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Highlights
¢ A novel multi-tube photoreactor with high conversion rates is presented
e All photocatalytic related parameters are accurately determined by CFD
e Also non-steady-state adsorption and photocatalytic regimes are accurately modelled
e Adsorption and desorption rate constants change during illumination

e The model is validated by an experiment under challenging transient conditions

Abstract



A novel multi-tube photoreactor is presented with demonstrated high efficiency toward the
degradation of acetaldehyde in air. A CFD model is developed to simulate the transient
adsorption and photocatalytic degradation processes of acetaldehyde in this reactor design. The
CFD model takes into account the entire reactor geometry and all relevant flow parameters, in
contrast to analytical methods that often oversimplify the physical and chemical process
characteristics. Using CFD, we show that the adsorption and desorption rate constants are not
the same under dark and irradiated conditions, which clearly affects the transient behavior. An
ultimate validation test in which non-steady adsorption and photocatalytic phenomena occur
simultaneously is performed to demonstrate the reliability and accuracy of all parameters

obtained from the modelling approach.

1. Introduction

People living in industrial countries spend nearly 90% of their time indoors. Increasingly
stringent heat-insulation measures and insufficient ventilation have a negative impact on indoor
air quality [1]. Many volatile organic compounds (VOCs) have been identified which may
trigger different diseases, commonly referred to as the sick building syndrome [2,3]. The two
main strategies to reduce indoor VOC levels are ventilation and air purification. The ventilation
strategy suffers from the disadvantages of energy cost and —depending on the circumstances—
poor outdoor air quality. Therefore, significant research efforts are directed toward advanced
indoor air purification methods. Integration or retrofitting of a photocatalytic (PCO) air
purifying unit into heating, ventilation and air conditioning (HVAC) equipment is an interesting
approach [4-6]. PCO technology exposes a catalyst, mostly titanium dioxide (TiO2), to UV
light to produce reactive hydroxyl radicals (OH®) and superoxide anions (O>*") that are able to
mineralize harmful VOCs into H>,O and CO» [7]. PCO technology is cost-effective [8], efficient

and 1deally it does not produce any waste streams [9].



Designing an efficient PCO reactor for indoor air purification presents specific challenges
toward a large number of design parameters. As a general rule, an efficient PCO reactor should
have a high degradation efficiency, high photon utilization and low pressure drop and power
consumption, in a physically compact vessel [10]. The reactor performance depends partly on
the substrate that is used to immobilize the photocatalyst. In one of our previous studies glass
fiber mats have been selected as a suitable substrate material [11]. Its open structure offers
sufficient light penetration, limited pressure drop, silent operation conditions and a high
filtering capacity. A drawback of glass fiber mats is that TiO> immobilization and adhesion are

difficult, which is primordial for safeguarding human health with nano TiO; [12-14].

As a first point of novelty in this work, we present an excellent alternative substrate based on
coated glass tubes that are closely packed to constitute a transparent monolith-like architecture.
Since the operation of PCO reactors is based on a complex interaction of physical and chemical
processes, it is useful to develop mathematical models that include all these phenomena as a
tool for reactor design and optimization. By making use of such dynamic models excessive,
time-consuming and expensive experimental research can be minimized. These models can also
be used to determine the intrinsic kinetic parameters of the photocatalytic system, another
crucial step in the development of PCO technology. For instance, we have shown in previous
work that computational fluid dynamics (CFD) can accurately deliver the Langmuir
Hinshelwood photocatalytic kinetic parameters from steady state experiments in a continuous
reactor [15], as well as the Langmuir adsorption/desorption parameters from dynamic, transient
experiments [11]. In this work we use CFD modelling to accurately determine pollutant
concentrations, adsorption, desorption and kinetic rate constants in a packed glass multi-tube
PCO reactor during transient operating regimes. This way not only the adsorption/desorption
rate constants and the maximum adsorption capacity of the photocatalyst can be determined,

but also the PCO reaction rate constant can be derived from a single mathematical model that



takes into account the complex interplay of all these phenomena for realistic operation
conditions. This provides additional insights over existing photocatalytic kinetic studies, that
are mostly based on simplified analytical analysis of steady-state situations or batch
experiments [16—18]. This study therefore presents a promising strategy for the future design,

development and up scaling of PCO air purifying units.

2. Methodology

2.1 Photocatalytic test reactor and coated glass tubes

The photocatalytic test reactor consisted of a borosilicate glass tube with an internal diameter
of 22 mm and a length of 440 mm. The reactor was provided with inlet and outlet connections
(diameter 4 mm) perpendicular to its longitudinal axis and a closing mechanism using butyl
rubbers to seal both ends airtight. A 25 W UV-A lamp (Philips) was positioned above and
parallel to the reactor housing at a height of 22 mm, resulting in an incident intensity on the
glass tubes of 2.1 mW cm, as measured by a calibrated Avantes Avaspec-3648 spectrometer.
Three glass tubes with an internal diameter of 7 mm, external diameter of 9 mm and a length
of 200 mm were dip-coated using a P25 based powder-modified sol-gel method [19]. For this
coating procedure titanium isopropoxide (TTIP, >98%, Acro organics), isopropanol (i-PrOH,
>98% VWR chemicals), diethanolamine (DEA, 99% Roth) and Aeroxide P25 (Evonik) were
used. A suspension of 3 g P25 in 50 mL isopropanol was made and ultrasonically stirred for 20
min. Thereafter, 8.53 g TTIP and 12.63 g DEA were added while stirring. After 2 h of stirring,
1.08 mL H>O was added to complete the synthesis. This coating shows improved adhesion
properties compared to a standard P25 titanium dioxide suspension but requires a subsequent
calcination step at 500°C for 1 h. The adhesion of catalyst particles to the substrate was
evaluated by means of the classic Scotch Tape test, as well as by monitoring the amount of
released nanoparticles, using designated equipment (P-trak, TSI systems), after placing the
coated substrate in a gas flow under 7 bar pressure. The coated substrates showed no particle
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loss and could thus be selected for the experiments. The three coated glass tubes were placed
in the borosilicate glass tube with their length parallel to the air flow. A schematic overview of

the reactor is shown in Figure 1.

2.2 Adsorption/desorption and photocatalytic experiments

Acetaldehyde was used as model compound for indoor air contamination [15,20-23]. In short,
acetaldehyde (Praxair, 1% in N2) was mixed with clean air (Praxair) using mass flow controllers
and dosed to the reactor set-up at inlet concentrations that varied between 20 and 220 ppmv in
air at a fixed total gas flow rate of 400 cm?*min. The concentration of acetaldehyde was
monitored on-line using FTIR spectroscopy by means of the IR peak height at 2728 cm™,
corresponding to the v(C-H) stretch vibration. Prior to each experiment the three glass tubes
were irradiated by UV light for 12 hours in order to remove any adsorbed organic rest fractions
on the TiO; surface originating from the coating procedure. During this ‘cleaning’ phase a total
gas flow rate of 400 cm?/min was applied to stimulate desorption of organics and degradation

products.

Adsorption/desorption and photocatalytic reaction experiments were performed in three phases:
(1) 420 seconds in by-pass mode during which the gas flow is sent directly to the FTIR detection
cell without passing through the reactor, in order to determine the reference concentration level
of acetaldehyde, (2) 3600 seconds gas flow through the reactor in dark conditions in order to
achieve adsorption-desorption equilibrium, and finally (3) 3600 seconds gas flow through the
reactor under illumination during which PCO takes place. These adsorption-desorption and
PCO experiments were performed for 3 different concentrations of acetaldehyde and served as
input for modelling and parameter estimation purposes. From the transient acetaldehyde bulk
concentrations measured by FTIR at the reactor outlet during the second phase of the
experiments, adsorption/desorption rate constants were determined for dark conditions. The

obtained values served as input parameters for estimating the PCO reaction rate constant from



the transient bulk concentrations during the third phase. By performing the experiments in

subsequent phases, the number of parameters to be estimated simultaneously could be limited.

To evaluate the validity of the obtained intrinsic kinetic parameters, an additional experiment
was performed in which the gas flow is switched directly from bypass-mode (phase 1) to
reactor-illumination mode (phase 3). In this case adsorption/desorption and photocatalytic
reaction processes all occur simultaneously in non-steady-state conditions, which makes data

modelling quite challenging and thus provides the ultimate test-case for parameter validation.

2.3 Multiphysics Modeling

2.3.1 Air flow modelling and acetaldehyde transport

The commercial software package Comsol Multiphysics v.5.1 was used to perform all
theoretical simulations. The complete reactor setup, including the FTIR detection cell, was built
in the CFD geometry (Figure 1). Also the thin tubes of 4 mm internal diameter connecting the
by-pass switch valve with the test reactor as well as the reactor with the FTIR detection cell
were included in the computational geometry since they also contain a small volume of air that
should not be neglected. The length of the connecting tubes before and after the test reactor
were 1.5 m and 2.5 m, respectively. In order to keep Figure 1 clear, the lengths of the connecting

tubes are not shown to scale.

Inlet

Glass tubes

By-pass

FTIR cell \ g
Outlet

Figure 1: CFD geometry including the test reactor, connecting tubes and FTIR detection cell.



For simplification and to reduce computation time, only half of the geometry was meshed
(Figure 2). To ensure mesh quality, a user-defined mesh was created with an average mesh
quality of 0.65. Since the main air flow direction is parallel to the length of the connecting tubes
and the reactor, it was possible to reduce the number of mesh elements by using prism elements
in a substantial part of the geometry. A total of 54,600 prism elements were needed to guarantee
a sufficiently fine mesh for these parts. For the inlet and outlet sections of the reactor and the
FTIR detection cell 18,000 tetrahedral mesh elements were needed. Under the flow rate
conditions studied, local Reynolds numbers were very low, ranging from 25 in the reactor bulk
to 185 in the connecting tubes. As a result, a laminar air flow model for incompressible fluid

could be used.

Connecting tubes

Glass tubes

Connecting tubes

Figure 2: Representation of the mesh used in the CFD simulations.

Assuming the appropriate gas flow rate at the reactor inlet and constant atmospheric pressure
at the FTIR cell outlet, a steady-state solution for the air flow velocities in the reactor was

generated using a stationary solver. The transport of acetaldehyde during the transient phases



of the experiments was then modelled by coupling the time dependent advection and diffusion

equation to the stationary velocity field vector u (Eq. 1):

acC cal,bu
A aéb k —vy. (DVCAcal,bulk) — - VCycai puik (Eq. 1)

With Cucarpuik the bulk concentration of acetaldehyde in the reactor, the FTIR cell and the tubes
[mol m~], and D the mass diffusion coefficient of acetaldehyde in air [m? s']. The latter value
can be found in literature and was set to 1x10% m? s™! [24]. This equation accounts for the
evolution of the acetaldehyde concentration in the flow due to diffusion (first term on the right-

hand side of Eq. 1) and advection (second right-hand side term) of acetaldehyde molecules.

2.3.2 Adsorption/desorption of acetaldehyde

Adsorption of pollutants on the TiO» surface is an essential precursory step in photocatalysis.
Often Langmuir behavior is considered in which the fractional surface coverage 6., of the
adsorbed molecules is determined by the bulk concentration Cecaipur and the Langmuir
equilibrium constant K, defined as the ratio of the adsorption and desorption rate constants

kads/kdes [25,26] (Eq 2):

Kt CAcal,bulk _ CAcal,ads
1+KCycappuik Ig

HAcal = (Eq 2)

where Cucaraas is the surface concentration of adsorbed molecules [mol m™] and I is the
maximum surface coverage, corresponding to full occupation of active sites. Simultaneous
adsorption and desorption of the pollutants occur on the TiO: catalyst in both dark conditions
and under UV illumination, and both processes should therefore be taken into account during
all operation steps. Especially during transient (i.e. non-steady-state) operation of the
photocatalytic reactor, knowledge of the Langmuir equilibrium constant K alone is not
sufficient for accurate modelling as transitions do not occur instantaneously. In such cases,

independent values for both k.4s and kqes are required to simulate the evolution of the pollutant



concentration in the system, as we will demonstrate below. In fact, whenever the pollutant
concentration changes during operation, which is typical for indoor air where pollution levels
may vary during the day, adsorption and desorption reactions drift away from equilibrium
resulting in transient behavior. To model simultaneous adsorption and desorption, a new species
AcAlaas with corresponding surface concentration Cycarads Was associated with the TiO; coated
surface of the glass tubes. By doing so, we could differentiate between acetaldehyde in the bulk
gas phase AcAlpur and its adsorbed counterpart on the coated glass tubes AcAl.qs. Acetaldehyde
adsorption was modelled as a species flux N.qs across the coated surface of the glass tubes [mol
m 5] from the bulk to the surface; desorption, on the other hand, was a species flux Nues across

the same boundaries but in opposite direction (Eq. 3).
e U (_DVCAcal,bulk +u: CAcal,bulk) = —Ngas + Nges (Eq. 3)

with n the normal vector pointing outward on the boundaries of the geometry. To ensure
conservation of mass, the same rate expressions were used for the new species AcAlqqas; except

here adsorption is a source term with positive sign and desorption is a sink term with negative
sign ((Eq. 4).

0 CAcal,ads

ot = Ngas — Nges (Eq. 4)

The rate expressions for acetaldehyde adsorption N4 and desorption Nees (both in mol m™2 s1)
on the coated surfaces are given by the typical Langmuir expressions ((Eq. 5 & (Eq. 6).
Nggs = kadsCAcal,bulk(l — Bacar) (Eq. 5)
Nges = KaesOacar (Eq. 6)

With ks the adsorption rate constant [m s'] and ks the desorption rate constant [mol m= s™].
Only at equilibrium, the adsorption and desorption rates are equal and yield the aforementioned

Langmuir expression (Eq. 2). By using separate rate expressions and appropriate rate constants



for adsorption and desorption, we were able to model transient adsorption and desorption, away

from the equilibrium.

2.3.3 Photocatalytic reaction kinetics

We assumed a uniform UV intensity distribution on the coated surfaces of the glass tubes, given
the small dimensions of our laboratory set-up. We also followed a straightforward approach in
which the photocatalytic reaction rate is expressed by an order one with respect to the surface

concentration of adsorbed molecules ((Eq. 7) [4]:
Rpco = kpco CAcal,ads (Eq.7)

where ko [s'] is the photocatalytic reaction rate constant. The photocatalytic reaction rate Ryco
[mol m? s!] was added to the expression for the time derivative of adsorbed acetaldehyde as
an extra sink term to account for the degradation of acetaldehyde on the coated surfaces of the

glass tubes during illumination ((Eq. 8).

ac
% = Ngas — Nges — Rpco (Eq. 8)

2.4 Intrinsic kinetic parameter estimation

The determination of the intrinsic kinetic parameters is based on correlating the model to the
transient concentration profiles measured by FTIR, a procedure also used in our previous work
[11]. In short, parameter estimation is based on fitting the experimental concentration profiles
by adapting the kinetic parameters used in the models within user-defined constraints.
Practically, a gradient-based Sparse Nonlinear OPTimizer (SNOPT) algorithm [27] with an
optimality tolerance of 1 x 10" was used to find the local minimum of a least-squares objective

function ((Eq. 9):

Ob_] = Z(CAcal,out,exp.t - CAcal,out,CFD,t)z (Eq 9)
t
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Cucaoutexpt;, and Cucaiour,crp, are the experimental and predicted outlet concentrations at a
particular time ¢, respectively. Both experimental and predicted concentrations are volume-
averaged values for the complete FTIR detection cell, since the spectrometer uses the complete
volume of the cell for measuring the absorption spectrum. The intrinsic parameters that were
estimated in this study are kaas, kdes, kpco and I's. By performing the experiments in different
phases, as discussed earlier, we could limit the number of optimization parameters. From the
results of phase (2), where adsorption equilibrium is established in dark conditions, the
adsorption parameters kads, kses and I's were determined using the optimization solver, as no
photocatalytic reaction occurred during this phase. At the start of the photocatalytic reaction
phase (3), adsorption/desorption equilibrium has been established. Therefore, kuds, kses and I
become less critical in the optimization and in principle the photocatalytic reaction rate constant
kpeco could be determined as the only optimization parameter. An important remark is that
adsorption and desorption of acetaldehyde still continue while the photocatalytic reaction is
ongoing. Besides, both ks and kqes are not necessarily the same as in dark conditions. It has
been shown that upon light excitation, the electronic band structure of TiO; is re-organized,
which results in deviating values for the adsorption parameters as compared to those in dark
conditions [28]. In this work, the adsorption and desorption rate constants obtained in dark
conditions (phase 2) were therefore taken as initial input values in the optimization solver for

fitting the acetaldehyde concentration profiles obtained for the photocatalytic reaction phase.

3. Results and discussion

3.1 FTIR spectroscopy experiments

Figure 3 shows the acetaldehyde concentration profiles monitored by the FTIR detector during
the three phases of the experiment (i.e. the by-pass phase BP, the phase where adsorption-
desorption equilibrium is reached under dark conditions and the illumination phase during
which PCO takes place). In Figure 3, an additional adsorption phase under dark conditions was
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included in order to re-establish the initial bulk acetaldehyde level. Results for three

experiments with different bulk acetaldehyde concentrations are shown.
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Figure 3: Transient acetaldehyde concentration profiles monitored by the FTIR detection cell.

The average acetaldehyde inlet levels, as directly derived from the steady-state concentrations
in the by-pass phase, are 1.80 x 102, 1.37 x 107 and 9.12 x 10* mol m™* for the blue, red and
black data curves respectively. In the adsorption phase, the drop in bulk acetaldehyde
concentration can be explained by (1) displacement of air occupying the reactor when the valve
is switched from the by-pass to the reactor and (2) adsorption of acetaldehyde on the catalytic
surface. It is essential that the bulk acetaldehyde concentration returns to the same level as
during the by-pass phase, as this indicates that the adsorption/desorption equilibrium is
established. The adsorbed amount of acetaldehyde at equilibrium was derived by integrating
the transient acetaldehyde bulk concentrations over the time period in which the rate of
adsorption was greater than the rate of desorption, and subtracting the obtained value from the
amount of acetaldehyde entering the reactor in the same period [20]. As in our previous work,
a correction was made for the dead space in the reactor by performing the same adsorption tests
with uncoated glass tubes at the same fixed flow rate and bulk acetaldehyde concentrations [11].

The as-determined amounts of adsorbed acetaldehyde in all three cases converge to a coverage
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of 0.00011 mol m, which is taken as the value for maximum surface coverage /s During the
illumination phase, the photocatalytic conversion is determined to be 84%, 89% and 91% for
the high, middle and low inlet concentration, respectively. Thereafter, the UV light was turned

off and adsorption/desorption equilibrium is re-established.

3.2 Multiphysics Modeling

3.2.1 Air flow modelling

A typical steady-state air flow velocity profile is plotted on the symmetry plain of the geometry
and shown in Figure 4. For clarity, a cross section through the glass tubes is added. The highest
velocity is located in the thin connecting tubes (0.65 m s!) at the in- and outlet of the reactor.
The velocity range plotted on the figure is set manually at 0 to 0.05 m s’ in order to compare

local differences. In the reactor tubes, typical laminar velocity profiles are observed.

-

Figure 4: Modelled velocity profile in the reactor geometry under steady-state air flow (scale in m/s).

3.2.2 Kinetic parameter estimation

The experimental data obtained during the dark reactor phase are fitted with the simulated
acetaldehyde bulk concentration profiles (volume-averaged values) that are obtained by

applying the SNOPT algorithm. The results are shown in Figure 5.
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Figure 5: CFD simulations (solid lines) based on the adsorption experiments (data points) at different bulk

concentrations.

The agreement of the simulations and the experimental data is good as evidenced by the overall
coefficient of determination of 0.971. As initial values for the optimization routine, we used the
maximum surface coverage obtained from the experiments (0.00011 mol m™2) for I, and
random values for kuus and kqes. The optimized parameters kads, kaes and I's are listed in Table 1.
Notice that the experimentally determined maximum surface coverage /'y derived from Figure
3 is confirmed by the optimization routine. It is emphasized that for parameter estimation, the
objective function ((Eq. 9) was evaluated and minimized using the complete set of experiments,
i.e. the three concentration profiles for the experiments at different acetaldehyde bulk
concentrations. This way, the obtained set of values for ks, kses and Iy represent the intrinsic
values that are truly independent of the acetaldehyde bulk concentration, within the
concentration range of the experiments. From the obtained values of kuas, kaes and I, the
Langmuir isotherm was derived and plotted in Figure 6. It should be noticed that an
experimental, analytical analysis to determine the Langmuir equilibrium constant K will fail to
estimate the absolute values for kuss and kues independently. An important advantage of our CFD
modelling approach is that by following the transient adsorption and desorption behavior, we
can accurately determine independent absolute values for kuus and kqes. This is illustrated here
for one particular bulk concentration, 1.37 x 10~ mol m™ (designated by the red dotted lines in
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Figure 6, a similar discussion could be conducted for the experiments at other bulk

concentrations).
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o
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Figure 6: Langmuir adsorption isotherm obtained by the modelling optimization approach.

Figure 7a shows again the experimental transient acetaldehyde bulk concentration profile. This
time, the bulk concentration profiles obtained by the model and using the optimized parameters
K and [y are included in the figure (curve E, black line). The other curves represent simulations
for the same value of K but different absolute values for k.5 and kqes gradually varying from A
to I, where A represents kuds and kqes €ach divided by a factor of 10 and I represents kuss and kees
each multiplied by a factor of 10. Figure 7b displays the transient acetaldehyde coverage on the
coated surface of the glass tubes for each of these cases. As can be seen from the figures, at a
particular K and [, the higher kuss (and thus kues), the faster the equilibrium is reached. Clearly
the values of kuss and kqes. affect the shape of the concentration profile, allowing to determine

them accurately using the described optimization routine.
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Figure 7: a) Experimental (black dots) and simulated (lines) transient acetaldehyde bulk concentration profile for
the same value of K but different values of k. and kq.s with curve E the optimized fit, A based on k.4 and kg €ach
divided by a factor of 10 and I based on ku4s and kqes each multiplied by a factor of 10. b) the transient acetaldehyde

coverage on the coated surface of the glass tubes for those conditions.

3.2.3 Kinetic parameter estimation: adsorption/desorption and PCO in UV conditions

In a first attempt to model the transient behavior in the UV phase during which the
photocatalytic reaction takes place, we used the optimization routine with a single optimization
parameter, kyco. In this approach, the values of kuds, kaes and Iy obtained from the dark phase
were used to model adsorption and desorption during the UV phase. The optimized value

obtained for &, 1s included in Table 1.

Table 1: Optimized intrinsic kinetic parameters

Parameter Dark phase UV phase
K [m*mol'] 84,552 5654
Kaas [mes™] 3.295 x 10 1.293 x 1073

kes [mol-m2-s71] 3.897 x 10 2.287 x 107
kpeo [s71] 9.97 x 101 @ 6.072 x 1073

I's[mol'm?] 1.101 x 10" 1.01 x 10

(a) This is the photocatalytic reaction rate constant obtained when using k. and k4, from the dark adsorption

phase as fixed input parameters in the optimization routine.
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Despite the good agreement obtained for the adsorption phase (Figure 5), the model was not
able to simulate the transient bulk acetaldehyde concentrations during the photocatalytic

reaction phase using this set of kinetic parameters, as shown in Figure 8a.
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Figure 8: Optimized CFD simulations (solid lines) during the photocatalytic phase based on the experimental data
at different bulk concentrations (colored data points) using the optimized kinetic parameters obtained under (a)

dark conditions and (b) UV conditions.

Initially, the model underestimates the bulk acetaldehyde concentration, while the bulk
concentrations at later times (when the equilibrium is reached) are clearly overestimated. To
provide an explanation for the underestimation of the photocatalytic conversion by the model,
the acetaldehyde coverage on the coated surface of the glass tubes, as calculated using the
specific set of kinetic parameters (Table 1, ‘Dark phase’ column) for both the dark and the
illumination phase, is shown in Figure 9a for the case of an acetaldehyde bulk concentration of

1.37 x 107 mol m=.
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Figure 9: The transient acetaldehyde coverage on the coated surface of the glass tubes using optimized kinetic

parameters under (a) dark conditions and (b) UV conditions.

As soon as the photocatalytic reaction starts, a steep drop in the concentration of adsorbed
acetaldehyde is observed, indicating that the reaction is strongly limited by adsorption, at least
when this set of kinetic parameters is considered. As already mentioned, kuus and kues are not
necessarily the same in dark and UV illuminated conditions as the model results clearly confirm.
When the optimization routine was used to estimate both kuas, kaes and kpco from the acetaldehyde
concentration profiles corresponding to the photocatalytic reaction phase (using the adsorption
and desorption rate constants obtained in dark conditions as initial guesses in the optimization
routine), a new set of kinetic parameters was obtained (column 3 in Table 1). We assumed no
change in 7 in this approach. Both kuss and kues have increased by at least one order of
magnitude when the UV light is on. The most significant effect is observed for k4es, which

increases by two orders of magnitude when switching on the light. As a result, the Langmuir
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equilibrium constant K under UV light conditions is about 15 times smaller than the value
obtained in dark conditions. When comparing the transient bulk acetaldehyde concentrations
obtained for the photocatalytic reaction phase using the new set of kinetic parameters (Figure
8b), a far better agreement is observed, also evidenced by the overall coefficient of
determination (0.965). Firstly, the bulk concentrations when the equilibrium is reached and the
corresponding photocatalytic conversion agree well with the experiments. Secondly, the sudden
15 fold decrease of the Langmuir equilibrium constant K when the UV light is switched on,
enables the model to simulate the small increase in the bulk acetaldehyde concentration at the
start of the illumination phase. This sudden increase of the bulk concentration is always
observed during the first 50 seconds when the UV light is switched on, although the
photocatalytic reaction starts instantly after switching on the UV light. Strikingly, the
optimization procedure succeeds in estimating the kinetic parameters required to simulate this
behavior. For comparison, the transient acetaldehyde coverage on the coated surface of the glass
tubes, as calculated using the new set of kinetic parameters (column 3 in Table 1) are plotted in
Figure 9b. The reaction is no longer limited by adsorption, whereby the drop of the surface
concentration when the UV light is switched on, is less pronounced, resulting in a better

photocatalytic conversion.

To evaluate the validity of the final obtained intrinsic kinetic parameters, they were used to
simulate the transient acetaldehyde concentration during an experiment in which the gas flow
is switched directly from bypass-modus (phase 1) to reactor-illumination modus (phase 3), and
this for three different initial bulk concentrations. The transient concentration profiles (Figure
10) indicate simultaneous adsorption/desorption and photocatalytic reaction, as their shape
seem to be composed of a superposition of the profiles under dark and UV conditions.

Obviously, we expect that in such case the intrinsic kinetic parameters under UV light condition
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(column 3 in Table 1) are the best choice for the model. The corresponding CFD model results

are included in Figure 10 and agree well with the experimental results.

By-
| _pass

Adsorption + photocatalytic phase

Bulk concentration (mmol m'3)

Figure 10: Validation of the CFD model by simulating the transient acetaldehyde concentration profiles for three
different initial bulk concentrations sent directly through the reactor under UV illumination. Black lines:

simulation, colored dots: experimental data.

From this ultimate validation test we can conclude that the intrinsic adsorption/desorption and
photocatalytic reaction rate constants obtained from the modelling approach using the
optimization route, are quite reliable. The obtained kinetic parameters will be very useful in
further designing and upscaling of PCO air purifying units, as they can be used in CFD models
for larger and more complex geometries. Equally important, the intrinsic kinetic parameters,
when correctly used in a CFD model, allow evaluating the performance of PCO units in

transient operating conditions.

4. Conclusions

A novel multi-tube reactor is presented that shows high photocatalytic conversion efficiencies
up to 91% for an acetaldehyde concentration of ca. 1 mmol m™. Experimental data obtained
from FTIR spectroscopy at the reactor outlet are used as input for a CFD model to investigate
all relevant photocatalytic related parameters. Unlike analytical methods, the CFD model is
able to calculate the adsorption and desorption rate constants independently, which are key
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factors in determining the transient adsorption and photocatalytic behavior. The corresponding

CFD simulations show excellent agreement with the experimental data with high coefficients

of determination. Both adsorption and desorption rate constants are observed to increase

drastically under UV conditions. The most significant effect is observed for the desorption rate

constant, which increases by two orders of magnitude when switching on the lamp. This mainly

affects the resulting surface concentration of acetaldehyde that in turn determines the maximal

achievable photocatalytic conversion efficiency. An ultimate validation test which involves the

simultaneous contributions of adsorption and photocatalysis proves that the model is a versatile

and accurate tool to calculate all photocatalytic related parameters.
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Figure 1: CFD geometry including the test reactor, connecting tubes and FTIR detection cell.

Figure 2: Representation of the mesh used in the CFD simulations.

Figure 3: Transient acetaldehyde concentration profiles monitored by the FTIR detection cell.

Figure 4: Modelled velocity profile in the reactor geometry under steady-state air flow (scale in m/s).

Figure 5: CFD simulations (solid lines) based on the adsorption experiments (data points) at different

bulk concentrations.

Figure 6: Langmuir adsorption isotherm obtained by the modelling optimization approach.

Figure 7: a) Experimental (black dots) and simulated (lines) transient acetaldehyde bulk concentration
profile for the same value of K but different values of kads and kdes with curve E the optimized fit, A
based on kads and kdes each divided by a factor of 10 and I based on kads and kdes each multiplied by
a factor of 10. b) the transient acetaldehyde coverage on the coated surface of the glass tubes for those

conditions.

Figure 8: Optimized CFD simulations (solid lines) during the photocatalytic phase based on the
experimental data at different bulk concentrations (colored data points) using the optimized kinetic

parameters obtained under (a) dark conditions and (b) UV conditions.

Figure 9: The transient acetaldehyde coverage on the coated surface of the glass tubes using optimized

kinetic parameters under (a) dark conditions and (b) UV conditions.

Figure 10: Validation of the CFD model by simulating the transient acetaldehyde concentration profiles
for three different initial bulk concentrations sent directly through the reactor under UV illumination.

Black lines: simulation, colored dots: experimental data.
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