
This item is the archived peer-reviewed author-version of:

Determination of intrinsic kinetic parameters in photocatalytic multi-tube reactors by combining the 
 with radiation field modelling

Reference:
van Walsem Jeroen, Roegiers Jelle, Modde Bart, Lenaerts Silvia, Denys Siegfried.- Determination of intrinsic kinetic parameters in photocatalytic multi-tube
reactors by combining the  w ith radiation f ield modelling
Chemical engineering journal - ISSN 1873-3212 - 354(2018), p. 1042-1049 
Full text (Publisher's DOI): https://doi.org/10.1016/J.CEJ.2018.08.010 
To cite this reference: https://hdl.handle.net/10067/1548450151162165141

Institutional repository IRUA

NT − methodUm

NT − methodUm

https://repository.uantwerpen.be


1 
 

Determination of intrinsic kinetic parameters in 1 

photocatalytic multi-tube reactors by combining 2 

the NTUm-method with radiation field modelling 3 

Jeroen van Walsem†‡, Jelle Roegiers†‡, Bart Modde§, Silvia Lenaerts†, Siegfried Denys†,* 4 

† Sustainable Energy, Air & Water Technology, Department of Bioscience Engineering, 5 

University of Antwerp, Groenenborgerlaan 171, B-2020 Antwerp, Belgium.  6 

§ Vento Ltd., Bedrijvenpark Coupure 5, B-9700 Oudenaarde, Belgium. 7 

* E-mail: Siegfried.Denys@uantwerp.be 8 

Fax: +32 3 265 32 25. Tel: +32 3 265 32 30.  9 

‡ These authors contributed equally. 10 

 11 

Keywords 12 

Intrinsic kinetic parameters; NTUm-method; Photocatalysis; Radiation field modelling; Multi-13 

tube reactor 14 

Highlights 15 

 NTUm–method adapted for a photocatalytic multi-tube reactor 16 

 Insights in the reaction rate limiting behavior of a photocatalytic multi-tube reactor 17 

 Extended NTUm–method, including radiation field modelling, for  intrinsic kinetic 18 

parameter determination 19 

 Outstanding agreement between predicted and experimental reactor outlet 20 

concentrations 21 



2 
 

1. Abstract 1 

In this work, we propose an adapted Number of Transfer Units (NTUm)-method as an effective 2 

tool to determine the Langmuir-Hinshelwood kinetic parameters for a photocatalytic multi-tube 3 

reactor. The Langmuir-Hinshelwood rate constant kLH and the Langmuir adsorption constant KL 4 

were determined from several experiments under different UV-irradiance conditions, resulting 5 

in irradiance depending values for kLH. In order to determine a unique, intrinsic empirical 6 

constant k0, valid for all irradiation conditions, we coupled the adapted NTUm-method with a 7 

radiation field model to predict UV-irradiance distribution inside the reactor. The final set of 8 

kinetic parameters were derived using a Generalized Reduced Gradient (GRG) nonlinear 9 

solving method in Matlab which minimizes the differences between model and experimental 10 

reactor outlet concentrations of acetaldehyde for various photocatalytic experiments under 11 

varying operating conditions, including inlet concentration, flow rate and UV-irradiance. An 12 

excellent agreement of the intrinsic empirical constant k0, derived from the coupled NTUm-13 

radiation field model and an earlier published CFD approach was found, emphasizing its 14 

validity and reliability.  15 

2. Introduction 16 

Volatile organic compounds (VOCs) are recognized as one of the major indoor air 17 

contaminants, emitted from building materials or human activities such as smoking, cleaning 18 

or heating. VOCs are present at low ppb concentrations in indoor air, but are known to cause 19 

the Sick Building Syndrome (SBS) which comprises various acute health and comfort effects 20 

that appear to be linked to time spent in a building [1,2]. In this work, acetaldehyde, a typical 21 

VOC in indoor air, was taken as model component. Acetaldehyde is commonly reported in all 22 

kinds of buildings, with concentrations around 90 ppbv [3]. Specific indoor air sources for 23 

acetaldehyde are glues, paints, deodorants and fuel additives [4,5].  Nowadays, buildings are 24 
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tightened up by heat-insulation measurements which decrease (natural) fresh air supply and 1 

cause pollutant accumulations [6]. For this reason, the indoor VOC concentrations are actually 2 

higher than in the outdoor environment [7]. Significant energy savings can be achieved by 3 

reducing ventilation rates, but in order to prevent VOC accumulation, air cleaning systems have 4 

to compensate for the diminished pollutant removal by ventilation. For instance, to achieve 50% 5 

reduction in air ventilation that contains 15-20% outdoor air and 80-85% re-circulated indoor 6 

air, a single-pass removal efficiency of 15-20% is required [8]. Traditional air filtration is 7 

unable to deal with gaseous components, whereas suitable cleaning technologies, such as active 8 

carbon adsorption, require thermal energy for regeneration of the adsorptive medium [9,10]. 9 

Photocatalytic oxidation (PCO) proved to be a promising technique for indoor air purification 10 

[11–13]. Still, the gap between operational lab-scale photocatalytic reactors and 11 

commercialized reactors is not resolved [9]. Partially, this can be explained because realistic 12 

conditions are totally different from the typical conditions in experimental setups (as in this 13 

work, often much higher pollutant concentrations and low flow rates are used in lab-scale 14 

experiments due to practical limitations) [14]. Therefore, the urging need for reliable intrinsic 15 

kinetics and design methods is clearly stated in literature [15–18]. Intrinsic parameters should 16 

be independent of fluid dynamics, reactor geometry and radiation field [9]. An analytic 17 

approach based on an analogy between heat transfer and mass transfer, the Number of Transfer 18 

Units (NTUm)-method, was proposed by Zhang et al. [19,20] as an effective method for 19 

determining the intrinsic Langmuir-Hinshelwood (LH) kinetic parameters, as well as a useful 20 

tool for reactor design. In earlier research, we have proven the usefulness of their method by 21 

accurately determining the kinetic parameters (the LH reaction rate constant and the Langmuir 22 

adsorption constant), in a slit-shaped flat bed photocatalytic reactor [21]. The drawback of this 23 

approach is its transferability to other reactor geometries or irradiation conditions. In this work, 24 

we propose an enhanced version of the original analytic approach by Zhang et al. [18,19], able 25 
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to derive the intrinsic kinetic parameters of a photocatalytic multi-tube reactor, independent of 1 

pollutant concentration, fluid flow and radiation field. The proposed method is based on 2 

combining the NTUm-method with a UV radiation field model. 3 

3. Methodology 4 

3.1 Reactor and experimental setup 5 

Continuous flow experiments were conducted with a small, lab scale multi-tube reactor, as 6 

extensively described in previous work [22–24]. Seven coated borosilicate glass tubes (7.0 mm 7 

inner diameter, 9.0 mm outer diameter and 240 mm length) were placed in the center of a 8 

borosilicate housing (29 mm inner diameter) as shown in Figure 1.  9 

 10 

Figure 1: Schematic representation of the lab scale multi-tube reactor 11 

 12 

The coating procedure, consisting of a 0.5 M solution of commercial titanium isopropoxide 13 

(TTIP, 97 %, Aldrich), isopropanol (i-PrOH, Sigma- Aldrich), diethanolamine (DEA, Sigma-14 

Aldrich) (with a DEA/TTIP molar ratio of 4 and a H2O/TTIP molar ratio of 2) and 10 g/L P25 15 

TiO2 (Evonik), is similar to the P25 based powder-modified sol-gel method described by Chen 16 

et al. [25,26]. The photocatalytic coating was applied using a dip-coating device (Bungard 17 

Elektronik, RDC21-K) with a fixed withdrawal speed of 120 mm min-1 and dried afterwards at 18 
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room temperature for 24 hours. Both the inside and the outside of the tubes were coated during 1 

the same dip-coating procedure. A subsequent calcination step at 500°C for 1 hour was required 2 

to finalize the immobilization. Two UV-A fluorescent lamps (Sylvania F8W/BLB-T5) were 3 

positioned on opposite sides of the reactor (Figure 1), at varying distance (20, 40 and 60 mm), 4 

resulting in three irradiation conditions. Each setup or distance corresponds to a certain 5 

irradiance condition. The experiments were performed with a fully automated setup which is 6 

described in detail by Tytgat et al. [27]. Acetaldehyde (Messer, 1% in N2) was mixed with 7 

synthetic clean air (Messer) using mass flow controllers allowing a broad inlet concentration 8 

range of 8-60 ppm(v) at a total gas flow rate range of 500–2000 cm3 min-1. At least 15 different 9 

operating conditions (determined by a certain mass flow rate and VOC concentration) were 10 

tested for each of the three irradiance conditions. As in previous work, the outlet acetaldehyde 11 

concentration was measured using online FTIR spectroscopy (ν(C-H) stretch vibration 12 

corresponding to an IR peak height at 2728 cm-1) [22,28]. In all the experiments, the relative 13 

humidity and temperature of the gas stream was kept at 5% and 20°C respectively, as this has 14 

been established in earlier research as appropriate conditions for obtaining reliable and 15 

reproducible measurements [21].  16 

3.2 Reaction kinetics  17 

In the literature, the Langmuir-Hinshelwood (LH) rate equations have often been used to 18 

successfully describe the photocatalytic gas phase reactions [29–31]. In this work, a 19 

monomolecular LH model was assumed which excludes by-products and intermediates 20 

formation (and thus adsorption competition), to obtain simplified rate expressions. Li Puma et 21 

al. (2009) observed that possible reaction products do not influence the observed oxidation rates 22 

[18]. In earlier work, we have clearly shown the accuracy of the LH mechanism to describe 23 

acetaldehyde adsorption and degradation phenomena using both analytic and CFD approaches 24 

[21,24]. The photocatalytic reaction rate (r) is commonly written as (eq. 1): 25 
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𝑟 = 𝑘𝐿𝐻𝜃𝑉𝑂𝐶 =
𝑘𝐿𝐻𝐾𝐿𝐶𝑉𝑂𝐶

1+𝐾𝐿𝐶𝑉𝑂𝐶
= 𝑘𝑎𝑝𝑝𝐶𝑉𝑂𝐶      (eq. 1) 1 

With θVOC the fractional coverage, kLH the Langmuir-Hinshelwood rate constant [mol m-2 s-1], 2 

KL the Langmuir adsorption constant under irradiation ( kadsorption/kdesorption) [m
3 mol-1], CVOC 3 

the acetaldehyde concentration in close proximity of the photocatalytic surface which should 4 

not be confused with the bulk VOC concentration [mol m-3] and kapp the apparent reaction rate 5 

coefficient [m s-1]. In general, the Langmuir-Hinshelwood rate constant depends on the UV 6 

light irradiance, often expressed by the following relation (eq. 2) [32]: 7 

𝑘𝐿𝐻(𝐼) = {
 𝑘0𝐼,           𝐼 < 10  𝑊/𝑚²

𝑘0√𝐼0𝐼     𝐼 > 10 𝑊/𝑚²
       (eq. 2) 8 

With  𝑘0 an intrinsic, empirical constant, 𝐼0 a threshold value of 10 W m-2 and 𝐼 the intensity of  9 

UV light [W m-2].  10 

3.3 Mass transfer based model (NTUm-method) adapted for a multi-tube reactor 11 

 12 

 13 

Figure 2: Overview of the methodology of the mass transfer based model (NTUm-method), 14 

adapted for a multi-tube photocatalytic reactor 15 

 16 

3.3.1 Flow and concentration distribution 17 
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In the particular case of the multi-tube reactor, air can flow through the tubes, but also through 1 

the gaps in between the tubes and the reactor housing (Figure 1). In fact, the reactor forms a 2 

parallel flow system consisting of seven tubes, six very small gaps each surrounded by three 3 

tubes (further noted as ‘internal gaps’), and six larger ‘external gaps’ each surrounded by two 4 

tubes and the reactor housing. Obviously, these flow channels are characterized by different 5 

flow rates geometries and photocatalytic surface areas, and an analytic mass transfer based 6 

model should be followed for each of them separately, using appropriate parameters. Since we 7 

could only control and measure the total flow rate through the reactor as a whole, the challenge 8 

was to determine the distribution of the total flow rate over the different parallel flow channels. 9 

The relative flow rates in parallel channels are established from the requirement that (1) the 10 

total flow rate is the sum of the flow rates in the individual channels and (2) the head loss in 11 

each channel be the same. Indeed, the head loss (or pressure drop) in each individual channel 12 

connected in parallel must be the same since ΔP = P2 – P1 and P1 and P2 are the same for all 13 

the individual channels. For a system of tubes, internal and external gaps, this is expressed in 14 

terms of the Darcy-Weisbach equation as (eq. 3) [33]: 15 

ℎ𝐿,𝑡 = ℎ𝐿,𝑖𝑔 = ℎ𝐿,𝑒𝑔   ⟶   𝑓𝑡
𝐿𝑡

𝐷𝑡

𝑣𝑡
2

2𝑔
= 𝑓𝑖𝑔

𝐿𝑖𝑔

𝐷𝑖𝑔

𝑣𝑖𝑔
2

2𝑔
= 𝑓𝑒𝑔

𝐿𝑒𝑔

𝐷𝑒𝑔

𝑣𝑒𝑔
2

2𝑔
   (eq. 3) 16 

Where h is the head loss [m],  f  the friction factor, L and D the length [m] and hydraulic diameter 17 

of the channel [m], g the gravitational acceleration [m s-2] and v the air speed in the channel [m 18 

s-1] from which the flow rate can be determined. The subscripts t, ig and eg refer to the tubes, 19 

internal gaps and external gaps, respectively. From both requirements, a system of nonlinear 20 

equations was obtained that was solved using a Generalized Reduced Gradient (GRG) nonlinear 21 

solving method (Matlab). The flow distribution of the tubes, internal and external gaps was 22 

determined to be respectively 95.24 %, 0.14 % and 4.62 % for all flow rates (500 – 2000 mL 23 

min-1). Based on this, the contribution of the internal and external gaps was assumed to be 24 
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negligible and the outlet concentration of a single tube (CVOC,∞,t,out) [mol m-3] was derived by 1 

the following equation (eq. 4): 2 

𝐶𝑉𝑂𝐶,∞,𝑡,𝑜𝑢𝑡 =  
𝐶𝑉𝑂𝐶,∞,𝑜𝑢𝑡

7

𝐺

𝐺𝑡
        (eq. 4) 3 

Where CVOC,∞,out is the concentration measured at the outlet of the multi-tube reactor [mol m-3], 4 

G the total flow rate through the reactor [m³ s-1] and Gt the flow rate through a single tube [m³ 5 

s-1].  6 

3.3.2 NTUm-method  7 

Zhang et al. proposed an analytic ‘NTUm-method’ as an effective tool for designing and scaling 8 

up photocatalytic reactors [19]. In the approach, three parameters were introduced to reveal the 9 

VOC removal bottlenecks: (1) the ‘ideal reaction number of mass transfer units’ (NTUm,ir), (2) 10 

the ‘ideal reaction fractional conversion’ (ɛir) and (3) the ‘reaction effectiveness’ (ƞ) [20,34]. 11 

Photocatalytic removal of VOCs is a combined effect of VOC transport towards the catalytic 12 

surface through convection and diffusion, establishing an adsorption-desorption equilibrium 13 

and the degradation of adsorbed VOCs at the photocatalyst surface. Depending on the operating 14 

conditions and the reactor geometry, the photocatalytic process can either be mass transfer 15 

limited or reaction limited (or both). In this work, the NTUm-method was adapted for the multi-16 

tube reactor. The mass conservation equation for an infinitely small section of a single tube, as 17 

shown in Figure 3, can be written as (eq. 5): 18 

𝐺𝑡
𝜕𝐶𝑉𝑂𝐶,∞,𝑡(𝑥)

𝜕𝑥
𝑑𝑥 = −𝑗(𝑥)𝑝𝑑𝑥       (eq. 5) 19 

With x the coordinate of the flow direction, CVOC,∞,t the acetaldehyde bulk concentration [mol 20 

m-3], p the length of the reaction surface perpendicular to the flow direction [m] (for a tube, this 21 

is the inner circumference of the circular cross section) and j(x) [mol m-2 s-1] the removal flux 22 

at the catalyst surface. 23 
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 1 

Figure 3: Schematic representation of a single tube, with x the coordinate of the flow direction, 2 

p the length of the reaction surface perpendicular to the flow direction. The infinitesimal volume 3 

element is indicated in dark gray.  4 

 5 

The removal flux at the catalyst surface can also be written as (eq. 6): 6 

𝑗(𝑥) = 𝑘𝑎𝑝𝑝(𝑥)𝐶𝑉𝑂𝐶(𝑥) = ℎ𝑚𝑎𝑠𝑠(𝑥)[𝐶𝑉𝑂𝐶,∞,𝑡(𝑥) − 𝐶𝑉𝑂𝐶(𝑥)]   (eq. 6) 7 

𝑜𝑟 𝑗(𝑥) =  
𝐶𝑉𝑂𝐶,∞,𝑡(𝑥)

1

ℎ𝑚𝑎𝑠𝑠(𝑥)
+

1

𝑘𝑎𝑝𝑝(𝑥)

  8 

With hmass the local convective mass transfer coefficient [m s-1] which can be derived by using 9 

tabulated empirical expressions [35] (eq. 7)  10 

𝑆ℎ(𝑥) =
ℎ𝑚𝑎𝑠𝑠(𝑥)𝐷ℎ

𝐷
         (eq. 7) 11 

with Dh [m] the hydraulic diameter (the inner diameter in case of a tube) and D [m² s-1] the 12 

diffusion coefficient of the target VOC (in this case acetaldehyde) in air. Based on the analogy 13 

between heat and mass transfer, the Sherwood number is the equivalent of the Nusselt number. 14 

For fully developed laminar flow in a circular tube, the Sherwood and Nusselt numbers are 15 

independent of the Reynolds number: Sh = Nu = 3.66 [35]. Furthermore, as proposed by Zhang 16 

et al. (2003), a local ‘total removing factor’ Kt can be defined as (eq. 8) [20]:  17 

𝐾𝑡(𝑥) =
1

1

ℎ𝑚𝑎𝑠𝑠(𝑥)
+

1

𝑘𝑎𝑝𝑝(𝑥)

        (eq. 8) 18 

Consequently, the mass conservation (eq. 5) for an infinitely small section of the tube can be 19 

rewritten as (eq. 9): 20 
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𝐺𝑡
𝜕𝐶𝑉𝑂𝐶,∞,𝑡(𝑥)

𝜕𝑥
𝑑𝑥 = −𝐾𝑡(𝑥)𝐶𝑉𝑂𝐶,∞,𝑡(𝑥)𝑝𝑑𝑥      (eq. 9) 1 

When taking the entire length (L) of the tube into account, equation 9 can be integrated to yield 2 

(eq. 10): 3 

𝐶𝑉𝑂𝐶,∞,𝑡,𝑜𝑢𝑡 = 𝐶𝑉𝑂𝐶,∞,𝑡,𝑖𝑛𝑒
−𝐾𝑡𝐴

𝐺𝑡        (eq. 10) 4 

with   LdxxKK
L

tt 
0

 the average total removing factor over the entire length of photocatalytic 5 

surface and A the entire surface of the photocatalytic surface [m²]. In analogy with the number 6 

of transfer units for heat exchangers (NTU), the number of mass transfer units (NTUm) for a 7 

photocatalytic tube can be defined as (eq. 11):  8 

𝑁𝑇𝑈𝑚 =
𝐾𝑡𝐴

𝐺𝑡
          (eq. 11) 9 

Thus, the VOC removal efficiency of the photocatalytic tube can be expressed by the fractional 10 

conversion, as shown in equation 12: 11 

𝜀 =
𝐶𝑉𝑂𝐶,∞,𝑡,𝑖𝑛−𝐶𝑉𝑂𝐶,∞,𝑡,𝑜𝑢𝑡

𝐶𝑉𝑂𝐶,∞,𝑡,𝑖𝑛
= 1 − 𝑒−𝑁𝑇𝑈𝑚      (eq. 12) 12 

To acquire knowledge on the proportional contribution of the dimension of the tube to its 13 

performance, as compared to the impact of the photocatalytic surface activity, the ideal number 14 

of mass transfer units, the ideal fractional conversion and the reaction effectiveness, , are 15 

introduced as given in eq. 13 and 14: 16 

𝜀𝑖𝑑𝑒𝑎𝑙 = 1 − 𝑒−𝑁𝑇𝑈𝑚,𝑖𝑑𝑒𝑎𝑙       𝑤𝑖𝑡ℎ      𝑁𝑇𝑈𝑚,𝑖𝑑𝑒𝑎𝑙 =
ℎ𝑚𝑎𝑠𝑠𝐴

𝐺𝑡
    (eq. 13) 17 

𝜂 =
𝜀

𝜀𝑖𝑑𝑒𝑎𝑙
          (eq. 14) 18 

 19 

When considering ideal photocatalytic reaction conditions (kapp   ) the system is completely 20 

controlled by mass transfer. In this case the total removing factor Kt equals hmass (eq. 8). The 21 

ratio of fractional conversion and the hypothetical ideal fractional conversion (ideal 22 

photocatalytic reaction conditions) determines whether the system is mass-transfer or reaction 23 
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controlled. If  approaches 1 (kapp >> hmass) the bottleneck of VOC removal is mass transfer. 1 

This implies that the performance can be enhanced by improving the geometric structure and 2 

dimension of the reactor. If  approaches 0 (hmass >> kapp) the system is reaction-controlled and 3 

can be enhanced by improving reaction conditions, e.g. by increasing UV-irradiance.  4 

3.3.3 Kinetic parameter estimation  5 

In order to determine the kinetic parameters kLH and KL in the mass transfer based method. CVOC 6 

has to be calculated using eq. 6 (restructured) (eq. 15):  7 

𝐶𝑉𝑂𝐶 =
𝐶𝑉𝑂𝐶,∞,𝑡

1+
𝑘𝑎𝑝𝑝

ℎ𝑚𝑎𝑠𝑠

=
𝐶𝑉𝑂𝐶,∞,𝑡,𝑖𝑛+𝐶𝑉𝑂𝐶,∞,𝑡,𝑜𝑢𝑡

2(1+
𝑘𝑎𝑝𝑝

ℎ𝑚𝑎𝑠𝑠
)

      (eq. 15) 8 

Given the fact that CVOC and CVOC,∞,t vary over the length of the reactor, an average value for 9 

CVOC,∞,t was calculated from the inlet and outlet experimental bulk concentrations. By plotting 10 

1/kapp versus CVOC for various experimental conditions (e.g. flow rates, inlet concentrations, 11 

…), a linear fit should be observed. kLH can be derived from the inverse slope and KL can be 12 

calculated from the intercept with the 1/kapp-axis (=kLH
-1KL

 -1) (eq. 1, restructured). A different 13 

kLH will be obtained for various UV-irradiance conditions.  14 

3.4  Extension of the mass transfer based model including radiation field modelling 15 

An extension of the mass transfer based model is proposed in order to derive the kinetic 16 

parameters, which are not only independent of the pollutant concentration and fluid flow rate 17 

(as in 3.3) but also independent of the radiation field. An overview of the methodology is given 18 

in Figure 4.  19 
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 1 

Figure 4: Overview of the methodology of the extended mass transfer based model including 2 

radiation field modelling  3 

 4 

In the extended model, CVOC,∞,model was calculated using the NTUm method, applied on tubes 5 

(Figure 3), internal gaps (Figure 5a) and external gaps (Figure 5b).  6 

 7 

Figure 5: Schematic representation of an (a) internal and (b) external gap, with x the coordinate 8 

of the flow direction, p the length of the reaction surface perpendicular to the flow direction. 9 

The infinitesimal volume element is indicated in dark gray. 10 
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 1 

The Sherwood numbers were taken from tabulated empirical expressions [35]. As an 2 

assumption, internal and external gaps were regarded as isosceles triangular channels, for which 3 

Sherwood numbers are available, i.e. 3.11 and 2.68 for the internal and external gaps 4 

respectively. The photocatalytic surface areas of the individual channels were determined from 5 

a geometric analysis. By using the NTUm-method for each of the channels separately, we can 6 

determine the removal efficiency and reaction effectiveness for each individual channel. 7 

3.4.1 Radiation field modelling 8 

The incident irradiation on the catalytic surface is a critical factor that determines the rate of 9 

conversion. In order to be able to derive the dependency of the incident irradiation on the LH 10 

rate constant kLH (in other words, to determine the intrinsic empirical constant k0 in eq. 2, which 11 

is independent of incident irradiation), the distribution of the incident irradiation in the multi-12 

tube reactor should be measured, or at least be determined in some way. As measuring local 13 

light irradiation in a multi-tube reactor is not straightforward, we used a Comsol Multiphysics 14 

UV radiation field model, developed and tested in our previous work [23].  15 

 16 

The radiation field model is based on the Ray Optics module of Comsol Multiphysics v5.3a 17 

which uses a ray trajectory approach allowing to simulate interactions of UV light with 18 

boundaries where refraction, reflection or absorption occurs. For a detailed description of the 19 

radiation field model, the reader is referred to Roegiers et al (2017) [23]. Despite the fact that 20 

the radiation field model provides an accurate spatial distribution of the UV light irradiation on 21 

all surfaces of the tubes and gaps (Roegiers et al., 2017), in the proposed method we assumed 22 

a single uniform value for the UV light irradiation for each individual channel. The latter was 23 

calculated as the surface averaged value of the spatial distribution for the particular channel. 24 

Given the symmetrical configuration of the reactor and the lamps, the UV irradiance on the 25 
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inner surfaces of the tubes, the internal gaps and the external gaps could be described with 7 1 

different values for each irradiation condition, as shown in Figure 6.  2 

 3 

Figure 6: Values (V1-V7) of light irradiation, depending on the position within the multi-tube 4 

reactor. Two 8W UV-A fluorescent lamps are positioned on opposite sides of the reactor, at a 5 

distance of 20 mm (irradiation condition 1). 6 

 7 

3.4.2 Intrinsic parameter estimation 8 

Coupling the mass transfer based method with the radiation field model allows the 9 

determination of the intrinsic parameter k0, using eq. 2. Assuming a uniform UV-irradiance on 10 

each glass tube, internal and external gap, CVOC,∞,t, CVOC,∞,ig and CVOC,∞,eg could be calculated 11 

for each individual channel by combining eq. 2 and eq. 10. The intrinsic empirical constant k0 12 

and the Langmuir adsorption constant KL were derived using the Generalized Reduced Gradient 13 

(GRG) nonlinear solving method. Both constants were varied through a least-squares objective 14 

function (the squared difference of predicted and experimental outlet acetaldehyde 15 

concentrations). Initial values for k0 and KL were chosen in accordance with the results from 16 

Roegiers et al. (2017), i.e. 6.62 × 10-8 m² W-1 s-1 and 8764 m3 mol-1, respectively [23].  17 

4. Results and discussion 18 

4.1 Mass transfer based model (NTUm-method) adapted for a multi-tube reactor  19 
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4.1.1. NTUm-method 1 

Experiments were conducted at three different irradiation conditions, corresponding to the 2 

distance of the UV lamps. For each condition, at least 15 individual experiments were carried 3 

out at 6 different flow rates (500, 750, 1000, 1250, 1500 and 2000 cm³ min-1) and varying 4 

acetaldehyde inlet concentration. For each experiment, all relevant parameters to be used in, or 5 

obtained from the mass transfer based model were calculated. Because of the large amount of 6 

experiments, only a selection of the flow regimes (500-1250 cm³ min-1) at the irradiation 7 

condition corresponding to the shortest distance (20 mm) of UV lamps is shown in Table 1. The 8 

values given in the table are for the tubes only, as gaps were excluded from the analysis. For a 9 

complete overview of the results for other conditions, the reader is referred to the supplementary 10 

files. Considering the low Reynolds numbers, the photocatalytic reactor is clearly operating in 11 

a laminar flow regime for all flow rates, which implicates a Sherwood number that is 12 

independent of the flow rate. Therefore, the mass transfer coefficient hmass is constant for all 13 

experiments conducted in this work [35]. Obviously, the ideal number of mass transfer units 14 

(NTUm,ideal) decreases as the flow rate increases, as evidenced by equation 13. For all conducted 15 

experiments, the ideal reaction fractional conversion (ɛir), which represents the upper theoretical 16 

photocatalytic ability of the reactor, approaches 1. This indicates that the geometric structure of 17 

the reactor is optimal for the given experimental conditions [20].  18 

Table 1: Experimental parameters of the mass transfer based model (NTUm) for irradiation 19 

condition 1. 20 

Parameter 

Total volumetric flow rate (cm3 min-1) 

500 750 1000 1250 

Maximum flow velocity (Vtube [m s-1]) 0.029 0.044 0.059 0.074 

Maximum Reynolds number (Re) 13.72 20.57 27.43 34.29 

Sherwood number (Sh) 4.36 4.36 4.36 4.36 

hmass [m s-1] 0.0077 0.0077 0.0077 0.0077 

NTUm,ideal 36.04 24.03 18.02 14.42 
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ɛir 1 1 1 1 

     

ca. 27 ppmv inlet concentration     

Fractional conversion (ɛ) 0.94 0.92 0.81 0.73 

Reaction effectiveness () 0.94 0.92 0.81 0.73 

NTUm 2.89 2.48 1.65 1.32 

Average total removing factor (Kt) 6.19 × 10-4 7.97 × 10-4 7.01 × 10-4 7.08 × 10-4 

Apparent rate constant (kapp [m s-1]) 6.73 × 10-4 8.89 × 10-4 7.81 × 10-4 7.79 × 10-4 

     

ca. 35 ppmv inlet concentration     

Fractional conversion (ɛ) 0.93 0.87 0.69 0.60 

Reaction effectiveness () 0.93 0.87 0.69 0.60 

NTUm 2.62 2.02 1.16 0.91 

Average total removing factor (Kt) 5.62 × 10-4 6.48 × 10-4 4.96 × 10-4 4.86 × 10-4 

Apparent rate constant (kapp [m s-1]) 6.06 × 10-4 7.08 × 10-4 5.30 × 10-4 5.19 × 10-4 

     

ca. 42 ppmv inlet concentration     

Fractional conversion (ɛ) 0.93 0.74 0.59 0.50 

Reaction effectiveness () 0.93 0.74 0.59 0.50 

NTUm 2.67 1.34 0.90 0.70 

Average total removing factor (Kt) 5.73 × 10-4 4.31 × 10-4 3.84 × 10-4 3.76 × 10-4 

Apparent rate constant (kapp [m s-1]) 6.19 × 10-4 4.57 × 10-4 4.04 × 10-4 3.95 × 10-4 

 1 

The fractional conversion decreases as (1) the volumetric flow rate increases, (2) the inlet 2 

acetaldehyde concentration increases or (3) the incident light irradiance decreases (for the latter, 3 

the reader is referred to the supplementary files). Evidently, the fractional conversion ɛ and the 4 

reaction effectiveness  are equal since the ideal reaction fractional conversion ɛir equals 1 (Eq. 5 

14). The highest reaction effectiveness is obtained at the lowest inlet concentrations and flow 6 

rates. The reaction effectiveness approaches 1, indicating that the system is mass transfer-7 

controlled. By increasing the flow rate under constant concentration conditions, the contribution 8 

of the photocatalytic reaction becomes more significant, as evidenced by a lower reaction 9 
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effectiveness. The same trend is observed when increasing the inlet concentration under a 1 

constant flow rate. At the highest concentration and flow rate a reaction effectiveness of 0.50 2 

is obtained, which indicates a  process controlled by both mass transfer and kinetic phenomena. 3 

At reduced irradiation under a constant flow rate and concentration, a shift towards more 4 

reaction-controlled conditions is observed (not shown in Table 1, the reader is referred to the 5 

supplementary files).  6 

4.1.2. Kinetic parameter estimation  7 

As mentioned in the methodology, by plotting 1/kapp versus CVOC for all experiments, a linear 8 

fit should be observed. kLH can be derived from the inverse slope and KL can be calculated from 9 

the intercept with the 1/kapp -axis (= kLH
-1.KL

 -1). The results are shown in Figure 7, for all three 10 

irradiation conditions and the derived kinetic parameters are listed in the overview Table 2.  11 

 12 

Figure 7: Plot of the inverse apparent reaction rate coefficient (kapp
-1) versus the acetaldehyde 13 

concentration in close proximity of the photocatalytic surface (Cvoc) for three irradiation 14 

conditions. 15 

 16 

For each irradiation condition, a linear fit was obtained with high R² values, respectively 0.966, 17 

0.982 and 0.994 (Figure 7). The LH reaction constant kLH increases with increasing irradiation 18 

which is in agreement with our earlier research, but for the Langmuir adsorption constant KL, 19 
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no clear trend could be observed due to a sensitive variation of the intercept while finding the 1 

best fit with the experimental data.  2 

 3 

Using the obtained kinetic parameters, the concentration ,VOCC over the reactor length can be 4 

determined for the tubes, internal and external gaps separately and based on the different flow 5 

regimes for these particular channels (Eq. 10). This was demonstrated for a randomly chosen 6 

experiment in Figure 8a. Obviously, the internal and external gaps, which account for a 7 

negligible part of the flow (0.14 % and 4.62 %, respectively), are capable of a total acetaldehyde 8 

removal within a few centimeters of the reactor inlet. For this particular experiment, about 75% 9 

of the acetaldehyde is mineralized at a length of 24 cm, whereas an extension of the reactor to 10 

40 cm (indicated by the dotted line) would result in a complete removal under the given 11 

conditions, according to the NTUm-model.  12 

 13 

To validate the NTUm-method, the predicted and experimental outlet concentrations are 14 

compared in Figure 8b for all experiments. Hereto, the overall outlet concentration of the reactor 15 

was calculated from the outlet concentrations and corresponding flow rates of the tubes, internal 16 

and external gaps. The agreement of the predicted and the experimental data is good as 17 

evidenced by a coefficient of determination of respectively 0.985, 0.991 and 0.998.  18 
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 1 

Figure 8: (a) Determined ,VOCC over the reactor length for the tubes, internal and external gaps 2 

separately for a randomly chosen experiment and (b) the predicted (NTUm-method) reactor 3 

outlet concentrations versus the experimental reactor outlet concentrations for three irradiation 4 

conditions. 5 

 6 

4.2 Extension of the mass transfer based model including radiation field modelling 7 

Obviously, the adapted NTUm-method is capable of providing accurate estimates for the 8 

Langmuir adsorption constant KL and the Langmuir-Hinshelwood rate constant kLH for a multi-9 

tube reactor. However, it is important to emphasize that kLH depends on the UV light irradiance 10 

and thus, is not an intrinsic parameter. The advantage of coupling the NTUm-method with 11 

radiation field modelling lies in the possibility to derive a unique, intrinsic empirical constant 12 

k0, valid for all irradiation conditions. This is shown in Table 2, where the kinetic parameters 13 

derived by the mass transfer based model and its extended version are summarized. For 14 

comparison, we included the Langmuir adsorption constant KL and the irradiance independent 15 

kinetic parameter k0, estimated by our earlier published CFD model [23] in the table. From the 16 

intrinsic empirical constant k0 and the overall average incident UV irradiance (for the whole 17 

reactor, predicted by the radiation field model), the LH rate constants kLH can be calculated 18 

from eq. 2 for each irradiation condition (last column for the extended model in Table 2). From 19 

the results, we can draw some interesting conclusions: Firstly, the empirical constant k0 derived 20 
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from the extended mass transfer based model remains constant, regardless of the irradiation 1 

condition, which shows that this is really an intrinsic parameter. Besides, the value is in 2 

agreement with the intrinsic parameter derived from the earlier published CFD model [23], 3 

emphasizing the accuracy and reliability of the models. Secondly, there is a remarkable 4 

agreement between the LH reaction constants kLH derived from the mass transfer based model 5 

and the values obtained indirectly from the extended model. Consequently, the LH reaction 6 

constant kLH was calculated (eq. 2) for each individual channel, using the corresponding value 7 

for the empirical constant k0 and the average incident UV irradiance for the specific channel 8 

(tubes, internal gaps and external gap), as determined from the methodology (Figure 9a). In the 9 

figure the radiation dependency of kLH using the average value for empirical constant k0, derived 10 

from all experiments is included (full line). The predicted and experimental reactor outlet 11 

concentrations were compared similarly as described in 4.1.2 and the model fits resulted in even 12 

better coefficients of determination, respectively 0.991, 0.994 and 0.998 (Figure 9b). 13 

 14 

Figure 9: (a) The LH reaction constant (kLH) versus the incident irradiance values within the 15 

multi-tube reactor for all irradiation conditions and (b) predicted (extended NTUm-method) 16 

reactor outlet concentrations versus experimental reactor outlet concentrations for three 17 

irradiation conditions. 18 

 19 
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The derived intrinsic kinetic parameters are essential for scaling up purposes, since longer and 1 

wider reactor geometries result in complex UV light distributions and thus location dependent 2 

LH reaction constants. Combining an NTUm-method with a radiation field model therefore 3 

provides the necessary tools for a thorough assessment of a multi-tube reactor, as well as a 4 

useful tool for reactor development and design optimization for indoor air purification.  5 

Table 2: Overview of the kinetic parameters, derived by different models and for different 6 

irradiation conditions.  7 

 KL [m3 mol-1] k0 [m² W-1 s-1] kLH [mol m-2 s-1] 

Mass transfer based model, irradiation condition  1 6836 NA 5,53 × 10-7 

Mass transfer based model, irradiation condition  2 11242 NA 3,70 × 10-7 

Mass transfer based model, irradiation condition  3 11160 NA 2,74 × 10-7 

Extended model, irradiation condition  1 (avg 9.57 W m-²) 20733 ± 283 5,82 × 10-8 ± 1.29 × 10-9   5,57 × 10-7* 

Extended model, irradiation condition  2 (avg 6.31 W m-²) 23895 ± 166 5,16 × 10-8 ± 4.28 × 10-9   3.25 × 10-7* 

Extended model, irradiation condition  3 (avg 4.83 W m-²) 21581 ± 43 5,37 × 10-8 ± 2.98 × 10-9   2.59 × 10-7* 

CFD model [23] 8764 6.62 × 10-8 NA 

*These values were calculated using the average of the incident UV irradiance of the tubes. 

5. Conclusions 8 

In this study, a mass transfer based model (NTUm-method), proposed by Zhang et al (2003), 9 

was adapted for a multi-tube reactor in order to (1) provide insights in the reaction rate limiting 10 

behavior of the photocatalytic multi-tube reactor, through the reaction effectiveness parameter 11 

() for various experimental conditions and (2) derive photocatalytic related kinetic parameters, 12 

i.e. Langmuir adsorption constant KL and LH reaction constant kLH. However, kLH  depends on 13 

the incident UV light irradiation and thus cannot be regarded as an intrinsic parameter. We have 14 

shown that coupling the NTUm-method with a radiation field model is capable of accurately 15 

deriving a unique intrinsic empirical constant k0, emphasized by the agreement with earlier 16 

published parameter values, derived by a CFD approach. Therefore the method is directly 17 

applicable to other reactor configurations or irradiation conditions. Despite the outstanding 18 
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agreement between predicted and experimental reactor outlet concentrations for both methods, 1 

only the extended NTUm-method was capable of deriving consistent values for the Langmuir 2 

adsorption constant KL. Consequently, the proposed NTUm-method coupled with radiation field 3 

modelling provides a convenient, accurate tool for estimating the kinetic parameters for a multi-4 

tube reactor. Besides, the method can be used for reactor assessment, development and design.  5 
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