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Abstract 1 

This paper focusses on the development of a  Multiphysics model as a tool for assessing the 2 

performance of a multi-tube photoreactor. The model predicts the transient behavior of 3 

acetaldehyde concentration, as a model compound for the organic fraction of the indoor air 4 

pollutants, under varying sets of conditions. A 3D-model couples radiation field modeling with 5 

reaction kinetics and fluid dynamics in order to simulate the transport of the pollutant as it 6 

progresses through the reactor. A model-based approach is proposed to determine the layer 7 

thickness and refractive index of different P25-powder modified sol-gel coatings, using an 8 

optimization procedure to estimate these parameters based on UV-irradiance measurements. 9 

The radiation field model was able to accurately predict the irradiance on the catalytic surface 10 

within the reactor. Consequently, the radiation field model was used to define an irradiance 11 

dependent reaction rate constant in a coupled Multiphysics model. An optimization routine was 12 

deployed to estimate the adsorption, desorption- and photocatalytic reaction rate constants on 13 

the TiO2-surface, using experimentally determined, transient outlet concentrations of 14 

acetaldehyde. Additionally, a validation test was performed in an air-tight climate chamber at 15 

much higher flow rates, higher irradiance and realistic indoor pollutant concentrations to 16 

emphasize the reliability and accuracy of the parameters for adsorption, desorption and 17 

photocatalytic reaction.  The developed model makes it possible to optimize the reactor design 18 

and scale-up for commercial applications.  19 

 20 

 21 

 22 
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Nomenclature 1 

𝐴 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 [𝑚2]  

𝑐 𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 [𝑚/𝑠]  

𝐶𝐶𝐻3𝐶𝐻𝑂 𝐵𝑢𝑙𝑘 𝑎𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [𝑚𝑜𝑙/𝑚³]  

𝐶𝐶𝐻3𝐶𝐻𝑂,𝑎𝑑𝑠. 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [𝑚𝑜𝑙/𝑚²]  

𝐶𝐶ℎ𝑎𝑚𝑏𝑒𝑟 𝐴𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑐𝑙𝑖𝑚𝑎𝑡𝑒 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 [𝑚𝑜𝑙/𝑚³]  

𝐷 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 [𝑚2/𝑠]  

𝐸(𝜆) 𝐵𝑎𝑛𝑑𝑔𝑎𝑝 𝑎𝑡 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 𝜆 [𝑒𝑉] 

𝐸𝑔 𝑇𝑖𝑂2 𝐵𝑎𝑛𝑑𝑔𝑎𝑝 [𝑒𝑉]  

𝐼 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 [𝑊/𝑚²]  

𝒌 𝑊𝑎𝑣𝑒 𝑣𝑒𝑐𝑡𝑜𝑟  

𝑘𝑎𝑑𝑠 𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [𝑚/𝑠]  

𝑘𝑑𝑒𝑠 𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [𝑚𝑜𝑙/𝑚²𝑠]  

𝑘𝑝𝑐𝑜 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [1/𝑠]  

𝑘 𝐼𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 𝑝𝑎𝑟𝑡 𝑜𝑓 𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥  

𝑛 𝑅𝑒𝑎𝑙 𝑝𝑎𝑟𝑡 𝑜𝑓 𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥  

𝑝 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 [𝑃𝑎]  

𝒒 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑣𝑒𝑐𝑡𝑜𝑟  

𝑄 𝑅𝑎𝑦 𝑝𝑜𝑤𝑒𝑟 [𝑊]  

𝑅𝑎𝑑𝑠 𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑓𝑙𝑢𝑥 [𝑚𝑜𝑙/𝑚²𝑠]  

𝑅𝑑𝑒𝑠 𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑓𝑙𝑢𝑥 [𝑚𝑜𝑙/𝑚²𝑠]  

𝑅𝑝𝑐𝑜 𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 [𝑚𝑜𝑙 𝑚2𝑠⁄ ]  

𝐮 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑣𝑒𝑐𝑡𝑜𝑟  

𝑥 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ [𝑚]  

𝛼 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 [𝑚−1]  

Γ𝑠 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 [𝑚𝑜𝑙/𝑚²]  

𝛿 𝐿𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 [𝑚]  

𝜆 𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ [𝑚]  

𝜇  𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦  [𝑃𝑎 ∙ 𝑠]  

𝜇𝑇 𝐸𝑑𝑑𝑦 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦  [𝑃𝑎 ∙ 𝑠]  

𝜌 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 [𝑘𝑔/𝑚³]  

𝜃 𝐴𝑛𝑔𝑙𝑒 𝑤𝑖𝑡ℎ 𝑛𝑜𝑟𝑚𝑎𝑙 𝑜𝑓 𝑎 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦  

𝜔 𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 [𝑟𝑎𝑑/𝑠]  
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1. Introduction 1 

Photocatalytic oxidation (PCO) technology is nowadays considered a very efficient and 2 

sustainable technology for indoor air purification, for example, integrated in HVAC systems 3 

[1–6]. Despite intensive research efforts, only a few cases of operating PCO cleaning devices 4 

are documented and patented [1,4,7]. There is still a substantial gap to be filled between lab-5 

scale investigation of suitable photocatalysts and applied PCO technology for effective air 6 

purification. The design of an effective photocatalytic reactor is the main issue in 7 

commercializing PCO technology [8]. Each type of photocatalytic reactor has different 8 

performance criteria, but generally it can be stated that an efficient PCO reactor should achieve 9 

complete mineralization of VOCs, high proton utilization of the photocatalyst, low pressure 10 

drop and power consumption in a relatively compact vessel [8]. Furthermore, efficient operation 11 

of a PCO reactor requires insights in mass transfer rates, i.e. convective and diffusive transport 12 

towards the catalytic surface, and the kinetics of adsorption, desorption and photocatalytic 13 

reaction, as either can be the limiting factors for complete mineralization. Finite element 14 

modeling (FEM) is a numerical method for solving complex physics and is a very attractive 15 

approach for the analysis of a PCO reactor performance through integrated simulations of fluid 16 

dynamics, irradiance distribution and kinetics of desorption, adsorption and reaction at the 17 

catalytic surface. Previous studies have shown that Computational Fluid Dynamics (CFD) 18 

simulations can accurately predict the phenomena occurring in a PCO reactor, including 19 

Langmuir-Hinshelwood kinetics, considering a uniform irradiance distribution [9–13]. Only a 20 

few studies attempted to combine radiation field modeling with a CFD-model to predict the 21 

performance of a gas phase photoreactor, mainly for flat bed reactors and monolith reactors 22 

[14–17]. However, the  irradiance in a flat bed reactor covers only a small range and usually 23 

shows very low local variety of the incident photon flux. The first part of this work covers the 24 

development of a radiation field model that accurately describes the irradiance distribution in a 25 
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multi-tube photocatalytic reactor with a more complex geometry and consequently, a more 1 

irregular irradiance distribution. The radiation field model was then coupled with CFD 2 

simulations, which described the air flow through the reactor and the reaction kinetics 3 

(including the effect of irradiance), to obtain the local variation of the photocatalytic reaction 4 

rate and the kinetic parameters. Acetaldehyde was used as a model compound in this study, 5 

since it is an important indoor air pollutant and an intermediate photocatalytic product of more 6 

complex VOCs [18]. As we will show, this numerical approach was able to combine complex 7 

physics and correctly predict the outlet concentration of acetaldehyde under different sets of 8 

conditions.  9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 
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2. Methodology 1 

2.1 Multi-tube photoreactor 2 

A photocatalytic tube reactor was assembled from a cylindrical vessel of Duran® borosilicate 3 

glass with an internal diameter of 29 mm and a length of 440 mm, with an inlet and outlet as 4 

shown in Figure 1. The vessel contained 7 smaller borosilicate glass tubes (internal and external 5 

diameter 7mm and 9mm respectively; length 200 mm) that were coated with a TiO2-based 6 

coating and positioned centrally in the vessel. Two 25 W fluorescent UV-A lamps (Philips 7 

Lighting, Belgium) with a peak wavelength at 365 nm, were positioned parallel to the reactor 8 

housing at opposite sides. Before assembling the reactor, the smaller glass tubes were dip-9 

coated using the P25-powder modified sol-gel method. A 0.5 M titanium isopropoxide (TTIP, 10 

>98%, Agro organics) in isopropanol (I-PrOH, >98%, VWR chemicals) was prepared, 11 

diethanolamine (DEA, 99% Roth, DEA/TTIP molar ratio of 4) and water (H2O/TTIP molar 12 

ratio of 2) were added while stirring. P25 TiO2 was added to finalize the sol-gel and 13 

ultrasonically stirred. The glass tubes were coated with a withdrawal speed of 120 mm/min. 14 

The tubes were then air dried for 24 hours and afterwards calcined at 500°C for 1h. For more 15 

Figure 1: Schematic representation of the multi-tube photoreactor with two 25W UV-A 

lamps. 
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details of the preparation method, the reader is referred to van Walsem et al. (submitted in CES). 1 

In our former work (van Walsem et al., submitted in CES), coatings with 10, 30 and 50 g/L P25 2 

showed the highest photocatalytic activity in the multi-tube photoreactor at relatively high flow 3 

rates. Hence, these coatings were used here to develop and validate the Multiphysics model.  4 

2.2 Optical measurements 5 

The irradiance and emission spectrum were measured perpendicular to the light beam, using an 6 

Avantes Avaspec-3648 spectrometer (sensor surface area of 12.5 mm²), at different positions 7 

within the reactor, as shown in Figure 2 and this was done for all P25 loaded sol-gel coatings. 8 

In order to calibrate and validate the radiation field model, additional irradiance measurements 9 

were conducted, in which one UV-A lamp was positioned parallel to the reactor housing at a 10 

distance that varied from 0.5 to 30mm during the experiment. The irradiance was measured at 11 

the different positions for the 10 g/L P25-coating. The data generated from the irradiance 12 

measurements on the respective positions was later used to parameterize and validate the 13 

radiation field model for 10, 30 and 50 g/L P25-coatings. 14 

 15 

Figure 2: Positions of irradiance measurements within the multi-tube 

photoreactor with one 25W UV-A lamp, using an Avantes Avaspec-3648 

spectrometer. 
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2.3 Photocatalytic experiments  1 

The photocatalytic performance of the multi-tube photoreactor was investigated using 2 

acetaldehyde (Messer, 1% in N2) as a model compound for indoor air pollution [13,18–20]. At 3 

the reactor inlet, the acetaldehyde concentration was carefully controlled by mass flow 4 

controllers and fed to the multi-tube photoreactor at a total gas flow rate of 500 cm³/min. FTIR 5 

spectroscopy measurements allowed online monitoring of the acetaldehyde concentration at the 6 

reactor outlet, based on the IR peak height at 2728 cm-1, which corresponds to the 𝜈(C-H) 7 

stretch vibration [21]. Photocatalytic experiments were conducted with two 25 W UV-A lamps 8 

at a parallel distance of 25 mm from the reactor (could not be placed closer due to practical 9 

limitations) for all P25 sol-gel coatings. In order to parametrize the parameters that describe the 10 

photocatalytic process in the reactor, experimental data was assembled by varying the inlet 11 

concentrations of acetaldehyde between 1.41±0.14 and 5.92±0.40 mmol/m³ (34 and 143 12 

ppmv). Experiments were performed in three subsequent phases: The mixed gas flow first 13 

bypasses the reactor at a flow rate of 500 cm³/min and flows straight to the FTIR detector cell, 14 

in order to determine the exact inlet concentration. After 10 min of steady-state bypass, the gas 15 

flow was switched to the reactor and simultaneously the light emission source was activated. 16 

During this phase, both adsorption/desorption as well as photocatalytic reaction occurred 17 

simultaneously. 50 minutes was sufficient time to reach equilibrium outlet concentrations for 18 

all given inlet concentrations of acetaldehyde. Finally, the catalytic surface was irradiated and 19 

an artificial clean air flow at a rate of 2000 cm³/min was applied for 60 min, removing the 20 

remaining adsorbed fraction of organic compounds. The CO2-concentration was carefully 21 

monitored during this last phase, to assure that the concentration level dropped to zero. At this 22 

point, the catalytic surface was assumed to be clean and the experiment was repeated with a 23 

higher inlet concentration.  24 
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Once the set of parameters was finalized, an ultimate validation test was performed under 1 

realistic HVAC operating conditions (high flow rates and low concentrations) in an airtight 2 

climate chamber with the same continuous photoreactor. In contrast to the FTIR set-up, where 3 

the flow rate was fixed by a mass flow controller, the flow rate in the climate chamber is now 4 

controlled by a fan, attached at the end of the reactor housing . The fan is characterized by a 5 

static pressure of 50 Pa and a free delivery flow rate of 1.085 dm³/s. Two additional fans were 6 

mounted at the climate chamber ceiling to mix the air in the chamber as well as possible. The 7 

light source consisted of two 25W UV-A lamps at a parallel distance of 5 mm to the reactor 8 

housing to achieve higher irradiance at the catalytic surface compared to the FTIR set-up. The 9 

experiments were carried out with an initial acetaldehyde concentration of 0.208 mmol/m³ (5 10 

ppmv). The time lapse of the acetaldehyde concentration was eventually used to validate the set 11 

of intrinsic parameters under different operating conditions.  12 

2.5 Multiphysics Modeling 13 

2.5.1 Model geometry 14 

The commercial software package Comsol Multiphysics v5.3 was used for finite element 15 

modeling of the air flow, acetaldehyde transport and optics. The reactor set-up, was 16 

implemented in the geometry section, for both FTIR and climate chamber experiments, 17 

including the lamps. Since the set-up is symmetrical, only halve the geometry was considered, 18 

drastically reducing the simulation time. A mesh was created for both the fluid domain as well 19 

as the glass parts, because the latter is necessary for radiation field modeling. The design of the 20 

reactor and the fact that the gas flow is parallel to the glass tubes, allowed the use of prism 21 

elements in a main part of the geometry, reducing the number of mesh elements (Figure 3). 22 

When simulating the mass transfer of acetaldehyde, a large local gradient between bulk 23 

concentrations and  concentrations close to the catalytic surface was expected. Hence, an extra 24 

fine mesh was built for the fluid domain in these regions, i.e. the catalytic surface. The 25 
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remaining domains were meshed with tetrahedral elements. For the radiation field model, rays 1 

were released from the mesh cells of the lamps and therefore the cylindrical emission source 2 

could simply be represented by a curved surface with a mapped mesh, i.e. rectangular boundary 3 

elements. The larger the number of elements on the emission source, the more rays that can be 4 

released, hence a more realistic result. The complete meshed geometry consisted of 459,000 5 

elements with an average mesh quality (skewness) of 0.70 for the FTIR set-up and 2,876,000 6 

elements with an average mesh quality of 0.723 for the climate chamber set-up. The latter has 7 

a more detailed mesh due to the presence of a turbulent flow.  8 

 9 

2.5.2 Radiation field Modeling 10 

The incident irradiation on the catalytic surface is one of the critical factors that determine the 11 

rate of conversion. Comsol Multiphysics v5.3.a provides an interface to model electromagnetic 12 

wave propagation in systems in which the wavelength is several orders of magnitude smaller 13 

than the smallest geometrical detail in the object of interest (Ray Optics - Geometrical Optics). 14 

Light is discretized into rays that can propagate through the system. The ray trajectory is not 15 

resolved with a finite element mesh, unless it interacts with a boundary where refraction, 16 

Figure 3 Mesh for a) FTIR set-up and b) climate chamber set-up 

a) b) 
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reflection or absorption occurs. This way, the computational effort is reduced significantly over 1 

long travel distances compared to methods such as Monte-Carlo, discrete ordinate or Finite 2 

Volume simulations of the radiative transfer equation (RTE), which is a convenient method for 3 

optical simulations in heterogeneous photocatalytic reactors [14,22–25]. The rays were released 4 

from the mesh of the curved boundaries, which represent the lamps, with a total of 160,000 5 

rays/lamp. An initial irradiance of 120 W/m² was measured on the surface of the UV-lamp, by 6 

integrating the spectrum over a range of 300 to 400 nm wavelength. The initial power (W) of 7 

each ray is calculated by dividing the initial ray intensity by the ray density (number of rays 8 

released per m²). The ray trajectory can be computed by solving coupled first-order differential 9 

equations  [26]: 10 

 

{
  
 

  
 

   

𝑑𝒌

𝑑𝑡
= −

𝜕𝜔

𝜕𝒒
𝑑𝒒

𝑑𝑡
=
𝜕𝜔

𝜕𝒌
 

𝜔 =
𝑐|𝒌|

𝑛(𝒒)

   1 

  11 

with k the wave vector, 𝜔 the angular frequency, c the speed of light in vacuum, 𝑛 the real part 12 

of the refractive index and q the position vector. The set of equations was solved in the time 13 

domain by a GMRES iterative solver with maximum time steps of 2 ps. The irradiance 14 

computation is based on calculations that treat each ray as a propagating wavefront, which 15 

subtend constant angles within the same domain. When a ray passes from one medium to 16 

another, the wave vector is reinitialized using Snell’s law [26]: 17 

 sin (𝜃𝑖)

sin (𝜃𝑟)
=
𝑛2
𝑛1

 2 

Where 𝜃𝑖 and 𝜃𝑟 represent the angle measured from the normal of the boundary for the incident 18 

ray and the refracted ray respectively and 𝑛 is the real part of the refractive index of the 19 
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respective medium. The refractive index of the borosilicate glass parts of the reactor and the 1 

external domain (domain without geometry or mesh) were 1.473 and 1 respectively. First the 2 

angle of incidence 𝜃𝑖  is computed, based on the dot product of the unit vector in the direction 3 

of the incident ray 𝒏𝒊 and the unit vector 𝒏𝒔 normal to the incident boundary [26]: 4 

 
𝜃𝑖 = acos (

𝒏𝒊 ∙ 𝒏𝒔
|𝒏𝒊||𝒏𝒔|

) 3 

The direction of the refracted ray is then given by solving the following set of equations [26]: 5 

 

{
 
 

 
 

     

𝒏𝒓 = 𝜂𝒏𝒊 + 𝛾𝒏𝒔
𝛾 = −𝜂 cos(𝜃𝑖) + cos(𝜃𝑟)

𝜂 =
𝑛1
𝑛2

𝜃𝑟 = asin (𝜂 sin(𝜃𝑖))

 4 

With 𝒏𝒓 a unit vector in the direction of the refracted ray and 𝜃𝑟 the angle with the boundary 6 

normal. The power of the refracted rays is calculated with the use of the (modified) Fresnel 7 

equations at boundaries [26]. Computation of secondary rays due to reflection, was neglected 8 

to speed up the simulation. The sol-gel coating on the glass tubes was defined as a single-layer 9 

thin dielectric film with a specified film thickness and refractive index. Attenuation of the ray 10 

intensity or power due to interaction with the coating, was realized by defining an imaginary 11 

part of the refractive index 𝑘 of the thin dielectric film, which is related to the absorption 12 

coefficient 𝛼 from the Beer-Lambert law as: 13 

 
𝛼 =

4𝜋𝑘

𝜆0
 5 

With 𝜆0 the vacuum wave length of 365 nm, as this is the peak wavelength emitted by the UV-14 

A lamps. Unfortunately, only limited and contradictive information is available regarding the 15 

refractive index of sol-gel coated glass substrates. Wang et al. proposes an empirical relation 16 

for the complex refractive index of a sol-gel coating, based on the Cauchy formula for dielectric 17 

films in a range of wavelengths between 400 and 1000 nm [27]. For the simplicity of the model, 18 
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the rays were released at the peak wavelength of the emission source, i.e. 365 nm, instead of a 1 

distribution of wavelengths. Unfortunately, the imaginary part of the refractive index 𝑘 could 2 

not be extrapolated to a wavelength below 400 nm, since light absorption starts to occur at this 3 

point and therefore 𝑘 would drastically increase. Chrysicopoulou et al. used the physical model 4 

of Forouhi–Bloomer to empirically determine the optical properties of very thin (<100 nm) sol–5 

gel TiO2 films in a much broader range of 200-2500 nm [28]. An irradiance-weighted 6 

expression for the imaginary part of the refractive index 𝑘𝑚𝑒𝑎𝑛 was proposed, using the 7 

Forouhi–Bloomer physical model and the emitted spectrum of the UV-A lamp, as measured by 8 

the Avantes Avaspec-3648 spectrometer : 9 

 

𝑘𝑚𝑒𝑎𝑛(𝜆) =

∫ 𝐼(𝜆) [
𝐴(𝐸(𝜆) − 𝐸𝑔)²

𝐸(𝜆)2 − 𝐵𝐸(𝜆) + 𝐶
]𝑑𝜆

∫ 𝐼(𝜆) 𝑑𝜆
 

6 

 10 

With 𝐼(𝜆) the irradiance at wavelength 𝜆 retrieved from the emission spectrum of the UV-A 11 

lamp, 𝐸(𝜆) the bandgap at wavelength 𝜆, 𝐸𝑔= 3.2723 corresponding to the bandgap of TiO2 12 

and A, B and C empirical parameters with values of 0.2048, 8.5494 and 18.714 respectively 13 

[28]. This resulted in a 𝑘𝑚𝑒𝑎𝑛 of 0.03. The attenuation of UV-light is dependent on the 14 

imaginary part of the refractive index 𝑘, as well as the depth of light penetration: 15 

 𝑄 = 𝑄0exp (−𝛼𝑥) 7 

with 𝑄0 the incident ray power, 𝑄 the transmitted ray power, 𝛼 the absorption coefficient and 𝑥 16 

the optical path length, which can be calculated from the angle of incidence 𝜃𝑖 and the thickness 17 

of the coating layer 𝛿 [26]. The thickness of the sol-gel coating layer on glass substrates, 18 

reported in the literature, varies from 70 nm to 3µm, using the dipcoating method with a similar 19 

withdrawal speed [17,27–32]. Previous work studied the coating layer thickness of a 10 g/L 20 

P25 sol-gel coating on stainless steel plates, resulting in a thickness around 450 ± 24 nm [33]. 21 

The limited information from the literature urged for an alternative approach to estimate the 22 
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optical parameters and layer thickness. Therefore the light irradiance was measured at different 1 

points within the reactor (Figure 2) for the 10g/L P25 coating  and the experimental results were 2 

used to parameterize 𝑘 and 𝛿. A parametric sweep was performed, with 𝑘 = 0.03 and 𝛿 =3 

450 𝑛𝑚 as initial values, ranging between 0.2 to 0.4 and 70 nm to 3µm respectively. The final 4 

parametric combination was determined by the best fit of the simulated irradiance with the 5 

experimental data at the specified positions within the reactor (see Figure 2). The optical 6 

parameters were additionally validated with experimental irradiance measurements by varying 7 

the parallel distance between reactor and lamp. The optical properties of the 30g/L and 50 g/L 8 

P25-coatings were determined in a similar approach, but the refractive index, as obtained from 9 

the 10 g/L P25 coating, was now fixed.  10 

In order to couple the ray tracing with the other physics, information regarding the ray power 11 

and irradiance needs to be transferred from the ray variables to the underlying finite element 12 

mesh. The latter was done in a separate study step by considering the last time step of the time-13 

dependent solution of ray tracing as a steady-state solution, since the ray power remains 14 

constant, once every ray has reached beyond the reactor geometry. The power of each ray, 15 

interacting with the boundaries of interest, was accumulated and subsequently divided by the 16 

surface of the mesh cell to obtain the irradiance in W/m² as [26]: 17 

 

𝐼 =
1

𝐴
∑𝑄𝑖

𝑁

𝑖=1

 8 

with 𝐼 the local irradiance in W/m², A the surface area of the local mesh element in m², 𝑄𝑖 the 18 

power in W of ray 𝑖 at the last time step, 𝑁 the total number of rays that have interacted with 19 

the mesh element. The combination of all accumulated values provided the steady-state 20 

irradiance distribution within the reactor.  21 

 22 
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2.5.3 Air flow modeling & acetaldehyde transport 1 

A laminar and a k-𝜀-turbulent incompressible air flow model were deployed for the FTIR- and 2 

climate chamber set-up respectively. In contrast to the laminar flow model, the k-𝜀-model solves 3 

for extra variables: the turbulence kinetic energy 𝑘 and the rate of dissipation of turbulence 4 

kinetic energy 𝜀 [34]. For the FTIR-experiments a volumetric flow rate was specified at the 5 

inlet, corresponding to the experimental flow rate of 500 cm³/min and constant atmospheric 6 

pressure was defined at the outlet. For the reactor in the climate chamber, the inlet boundary 7 

conditions were defined by the fan characteristics, i.e. a static pressure of 50 Pa and free delivery 8 

flow rate of 1.085 dm³/s. A steady-state solution was generated with a direct stationary solver , 9 

by solving the governing equations of momentum and mass continuity [34]: 10 

 𝜌(𝐮 ∙ ∇)𝐮 = ∇ ∙ (−𝑝𝐈 + (𝜇 + 𝜇𝑇)(∇𝐮 + (∇𝐮)
𝑇)) 9 

 𝜌∇(𝐮) = 0 10 

With 𝜌 the air density (1.2044 kg/m³), 𝐮 the velocity vector (m/s), I an identity matrix, 𝑝 the 11 

pressure (Pa), 𝜇 the dynamic viscosity (Pa∙s) and  𝜇𝑇 the eddy viscosity (Pa∙s), which is 12 

calculated by the k-𝜀-model for a turbulent flow [34] and equals zero in the case of a laminar 13 

flow. A no slip condition was applied at the reactor walls. The concentration of acetaldehyde in 14 

the bulk phase was solved with the convection-diffusion equation, by coupling the velocity field 15 

of the previous stationary study [34]: 16 

 ∇ ∙ (−𝐷∇𝐶𝐶𝐻3𝐶𝐻𝑂) + 𝐮 ∙ ∇𝐶𝐶𝐻3𝐶𝐻𝑂 = 0 11 

With 𝐷 the diffusion coefficient of acetaldehyde in air (1.25e-5 m²/s), 𝐶𝐶𝐻3𝐶𝐻𝑂 the bulk 17 

concentration of acetaldehyde (mol/m³) and u the velocity field vector (m/s). One of the key 18 

mechanisms in photocatalysis, is adsorption of organic pollutants on the TiO2-catalyst surface. 19 

Consequently, the adsorbed molecules are demineralized if the catalyst is activated by UV-light. 20 

In order to model simultaneous adsorption/desorption and reaction at the surface, a new species 21 
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CH3CHOads. was introduced, with a corresponding surface concentration 𝐶𝐶𝐻3𝐶𝐻𝑂,𝑎𝑑𝑠. (mol/m²). 1 

Adsorption/desorption was modelled as a flux from the bulk acetaldehyde towards the TiO2-2 

surface [11]: 3 

 −𝒏 ∙ (−D∇𝐶𝐶𝐻3𝐶𝐻𝑂) = −𝑅𝑎𝑑𝑠 + 𝑅𝑑𝑒𝑠 12 

With 𝐧 the normal vector of the boundary pointing towards the bulk phase. 𝑅𝑎𝑑𝑠 and  𝑅𝑑𝑒𝑠 are 4 

the species fluxes towards and outwards the boundary respectively, given by the Langmuir 5 

expressions [35]: 6 

 
𝑅𝑎𝑑𝑠 = 𝑘𝑎𝑑𝑠𝐶𝐶𝐻3𝐶𝐻𝑂 (1 −

𝐶𝐶𝐻3𝐶𝐻𝑂,𝑎𝑑𝑠.

𝛤𝑠
) 13 

 
𝑅𝑑𝑒𝑠 = 𝑘𝑑𝑒𝑠

𝐶𝐶𝐻3𝐶𝐻𝑂,𝑎𝑑𝑠.

𝛤𝑠
 14 

  7 

With 𝑘𝑎𝑑𝑠 the adsorption rate constant (m/s), 𝑘𝑑𝑒𝑠 the desorption rate constant (mol/m²s) and 8 

𝛤𝑠 the maximum surface coverage (mol/m²), i.e. in the case of complete saturation of all active 9 

sites on the surface. Determining the value of 𝛤𝑠 was based on experimental data under dark 10 

conditions, as has been described in detail in previous work [11,13]. The change in surface 11 

concentration is based on the same rate expressions, except for the extra sink term which 12 

describes the loss of adsorbed molecules due to photocatalytic reaction [11]: 13 

 𝜕𝐶𝐶𝐻3𝐶𝐻𝑂,𝑎𝑑𝑠.

𝜕𝑡
= 𝑅𝑎𝑑𝑠 − 𝑅𝑑𝑒𝑠 − 𝑅𝑝𝑐𝑜 15 

With 𝑅𝑝𝑐𝑜 the photocatalytic reaction rate (mol/m²s). The latter can be further expressed as a 14 

first order reaction rate:  15 

 𝑅𝑝𝑐𝑜 = 𝑘𝑝𝑐𝑜(𝐼) 𝐶𝐶𝐻3𝐶𝐻𝑂,𝑎𝑑𝑠. 16 
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Where 𝑘𝑝𝑐𝑜(𝐼) represents the irradiance dependent photocatalytic reaction rate constant (1/s). 1 

Several studies report the influence of irradiance on the photocatalytic reaction rate [15,17,36–2 

38]. Often a power law relation of the reaction rate to the irradiance on the catalyst surface is 3 

observed, with a power between 0.5 and 1. Wang et al. observed a first order relation for 4 

irradiance up to 10 W/m² and a half order relation for higher irradiance. This expression for the 5 

photocatalytic reaction rate was opted in order to minimize the degrees of freedom in the 6 

parameter estimation. Consequently, the following equation was proposed for the reaction rate 7 

constant 𝑘𝑝𝑐𝑜: 8 

 
𝑘𝑝𝑐𝑜(𝐼) = {

  𝑘0𝐼         , 𝐼 < 10 𝑊/𝑚²

𝑘0√𝐼0 ∙ 𝐼        , 𝐼 > 10 𝑊/𝑚²
 17 

With   𝑘0 an empirical constant (m²/W∙ 𝑠) for 𝐼 < 10 𝑊/𝑚², 𝐼0 the threshold of 10 W/m² and 𝐼 9 

(W/m²) the irradiance, as derived from the radiation field model.  10 

The validation experiment in the climate chamber was a batch operation and required an 11 

additional expression to monitor the remaining concentration acetaldehyde in the chamber. 12 

Considering perfect mixing in the climate chamber, the time change of concentration was 13 

calculated as: 14 

 
𝑑𝐶𝐶ℎ𝑎𝑚𝑏𝑒𝑟

𝑑𝑡
=

1

𝑉𝐶ℎ𝑎𝑚𝑏𝑒𝑟
( ∫ (𝐶𝐶𝐻3𝐶𝐻𝑂𝑣𝑜𝑢𝑡)𝑑𝐴

 

𝐴𝑜𝑢𝑡𝑙𝑒𝑡

− ∫ (𝐶𝐶ℎ𝑎𝑚𝑏𝑒𝑟𝑣𝑖𝑛)𝑑𝐴

 

𝐴𝑖𝑛𝑙𝑒𝑡

) 18 

With 𝐶𝐶ℎ𝑎𝑚𝑏𝑒𝑟 the concentration of acetaldehyde in the climate chamber, 𝐴𝑖𝑛𝑙𝑒𝑡 and 𝐴𝑜𝑢𝑡𝑙𝑒𝑡 the 15 

surface area of the in- and outlet respectively, 𝑣𝑖𝑛𝑙𝑒𝑡 and 𝑣𝑜𝑢𝑡𝑙𝑒𝑡 the normal in- and outflow 16 

velocities and 𝑉𝐶ℎ𝑎𝑚𝑏𝑒𝑟 the climate chamber volume (1.2 m³). 17 

2.5.4 Intrinsic parameter estimation 18 

The intrinsic reaction rate constants (𝑘𝑎𝑑𝑠, 𝑘𝑑𝑒𝑠 and 𝑘𝑝𝑐𝑜(𝐼)) describing the key mechanisms 19 

of photocatalysis are to be determined. It should be mentioned that the parameters are not 20 
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completely intrinsic, since not all varying operating conditions are considered, such as the 1 

influence of relative humidity [39]. In our case, the intrinsic quality of the parameter refers to 2 

independence of mass transfer limitations, concentration and irradiance. The parameter 3 

estimation is based on transient acetaldehyde concentration profiles by adapting 𝑘𝑎𝑑𝑠, 𝑘𝑑𝑒𝑠 and 4 

 𝑘0 in the Multiphysics model. This process was conducted with a derivative-free Nelder-Mead 5 

optimization algorithm to find the local minimum of a least-squares objective function [40]: 6 

 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 =∑(𝐶𝑜𝑢𝑡𝑙𝑒𝑡,𝑡,𝑒𝑥𝑝. − 𝐶𝑜𝑢𝑡𝑙𝑒𝑡,𝑡,𝑚𝑜𝑑𝑒𝑙)
2

𝑡

 19 

𝐶𝑜𝑢𝑡𝑙𝑒𝑡,𝑒𝑥𝑝.,𝑖 and 𝐶𝑜𝑢𝑡𝑙𝑒𝑡,𝑚𝑜𝑑𝑒𝑙,𝑖 are the outlet concentrations of the FTIR measurements and 7 

model predictions at a particular time t respectively. The data obtained from the glass tubes with 8 

10 g/L P25 sol-gel coating were originally used for parameter optimization. The values for  𝑘𝑎𝑑𝑠 9 

and 𝑘𝑑𝑒𝑠 were determined under similar reaction conditions in previous work [11] and were 10 

taken as initial values for the optimization procedure. The 30 g/L and 50 g/L coatings essentially 11 

differ from the 10 g/L coating in adsorption capacity and layer thickness. Hence, the set of 12 

intrinsic parameters, obtained from the optimization routine, was deployed for the remaining 13 

coatings and only 𝛤𝑠 and 𝛿 were altered in the Multiphysics model. Subsequently, the simulated 14 

outlet concentrations were validated against the experimental measurements for the 30 g/L and 15 

50 g/L coatings. The validity of the parameters was further substantiated by simulating the 16 

concentration profile of acetaldehyde in the airtight climate chamber and comparing the results 17 

with the gas chromatography measurements.  18 

 19 

 20 

 21 

 22 
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3. Results and discussion 1 

3.1 Radiation field model  2 

The irradiance distribution inside the reactor was measured for the 10 g/L P25 sol-gel coating 3 

on positions 1 to 4 (Figure 2) for a reactor set-up with a parallel distance to the lamp of 5 mm. 4 

This data was used to parameterize the imaginary part of the refractive index layer as well as 5 

the layer of the coating. The initial values for the imaginary part of the refractive index 𝑘 and 6 

layer thickness 𝛿 were 0.03 and 450 nm respectively, as these were averages based on literature 7 

values [17,27–33]. Figure 4a shows the irradiance on the different positions within the reactor, 8 

according to the radiation field model for the initial set of parameters. A parametric sweep was 9 

performed, in which the parameters 𝑘 and  𝛿 varied from 0.02 to 0.04 and from 70nm to 3µm 10 

respectively. Subsequently, all parameter combinations were validated against the spectrometer 11 

measurements of the irradiance, using the coefficient of determination as criterion. Figure 4b 12 

shows the best model fit of the irradiance distribution in the reactor.  13 

Figure 4: Irradiance predictions on the different positions for a 10 g/L P25 coating within the 

reactor based on spectrometer measurements, a) for initial set of parameters and b) for 

optimized set of parameters 

a) b) 
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These results were obtained for the parametric combination: 𝑘 = 0.0325 and 𝛿 = 370 nm with 1 

a coefficient of determination for the log-values of 0.994. Considering the broad range of layer 2 

thickness values from the literature, the optimized value of 𝛿 = 370 nm is a fair approximation 3 

compared to the reported value of 𝛿 = 450 ± 24 nm for a 10 g/L P25 sol-gel coating on 4 

stainless steel [33]. In order to validate the optical parameters, the experiment was repeated for 5 

larger parallel distances between reactor housing and lamp. The results are shown in Figure 5.  6 

 7 

 8 

Figure 5 shows that the optical parameters can accurately predict the irradiance inside the 9 

reactor for various distances of the emission source, even for low intensities as show on the log-10 

scale (Figure 5b). The intensity on position 4 is not shown in Figure 5b, since it was below the 11 

detection limit of the spectrometer ( <0.1 W/m²) and hence set to zero. Moreover, it can be 12 

stated that the irradiance rapidly drops after passage through one coated tube with an average 13 

decrease of 90% per passage.  14 

 15 

 16 

a) b) 

Figure 5: a) Validation of the optimized optical parameters for a 10 g/L P25 sol-gel coating by 

varying the distance from the UV-A lamp to the reactor housing (d=5-30mm), b) Log-scale 

representation to clarify the fit at low intensities 
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The refractive index 𝑘 = 0.0325 was assumed to be constant for the simulations of all coating 1 

layers. Consequently, the layer thicknesses of the 30 g/L and 50 g/L coatings were determined 2 

in a similar approach where 𝑘 = 0.0325 was now a fixed value, resulting in 𝛿 = 500 nm and 3 

𝛿 = 710 nm respectively. The fitted irradiance measurements are shown in Figure 6.  4 

Based on this assumption, the optical parameters were used to predict the irradiance distribution 5 

inside the reactor for the photocatalytic experiments with 2 UV-A lamps. The ray trajectories, 6 

departing from the two lamps, and their power are illustrated in Figure 7. 7 

a) b) 

Figure 6: a) Irradiance predictions on the different positions for 30 and 50 g/L P25 coatings within 

the reactor based on spectrometer measurements, b) Log-scale representation to clarify the fit at 

low intensities (irradiance on position 4 equals zero in all cases). 
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 1 

 2 

The ray power is reduced each time it passes a coating layer and the rays are refracted at each 3 

material discontinuity. Figure 7 shows the ray trajectory halfway the simulation and only a 4 

fraction of the rays is shown to keep the figure clear. The computation of the ray trajectory was 5 

finished when all rays reached beyond the reactor geometry. This last time step was considered 6 

a steady-state solution. Consequently, the ray properties were translated into a boundary 7 

condition by accumulators, resulting in an irradiance distribution on the catalytic surface (An 8 

example is illustrated in Figure 8 and Video 1). Additionally, the irradiance distribution was 9 

plotted against the cumulative illuminated surface area for both experimental set-ups and all 10 

investigated coating layers (Figure 9). The catalytic surface receives higher irradiance for the 11 

Figure 7: Power (W) of the rays, propagating through the system (climate chamber set-up, 10 

g/L P25 coating), where refraction and absorption occurs. 
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climate chamber set-up for all coatings, simply because the parallel distance from the emission 1 

source to the reactor housing is much smaller. Moreover, it is clear that the coating surfaces 2 

with lower P25-loadings receive more light due to a higher UV-light transmissibility. This way, 3 

the radiation field model provides valuable insights on irradiance distribution, which is difficult 4 

to measure with conventional spectrophotometry. Finally, this data can be used to optimize the 5 

reactor design towards the structuring of emission source(s), the choice of coating layer and the 6 

amount of power that is needed for complete mineralization. Based on Figure 9, the integration 7 

of emission sources within the reactor will certainly improve the uniformity of the irradiance 8 

distribution, optionally combined with an external emission source. Furthermore, higher 9 

irradiance uniformity of the multi-tube photoreactor would be achieved by varying the coating 10 

layer thickness, deposited on the tubes, as a function of their distance from the lamp.  11 

Figure 8: Example of irradiance distribution (W/m²) on the 10 g/L P25 catalytic 

surface with two UV-A lamps for the climate chamber set-up. 
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 1 

  3.2  Air flow modeling for FTIR set-up 2 

Figure 10 shows the steady-state velocity field, simulated with a stationary solver for an inlet 3 

flow rate of 500 cm³/min. The highest velocities occurred at the in- and outlet (maximum 4 

velocity of 0.70 m/s). The velocities in the tubes never exceed 0.05 m/s corresponding to a 5 

Reynolds number of 50, emphasizing the laminar nature of the flow. Moreover, a pressure drop 6 

of only 1 Pa was observed.  7 

 8 

Figure 9: Irradiance (W/m²) plotted against the cumulative illuminated surface area for a) the 

FTIR set-up and b) the climate chamber set-up and for all investigated coatings. 

 

a) b) 

Figure 10: Velocity profile (m/s) with a flow rate of 500 cm³/min for the FTIR set-up 
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3.3. Intrinsic parameter estimation 1 

The velocity field and irradiance distribution simulations allowed coupled Multiphysics 2 

modeling to predict the acetaldehyde outlet concentration. Therefore the kinetic model 3 

parameters for adsorption, desorption and photocatalytic reaction were first estimated by fitting 4 

the model results with experimental data of 4 different inlet concentrations for the 10 g/L 5 

coating simultaneously, using the Nelder-Mead optimization algorithm. Consequently, the 6 

FTIR measurements for 30 g/L and 50 g/L coatings were fitted with the same set of optimized 7 

parameters. A summary all intrinsic parameters is listed in Table 1 and the resulting fits between 8 

the Multiphysics model (using optimized intrinsic parameters) and the FTIR spectroscopy 9 

measurements are shown in Figure 11, Figure 12 and Figure 13. 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

Parameter 10 g/L 30 g/L 50 g/L 

𝑘𝑎𝑑𝑠 [m/s] 2.02 ×  10−3 2.02 ×  10−3 2.02 ×  10−3 

𝑘𝑑𝑒𝑠 [mol/m²s] 2.30 ×  10−7 2.30 ×  10−7 2.30 ×  10−7 

𝑘0 [ m²/W∙ 𝑠] 8.52 ×  10−4 8.52 ×  10−4 8.52 ×  10−4 

𝛤𝑠 [mol/m²] 7.78 ×  10−5 1.28 ×  10−4 1.80 ×  10−4 

𝛿 [𝑛𝑚] 370 500 710 

Table 1 Intrinsic parameters of the sol-gel coatings 
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 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

Figure 11: Optimized Multiphysics simulations based on the FTIR measurements of the 10 

g/L P25 coating. The different colors (yellow, green, blue and red) each represent a different 

acetaldehyde inlet concentration. 
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 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

Figure 12: Optimized Multiphysics simulations based on the FTIR measurements of the 30 

g/L P25 coating. The different colors (yellow, green, blue and red) each represent a different 

acetaldehyde inlet concentration. 
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 1 

The first 10 min in the figures represent the bypass phase, where the exact inlet concentration 2 

is determined as an input parameter for the Multiphysics model. At the end of the bypass phase, 3 

the UV-lights were activated and the air flow was switched from bypass to the reactor, hence 4 

initiating the photocatalytic phase. The large drop in concentration is due to simultaneous 5 

adsorption/desorption and mineralization and eventually it reaches a steady-state. The same 6 

trend was observed in the simulated acetaldehyde concentrations. Although the model couldn’t 7 

always accurately predict the concentration (especially in the dynamic conditions right after 8 

activating the UV lights), the steady-state outlet concentrations coincide well with the 9 

experimental data in all cases. Therefore the prediction was successful, especially considering 10 

Figure 13: Optimized Multiphysics simulations based on the FTIR measurements of the 50 

g/L P25 coating. The different colors (yellow, green, blue and red) each represent a different 

acetaldehyde inlet concentration. 
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the fact that all simulations were performed with the same set of intrinsic parameters for 1 

adsorption, desorption and mineralization.  2 

 3 

Figure 14 shows cross-section planes of the steady-state concentrations (t=3600s) within the 4 

reactor, for a 10 g/L P25 coating at an inlet concentration of 1. 50 × 10−3 mol/m³ (lowest 5 

concentration). This figure substantiates the advantages of Multiphysics Modeling, since it 6 

provides new insights on the concentration profile and the impact of the irradiance on the 7 

concentration, which is very hard to measure in an experimental set-up. For example, it can be 8 

observed that an incoming concentration of 1.50 × 10−3 mol/m³ acetaldehyde is almost 9 

completely mineralized in the outer glass tubes, closest to the UV-light source, while the glass 10 

tubes in the center receive much less UV-light, hence the inlet concentration is only reduced by 11 

20%. These valuable insights can be taken into account for future optimization of the reactor 12 

design, especially for the configuration of the emission sources. 13 

 14 

Figure 14: Simulated concentration profile at time step t=3600 s (steady-state) for a 10 g/L 

P25 coating at an inlet concentration of  1.50 × 10−3 mol/m³  
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3.4. Validation test in climate chamber 1 

A k-𝜀-turbulent incompressible air flow model was used to simulate the steady-state velocity 2 

profile for the climate chamber set-up, as shown in Figure 15. The inlet velocity and the pressure 3 

drop are 1.36 m/s and 12 Pa respectively, determined by the fan characteristics. The turbulent 4 

flow is emphasized by a maximum Reynolds number of 3000 near the in- and outlet of the 5 

reactor. In the tubes a laminar flow is observed (average Reynolds number of 980).  6 

 7 

Consequently, the intrinsic parameters for each individual coating were validated against the 8 

transient acetaldehyde concentration for the climate chamber experiments. The resulting fits are 9 

shown in Figure 16, Figure 17 and Figure 18. 10 

 11 

 12 

 13 

 14 

 15 

 16 

Figure 15: Velocity profile (m/s) for the climate chamber set-up 
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1 

 2 

Figure 16: GC-FID measurements of acetaldehyde concentration (mol/m³) for the 10 g/L sol-

gel coating and resulting fit of the Multiphysics model simulation 

Figure 17: GC-FID measurements of acetaldehyde concentration (mol/m³) for the 30 g/L sol-

gel coating and resulting fit of the Multiphysics model simulation 
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 1 

The estimated transient acetaldehyde concentrations coincide well with the GC-FID 2 

measurements, as evidenced by a coefficient of determination of 0.987, 0.988 and 0.991 for 10, 3 

30 and 50 g/L P25 coatings respectively. This clearly shows the independency of the intrinsic 4 

parameters towards completely different operating conditions. Although the results from FTIR 5 

measurements show a significant difference in degradation rate between the various sol-gel 6 

coatings (van Walsem et al., submitted in CES), the mineralization rate in the climate chamber 7 

is very similar for all coatings. Strikingly, the Mulitphysics model was able to predict these 8 

results, based on parameter optimization with the FTIR results.  9 

 10 

Figure 18: GC-FID measurements of acetaldehyde concentration (mol/m³) for the 50 g/L sol-

gel coating and resulting fit of the Multiphysics model simulation 
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From this ultimate valdiation test we can conclude that the modeling approach is quite reliable, 1 

given the coupling between complex physics, and that the obtained intrinsic parameters can be 2 

deployed to predict transient acetaldehyde concentrations under different conditions.  3 

 4 

4. Conclusions 5 

A Multiphysics model has been developed to predict concentrations of acetaldehyde in a multi-6 

tube reactor at different operating conditions. A radiation field model was able to accurately 7 

predict the irradiance distribution in the reactor with optimized parameters for the imaginary 8 

part of refractive index and layer thickness of 10, 30 and 50 g/L sol-gel coatings, based on 9 

experimental irradiance measurements. The simulated irradiance was coupled with 10 

Computational Fluid Dynamics to predict the local photocatalytic reaction rate. The reaction 11 

rate constant was proposed be a first order relation to the UV-light irradiance up to 10 W/m² 12 

and a half order relation for higher irradiance. The reaction rate constant, adsorption rate 13 

constant and desorption rate constant were optimized, using the Nelder-Mead optimization 14 

algorithm to predict transient outlet concentrations of acetaldehyde, based on FTIR 15 

measurements. The optimized intrinsic parameters were validated for the same reactor in a 16 

climate chamber set-up, with lower acetaldehyde concentration, higher irradiance and higher 17 

air flow rates. Although a significant difference was observed in irradiation distribution, the 18 

degradation curves were more or less the same for each coating in contrast to the FTIR 19 

experiments, suggesting a mass transfer limitation in the climate chamber experiment with 20 

higher flow rates. From this validation experiment we can conclude that the developed 21 

Multiphysics model is a useful tool for performance predictions of complex photocatalytic 22 

reactor devices, such as the multi-tube reactor. The results from the batch experiment indicate 23 

the need for improvement of the current reactor design for commercial purposes. Future 24 
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development could focus on incorporating UV-lamps inside the reactor for better photon 1 

utilization. A trade-off must be made between incorporating sufficient lamps in the reactor 2 

device for efficient degradation of pollutants and a higher power consumption with an 3 

increasing number of lamps. The reactor needs a scale-up, both in diameter and length to 4 

provide adequate contact time between pollutant and catalyst. The developed Multiphysics 5 

model provides a useful and convenient tool to realize this optimization.  6 
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