flow model; (b) dispersion model; u=0.05 m/s; RHFeed=50%; Iave=7 W/m2 (Run 9-12). 
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(a) 

 

(b) 

 

Fig. 5.6. Effect of relative humidity [RHFeed] on PCO degradation of MEK (CMEK,exit at steady state conditions) with different kinetic rate expressions (models M-1 to M-6) using (a) Plug-flow 

model; (b) dispersion model; CMEK,feed=500 ppb; u=0.05 m/s; Iave=7 W/m2 (Run 4, 10, 13-14). 

 



76 

 

(a) 

 

(b) 

 

Fig. 5.7. Effect of velocity [u] on PCO degradation of MEK (CMEK,exit at steady state conditions) with different kinetic rate expressions (models M-1 to M-6) using (a) Plug-flow model; 

(b) dispersion model; CMEK,feed=1000 ppb; RHFeed=33%;  Iave=7 W/m2 (Run 8, 17-18). 
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(a) 

 

(b) 

 

Fig. 5.8. Effect of Light intensity [I] on PCO degradation of MEK (CMEK,exit at steady state conditions) with different kinetic rate expressions (models M-1 to M-6) using (a) Plug-

flow model; (b) dispersion model; CMEK,feed=500 ppb; RHFeed=33%; u=0.05 m/s (Run 4, 15-16). 
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5.2.4. Evaluation of mass transfer effects 

Fig. 5.9-a demonstrates the effect of air velocity on the mass transfer coefficient in the PCO 

reactor using Eq.           (4.18) (a value of 109×103 m2/m3 making use of Eq.(4.17) for the geometric 

surface area is applied according to parameters reported in Table 3.1). This figure indicates that 

higher velocity increases the mass transfer coefficient, leading to the increment in the mass transfer 

rate. The relationship between the air velocity and ȹCA/CAb, (Eq.  (5.8) to Eq.(5.10)), for various 

removal efficiencies using rate expression M-3 for plug flow model and dispersion model are 

presented in Fig. 5.9-b and Fig. 5.9-c, respectively. Since mass transfer plays a more significant 

role at a lower concentration, the inlet concentration of 250 ppb was chosen for simulation. Both 

figures show that the concentration gradient criteria increases when removal efficiency increases 

at a fixed air velocity. Consequently, the mass transfer effect becomes more important. However, 

increasing air velocity at a constant conversion decreases this criterion (due to higher external mass 

transfer coefficient). It is observed from the simulation that for all cases, ȹCA/CAb <0.1. This 

demonstrates that the mass transfer limitation effect in the process is not important and that the 

rate-limiting step is the PCO reaction. Hence, the mass transfer resistance can be ignored, and the 

surface concentration is considered equivalent to the gaseous concentration.  

(a) 

 

(b) 
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(c) 

 

Fig. 5.9. Influence of air velocity on (a) mass transfer coefficient; and (b) concentration gradient 

criteria in the plug flow model; (c) concentration gradient criteria in the dispersion model; CA,in=250 

ppb, RH=17%. 
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6. Modeling of MEK in PCO : Systematic Model Development and Validation 

 

One of the major challenges in studying the potential of UV-PCO reactors for commercial 

applications is finding a reliable tool to assist in designing, scaling up, and optimization. Most of 

the developed models in the literature were validated in a small-scale UV-PCO reactor and cannot 

be applied in an actual application (larger scale). Since the PCO performance depends on many 

factors (operating conditions, experimental set-up, and kinetic parameters), the scaling-up of this 

reactor is challenging. Limited work has been conducted to identify the critical parameters 

influencing PCO performance. For mass transfer limited process, affecting parameters such as 

inter-phase mass transfer, velocity, and dispersion/diffusion can be critical. For the reaction rate 

limited process, critical parameters can be the catalyst surface area, inlet concentration, relative 

humidity, and light intensity. Therefore, there is a strong need for a detailed model to consider all 

these physical and chemical phenomena.  This chapter presents a comprehensive validation 

process at three different levels; inter model comparison; validation with experimental data, which 

were collected in small-scale, as well as large-scale set-ups. in the inter model comparison, the 

prediction made by the model was compared with that of two other existing models. Finally, this 

chapter presents a dimensionless form of the proposed model and investigates the impact of non-

dimensional parameters on reactor efficiency in order to find the controlling steps in the process. 

6.1. Methodology 

6.1.1. Mathematical model  

The developed model in chapter 3, including M-3 L-H reaction rate model, the LSSE model for 

irradiance distribution on the photocatalyst surface and the Beer-lambert model for incident light 

absorption within the filter, were used for inter-model comparison and model validation in both 

bench and pilot scales. This model was then used for dimensionless model analysis in the PCO 

(section 6.1.2). 

6.1.2. Dimensionless model 

The developed model (Eq.(3.1) and Eq.(3.2)) was non-dimensionalized to generalize the 

theoretical and experimental investigation results and facilitate the UV-PCO reactor scale-up. This 

was done using the following expressions: 

ὅӶ
ȟ
   ,   ὅӶ= 

ȟ
   ,  ὅӶ= 

ȟ
  ,  ὅӶȟ= 

ȟ

ȟ
   ,  ὸӶ   ,  ὼӶ=   ,   Pe=   ,  Ὓὸ=               
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ȢȢȢ

ȟ
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This leads to the following dimensionless expressions: 
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with the initial and boundary conditions of: 
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ὅӶ ὅӶ π                           at  ὸӶ π (6.3) 

ὅӶ
Ӷ

Ӷ
1                         at  ὼӶ π (6.4) 

Ӷ

Ӷ
π                                    at  ὼӶ ρ (6.5) 

6.1.3. Experimental investigation 

6.1.3.1. Experimental set-up 

Two different UV-PCO reactors scales (bench and pilot) have been studied in this chapter. The 

detail of bench-scale reactor was explained in chapter 3. The pilot-scale reactor (Fig.6.1) was made 

of four 3.6 m parallel aluminum ducts with 0.31m×0.31m inner cross-sectional area. Each duct 

had an adjustable fan to control the airflow rate. The UV-PCO reactor has two 0.31m×0.31m PCO 

filters, including two UV lamps (Ster-L-Ray, Atlantic Ultraviolet Inc.). Because the experimental 

set-up is an open duct system, laboratory air was used as a carrier gas, and three humidifiers (using 

deionized water) were placed near the entrance of the set-up to provide the required level of relative 

humidity. The inlet air was monitored for humidity and temperature by a sensor (HMT 100, 

Vaisala). The airflow rate over the photocatalyst media in this set-up was between 0.034 to 0.082 

m3/s. UV lamps provided an average of 50 W/m2 light intensity (lamp walls intensity (Iw) was 270 

W/m2). 

 

 

Fig.6.1: Schematic diagram of the pilot-scale reactor. 

6.1.3.2. PCO reaction test 

Two kinds of PCO tests were conducted; time-dependent and steady-state. The time-dependent 

PCO test was performed in the bench-scale reactor to compare the prediction of the proposed 

model with the predictions made by two existing models (inter-model comparison). The steady-

state reaction test was used to validate the proposed model for both bench-scale and pilot-scale 

reactors under various operating conditions.  
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6.1.3.3. Time-dependent PCO experiment 

A time-dependent experiment was performed in the bench-scale reactor with a PCO filter 

(TiO2/SFF) using two low-pressure mercury UV lamps (Philips, TUV PL-S 5W) with a dominant 

wavelength of 254 nm on each side of the filter. First, the UV lamps were turned on and, then, 

MEK at concentration of 800 ppb was automatically injected using a syringe pump (KD Scientific, 

Model KDS-210, USA) into the compressed air (RH = 0%). A mass flow controller (MFC; 

OMEGA, FMA5542A) adjusted the airflow rate at 20 L/min (1.2 m3/hr) while the relative 

humidity was kept at 50±1%. To find MEK breakthrough point, a PID detector (ppb3000 RAE, 

USA) was used to measure MEK concentrations at the reactor downstream. The experiment was 

continued until the PCO reaction reached the steady-state condition.  

6.1.3.4. Steady-state PCO experiment 

The steady-state reaction test was conducted using TiO2/SFF filter in both bench-scale and 

pilot-scale reactors. The PCO experiment in the pilot-scale reactor was carried out by Lee et al. 

[214] and the data provided from them for the model validation in this study. A layer of PCO filter 

and a UV lamp were used in the bench-scale experiment, while in the pilot-scale (Fig.6.1), two 

layers of the filter and two UV lamps (between two layers) were used. The steady-state 

experiments in the bench-scale were carried out in two steps ð lamps turned off (preliminary dark 

adsorption step) and then turned on (photocatalytic reaction step). For each concentration (from 

100 to 1000 ppb), experiments were continued until filters were completely saturated with MEK, 

and then by turning on the UV lamps, the PCO reaction was initiated. In the pilot-scale reactor, 

Lee et al.[214]  turned on the UV lamp after 10 min injection and started taking samples 5 min 

after that. The upstream and downstream samples were taken at the same time. PCO experiment 

in bench and pilot reactors was carried out at temperatures of 20±0.5 ᴈ and 21±1 ᴈ, respectively.  

6.1.3.5. Residence time distribution (RTD) experiment 

RTD test was performed to characterize the airflow pattern in the PCO reactor by injecting 

MEK tracers into the inlet airflow. The RTD experiment with MEK in the bench-scale reactor for 

velocities ranging from 0.015 to 0.1 m/s (equivalent to 110< ReD <1000) is presented in chapter 4 

[183]. This study also reports the RTD test in the pilot-scale reactor to determine the axial 

dispersion coefficient for velocities between 0.35 to 0.85 m/s (6900< ReD <17200). In this regard, 

MEK tracer was injected instantly into the inflow air stream and, then, the outlet concentration 

was measured, in time for various airflow rates, using a PID detector.  

6.2. Results and discussion 

6.2.1. Model Validation 

6.2.1.1. Model parameters determination 

Two models were used to simulate the PCO reactor; the dispersion model (Eq. (3.1) to Eq.(3.5)) 

and the ideal plug flow model (no dispersion [215]). The kinetic parameters of MEK using M-3 

L-H reaction rate (Eq.(3.15)) for ideal plug flow and dispersion models were evaluated in the 

bench-scale reactor (see section 5.2.3).   
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 (a) 

  

(b) 

 

Fig. 6.2. (a) the residence time distribution E(t) of MEK at various flow rates, (b) the 

dependence of the Peclet number and axial dispersion values on the superficial velocity 

 

Fig. 6.2-a demonstrates the RTD analysis of MEK for the pilot-scale reactor for the flow rates 

ranging from 0.034 to 0.082 m3/s. The higher airflow rate, the higher the peak value and the shorter 

the time after which the peak was observed. The Peclet values and axial dispersion coefficients 

were plotted versus air velocities in Fig. 6.2-b. The low values of PeL number (less than 100 [186]) 

indicate that the PCO reactor deviates from an ideal plug-flow reactor even at higher airflow rates. 

A quadratic function, Eq. (6.6), was considered to correlate the axial dispersion coefficient with 

the superficial velocity: 

Ὀ πȢψφω ό                                   6900< ReD <17200 (6.6) 

6.2.1.2. Inter -model comparison 

The simulation result of the proposed model was compared with the prediction made by two 

existing models. Model I [145, 150] rests upon an ideal plug flow model in which the model 
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assumed the presence of a uniform flow without diffusion/dispersion effect. Model II, by Zhong 

and Haghighat [81], involves the ideal plug flow assumption with the molecular diffusion effect 

of challenge compound in gas. Table 6.1 summarizes these models and their boundary conditions. 

Table 6.1: Models used for inter-model comparison 

 Governing equation Ref. 

Model I  

ό Ὧὥὅ ὅ ) 

Ὠὅ

Ὠὸ
Ὧὥὅ ὅ ὶ 

I.C: 

             ὅ ὅ π     at t=0 

B.C: 

             ὅ ὅȟ           at x=0 

[145, 150] 

Model II  

  Ὀ ό Ὧὥὅ ὅ ) 

  Ὧὥὅ ὅ ὶ 

I.C: 

             ὅ ὅ π     at t=0 

B.C: 

             ὅ ὅȟ           at x=0 

             π             at x=ὒ 

[81] 

Model III  

Ὀ ό Ὧὥὅ ὅ ) 

Ὠὅ

Ὠὸ
Ὧὥὅ ὅ ὶ 

I.C: 

             ὅ ὅ π      at t=0 

B.C: 

            όὅȟ όὅ Ὀ            at x=0 

             π             at x=ὒ 

Present study 

 

To compare the simulation results of the developed model (Model III) with the predictions 

made by model I and II, the experimental data from the time-dependent study in bench-scale was 

employed. Fig.6.3 compares the simulation result of these three models with experimental data 

with inlet MEK concentration of 800 ppb (the input parameters are available in Table 6.2). The 

figure shows that Models I and II have less accuracy than Model III at the steady-state condition. 

As Model I (ideal plug flow model) developed based on no dispersion/diffusion mass transfer 

effect, it underestimates the outlet concentration. Model II was simulated by considering the 

kinetic parameters of the ideal plug flow model as well as the molecular diffusion effect. Diffusion 

in the reactor causes fresh MEK molecules to mix with converted ones (by-products) and, 

consequently, the challenge compound concentration decreases (lowers the reaction rate). This 

resulted in a reduction of PCO conversion (higher outlet concentration) when kinetic parameters 

of the plug flow model were used. 

Model III gives a more accurate fit than the others, especially at the initial stage (before reaching 

the steady-state condition). The figure shows a higher discrepancy between experimental results 

and the other two models. At the initial stage, the adsorption process or mass transfer has an 



85 

 

important role in MEK degradation, and Model III, due to more adequate boundary conditions at 

the inlet and more accurate expression for dispersion term, resulted in a better prediction.  

The good agreement between the experimental data and the prediction made by model (III) 

demonstrates that this model can predict more accurately UV-PCO reactor efficiency trends as a 

function of time.  

Table 6.2: Input parameters for Inter-model Comparision 

Parameter Unit Value Model I Model II Model III 

C0 ppb 800 V V V 

t min 50 V V V 

L f cm 1.2 V V V 

Dax m2/s 0.005 - - V 

       ‐ - 0.96 V V V 

 † - 3 - V - 

      ‘ ‘ά  0.1053 V V V 

Q L/min 20 V V V 

d ‘m 10 V V V 

 m 1 V V V‘ ‏ 

Dm m2/s 9.8×10-6 - V - 

 V V V 5-01×8.1 s/2m ‮ 

 Ὧ  m/s 0.0012 V V V 

 ὥ m2/ m3 109 103 V V V 

 ) W/m2 65 V V V 

Dlamp cm 1.4 V V V 

Xdistance cm 3 V V V 

ylamp cm 2.7 V V V 

Lp cm 6.5 V V V 

     )  W/m2 90 V V V 

RH % 50 V V V 

kdisp ppm s-1 W-1 m2 14.28×103 - - V 

+ ȟ  ppm-1 7.5 - - V 

 + ȟ  ppm-1 8.6×10-4 - - V 

+ ȟ  ppm-1 14 - - V 

kplug ppm s-1 W-1 m2 8.33 V V - 

+ ȟ  ppm-1 7.5 V V - 

+ ȟ  ppm-1 8.6×10-4 V V - 

+ ȟ  ppm-1 13.8 V V - 
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Fig.6.3: Comparison the results of three different model for prediction of MEK outlet concentration at inlet 

concertation of 800 ppb (u=0.034 m/s, Iave=90 W/m2). 

6.2.1.3. Modeling of bench and pilot-scale reactors at steady-state 

Fig.6.4 shows the radiation intensity distribution on the photocatalyst surface for both bench-

scale and pilot-scale as predicted by the LSSE model. The figures show that the irradiance 

distribution in a bench-scale reactor is more uniform than the pilot-scale. The reason is that the 

UV lamp in the bench scale was placed at a longer distance from the PCO filter. The experimental 

validation of the LSSE model (R2 0.94) indicated that the model prediction is close to the 

experimental data. Fig.6.5 illustrates the dimensionless light absorption rate ()Ӷ)Ⱦ) ) within the 

PCO filter. For the overall effective TiO2 layer thickness of 45 ‘ά (calculated using Eq.(3.11) for 

one media), the incident light is totally absorbed by TiO2. However, with two PCO filters, half of 

the filter does not absorb any light intensity (see Fig.6.5), which shows a thicker media has no 

positive effect on energy absorption. As for the mass of photocatalyst (or thickness of media), 

Fig.6.6 demonstrates that removal efficiency decreases with decreasing photocatalyst mass and 

also media is saturated faster. 

Fig.6.7 compares the removal efficiency predicted by Model III with the measured catalyst 

removal efficiency under UV illumination for both bench-scale and pilot-scale. It shows a good 

agreement between the model prediction and the experimental data for various operating 

conditions, which is confirmed by Fig.6.8. The linear regression displays the slopes of unity with 

overall R2 of 0.98 for experimental measurements versus model predictions. 

The result shows that as the inlet concentration, relative humidity, and velocity increase, the 

removal efficiency decreases in both reactors. Increasing the inlet concentration enhances the 

number of adsorbed molecules on the catalyst surface and subsequent reaction rate. This causes 

the number of active sites of catalyst to be reduced, causing MEK molecules to leave the reactor 

without reaction. Thus, removal efficiency declines. Additionally, introducing excessive humidity 

also leads to the reduction in catalyst active sites and, consequently, decreases in the reaction rate 

and removal efficiency. As the velocity increases, the residence time of MEK molecules inside the 

reactor decreases, which results in a reduction in the adsorption of the pollutant and lower 

conversion. 
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In the case of by-products, as challenge compound concentration and residence time increases, 

by-products generation growths. Nevertheless, with increasing the relative humidity, their 

generations reduce. This indicates that at higher concentration and lower velocity, by-products 

have a higher inhibitive effect on the adsorption of challenge compound and, consequently, on the 

PCO reaction rate. 

(a) 

 

(b) 

 

Fig.6.4: Distribution of radiation intensity on the surface of the PCO filter for (a) bench-scale (b) pilot reactor. 
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Fig.6.5: Dimensionless light intensity versus overall effective photocatalytic TiO2 layer thickness. 

 

Fig.6.6: Effect of the mass of photocatalyst on removal performance. 

(a) 
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(b) 

 

Fig.6.7: Steady-state removal efficiency at different operation conditions in (a) bench-scale (b) pilot reactor (error bars 

shows the standard deviation of test results)(experimental data was reported in [216]). 

 

Fig.6.8: Overall model predictions vs. experimental results for bench-scale and pilot reactor 

 

6.2.2. Dimensionless analysis 

Fig.6.9 shows the results of dimensionless modeling of the UV-PCO reactor at inlet 

concentration of 800 ppb in the bench-scale UV-PCO reactor, with two plots: a) removal efficiency 

versus dimensionless time and b) dimensionless concentration versus length. As Fig.6.9-a shows, 

at the beginning of the process, removal efficiency (mainly because of adsorption) is at its highest 

level, due to more available active sites of catalyst for MEK adsorption in the first step and reaction 

with hydroxyl radical in the second step. While, with time, active sites are occupied by MEK 

molecules and by-products. Consequently, the removal efficiency by adsorption and PCO reaction 

decreases after a specific time owing to the reduction in the available catalyst active sites. Finally, 

an equilibrium state happens between MEK molecule adsorption and surface reaction, resulting in 

constant conversion (steady-state condition). Increasing Da number improves the removal 






























































































