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A B S T R A C T

The design and operation of reactors for photocatalytic degradation of organic pollutants remains challenging
due to the complex interplay of photon, mass, and heat transfer. An integrated process model including a ra-
diation field, reaction kinetics, and material balances of an annular LED-based photocatalytic reactor for pho-
tocatalytic degradation of toluene is validated using experimental data from a mini-pilot plant. A particular
emphasis is on the effect of water on reaction kinetics, toluene conversion, mineralization, and catalyst deac-
tivation, which is currently not well understood. The results from parameter estimation demonstrate that a
competitive reaction rate model describes the experimental data with varying water concentration best.
Furthermore, experimental trends demonstrate that toluene conversion is highest at low water concentrations,
however, mineralization and catalyst lifetime are enhanced by the presence of water. The validation of the
integrated process model and understanding of the role of water allow for improved design and operation of
future photocatalytic reactors.

1. Introduction

Heterogeneous photocatalysis has great potential for many appli-
cations involving either a liquid or a gas phase [1–5]. Photocatalysis

uses a semiconductor, often TiO2, to generate catalytic active sites by
absorbing photons that are typically in the UV range. Recently, much
attention has been paid to the capability of this technology for re-
mediation of water and air because of its ability to degrade a broad
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range of organic pollutants at very low concentrations [6–9]. However,
photocatalysis still lacks broad industrial adoption due to its low overall
efficiency despite its promising applications and intensive research
during the last decades.

The main challenges to improve the efficiency of photocatalytic
processes include the development of more efficient photocatalysts as
well as the design of efficient photocatalytic reactors. The latter is
complicated by the lack of knowledge on kinetic reaction mechanisms
and by the need to optimize mass, heat, and photon transfer simulta-
neously [10,11]. Especially, if artificial light sources are used, an effi-
cient utilization of photons within the reactor is of great importance to
lower operational costs while still achieving optimal illumination of the
catalyst. Furthermore, efficient mass transfer of reactants and products
is required. Therefore, the scale-up and efficient operation of photo-
catalytic reactors remains challenging, which may hinder commercial
development [10].

Mathematical models based on first principles can be efficient tools
for design, scale-up and optimization studies since process models
provide an understanding about optimal performance and limitations of
a process. For photocatalytic processes, such models should include
mass, momentum and radiation balances coupled via reaction kinetics.
Several studies have been dedicated to modelling of photocatalytic
systems for different applications [12–19]. Tomasic et al. [13] com-
pared one (1-D) and two-dimensional (2-D) models of a continuous
annular photocatalytic reactor for toluene degradation in air, where
TiO2 was coated on the inner wall of the reactor shell and illuminated
internally by a fluorescent blacklight blue lamp. They concluded that a
2-D model is superior to a 1-D model when comparing experiments to
simulations. Lopes et al. [14] modelled a continuous tubular photo-
catalytic reactor, under simulated solar irradiation assuming a uniform
light distribution on the catalytic surface, for degradation of per-
chloroethylene over TiO2 in the gas phase by solving mass and mo-
mentum balances. They combined the mathematical model with dif-
ferent reaction rate expressions and fitted to the experimental results
from a lab-scale set-up to find the mechanism that described the reac-
tion best. In general, the irradiance over the catalyst surface might not
be uniform leading to differences in local reaction rates. Therefore, a
radiation field model predicting the local photon flux within the reactor
is important to improve models of photocatalytic processes [15,18].
Hossain et al. [17] developed a three-dimensional model for a pilot-
plant monolith photocatalytic reactor, which was illuminated from the
front and back sides by low pressure mercury lamps. The model in-
cluded mass, momentum and radiation balances and was validated
experimentally for degradation of formaldehyde and toluene. A
monolith reactor provides a large catalytic surface area; however, the
photon utilization within such a reactor can be poor. In order to provide
a bigger catalytic surface area and more efficient photon utilization,
Imoberdorf et al. [16] proposed a multi-annular photocatalytic reactor,
where TiO2 is coated on the reactor walls. They studied models and
experiments of the reactor for perchloroethylene photocatalytic de-
gradation in air. A tubular UV lamp was placed at the center of the
reactor and the lamp emission profile was modelled and coupled to
intrinsic reaction rates to close material balances and a momentum
balance. The experimental data corresponded well to the model. In
another study, Batista et al. [19] modelled the performance of a non-
steady state annular photocatalytic reactor, illuminated externally by
four cylindrical daylight fluorescent lamps. The model was validated by
experimental results for toluene degradation over CeO2-TiO2. Experi-
mental results confirmed the results from the model.

Conventional lamps, which are frequently applied for photocatalysis
studies, are normally rigid cylindrical lamps constraining the reactor
design due to their fixed shape and size. In addition, they exhibit a
relatively short life span, high toxicity, risk for gas leakage and disposal
issues, and a relatively high energy consumption and heat production
[20]. When using artificial light sources, the operational costs of a
photocatalytic process are mainly determined by photon generation.

Therefore, an inefficient photon generation and utilization within a
reactor may limit economic viability. Alternatively, Light emitting
diodes (LEDs) are feasible light sources for TiO2 assisted-photocatalytic
applications [21,22]. Compared to conventional lamps, LEDs are more
robust, energy efficient, cheap, non-toxic, long-lasting and compact.
Moreover, cost might be favoured by a non-uniform illumination,
which cannot be achieved easily with a conventional lamp [23]. Fi-
nally, LEDs are small, which offers flexibility for design and, therefore,
require a systematic design approach when used in photocatalytic re-
actors.

Modelling of a LED-based photocatalytic reactor including an
emission model for LEDs to derive the local rate of photon absorption is
important for design and optimization, but only few studies exist on this
topic. Wang et al. [24] modelled an externally illuminated flat plate
photocatalytic reactor for degradation of dimethyl sulphide. A flat array
of 3 × 9 LEDs, whose dimension matched the TiO2 catalytic plate in-
side the reactor, was chosen as the light source in this study. A LED
emission model was coupled with reaction kinetics and computational
fluid dynamics (CFD) to model the degradation of dimethyl sulphide in
air, which showed good agreement with experiments. Most of the ex-
perimental studies on modelling and validation of photocatalytic pro-
cesses have been done using lab-scale photocatalytic reactors. However,
considering the complicated scale dependency of photon and mass
transfer within photocatalytic reactors, studies on the modelling and
experimental validation of larger scale LED-based photocatalytic re-
actors are also needed.

The objective of this work is to validate experimentally an in-
tegrated process model of a LED-based photocatalytic reactor on a mini-
pilot plant scale. An experimental setup involving an internally illu-
minated annular LED-based photocatalytic reactor was designed and
constructed for the current model validation study using the photo-
catalytic degradation of toluene, a typical indoor air pollutant, in the
gas phase as model system. Toluene is one of the most common indoor
pollutants, which has recently raised many concerns regarding human
health [4,25–27]. The process model has been described and optimized
in earlier work [23] and includes mass transfer, reaction kinetics, and a
LED emission model. The mass transfer model and radiation field model
allow for local concentrations of chemical species and photon absorp-
tion to be calculated when kinetics of toluene degradation are fully
understood. In addition to toluene and oxygen, water will likely be part
of the feed mixture of any practical system. However, although the role
of water in photocatalytic degradation of toluene has been investigated
extensively [28–35], water remains a controversial subject of debate.
Some studies showed that in the absence of water, no photocatalytic
degradation of toluene occurs [30–34], while other studies proposed
only a minor role of hydroxyl radicals originated from water in the
photocatalytic degradation of toluene[28,29,35]. The effect of water on
the process behaviour of a LED-based photocatalytic reactor needs to be
fully understood to develop reliable process models for engineering
purposes such as design, control, and optimization. Therefore, this
study aims to improve the prediction of the effect of water by operating
the system at different relative humidity and fitting various kinetics
models to the data from the new mini-pilot plant. Furthermore, a focus
will be on the experimental trends regarding conversion and full mi-
neralization of toluene and catalyst deactivation as function of water
content. Catalyst deactivation has been reported frequently in related
studies at high toluene concentrations [30,36]. Finally, the effect of
other variables such as toluene inlet concentration, residence time, and
irradiance will be investigated to better understand process trends and
to create a data set that is sufficiently rich for parameter estimation and
validation of the integrated process model.
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2. Materials and methods

2.1. Catalysts preparation and characterization

TiO2 was used to prepare a catalytic film on a stainless steel sheet of
0.1 mm thickness as support following the method proposed by Lee
et al. [37]. Before coating, the rectangle sheet of 0.157 m width (the
sheet width matches with the perimeter of a circle of 0.05 m diameter)
and 0.6 m length was washed with ethanol and dried at 80 °C for
15 min. 1.2 g of TiO2 powder (P25 by Evonik; particle size of 21–30 nm;
BET surface area of 50 m2/g) was mixed with 0.4 g of acetyl acetone
(Sigma-Aldrich). The mixture was added to a solution of 6.0 ml of
deionized water and 0.24 g of polyethylene oxide (M.W. 1000, Sigma-
Aldrich) and 0.24 g of polyethylene glycol (M.W. 8000, Sigma-Aldrich).
Subsequently, the obtained paste was sonicated for 8 h and coated
uniformly on the stainless steel sheet by a doctor blade method. The
sheet coated with catalyst was annealed with air at 550 °C for 4 h. Fi-
nally, the catalytic sheet was rolled to form a cylinder and was placed
on the inner wall of the reactor shell.

The phase change between the anatase and rutile crystal form of
TiO2 after annealing at 550 °C was investigated by X-ray diffraction
(XRD) analysis (see Fig. S1 in the Supporting Information). The used
TiO2 is a combination of anatase (≈80%) and rutile (≈20%). The
photocatalytic activity of anatase is superior to rutile [38]. It is well
known that at high temperatures the anatase phase of TiO2 converts to
the rutile phase. Different temperatures have been reported for this
transition [39]. Our XRD analysis showed that the anatase to rutile
transition for P25 was negligible and reached only around 3% after
being heated to 550 °C. The catalyst film thickness was measured by a
profilometer (Dektak 8 Profiler, Veeco GmbH) at several locations on
the catalytic sheet, which was found to be 25 ± 6 µm.

The fraction of photons reflected by the catalytic film was measured
as function of wavelength using a spectroradiometer equipped with an
integrating-sphere attachment (Perkin Elmer Lambda 900) with
150 mm integrating sphere. Fig. 1 shows the fraction of light reflected
at different wavelengths of light. For the dominant wavelength used in
this study (365 nm), the fraction of light reflected is 25%. Considering
that there is no transmission of light in our catalytic system, the fraction
of light absorbed is about 75%.

The fraction of light transmitted through the catalytic film and
substrate material is assumed to be zero, because of the optically thick
catalytic film and chosen substrate material [40]. Taking into account
the closed and tubular reactor configuration and the possibility of re-
absorption of reflected photons, any loss of photons due to reflection
and subsequent absorption by any material other than the photocatalyst
has been neglected when modelling the photocatalytic reactor. There-
fore, any kinetic effects of photon reflection will be taken into account
indirectly when fitting model parameters of reaction kinetics. In

addition, the fraction of absorbed photons depends on the photon wa-
velength as depicted in Fig. 1. Therefore, for a polychromatic field, the
monochromatic rate of photon absorption in the reaction kinetics is
calculated by integration of photon absorption rates for different
photon wavelengths over the catalytic surface. However, in this study
due to the very narrow spectra of LEDs, the rate of photon absorption is
approximated as a monochromatic radiation source of 365 nm wave-
length.

2.2. Experimental set-up and method

A mini-pilot plant experimental set-up (Fig. 2) was designed and
constructed. The set-up is composed of three main parts: a feed pre-
paration system, a tubular LED-based photocatalytic reactor and a
product sampling and analysis system.

The carrier gas in this study is a mixture representing air with N2

(78%) and O2 (22%). The reactor feed is generated by mixing three gas
streams: a stream of carrier gas containing toluene, a humid stream of
carrier gas with water vapour and a stream of carrier gas for dilution.
Liquid toluene is used to generate toluene vapour in the carrier gas.
First, regulated flows of pure N2 and O2 are mixed via two mass flow
controllers (MFC) (F-201CV-1K0-RAD, Bronkhorst, the Netherlands) at
a desired ratio to generate the carrier gas. The liquid toluene (anhy-
drous 99.8%, Sigma-Aldrich) is pressurized by helium in a stainless
steel vessel of which the outlet flow is controlled by the MFC. The liquid
toluene and the carrier gas flow into a Controlled Evaporator Mixer (E-
7110-04-33-01-RAA, Bronkhorst, the Netherlands) where toluene is
heated, vaporized and mixed with the carrier gas. A similar Controlled
Evaporator Mixer system is used to obtain carrier gas humidified with
water. The two carrier gas streams (toluene feed and humidified carrier
gas) are mixed and further diluted with a third feed stream of carrier
gas to provide the reactor feed of desired toluene concentration and
relative humidity. Consequently, the initial toluene concentration and
relative humidity of the resulting mixture can be varied in the range of
30–85 ppmv and 0–70%, respectively, before entering the reactor. The
relative humidity of the feed is monitored at the reactor inlet and outlet
using on-line thermohygrometers (model HC2-IE102, Rotronic). The
photocatalytic degradation of toluene at the surface of a TiO2 film is
known to be more effective at room temperature rather than at elevated
temperature [41]. Therefore, all experiments were performed at 30 °C.
The reactor shell has a jacket through which water of 30 °C flows to
keep the reactor temperature at this desired value. Furthermore, all of
the conduits are made of stainless steel and are heat traced to keep the
gas flow at 30 °C.

The standard configuration of the LED-based photocatalytic reactor
consists of three concentric cylinders of the same length. The used UV-
LEDs (NSSU100CT, Nichia, Japan) have a maximum spectral intensity
at 365 nm and 10 nm half height width and a directivity of 55 °at 50%
of irradiance. 246 LEDs are mounted evenly on the inner cylinder and
distributed in such a way that they provide almost a uniform illumi-
nation pattern on the catalytic surface [23]. The irradiance emitted by
the LEDs can be manipulated using current-control mode since irra-
diance of LEDs is linearly proportional to the applied current. De-
pending on the applied current, the power consumption of LEDs varied
from 0.81 to 3.6 [W] in this study. The photon flux from the LEDs re-
ceived by the catalytic film is measured by a calibrated spectro-
radiometer (Avaspec-ULS2048). The LEDs are separated from the re-
acting medium by a quartz cylinder in the middle, which is transparent
to UV radiation. The outer cylinder is made of stainless steel and is used
as the reactor shell to support the catalyst film. The catalytic sheet is
placed on the inner wall of the reactor shell. A flow distributor with
several small orifices is used at the reactor inlet to achieve a fully de-
veloped velocity profile at the cross section of the reactor. The system is
characterized in terms of toluene conversion, mineralization, and cat-
alyst deactivation for different reactor lengths and operational variables
including toluene inlet concentration, relative humidity, volumetric
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Fig. 1. Fraction of photons reflected by the catalytic sheet versus emitted photons wa-
velength.
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flow rate and irradiance. The experimental details including reactor
geometry and operational conditions are summarized in Table 1. Every
experiment in this study has been repeated at least once. The un-
certainty of the experimental results has been reported as the 90%
confidence interval.

A back pressure controller (P-702CV-6K0A-RAD, Bronkhorst, the

Netherlands) keeps the reactor pressure at slightly above ambient
pressure (1.09 bar) and the pressure of the system is measured using a
pressure meter (P-502C-6K0A-RAD, Bronkhorst, the Netherlands) lo-
cated before the reactor inlet. A part of the reactor effluent flows into an
on-line Gas Chromatograph (GC) (GC-7890B, Agilent Technologies)
with a constant flow rate, which is measured with a mass flow

Fig. 2. (a) Schematic diagram of experimental
set-up; (b) schematic reperesentation of the cross-
sectional side view of the LED-photocatalytic re-
actor, and (c) schematic reperesentation of the
cross-sectional view of the LED-photocatalytic
reactor.
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controller (F-201CV-1K0-RAD, Bronkhorst, the Netherlands). The re-
maining part of the reactor effluent flows into a vent. The GC is
equipped with a methane convertor, two Flame Ionization Detectors
(FID, one for hydrocarbons and another one for CO2 concentrations
lower than 50 ppm detection) and two Thermal Conductivity Detectors
(TCD, one for N2 and O2 and another one for CO2 detection). Gasses
such as CO and CO2 are separated with PPQ/Molseive columns. After
the chromatographic separation has taken place, CO and CO2 are con-
verted to CH4 using hydrogen on a nickel catalyst and measured as CH4

with the FID detector. The advantage of using the FID detector is the
much higher sensitivity and stability of FID compared to TCD. Although
the GC configuration used in this study was designed and calibrated to
detect a wide range of byproducts from photocatalytic degradation of
toluene such as benzaldehyde and benzoic acid, no by-product was
detected in the reactor effluent gas.

Before starting a catalytic test, the reactor feed is injected into the
GC via a bypass line to analyse the feed composition. Subsequently, the
reactor is purged for 2 h with feed without illumination to reach the
equilibrium state. Finally, the illumination is started and the con-
centrations of the various species in the reactor effluent are measured
every 20 min. All the experimental data are obtained using the same
catalytic film to prevent any bias resulting from differences in catalyst
surface and thickness. However, due to catalyst deactivation, the cat-
alyst was regenerated rigorously before conducting a new experiment.

To investigate the catalyst deactivation, experiments are carried out
for a period of 240 min. It has been reported that O2 molecules are
necessary for faster catalyst regeneration since the humidified N2

stream cannot efficiently regenerate the catalyst activity [42]. There-
fore, before every experiment, the photocatalyst is regenerated by using
an 800 ml min−1 humidified air (55% RH) stream with 13 W m−2 of
UV irradiance for 8 h. Only the first 30 min of every experiment have
been considered to determine the steady state, because the catalyst
activity decreased over longer periods for some experiments. Catalyst

deactivation is not included in the steady-state process model described
in the next section.

2.3. Reactor modelling and validation

The model used in this work and its assumptions have been de-
scribed in detail elsewhere [23] and is summarized here for com-
pleteness including an extension to consider different effects of water
on the reaction kinetics. The model is based on material, momentum
and radiation balance equations. The internal mass transfer within the
catalytic film has been neglected since the catalyst film is thin and non-
porous. Biard et al. [43] found that the internal mass transfer is neg-
ligible for a similar system as used in this study, which justifies our
assumption.

The toluene mole balance within the reactor is described by:

∂
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where the diffusion coefficient of toluene in air, D [m2 s−1] is
8.8 × 10−6 [19]. C(r, z) [mol m−3] is the toluene concentration as
function of radial and axial direction and u(r) [m s−1] is the gas velocity
profile for a fully developed laminar flow in an annulus described by:
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where r1 is the radius of the inner tube (quartz tube) and r2 is the radius
of the outer tube (reactor shell). Considering the fact that chemical
reactions only occur on the catalytic surface, the boundary conditions
for solving Eq. (1) are:

∂
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= −D C r z
r

R( , ) ,2
(3)

∂
∂

=C r z
r

( , ) 0,1
(4)

=C r C( ,0) ,in (5)

where Cin [mol m−3] is the concentration of toluene at the reactor inlet
and R [mol m−2 s−1] is the toluene degradation rate. The Langmuir-
Hinshelwood (L-H) mechanism has been widely applied to describe the
reaction rate at the initial step of photocatalytic reaction [6,44,45]
including the photocatalytic degradation rate of toluene [31,46]. Since
the by-products and intermediates are normally formed in trace
amounts and could not be detected at the reactor outlet during our
experimental tests despite the used GC configuration that was cali-
brated to detect typical by-products from toluene degradation, their
effects on the reaction rate are ignored:

∝R θt (6)

where θt is the toluene coverage on the catalytic surface.
A photocatalytic reaction rate can often be described by a power law

in association with the rate of photon absorption [47]. The details of the
radiation field model of an array of LEDs are given elsewhere [23].
Furthermore, the radiation field model has been validated for the re-
actor used here in prior work [23]. The reaction rate is proportional to
irradiance:

∝R E ,γ (7)

where the exponent γ has a value between 1 and 0, which can typically
be estimated using non-linear data fitting. At low irradiance, the

Table 1
Reactor dimensions and operating conditions.

Photocatalytic reactor geometry

L reactor length [m] 0.12–0.6
r0 LEDs tube radius [m] 0.008
r1 quartz tube radius [m] 0.02
r2 reactor shell radius [m] 0.025

Operation conditions

Experiment No. Relative
Humidity
(RH)
%

Irradiance (E)
[W m−2]

Toluene inlet
concentration
(Cin)
[ppmv]

Volumetric
flow rate (Q)
[ml min−1]

#1 40 13 19 1250
#2 40 13 30 1250
#3 40 13 42 1250
#4 40 13 52 1250
#5 40 13 70 1250
#6 40 13 80 1250
#7 40 13 42 500
#8 40 13 42 800
#9 40 13 42 1000
#10 40 13 42 1500
#11 0 13 42 800
#12 10 13 42 800
#13 25 13 42 800
#14 55 13 42 800
#15 70 13 42 800
#16 40 3 42 800
#17 40 5 42 800
#18 40 7 42 800
#19 40 9 42 800
#20 40 11 42 800
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reaction rate is proportional to irradiance since the limiting step is
electron-hole generation. When further increasing the irradiance, the
electron-hole generation rate surpasses the reactant consumption rate,
stimulating charge recombination processes which causes a transition
from a first order to a square root dependency with respect to irra-
diance. Finally, at the light-saturated regime, the reaction rate becomes
independent of irradiance since the reaction is limited by mass transfer
[7,48,49].

In several studies, photocatalytic degradation of toluene has been
described successfully by a simple uni-molecular L-H, considering only
toluene adsorption on the catalytic surface [13,28,31,46,50]:

= −
+

R E k KC
KC1

,γ t

t (8)

where k and K are the rate constant and adsorption equilibrium con-
stant, respectively. Ct is toluene concentrations on the catalyst surface.
However, it may be needed to include the effect of water concentration
in the reaction rate expression [32]. Humidity can play a significant
role in a photocatalytic oxidation mechanism via transformation of
water into hydroxyl radicals on the catalyst surface, which are highly
reactive oxidants. In addition, water can also suppress electron-hole
recombination [31]. On the other hand, the surface of TiO2 is hydro-
philic, which results in competitive adsorption between the reactants
and water on the catalytic sites [29]. Consequently, increasing the
water content may decrease toluene adsorption on TiO2 active sites,
affecting toluene coverage on the catalytic surface and, therefore, re-
action rate. To better predict the effect of water on the process beha-
viour, a competitive bi-molecular L-H reaction rate model, described by

= −
+ +

R E k K C
K C K C1

,γ t t

w w t t (9)

is investigated as an alternative to simple L-H kinetics described by Eq.
(8). In Eq. (9), Kt and Kw are the toluene and water adsorption equili-
brium constant and Cw is the water concentration. Four series of ex-
periments are conducted at identical operating conditions except for the
toluene and water inlet concentrations, irradiances and volumetric flow
rates (see Table 1) to compare the performance of both models for re-
action kinetics within the overall process model when describing the
experimental data.

When neglecting any volume changes for different toluene con-
centrations that have low values in this study, the average concentra-
tion of toluene (Ct,out,mod) at the reactor outlet and toluene conversion
are given by:

∫
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where L is the reactor length and r1 and r2 are the inner and outer
annulus radius. Ct,in and Ct,out are toluene concentrations at the reactor
inlet and outlet. Toluene mineralization is defined as the ratio of to-
luene moles converted to form CO2 to the total moles of toluene con-
verted (complete oxidization of 1 mol toluene results in the formation
of 7 mol of CO2) and described as follows [28]:

=mineralization 1
7

mole
mole

.CO ,formed

toluene,converted

2

(12)

The reactor model is solved using Matlab R2014b. An optimization
algorithm is used for fitting the model parameters to experimental data
by minimizing the following error function:

∑= −
=

C i C ierror ( ( ) ( )) ,
i

N

t t
1

,out,exp ,out,mod
2

(13)

where N is the number of data points obtained from multiple identical

experiments and Ct,out,exp and Ct,out,mod are the toluene outlet con-
centrations from the experiments and the model, respectively.

The differential Eq. (1) is solved via discretization along the axial
and radial directions using finite difference approximations. In parti-
cular, a first-order upwind scheme is used to produce ×N NR L algebraic
equation (where NR is the number of grid points in the radial direction
and NL is the number of grid points in the axial direction), which are
solved simultaneously.

3. Results and discussion

3.1. Model validation and parameter estimation

3.1.1. Mass transfer limitations
A number of experiments were conducted to study any mass transfer

limitation in the reactor. Changing the volumetric feed flow rate will
change both the residence time (τ) as well as the flow conditions inside
the reactor when reactor length is constant. Therefore, for a fair com-
parison, a series of experiments were conducted at different volumetric
flow rates, but with the same residence time, toluene inlet concentra-
tion, irradiance and RH. To be able to keep the residence time constant
at different flow rates, the modular design of the reactor was used by
controlling the illumination in each of the 5 identical modules of 0.12
[m] in length independently. Considering the fact that there is no
photocatalytic reaction at darkness, it is possible to vary the reaction
length by either switching on or off the LED arrays in each module. Any
boundary effects between illuminated and dark modules have been
neglected. In particular, since the catalyst receives light from multiple
sources, a sharp transition from illuminated to dark conditions between
neighboring modules cannot be accomplished in practice. However,
such boundary effects are expected to be small due to the high aspect
ratio of the reactor. The results show that the volumetric flow rate has
no significant influence on the toluene conversion at different volu-
metric flow rates (Fig. 3). Therefore, it can be concluded that at least
under the operating conditions applied in this study, mass transfer
limitations are small compared to limitations in reaction rate. In case
volumetric flow rates would become much higher compared to the
values applied in this study, our assumption of a fully developed la-
minar flow would be violated. In such case, a film model should be used
to describe the mass transfer in the system.

3.1.2. Kinetic model
The integrated process model describes the toluene conversion

reasonably well (see Fig. S2(a) in SI for the parity plot) when using a
simple uni-molecular L-H reaction rate equation (Eq. (8)) at a fixed RH
of 40% after parameter estimation. However, the model with uni-mo-
lecular L-H kinetics failed to describe the toluene conversion when
parameter estimation was based on the full data set including experi-
ments at different RH, which was indicated by an error function value
that was about 5 times higher compared to the case at constant RH (see
Fig. S2(b) in SI for the parity plot). The estimated parameter values and
error function values for both cases are given in Table 2. It is clear that
the influence of water should be included in the reaction rate equation
to describe the experimental data well.

The estimated parameters and error function value for the model
including Eq. (9) are also reported in Table 2 (see Fig. S3 in supporting
information for the parity plot). It can be seen that the competitive bi-
molecular L-H reaction rate explains the experimental data satisfacto-
rily in the studied range for all experiments. Therefore, it is concluded
that for varying water concentrations, the competitive bi-molecular L-H
reaction rate offers a more suitable description of the system behaviour.
The reaction rate can be simplified to the simple uni-molecular L-H only
if the water concentration does not change, which would simplify
modeling and optimization.

The estimated parameters in this work are comparable to the values
reported by others for a system with a similar catalyst, operating
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conditions and reaction rate expression [51]. However, different values
for the kinetic parameters have been reported as well for other systems
[32,52]. Although the parameter values are still within the same order
of magnitude, such comparison shows that differences in catalyst
properties, reactor system, operating conditions, and expression for the
reaction rate can lead to different values for the kinetic parameters
compared to the ones estimated in this work.

3.2. Experimental characterization of reactor performance

No degradation of toluene was found under either dark conditions
or in absence of catalyst. Carbon dioxide was the main product of the
photocatalytic experiments and no intermediates or by-products other
than a trace amount of benzene (≈0.2 ppm) were identified by GC/FID.
In case of complete oxidization of toluene to carbon dioxide, it is ex-
pected that 7 mol of carbon dioxide are formed per mole of toluene
converted. However, a carbon balance showed only a partial oxidation
of toluene to carbon dioxide, which varied from 22 to 87% depending
on the operating conditions. By-products could have been adsorbed on
the catalytic surface, as it has been reported by other researchers as well
[29], or remained undetected in the GC/FID analysis. Adsorption of by-
products is most likely since catalyst deactivation was observed for
several experiments.

3.2.1. The effect of toluene and water inlet concentration
The effect of toluene inlet concentration on the toluene conversion

and mineralization to CO2 is shown in Fig. 4. It can be seen that both
toluene conversion and mineralization decrease by increasing toluene
inlet concentration, which may be explained by the toluene degradation
kinetics according to a L-H mechanism. When increasing the toluene
inlet concentration, although the reaction rate is expected to increase,
conversion decreases (see Eqs. (9) and (11)). The toluene degradation
could be limited by the number of catalyst active sites [39,45]. In ad-
dition, increasing the toluene inlet concentration may result in a more
dominant role of mass transfer compared to photon transfer. The reason
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Fig. 3. Toluene photocatalytic conversion versus volumetric
flow rate for Cin ≈ 29 ppmv, τ = 18 s, E = 13 Wm−2 and
RH = 40%.

Table 2
Kinetic and adsorption equilibrium parameters obtained from parameter estimation when using the reaction rate expressions (8) and (9) in the reactor model including objective function
value (err) of the found minimum.

Rate expression Parameters Values Units Err Remark

= −
+

R E k (8)γ KCt
KCt1

k 1.64 × 10−7 mol m−1 s−1 W−0.5 0.0014 For the experimental results at fixed RH of 40%
K 692 m3 mol−1

γ 0.5 –

= −
+

R E k (8)γ KCt
KCt1

k 8.9 × 10−8 0.0060 For all the experimental results including all tested water concentrations
K 1160
γ 0.5

= −
+ +

R E k (9)γ Kt Ct
Kw Cw Kt Ct1

k 1.04 × 10−7 mol m−1 s−1 W−0.5 0.0027 For all the experimental results including all tested water concentrations
Kt 2089 m3 mol−1

Kw 3.32 m3 mol−1

γ 0.5 –

Fig. 4. Effect of toluene inlet concentration on the conversion and mineralization of to-
luene for Q = 1270 ml min−1, E = 13 W m−2, RH = 40% (see Table 1). Error bars in-
dicate the 90% confidence interval.
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is that the number of toluene molecules adsorbed on the catalytic sur-
face surpasses the number of generated electron-hole pairs by photon
absorption on the catalytic surface. As a result, the electron-hole pairs
on the catalytic surface may become insufficient to initiate a chemical
reaction with the adsorbed reactants. Thus, photon delivery from the
light source to the catalytic surface and subsequent charge generation
becomes the reaction controlling factor.

According to Eq. (9), by increasing the toluene concentration at the
inlet, although the fractional conversion decreases, the absolute
number of moles of toluene that are converted increases. However, the
number of CO2 moles formed remains almost constant by varying to-
luene inlet concentration. Therefore, according to Eq. (12), toluene
mineralization decreases when increasing the toluene inlet concentra-
tion. This decreasing mineralization can be attributed to the fact that at
the very first step, toluene is converted to intermediates. In the next
steps, the intermediates undergo subsequent surface reactions produ-
cing the final product (CO2), which is apparently not affected by the
toluene inlet concentration but possibly by other factors such as water
concentration. In fact, at a fixed molar flow of water, the number of
moles of CO2 formed remains constant, which results in a decrease in
mineralization when the toluene feed molar flow rate increases.
Therefore, it is concluded that CO2 formation mainly depends on the
water molar flow rate.

To investigate the effect of the water content in the feed on the
photocatalytic degradation of toluene, experiments were carried out at
different relative humidity values. The maximum conversion was ob-
tained at low water concentrations (Fig. 5), which is in agreement with
some studies [28,29] and in contrast to other studies where no toluene
degradation was reported in the absence of water [30–34]. Different
reaction paths have been suggested for toluene degradation on UV-il-
luminated TiO2 [28,35,53]. d’Hennezel et al. [35] proposed that the OH
radical is not the dominant reactive agent in gas phase photocatalytic
oxidation of many volatile organic compounds (VOCs) including to-
luene, which can explain the high conversion at no or very low water
concentrations in the present study. When increasing the water content,
conversion decreases gradually which can be caused by the competition
between water and toluene adsorption on the catalyst active sites as it
has been expressed in the reaction rate (Eq. (9)) that gave the best
model fit to our data.

In contrast to toluene conversion, mineralization increased sig-
nificantly by increasing the water content of the feed (Fig. 5), which can
be explained by the involved reaction steps. Toluene conversion is de-
termined by the initial step of the degradation reaction sequence where
mass and photon transfer to the catalytic surface and the availability of
catalyst active sites are dominant factors in contrast to relative hu-
midity and hydroxyl radicals, which may play minor roles. On the other
hand, the role of hydroxyl radicals becomes possibly more dominant
when converting intermediates, formed in initial step of degradation, to

CO2 for our experimental conditions. Consequently, by increasing the
water content in the feed, the number of hydroxyl radicals on the cat-
alytic surface increases leading to increased toluene mineralization.

3.2.2. The effect of irradiance
The effect of irradiance on the toluene conversion and mineraliza-

tion is illustrated in Fig. 6 in the range of 0–13 W m−2. It can be seen
that by increasing irradiance, the toluene conversion increases ap-
proximately by the square root of the irradiance for all tested irradiance
levels, which implies that the rate of photon transfer surpasses the rate
of mass transfer leading to charge recombination. Furthermore, when
increasing the irradiance, mineralization increases. The electron-hole
pairs generated on the catalytic surface may either react with water to
form hydroxyl radicals needed for mineralization or directly with ad-
sorbed intermediates on the catalyst surface which both can enhance
CO2 formation and thus mineralization. In terms of energy consump-
tion, the LED-based reactor is able to convert 0.15–0.80 mol of toluene
per KW consumed depending on the operating conditions.

3.2.3. The effect of residence time
The effect of residence time in the range of 16–50 s (corresponding

to volumetric flow rates of 500–1500 ml min−1) on the toluene con-
version and mineralization is shown in Fig. 7. An increase in volumetric
flow rate, and consequently a decrease in residence time, results in a
conversion drop as it was observed in other studies as well [28,54]. For
a surface catalytic reaction, a decrease in contact time between re-
actants and a catalytic surface should result in a conversion drop. In
addition, toluene binds relatively weak with TiO2, suggesting enhanced
effectiveness of contact time on the reactor performance [28]. As de-
monstrated earlier, changes in the volumetric feed flow rate at constant
contact time do not improve the mass transfer of reactant from the bulk

Fig. 5. Effect of relative humidity on the conversion and mineralization of toluene for
Cin ≈ 45 ppmv, Q = 812 ml min−1 and E = 13 W m−2. Error bars indicate the 90%
confidence interval.

Fig. 6. Effect of the average irradiance on the toluene conversion for Cin ≈ 45 ppmv,
Q = 800 ml min−1 and RH= 40%,. Error bars indicate the 90% confidence interval.

Fig. 7. Effect of residence time (derived from volumetric flow rate and reactor volume)
on the toluene conversion and mineralization for Cin ≈ 45 ppmv, RH = 40%,
E = 13 W m−2. Error bars indicate the 90% confidence interval.
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to the catalytic surface significantly. Furthermore, the integrated pro-
cess model, which does not include enhanced mass transfer at higher
flow rates, describes the experimental data well. Therefore, it is con-
cluded that the contact time between catalyst and reactant is the most
dominant factor for the conditions studied in this work.

Toluene mineralization remains essentially unchanged when
varying the volumetric flow rate and, consequently, the residence time.
A possible reason for this observation is the fixed toluene to water
molar ratio for these experiments. As discussed above, toluene con-
version is a function of contact time and mass transfer for which vo-
lumetric flow rate plays a significant role. However, CO2 is a product of
multiple surface reaction steps involving various intermediates [28,35].
The OH radicals are an important oxidation agent to achieve full mi-
neralization. Therefore, the number of CO2 moles formed to the number
of toluene moles converted may remain constant at a fixed toluene to
water molar ratio.

3.3. Catalyst deactivation and regeneration

Catalyst activity dropped under various operating conditions over
the course of several hours (Fig. 8). This catalyst deactivation is most
likely caused by partial oxidation of toluene to intermediates, which
can accumulate on the catalyst surface when time progresses [55].
Larson et al. [56] found that toluene is converted to less-reactive in-
termediates in the initial step of degradation, which make stronger
bonds to TiO2 compared to toluene. Thus, those intermediates may
block the catalyst active sites, which inhibits adsorption of toluene
molecules and deactivates the catalyst.

The effects of relative humidity and toluene inlet concentration on
the catalyst deactivation are shown in Fig. 9. It can be seen that water
plays a significant role in maintaining catalyst activity (Fig. 9(a)). Most
probably, hydroxyl radicals formed after water adsorption on the TiO2

active sites react with strongly adsorbed intermediates, which release
from the catalyst surface in the form of CO2. As a result, mineralization
enhances while the catalyst maintains its activity as discussed before. At
the lowest tested toluene concentration (19 ppmv) no catalyst deacti-
vation was observed at a fixed relative humidity of 40% while toluene
degradation reduced to less than half after 4 h of operation when in-
creasing the toluene inlet concentration to 30 ppmv. Upon further in-
creasing the toluene inlet concentration to 80 ppmv, a slight decrease in
toluene degradation can be observed (Fig. 9(b)). A higher toluene inlet
concentration results in a higher number of toluene moles converted to
intermediates. Therefore, the required water content to prevent sig-
nificant catalyst deactivation is correlated to the toluene inlet con-
centration. However, it can be seen that after a certain toluene con-
centration, the rate of catalyst deactivation becomes less sensitive to the
toluene inlet concentration, which may be explained by saturation of
the catalyst surface. No significant trend in the rate of catalyst deacti-
vation was observed by changing irradiance or residence time at fixed

water to toluene molar flow ratio (data not shown).
To better predict the effect of water on catalyst activity, the rate of

change of the toluene conversion over time (dX/dt) as function of re-
lative humidity is shown in Fig. 10. It can be seen that the rate of
catalyst deactivation decreases linearly with RH. Furthermore, the rate
of catalyst deactivation was relatively low compared to the other dy-
namics of the system. Therefore, a correction factor as a function of
relative humidity could be included in the process model to predict the
rate of catalyst deactivation under pseudo steady–state conditions.

Finally, to test the regeneration of the catalyst, the toluene outlet
concentrations versus time for three experiments with identical condi-
tions for the same catalyst are compared in Fig. 11. The three experi-
ments show very comparable results. Therefore, it is concluded that,
although catalyst deactivation clearly occurs for certain experiments,
full recovery of catalyst activity is obtained after applying the re-
generation process described in Section 2.2. At the first minutes of the
regeneration process, typically a high concentration of CO2 is detected
in the reactor effluent, which decreases by time as the catalyst re-
generation proceeds until no CO2 is detected after 6–8 h indicating full
recovery of catalyst activity.

4. Conclusion

An integrated process model describing an annular LED-based
photocatalytic reactor including a radiation field model from LEDs,
reaction kinetics, and mass transfer is successfully validated experi-
mentally for a broad range of operating conditions. A special focus is on
the role of water. Parameter estimation based on experimental data
demonstrates that including competitive water adsorption enhances
model prediction significantly compared to simple uni-molecular
Langmuir-Hinshelwood kinetics.

Experimental characterization of a mini-pilot plant setup shows that

Fig. 8. Toluene conversion versus time for three different relative humidity values for
Cin ≈ 45 ppmv, Q = 812 ml min−1 and E = 13 Wm−2.

Fig. 9. Initial (after 6 min) and final (after 4 h) conversion as a function of (a) relative
humidity (Cin ≈ 45 ppmv, Q = 812 ml min−1 and E = 13 W m−2) and (b) toluene inlet
concentration (RH = 40%, Q = 1270 ml min−1 and E = 13 Wm−2). Error bars indicate
the 90% confidence interval.
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a rise in toluene inlet concentration from 19 to 80 ppmv results in a
decrease of toluene conversion, which is likely caused by an increasing
mass transfer rate as opposed to the photon transfer rate. In the absence
of water or at very low water concentrations, toluene conversion is
maximized indicating a limited role of water in the first step of toluene
degradation. Toluene conversion decreases gradually when increasing
the relative humidity to 70%, which can be caused by the competition
among toluene and water for adsorption on the catalyst active sites.
Furthermore, toluene degradation varies by the square root of irra-
diance when increasing irradiance from 3 to 13 W m−2. Thus, it can be
concluded that mass transfer resistant becomes dominant, leading to
charge recombination for the studied operating conditions. Increasing
the volumetric flow rate of the feed from 500 to 1500 ml min−1 results
in a decrease in toluene conversion due to a decrease of the reactants
and catalyst contact time.

Toluene mineralization to CO2 is a strong function of the ratio of
water to toluene molar flow rate. Toluene mineralization decreases
when increasing the toluene inlet concentration or when decreasing the
ratio of water to toluene molar flow rates. Therefore, it is concluded
that hydroxyl radicals originating from water are the dominant species
for conversion of reaction intermediates to CO2. At fixed water to to-
luene molar flow, an increase in irradiance enhances toluene miner-
alization which can be explained by an increase in the formation of
hydroxyl radicals from the increased irradiance. On the other hand, at a
fixed toluene to water molar flow rate and irradiance, mineralization

remains constant when changing the volumetric flow rate.
For conditions with low relative humidity, significant catalyst de-

activation occurred over time, which was likely due to strong adsorp-
tion of reaction intermediates on the catalyst active site. Relative hu-
midity plays an important role in the reaction of the intermediates,
releasing them in the form of CO2 from the catalyst surface and
maintaining catalyst activity. Full recovery of the catalyst activity can
be achieved by using humidified air in the presence of UV-illumination
for 6–8 h.

Even though the integrated model of a LED-based photocatalytic
reactor was successfully validated by this experimental study under
fully developed laminar flow condition, the practical limitation of the
experimental set-up hindered the investigation of the effect of volu-
metric flow rates higher than 1500 ml/min. However, higher volu-
metric flow rates may be applied for certain practical cases, where
different mass transfer mechanisms may play a role due to the change in
flow regime. Therefore, future works should focus on the effect of
higher volumetric flow rates and the required model modification to
account for the different flow regime and mass transfer mechanism.
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