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Abstract: In this paper, the degradation of nitric oxide (NO) in an annular laboratory reactor is pre-
sented. Preliminary experiments were performed in an annular reactor (AR) under simulated solar
irradiation. Titanium dioxide (TiO2 P25) was used as a photocatalyst and immobilized on glass fibers
mesh (GM) by the sol-gel method prepared from commercially available materials. The aim of the
experiments was to remove NO from the air stream. The initial rate constant of the NO photocata-
lytic degradation was recognized to follow mass-transfer-controlled first-order kinetics. The results
confirmed the photocatalytic reduction of NO to molecular nitrogen (N2) and oxidation to nitrate.
Therefore, the preliminary results obtained in this work are used for the development of a compu-
tational fluid dynamics (CFD) model (COMSOL Multiphysics v6.2). CFD calculations provide a
good basis for sizing reactors at the semi-pilot and pilot levels for both indoor and outdoor air pu-
rification systems.

Keywords: nitric oxide; titanium dioxide; photocatalysis; glass fibers mesh; CFD model; air
purification

1. Introduction

Nitric oxide (NO) is a colorless, neurotoxic, odorless gas that is essentially insoluble
in water [1]. It is released from various anthropogenic and natural sources, with diesel-
powered vehicles and high-temperature combustion being significant contributors. The
combination of NO and nitrogen dioxide (NOz) constitutes nitrogen oxides (NOx), which
are major components of air pollution, particularly in urban areas. Regulations from
organizations like the World Health Organization (WHO) and directives from entities
such as the European Union (EU) aim to control air quality, but the concentrations of
emitted pollutants like NOx continue to rise in many urban areas. To address this
challenge, the development and implementation of new ecological technologies for air
purification are indeed necessary to meet regulatory requirements and reduce pollutant
levels.

Solar photocatalysis represents an ecological technology for the degradation of
airborne pollutants due to its process sustainability, low cost, long-term photostability,
and non-selective degradation of pollutants. Photodegradation of nitric oxide has been
widely researched using TiO: as a photocatalyst under UV light. Lasek et al., in their
review, presented various catalysts for NO photo-decomposition and photo-oxidation
processes [2]. Boyjoo et al. provided a review of photocatalytic oxidation for air treatment
[3]. Compared to the removal of volatile organic compounds (VOCs), studies on nitrogen
oxides in this field are less intensive. However, research on TiO:-based studies of
inorganic gas pollutants has similar efficiency as VOC removal [3]. Outdoor applications
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based on commercial photocatalytic dispersion paints have shown successful results for
NO removal under irradiation [4]. Dylla et al. provided important results for developing
a reaction rate model for NO on photocatalytic pavements, offering a promising solution
for remedying air pollution from automobile sources [5]. Maggos et al. tested TiO2-
containing paints, which resulted in 74% removal efficiency of NO on mineral silicate
paint and 91% on styrene acrylic paint [6]. TiO2 P25 is commercially available, non-toxic,
and photochemically and biologically stable, with high photoactivity and mineralization
efficiency composed of anatase and rutile crystallites (crystalline content of 70-80%
anatase and 20-30% rutile) [1,3,4,7]. Bianchi et al. compared the photocatalytic
performances of pigmentary powdered TiOz (crystalline content of 100% anatase) and P25
by Evonik (crystalline content of 75% anatase and 25% rutile) in NOx degradation. P25
resulted in the highest efficiency and the highest amount of hydroxyl species reaching
NOx degradation after 120 min [8]. Zouzelka and Rathousky applied a coating of TiO2 P25
on concrete walls along a busy thoroughfare in Prague [9]. The photocatalytic coating
maintained its ability to abate NOx pollutants in the air even two years after application
[9]. In the field of air purification, TiOz immobilization can include various methods such
as sol-gel, thermal spraying, solvent deposition, electrophoresis, and chemical and
physical vapor deposition. Wood et al., through their review, determined that the sol-gel
method had the highest normalized removal rate for NOx [10]. The band gap of
photocatalysts plays an important role in forming of electron-hole pairs. TiO: is
characterized by a large band gap energy (3.2 eV) which limits its application under
natural solar light or artificial visible light.

When the irradiating light has higher energy than the photocatalyst's band gap,
electrons (¢7) in the conduction band (CB) are forming, thus leaving empty space in the
valence band (VB) resulting in holes (/*) [11]:

TiO, + hv » e~ + ht, (1)

These holes have powerful oxidation potential and, with electrons in the CB, cause
the formation of radical hydroxyl species (OH-) and oxygen (Ox) [11]:

OH™ +h* - OH )
0,+e” - 03 3)

The radical species formed participate in further oxidation and reduction reactions
leading to the degradation of nitrogen oxides [12]:

NO + -0, - NO3 4)
‘OH + NO — HNO, ©)
HNO, + -HO — HNO; ©6)

Adsorbed nitric oxides on the surface of photocatalytic material also follow
alternative pathways in which the reduction ability of photocatalysis is used to form
nitrogen (N2)[3,13,14]:

NO,gs + €7 = Nags + Oags )
Noads + Nads - Nzoads (8)
NOgaqgs + Oags = NOZ,ads (9)

204¢s = Oz,ads (10)



Nitrogen 2024, 5 612

2Nags = Na(g) (11)
ZNOads d OZ(g) + NZ(g) (12)
NZOads - Oads + Nz(g) (13)

In the present work, photocatalytic oxidation experiments were provided using an
annular reactor for the purification of air polluted with NO. This reactor geometry is
widely utilized in commercial photoreactors due to its proven efficiency in solar
photocatalysis applications. The widely researched sol-gel method for TiO2
immobilization was used on a glass fiber mesh. A reactor system can be easily scaled up
and installed as a ventilation outlet or exhaust. Therefore, as the initial step in developing
a computational fluid dynamics (CFD) model, experimental laboratory results were
obtained to provide the photocatalytic reaction kinetics of NO reduction. CFD models are
important for understanding the expected significance of NO reduction. The presented
model provides solutions for scaling up the reactor system. Additionally, improving this
model in the future could enable the evaluation of photocatalysis as a potential pollution
reduction strategy.

2. Materials and Methods
2.1. Photocatalytic Material

The photocatalyst TiO2 P25 (Evonik, Aeroxide®, Essen, Germany) was immobilized
on the surface of a glass fiber mesh (GM) according to the procedure described previously
in [15,16]. GM is a fabric composed entirely of glass fibers with a density of 480 g/m? and
dimensions of 200 x 450 mm, corresponding to the annular reactor (AR). TiO2 P25 was
attached to the carrier using the sol-gel method, which includes acetic acid (Kemika,
Zagreb, Croatia), tetraethoxysilane (TEOS) (Sigma-Aldrich, Steinheim, Germany), 96%
ethanol p.a.,, deionized water, and 10 M NaOH [15-17]. The photocatalyst has an
elementary particle size of 30 nm, a BET surface area of 56 m?/g, and a crystalline content
of 75% anatase and 25% rutile. A suspension for immobilizing TiO2 P25 was prepared
through several steps, beginning with the preparation of the initial mixture, which
involved mixing and stirring water, ethanol, and TiO2. The pH adjustment was achieved
by adding acetic acid slowly until the pH reached 1.5. The mixture was stirred for 15 min.
Then, sonication with an ultrasonic probe was performed for 2 min at 30 W and 44 kHz.
In the next step, TEOS was added, followed by stirring for an additional hour at 50 °C.
The final step involved immersing a glass fiber mesh in the prepared solution and drying
it at 70 °C. This procedure was iterated five times to achieve five layers of TiOz. Before the
initial immersion, the GM underwent treatment with a 10 M NaOH solution for 5 min,
followed by rinsing with demineralized water to enhance surface adhesion. The material
characterization and optical properties were discussed in our recent publication [15-17].
As outlined in previous studies, the TiO: film supported on the GM exhibited flexibility,
durability, and the capability to be easily rolled into a cylinder for application in an AR.
Before and after TiO2 immobilization, the GMs were weighed, enabling the calculation of
the TiO:2 proportion in the immobilized layer at 77.6 wt.% based on mass balance. The
average mass of the film immobilized on the GM surface was determined to be 0.0017 +
0.0001 g/cm?. Additionally, the thickness of the photocatalytic layer (GM + TiO2 film) was
measured at 3.4 + 0.2 mm.

2.2. Photocatalytic Setups

Photocatalytic setups contain a NO gas bottle (¢ =50 ppm, N2 balance, Linde, Prague,
Czech Republic), an annular reactor, an air pump, an Erlenmeyer flask filled with distilled
water, and a gas wash bottle (Figure 1).
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Figure 1. Schematic of annular reactor setup.

An air pump (Marinal00, HAGEN Deutschland GmbH & Company KG, Holm,
Germany) with a maximum flow rate of 85 L/h was attached to an Erlenmeyer flask, which
was connected to the second AR opening with tubes. The annular reactor was cylindrical
and made of glass. In the center of the annular reaction area, a full-spectrum linear
fluorescent light bulb (Narva BIO vital® LT T5 24 W/958, 549 mm long, NARVA
Lichtquellen GmbH + Co. KG, Brand-Erbisdorf, Germany) was placed [18]. The incident
intensities of UVA and UVB were measured using a UVP UVX radiometer (Analytik Jena,
Upland, CA, USA), resulting in 1.73 mW/cm? for UVA and 1.49 mW/cm? for UVB [16]. The
spectral characteristics of the radiation source used match the spectrum of solar radiation
with a nominal luminous flux of 1400 Im. The geometry of the reactor is as follows:
diameter D = 60 mm, length L = 600 mm, the outer radius is R =2.7 cm, the inner radius is
Rin=2.0 cm, and the reactor volume is 7.83 x 10-* m3. The photocatalytic film, mounted on
a glass fiber mesh, was rolled into a cylinder and affixed to the outer wall of the reactor
within the annular reaction space. The annular reactor had three openings: the first at the
beginning of the reactor, serving as an inlet; the second in the middle, used for introducing
moisture; and the third at the end of the cylinder, functioning as an outlet. Measurements
were taken at both the inlet and outlet of the reactor. Monitoring of the gases carbon
monoxide (CO; 0-10,000 ppm), carbon dioxide (COz; 0-50 vol.%), NO (0-4000 ppm), NO:
(0-500 ppm), hydrocarbon (HC; natural gas 100-40,000 ppm; propane 100-21,000 ppm;
butane 100-18,000 ppm), hydrogen sulfide (H2S; 0-300 ppm) was conducted using a gas
analyzer Testo 350 (Testo SE & Co. KGaA, Lenzkirch, Germany). To detect possible
photoreaction products, nitrate anions (HNOs/NO*) were measured using Quantofix
nitrate test strips (nitrate 10-500 mg/L; nitrite 1-80 mg/L; MACHEREY-NAGEL GmbH &
Co. KG, Diiren, Germany). The reactor was upgraded with a simple Arduino-based
analytical platform for continuous temperature and humidity monitoring.

The first set of experiments was conducted without the photocatalyst under
irradiation to establish the outlet’s baseline NO levels and the corresponding residence
time. The second set of experiments involved the use of glass fibers with immobilized TiO:
performed in the dark. The experiment of photocatalytic oxidation involves exposing the
setup to artificial light with certain UV irradiation, which works in synergy with the
photocatalyst to act on NO molecules in the air stream. Experiments under irradiation
began with the system being equilibrated in darkness for 60 min. Each experiment lasted
for a duration of 2.5 h.

To demonstrate the efficiency of the previously described annular reactor for NO
decomposition, the computational program COMSOL Multiphysics v6.2 was utilized. The
AR model in this CFD software v6.2 enabled the visualization of data for laminar flows
and the solving of computational simulations. By using Computational Fluid Dynamics
(CFD), it is possible to obtain satisfactory fluid flow simulations and solve the Radiation
Transport Equation (RTE). The aim is to develop a mathematical model of a reactor for
photocatalytic degradation using a scaling-up methodology, enabling the construction of
reactors on a larger scale while simulating their behavior. This approach leads to
optimizing the reactor itself for real-world applications. The scaling-up methodology
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involves deriving a chemical kinetic expression that corresponds to the photocatalytic
degradation of NO in the reactor. When scaling the reactor, it is necessary to use the same
kinetic reaction model as in laboratory experiments. In doing so, optimizing input
parameters is necessary to ensure they are in the appropriate ratio with the new (pilot)
reactor and to validate the obtained results. For photocatalytic reactors, it is necessary to
model the hydrodynamic conditions that are influenced by the free flow through the
reaction system.

In laminar flow achieved in the CFD software, the Navier-Stokes equation is used to
calculate the hydrodynamic characteristics of single-phase photoreactor systems:

P2+ pux Vu =V[-pl +4u (Vu + (V)" = Su(7 % “)>] +F (1)

pV X (W) =0, (15)

where u is the fluid velocity, p is the fluid pressure, p is the fluid density and y is the fluid
dynamic viscosity [19]. During simulation, the Navier-Stokes equation is solved using no-
slip boundary conditions and calculates the pressure and fluid velocity in the model. The
model is provided with the density p of air and the initial air flow velocity u. Solving the
equation for a specific set of boundary conditions (such as inlets, outlets, and walls)
predicts the liquid velocity and pressure in the given model geometry.

3. Results
3.1. Results of Photocatalytic Transformation of Nitric Oxide

Experimental results in an annular reactor, shown in Figure 2, combine the results
obtained under conditions without and with exposure to an artificial radiation source in
an empty reactor space and using a photocatalyst on a glass fiber mesh (GM).

06
—4-GM_TiO,_under irradiation
+-GM_TiO,_dark
+-empty reactor
4-empty reactor +irradiation

05 -
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90
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120 150

reaction time [min]
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Figure 2. Measured NO (a) and NO: (b) concentration at the outlet: comparison of NO and NO:
trends in an empty reactor with and without irradiation and during the adsorption experiments
(GM_TiO2_dark) and photocatalytic experiments (GM_TiO2_under irradiation).

The adsorption experiment (GM_TiO2_dark) was conducted on the surface of a
supported photocatalytic film in the dark to test the adsorption of nitric oxide (NO). All
measurements were performed after 60 min when a steady state was well achieved. It is
noticeable that the concentration of NO changes insignificantly due to the presence of the
photocatalyst in the reactor, which indicates the negligible adsorption of NO on the
GM_TiO: surface. Considering the NO trends in the outlet shown in Figure 2a, it is
obvious that NO undergoes transformation under irradiation, possibly due to the
formation of radicals upon absorbing the incident irradiation by the NO molecule. The
results of monitoring the NO:z concentration in the outlet suggest that photocatalysis over
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the supported TiO: directs the NO transformation towards NO:. In the photocatalytic
experiments (GM_TiO:_under irradiation), NO transformation was observed, resulting in
an expected almost uniform concentration in the outlet. The variations in NO:
concentrations in the outlet suggest a more complex reaction mechanism than the
straightforward oxidation of NO to NO2. A complex mechanism was also suggested in the
literature [20]. The measured percentage of N2 in the outlet was slightly higher, also
suggesting the reduction of NO over the irradiated photocatalyst. No formation of N2O
occurred during the experiment. The concentrations of NO>- and NOs in the rinse water
were measured using Quantofix test strips. Results showed coloring for NOs~ in the range
of 10-25 mg/L.

Arduino-based analytical platforms for continuous monitoring of the temperature
and humidity measured relative humidity at a range of 70-80% and temperature at a
range of 20-22 °C in each experiment. In the photocatalytic experiment, CO concentrations
ranging from 1 to 3 ppm were detected, probably due to incomplete oxidation of organic
components of the photocatalytic film.

For a clear quantitative comparison, the simple kinetic model was employed to
describe the initial rates of photocatalytic degradation of NO, which followed mass-
transfer-controlled first-order kinetics due to a low concentration of target pollutants.

The photocatalytic degradation of nitric oxide can be simulated as a pseudo-first-
order reaction:

In (c%) = —kt (16)

where k is the reaction rate constant of NO under photocatalytic degradation, C is the
concentration of NO measured at outlet and Co is the initial concentration [21-23].

The relative changes in the NO and NO: concentration during the photocatalytic
degradation of NO versus exposure time are shown in Figure 3.

0.4

0.3

0.2 ——NO

—=—NO,

% 0.1 - - -NO; theoretical
€
£ 00 ¢ . y .
(&)
S
K}
o

reaction time [min]

Figure 3. Relative changes in NO and NO2 concentration during photocatalytic transformations in
AR reactor; difference was obtained taking into account measured concentrations during adsorption
experiments (GM_TiOz_dark) and photocatalytic experiments (GM_TiOz_under irradiation).

Figure 3 gives a better representation of continuous NO transformation towards
different products. The determined reaction rate constant was k = 0.0984 min-'. Mass
balance calculations show that during photocatalytic experiments 11.47 mmol/L of
nitrogen species (NO, NO2) flow through the AR in total, giving a theoretical
concentration of 1.4 g/L of NOs™ in the rinse. Calculations based on only the NO2 mass
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balance give the theoretical concentration of 25.2 mg/L of NOs  in the rinse which
corresponds with the highest experimental value of NOs in the rinse obtained.

3.2. CFD Modelling of Photocatalytic Annular Reactor

The computer simulation of nitric oxide (NO) decomposition enabled a visual
representation of the obtained results using COMSOL Multiphysics software. The reactor
model (Figure 4) is set up as described in the Discussion and consists of built geometry, a
fluid flow model, a radiation model, a model of chemical reactions, and species transport
through the reactor. The main purpose of the computer model was to compare it with
experimental results obtained in a laboratory to test its accuracy for scaling and
optimizing future reactors for use in real systems. This approach also facilitates
identifying and overcoming obstacles that affect photocatalytic oxidation. The duration of
all simulations was 150 min, or 9000 s, as in the case of measurements. In the simulation
in COMSOL Multiphysics shown, the input concentration value of 2.045 x 10-¢ mol/L was
used, considering atmospheric pressure (101,325 Pa) and an average temperature inside
the reaction volume (293.15 K).

-50 | 400 mm

(b)

Figure 4. Representation of the modeled annular reactor with highlighted surface where reactions
occur: (a) complete reactor; (b) half of the reactor used in simulation calculations.

The streamlines and steady-state velocity field, simulated for a 1 L/min inlet flow rate
using a stationary solver, can be seen in Figure 5. The inlet and outlet had the highest
velocities.

Figure 5. Velocity streamlines with fluid flow at a flow rate of 1 L/min.

In Figure 6, the irradiance distribution is plotted to demonstrate a uniform distribu-
tion along the surface reaction area (TiO2-coated walls). It is clear that the coated surface
receives light and provides valuable insight into irradiance distribution, which can be dif-
ficult to measure conventionally. Additionally, these data can be used to optimize the re-
actor design by adjusting the position of the emission source (lamp), increasing the power,
or varying the layer coating thickness.
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(a)

200

(b) (©)

Figure 6. Visual representations of the artificial light under certain UV irradiation distribution in the
annular reactor: (a) 3D representation; (b) representation in the xy-plane; (c) representation in the
yz-plane.

The stated results coincide with the results obtained in the model in the COMSOL
Multiphysics interface, where the concentration of nitric oxide (NO) at the outlet is
expressed in the amount of 2.45 x 107 mol/L. The agreement between the laboratory test
results and the model suggests that the model accurately represents the fundamental
processes of photocatalytic oxidation that are studied in this case, thus confirming the
effectiveness and prediction of the model of photocatalytic oxidation of NO. In order to
determine whether the length of the pipe (reactor) has an influence on NO decomposition,
a simulation was made with an increased length of the pipe, the results of which are
shown in Figure 7. As can be seen from the results, there was a minor decrease in the NO
concentration in the reactor compared to the input concentration. The above represents a
difference compared to the results obtained by simulating a longer reactor tube and the
original length and indicates that the extended retention time of pollutants in the reactor
really provides more opportunities for photocatalytic decomposition of NO. Therefore,
scaling the length of the reactor is proving to be a key factor for the use of this technology.

x10° X102
2 2
1.8 1.8
1.6 1.6
1.4 1.4
1.2 50 1.2
1 mm 0 1
-50
mm
0.8 0.8
00
0.6 mm 0.6
0.4 0.4
(@ (b)

Figure 7. Simulated concentration profile of NO at time step = 9000 s at inlet concentration of 2.045
10-¢ mol/L in (a) original reactor L = 600 mm; (b) prolongated reactor L = 2400 mm.

Since the stated and provided results successfully replicate the test results, the built
model of the photocatalytic reactor can serve as a solid foundation for future system
optimization.
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4. Discussion

Photocatalytic heterogeneous reactions follow the Langmuir-Hinshelwood
mechanism (L-H), which involves the reactant molecules first being adsorbed onto the
catalytic surface before participating in the reaction. At low reactant concentrations,
typical of indoor air pollution, the Langmuir-Hinshelwood (L-H) model simplifies to a
pseudo-first-order expression [21-24].

Reaction kinetics provide insight into reaction rates and mechanisms, commonly
expressed using the power law:

dc
dt

where k is the rate constant and # is the reaction order [25].

Introducing moisture in the annular reactor, the photogenerated holes can also
oxidize water molecules to produce many hydroxyl radicals (*OH) for oxidizing NO
molecules. Li et al. investigated photocatalytic performance for the removal of NO gas on
BixWOs samples. The Biz2WOs samples with the highest BET surface area (37 m?/g) resulted
from the highest initial rate constant of 0.0385 min™ [22]. Ai et al. synthesized BiOBr
microspheres and bulk powder. Photocatalytic removal of NO under UV-visible
irradiation resulted from k = 0.0841 min™ for microspheres and 0.0167 min for bulk
powder [24]. Under visible light irradiation, BiOBr microspheres reached k = 0.0614 min™
and k= 0.0094 min. Based on this research, glass fiber mesh with immobilized TiO: in an
annular reactor resulted in an initial rate constant of k = 0.0984 min~'. Degussa TiO: P25
photocatalysts for photocatalytic decomposition and reduction of NO were investigated
by Bowering et al. Scientists concluded that NO will react to form N2 and N20 with higher
selectivity for N2 formation when on a titanium surface that is rich in hydroxyl groups
[14]. Additionally, in the presence of CO, the selectivity of the reaction for N2 formation
was higher [14]. In this work, all measured inlet concentrations of NOx were the same as
the NO concentration. Previous results indicated that NO reacted to form NO:but the
measured concentrations were below expected levels, confirming the main reaction
mechanism of NO reduction towards Nz. The oxidation pathway led to the formation of
nitrates which were measured in the rinse. The concentration of NOs™ in the rinse after the
photocatalytic experiments was also below the calculated theoretical value based on NO:
concentrations, suggesting that the formation of other possible reaction products (N204
dimer and others) is negligible. Zouzelka and Rathousky investigated the photocatalytic
activity of the commercial product containing TiO2P25 by Evonik with regard to NO and
NO: abatement where the final product of photocatalytic oxidation captured on the
photocatalytic surface of the samples was exclusively nitrate, while no nitrites were
retained [9]. Taking these results into account, it is clear why only nitrates were detected
in our case.

According to Fermoso et al.,, the application of solar photocatalysis for indoor air
treatment requires the optimization of by-product non-generation and the maximization of
the photocatalytic configuration through increased roughness, porosity, and abrasion
resistance [26]. Additionally, it is necessary to have excellent geometric surface area
arrangements, proper illumination of photoactive sites, and optimum immobilization of the
photocatalysts with regeneration capability [26]. Glass fiber mesh with TiO: as a
photocatalyst showed good properties based on the material characterization and optical
properties presented in our recent paper [15,16]. This photocatalytic film achieved
photocatalytic degradation of ammonia in the air stream, and dihydroxybenzenes, 17[3-
estradiol, enrofloxacin, and 1H-benzotriazole as common waterborne pollutants [15,16,27].

Geng et al. provided a critical review of the main challenges in photocatalytic
technology for air purification [28]. So far, TiO2is the most widely used photocatalyst in
outdoor applications. Chen and co-workers immobilized TiO: (anatase) on the surface of
cement and asphalt roads, aiming for the removal of NOx [29,30]. In their review, Geng et
al. concluded that the main challenge for outdoor applications is to develop high-

= k[C] (17)
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performance, visible-light-driven photocatalysts that balance the efficiency of visible light
absorption and oxidation capacity [28]. TiO2 P25 has low activity under visible light
irradiation, although it shows good purification efficiency. In this work, the purification
system includes an annular reactor using TiO2 P25 on a glass fiber mesh. Annular reactors
are recommended for indoor applications because they are not designed for high air per-
meability [31]. On the other hand, to improve our photocatalytic material for outdoor ap-
plications, we should expand the visible light response of TiO2 P25. This can be achieved
through various procedures, such as doping TiO2 with non-metal or metal compounds,
combining TiO:z with other semiconductors through vapor deposition, and incorporating
cations and anions into the TiOz structure. Duan et al. used Ag nanoclusters on the surface
of TiO2 P25 for the photocatalytic removal of NO, resulting in a purification rate of 63%
[32]. Jiang et al. prepared ceramic tiles by coating them with a layer of TiO: tri-doped with
N, F, and Fe ions using the sol-gel method. The ceramic tiles were active under visible
light and achieved a 44% efficiency in removing NO [33]. Another bottleneck with P25 is
its powder structure, which can be easily blown out during the reaction process [28]. The
sol-gel method described in this work provides a good solution for P25 immobilization.
TiO2 P25 on glass fiber mesh can be easily implemented in industrial production consid-
ering safety conditions, low cost, and photocatalytic efficiency.

When modeling a reactor, it is necessary to implement mathematical models such as
the radiation absorption-scattering model, radiation emission model, kinetic model, and
fluid dynamics model [34,35]. For the modeling of the fluid flow, pollutant transport, and
RTE equation, the commercial CFD software COMSOL Multiphysics 6.2 was used. The
CFD model was solved in three consecutive steps. First, the model geometry was built for
the annular reactor with the reactor dimensions, volume, and lamp described in the
Materials and Methods. The flow field across the computing domain was then obtained
by solving the equations of conservation of mass and momentum. Subsequently, the radi-
ation field was obtained by solving the RTE. This approach to the problem reduces the
computation time and steadies the result [36,37]. The Radiation Transport Equation (RTE)
depends on the specific geometry of the photocatalytic reactor and the type of light source.
The applied RTE method is the Discrete Ordinates Method (DO), which has been recog-
nized in previous research as accurate and flexible [34,38]. There are three primary meth-
ods for illuminating photocatalytic reactors: (1) the lamp shining directly on the reactors
from a distance, as in the case of immobilized reactors; (2) immersing the lamp directly
into the reaction space, as in the case of slurry annular reactors; and (3) using reflecting
devices, such as parabolic and elliptical reflectors, to irradiate the reactor with direct and
reflected radiation. Lamps can emit light either diffusely or specularly. However, due to
its simplicity and high degree of accuracy, the specular model has been deemed satisfac-
tory for UV lamps in general. It is recommended to measure experimentally the radiation
intensity using a detector near the lamp surface to obtain accurate results [39]. By resolv-
ing the radiative (photon) transfer equation (RTE) for the heterogeneous system, the sur-
face irradiation inside the reactor was evaluated.

The RTE for monochromatic radiation is described as follows [35,39-41]:

dL(r,s)
dz

+ (k+0o)L(r,s) =j(r) + % L(r,s"Np(s' - s)d’ (18)

where L is photon radiance,  is the position vector, s is the propagation vector, z is the
path length, « is the absorption coefficient, o is the scattering coefficient, p is the phase
function for the scattering of photons, and (2’ is the solid angle about the scattering vector
s'. The integro-differential form of the RTE is converted into an algebraic system of equa-
tions that may be solved computationally by using the discrete ordinate method (DO).
The radiation field is discretized into several distinct directions in the DO method, and
the RTE is expressed and solved independently for each direction. When it comes to radi-
ation, the DO method is recognized for providing the most precise results for both sus-
pended and immobilized systems [42,43]. As part of the boundary conditions definition,
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all the incident radiation reaching the TiO:-coated walls was assumed to be absorbed;
therefore, no radiation was reflected or transmitted. In immobilized reactors, near-wall
treatment can be properly modeled in CFD by discretizing the domain close to the wall
into a sufficiently large number of control volumes or control cells. Since the flow along
the walls is laminar, the simple standard wall function with no slip shear conditions can
be used [39]. No radiation was reflected or transmitted since it was believed that all inci-
dent radiation that reached the TiO2-coated walls would be absorbed as part of the bound-
ary conditions definition. By discretizing the area near the wall into an adequate number
of control volumes or control cells, near-wall treatment in immobilized reactors can be
accurately predicted in CFD. It is possible to apply the simple standard wall function with
no slip conditions since the flow along the walls is laminar [35].

Fluid flow simulations are among the first steps in photocatalytic reactor modeling.
The hydrodynamics of single-phase photoreactor systems can be computed using the tra-
ditional Navier-Stokes equations [39]. Since the photocatalyst in the model was immobi-
lized on the wall of the photoreactor, it was assumed that the fluid was Newtonian, in-
compressible, isothermal, non-reactive, with constant physical properties [35]. For pollu-
tant transport through the reactor (NO), a laminar airflow model was used. At the inlet, a
volumetric flow rate of 1 L/min was specified, while, for the outlet, a constant atmospheric
pressure was defined.

By resolving the governing equations of momentum and mass continuity, a steady-
state solution was obtained [37]:

puVu = V(=pl + (u + ut)(Vu + Vu")) (19)

pPV(u) =0 (20)

where p is the air density, u is the velocity vector, I is an identity matrix, p is the pressure,
u is the dynamic viscosity, and pt is the eddy viscosity which equals zero in the case of
laminar flow.

The concentration of NO in the bulk phase was solved with the convection—diffusion
equation by coupling the velocity field of the previous stationary study [37]:

(_DVCNO) + uVCNO =0 (21)

where D is the diffusion coefficient of NO in the air, Cno is the bulk concentration of NO,
and u is the velocity field vector.

The adsorption of organic contaminants onto the TiO: catalyst surface is a crucial
process in photocatalysis. It is necessary to model simultaneous adsorption/desorption at
the surface. Therefore, a new species, NOads, was added. The boundary condition was de-
termined by considering the surface reaction occurring at the walls coated with a photo-
catalyst.

The process of adsorption and desorption was modeled as a flux from bulk NO to
the surface of TiO2[37,44,45]:

—n(=DVCyp) = —Rggs + Ryes (22)

where n is the normal vector of the boundary pointing towards the bulk phase. Ruis and
Raes are defined as the species flux towards and outwards from the boundary.

Due to the photocatalytic reaction, one additional sink term (Ry») was added to de-
scribe the loss of adsorbed molecules [37,44,45]:

aCNO,ads
Jat

where Ry is the photocatalytic reaction rate expressed as a first-order reaction rate influ-
enced by irradiation [37,44,45]:

= Rgags — Rges — Rpco (23)
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Rpco = kpco (I)CNO,ads (24)

The detailed reaction and transport mechanism can be found in [37,44,45].

The intrinsic kinetics are based on photocatalytic reactions and introduce factors aris-
ing from radiation conditions, the amount of photocatalyst, and the initial concentration
of the compound [46]. In the radiation model, the primary parameter is determining the
effect of radiation absorption on the rate of the photocatalytic reaction [46]. Simultane-
ously, the presence of absorption and scattering is crucial for radiation modeling (RTE).

5. Conclusions

The presented paper suggests that the photocatalytic transformation of NO in humid
air follows two reaction pathways: reduction to N2 and oxidation to nitrates. Understand-
ing the kinetic models of photocatalytic oxidation is crucial for optimizing experimental
conditions and designing large-scale photocatalytic reactors. Although annular reactors
are not designed for high air permeability, and therefore cannot be commercialized for
outdoor air purification, CFD can provide solutions to implementing this type of air puri-
fication reactor.
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