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A B S T R A C T

The principles and application of heterogeneous photocatalytic processes have gained wide attention, especially
to the effectiveness of the process. In this work a mono and a multi-LED lamp are used to study the impact
of the UV light intensity and distribution on the semiconductor surface during the degradation of organic
compounds in water. A well-defined scan of the electromagnetic radiation profile on the surface of the
membrane was obtained and evaluated. Comparing two lamp configurations with a total photon flux of
210 W.m−2 and using a filtration rate of 9.7 L.m−2.h−1, resulted in 20 % more degradation for the most
homogeneous light distribution. Furthermore, the reaction rate relation to the photon flux was also studied,
with a surface reaction model that includes possible mass transfer limitations. The surface reaction constant
increased linearly with the irradiation intensity for the complete studied range [50 to 550 W.m−2] for the
most homogeneous illumination distribution. A less uniform distribution resulted in a less than proportional
reaction rate constant with respect to the incident photon flux between 100 and 210 W.m−2. This work adds
valuable information to the photocatalysis field to improve the light efficiency in a photoreactor to enhance
the degradation of pollutants.
. Introduction

Heterogeneous photocatalysis principles and their potential applica-
ions have been investigated in depth over the last 25 years. According
o Scopus, over 8000 papers were published in 2021 alone with the
ord ‘‘photocatalysis’’ in the title, abstract, or as keywords. However,

everal challenges are still to be solved, such as mass transfer limi-
ations, nature of the intermediate products during the degradation,
atalysis deactivation, photon transfer limitations, or low quantum
fficiency, among others [1,2]. Various reactor designs and opera-
ional conditions have been proposed to overcome some of the current
imitations next to catalyst material design and modification.

Significant research in the field is focused on improving the light
fficiency for photocatalytic reactions by improving the material char-
cteristics to absorb light at larger wavelengths in the solar radi-
tion spectrum [3] (i.e., band gap engineering such as doping [4,
], heterojunction [6,7], or photosensitization [8], among others), or
y investigating different light sources [9,10]. These investigations
ave led to significant advancement regarding photon usage efficiency
nd widened the applicability of photocatalysis. Less attention has
one to another essential aspect of the photoreactor: the illumination
istribution.

∗ Corresponding author.
E-mail address: r.g.h.lammertink@utwente.nl (R.G.H. Lammertink).

In a photocatalytic reaction, electromagnetic radiation is the only
source of energy to activate the photocatalyst. The photocatalyst ab-
sorbs photons to excite valence band electrons onto the conduction
band which results in highly active photo-generated holes (h+) in the
valence band and photo-generated electrons (e−) in the conduction
band [11,12]. The photo-generated h+ and e− can diffuse to the semi-
conductor surface to generate reactive oxygen active species (O2

−,
OH−,H2O2, etc.), that can degrade organic molecules. The irradia-
tion intensity directly affects the number of photons available to the
photocatalyst and determines the number of electron–hole pairs and
reactive species produced [13] until the photon saturation is reached,
i.e., until the maximum number of electron–hole pairs is generated.
Each type of photocatalyst absorbs light at different wavelengths, as
the energy band gap directly determines the excitation wavelengths of
the photocatalyst. For titanium dioxide, a widely used semiconductor
photocatalyst, the energy gap is dependent on its crystalline structure,
where it is 3.2 eV for anatase, 3.03 eV for rutile, and 3.30 eV for
brookite. An energy equal to or greater than the band gap is needed
to excite the electron which corresponds to radiation wavelengths of
388 nm for anatase, 410 nm for rutile, and 376 nm for brookite.
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Significant research focus concerns the relation between photon flux
and degradation kinetics of specific compounds. The apparent reaction
rate constant can be related to the light intensity by the power-law
expression 𝑘 = 𝛼𝐼𝛽 where 𝛼 is a proportionality constant and 𝛽 is the
reaction order with respect to the incident photon flux, 𝐼 [14]. The
general consensus is that the exponent 𝛽 reduces from 1 to 0.5 when
going from low to intermediate light intensities [13,15,16]. This change
is attributed to the electron–hole formation rate, which increases more
than the photocatalytic degradation rate at higher light intensities and
promotes the electron–hole recombination [17]. Most of these studies
are done for reactors where the catalyst is present in slurry and agree
on a reaction rate constant becoming proportional to the square root
of light intensity above ∼250 W.m−2 [16,18]. Meanwhile, at even
higher intensities, the degradation rate becomes independent of the
light intensity, i.e., 𝛽 reduces further from 0.5 to 0. since more incident
photons will not produce more electron–hole pairs [19].

Different parameters have been reported in studies on immobilized
TiO2 that influence the reaction order with respect to the incident pho-
ton flux. Aguado et al. [20] tested three different colloidal suspensions
of titania immobilized on a Pyrex support for the decomposition of
formic acid. The amount of titania deposited (layer thickness) and the
density of the layer depend on the precursor colloid. They found that
the exponential relation between the reaction rate constant and the ir-
radiation intensity varied between films with exponents of 0.78 ± 0.20,
0.53 ± 0.14 and 0.60 ± 0.22 for irradiation power densities from 9.25
to 18.5 W.m−2, suggesting that the rate transition may be influenced by
the catalyst morphology. Wang et al. [21] studied the effect of radiation
intensity on the degradation of dimethyl sulfide using four wavelengths
(365, 375, 385, and 402 nm) in a gas flow-through channel with a thin
film of immobilized TiO2. For the experiments with the 365 and 375 nm
LED lamps the rate transition from linear to a square root was estimated
between 5 and 10 W.m−2. While the experiments with the 385 and
402 nm LED lamps did not show such a transition in the studied
range from 5 to 25 W.m−2, indicating that the rate transition may also
depend on the energy of the irradiated photons. Vesborg et al. [22]
investigated the photocatalytic oxidation of CO over TiO2 thin films
and found an exponential relation between the reaction rate and the
irradiation intensity with an exponent of 0.84 ± 0.03 for irradiation
power densities from 1 to 6450 W.m−2. They discuss other articles with
similar results where it is considered to be in the ‘‘transition region’’,
between the recombination domain and the light limited domain. Due
to the wide range of light intensities reported, they find it difficult to
conclude that the turnover for CO oxidation can be proportional to
incident flux. This shows that not all the configurations have a clear
transition through the different regions. Visan et al. [23] investigated
the degradation kinetics of cortisone acetate in a microreactor with
a TiO2 immobilized porous layer and modeled this to reaction and
diffusion kinetics inside this layer. They explained the reaction order
change from 𝛽 = 1 to 0.5 with respect to the incident photon flux
usually found in literature (above ∼250 W.m−2) with the prevailing of
diffusion during reactions with high intensities. Since at low intensities,
the reaction rate is the limiting step and mass transfer limitations can be
neglected. Timmerhuis et al. [24] support these findings by comparing
two models, with and without mass transfer limitations, to calculate
the reaction rate constant for varying light intensities in a microreactor.
It was shown that neglecting the mass transfer limitations can lead to
lower apparent reaction rate constants at higher photon fluxes. Visan
et al. [23] and Timmerhuis et al. [24] reported a reaction order, 𝛽, of
1 for a range of light intensities from 55 to 270 W.m−2 and from 10
to 2300 W.m−2 respectively, showing that the reported rate transition
may depend also on the inclusion of mass transport limitations [25].

Compared to the light intensity, much less attention has gone to
the illumination distribution effect. The spatial irradiation distribution,
intensity, and wavelength used are very diverse in literature, and the
2

lack of knowledge of the radiation field distribution in a photoreactor
can lead to erroneous conclusions in photocatalytic processes. Photo-
catalytic slurry reactors introduce light scattering besides absorption
that result in inhomogeneous light distribution, and consequently less
optimal efficiency of the photocatalyst. Martín Somers et al. [26]
compared the efficiency of two different UV-A sources (mercury flu-
orescent lamp and 8 or 40 LED-based system) in the photocatalytic
degradation of methanol by modeling the light distribution inside an
annular slurry reactor and concluded that the improvement in the
UV light distribution results in a significant increase in the overall
photonic efficiency of the reactor. Casado et al. [2] considered the
importance of the radiation field and modeled the effect of different
configurations of LED systems on the irradiation distribution. The most
homogeneous irradiation profile configuration was used as a slurry
reactor for the degradation of cinnamic acid. They showed that the
optical thickness affects the rate transition, by investigating different
slurry concentrations.

In immobilized photocatalytic reactors, the light distribution is
typically more homogeneous as interface scattering due to roughness
can be neglected and bulk scattering is not relevant due to absorp-
tion. Khodadadian et al. [27] modeled an annular LED-based reactor
with the photocatalyst immobilized on the wall for the degradation of
toluene in the gas phase. They tested six configurations and found that a
non-uniform irradiation distribution on the catalyst surface decreased
the recombination of electron–hole pairs. These results are expected
because they considered the reaction order to scale with the square
root of the incident photon flux, i.e. they were working at irradiation
intensities where the recombination rate limits the process. In less
irradiated regions of a non-uniform irradiation pattern the intensities
will be lower, and hence these areas may be in the light limited domain
with less recombination.

This study uses a single-pass dead-end membrane reactor to analyze
the spatial radiation implications in the photocatalytic degradation of
organic molecules in water using a photocatalytic ceramic membrane.
The radiation profile on the membrane surface has been experimentally
obtained. The degradation rate using either mono (non-uniform) or
multi-LED (uniform) lamps is compared for different irradiation inten-
sities (from 50 to 210 W.m−2). Furthermore, a 1D transport and surface
reaction model described previously [28], that includes advection and
diffusion transport, is used to obtain the surface reaction rate con-
stants for the two illumination distributions for a range between 50 to
550 W.m−2. This work shows the importance of the spatial radiation,
as for the same total irradiation, the degradation will vary with the
illumination distribution.

2. Materials and methods

2.1. Experimental setup

Photocatalytic membranes were tested in a flow-through single-pass
photocatalytic membrane reactor (PMR) with two different UV-Light
Emitting Diode (LED) lamps. A mono-LED lamp (NCSU276AT) was
placed 67 mm away from the membrane surface, with an additional
lens (AL-12M-119) used to narrow the light distribution angle to 8 de-
grees. And a multi-LED lamp with 12 LEDs (SBM-120-UV-F34-L405-22)
was set at 53 mm from the membrane surface as the distribution was
more homogeneous, and at a shorter distance less power is lost. The
LEDs were connected to a stabilized DC power supply (Delta electron-
ics), keeping a constant current. The UV radiation was determined
using a power meter (Thorlabs) with a Thermal Power Sensor Head
(S310-C). The average intensity across the membrane was controlled
to ensure that both lamps provided the desired average intensity in-
dependently of the distance between the membrane and the lamp.
The distribution of light intensity on the membrane surface was mea-
sured with a 3D scanning photometer and the spectrum with a fiber
optic spectrometer (AvaSpec-3648). The setup was placed inside a
cupboard to protect the reactants from the ambient light (see Heredia

Deba et al. [28] for details on the setup configuration and the PMR).
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2.2. Photocatalytic degradation experiments

Dead-end filtration and degradation experiments were carried out
using methylene blue solution (MB) (BOOM, CAS 61-73-4), C16H18

lN3S, as an azo-dye model compound. An aqueous solution of 4 mg
−1 of MB dissolved in water containing 1.0 mM sodium sulphate was
umped into the setup with fluxes of 1.6, 3.3, 6.5, 9.7, 13.0, and
6.2 L m−2 h−1. These fluxes are in the ranges used in commercial
anofiltration. Sodium sulphate anhydrous (VWR chemicals, CAS 7757-
2-6), Na2SO4, was used to avoid corrosion in the system which may
appen with ultrapure water. Five UV light intensities were evaluated:
0, 100, 210, 350, and 550 W.m−2. The experiments were repeated

twice as the reproducibility of the experiments was found to be high.
The natural pH and temperature in the reactor were used without
further adjustment. A thermal imaging camera (FLIR ONE PRO), with
a temperature range from 253.15 K to 393.15 K, was used to measure
the temperature distribution during the experiments, see Appendix A.

The discoloration of MB was continuously monitored by passing
the permeate through an optical flow cell (FIA-Z-SMA-ML-PE flow cell,
10 mm path length) connected to a UV–Vis spectrometer (Flame Model
Spectrometer with Sony Detector, Ocean Optics). The monitored wave-
length was 664 nm, corresponding to the maximum absorption peak
of MB, see Appendix B for the full spectrum. Prior to the experiment,
the membranes were equilibrated with the feed solution to ensure
that the discoloration measurements were caused by the photocatalytic
reaction and not by the adsorption on the membrane surface. After
equilibrating (c.a. 2 h), when the permeate concentration recorded by
a UV–Vis spectrometer measured a steady value, the lamp was turned
on. The experiment was concluded when the outlet absorbance reached
a steady value for each filtration rate.

Two photocatalytic membranes with the same characteristics were
used for the experiments, from here on named A and B. In order to
compare the photocatalytic properties of both membranes the experi-
ments at 210 W.m−2 were reproduced and the data confirmed that the
performance of both membranes was similar. More information about
the membrane fabrication can be found in our previous work [28], as
we used the same titanium dioxide suspension (a mixture of anatase,
80–90%, and rutile VP Disp. W 2730 X from Evonik), deposition
technique (dip-coating), and support (𝛾–alumina interlayer on a 𝛼–
alumina support). For the experiments with membrane B and the
multi-LED lamp one flux, 9.7 L.m−2.h−1, was studied. The membranes
were cleaned by calcination for 2 h at 500 ◦C, where the heating and
cooling rates were kept at 2 ◦C min−1, and reused.

2.3. 1D transport and surface reaction model and diffusion coefficient

A simple 1D transport and surface reaction model was used to
analyze the experimental results. Detailed information about the model
can be found in [28]. This model is based on the convection–diffusion
equation, with a constant inlet concentration and a reaction on the
membrane surface as boundary conditions. The solution of the ordinary
differential equation with the above-mentioned boundary conditions
reads for the permeate concentration to feed concentration ratio:
𝑐𝑝
𝑐𝑏

= 𝑒PePe
𝑒Pe (Pe + DaII

)

− DaII
(1)

where two dimensionless numbers are used to calculate the permeate
to feed concentration ratio (𝑐𝑝∕𝑐𝑏): Pe represents the Péclet number,
Pe = 𝑢𝐿∕𝐷, with linear velocity 𝑢 [m s−1], liquid reservoir height 𝐿
[m], and diffusivity 𝐷 [m2 s−1]. DaII = 𝑘′𝐿∕𝐷 is the second Damköhler
number, with surface reaction rate constant 𝑘′ [m s−1]. Experimental
permeate concentrations were obtained at different feed flows (Pe) such
3

that DaII was obtained by least squared fitting to the analytical model. r
3. Results and discussion

3.1. Lamp characterization

A mono and a multi-LED lamp were used to investigate the methy-
lene blue discoloration under different irradiation conditions. The light
distribution on the surface of the membrane is an essential parameter
for the photonic efficiency of the system. Fig. 1 depicts the measured
power distribution of both lamps at 210 W.m−2 overall intensity and
the multi-LED at 550 W.m−2. In the scan with the multi-LED lamp, it
is worth noting the peripheral wall reflectivity effect in the intensity
distribution, this is more visible in the scan at 550 W.m−2, see Fig. 1(e).

The mono-LED lamp produces an inhomogeneous distribution with
increased intensity in the middle of the membrane. In contrast, the
light distribution from the multi-LED lamp is more homogeneous. Both
distributions can be evaluated by the incident radiation uniformity
index. This index quantifies the local variations compared to the irra-
diated area mean value [29]. An index value of 1.0 indicates complete
uniformity. The incident radiation uniformity index was 0.74 for the
mono-LED lamp and 0.97 for the multi-LED lamp, confirming the
more uniform light distribution obtained from the lamp with 12 LEDs.
Different incident radiations were measured without a significant effect
on the radiation uniformity index on the membrane surface. The black
circumference in Fig. 1 delimits the irradiated membrane area with a
diameter of 20 mm, equal to the UV transparent window in the module.
As we will see later, an inhomogeneous light distribution will affect the
overall conversion negatively compared to a homogeneous distribution
at the same average UV light intensity.

Fig. 2 shows the light emission spectra for both lamps. The peak
wavelength for the mono-LED lamp is at 366 nm and at 373 nm for
the multi-LED lamp, where the full width half maximum (FWHM) is
10 nm for the mono-LED and 13 nm for the multi-LED. The energy
generated from the mono-LED lamp corresponds to 3.39 eV and from
the multi-LED lamp to 3.33 eV.

The synthesized TiO2 layer on top of the membrane was predomi-
antly composed of anatase (80–90%) and rutile crystal phases [28].
oth lamps irradiate above the energy gap for anatase and rutile
arked in Fig. 2.

.2. Irradiation effect on the discoloration of MB

Degradation experiments with methylene blue were conducted in
single-pass dead-end PMR, under light intensities between 50 to

50 W.m−2. The normalized permeate concentration (𝑐𝑝/𝑐𝑏) as a func-
ion of the Péclet number (Pe = 𝑢𝐿∕𝐷) is plotted together with fits
ased on Eq. (1) are shown in Fig. 3. For both membranes, the discol-
ration of MB increases with photon flux. For membrane A (Fig. 3a),
he degree of discoloration at the lowest flow rate (1.6 L.m−2.h−1) with
he mono-LED lamp was 56% for the lowest light intensity (50 W.m−2),
6% for 100 W.m−2, and 72% for 210 W m−2, and with the multi-
ED lamp was 87% for 350 W.m−2, and 89% for the highest intensity
550 W.m−2). Membrane B (Fig. 3b) displays very similar performance
o membrane A, confirming the overall reproducibility of the method.

The lines in Fig. 3 represent Eq. (1) with the second Damköhler
umber obtained by least squares fitting of the experimental data
ccompanied with their 95% confidence intervals. The resulting surface
eaction rate constants, 𝑘′, are plotted as a function of the UV light in-
ensity in Fig. 4, with the error bars representing their 95% confidence
ntervals.

Our experiments with the multi-LED lamp show a mostly linear
ncrease of surface reaction rate constant with light intensity for the
tudied intensity range. Which corresponds to a reaction order 𝛽 ∼1
ith respect to the incident photon flux. Conversely, the experiments
ith the mono-LED lamp show a deviation from linearity towards
10 W.m−2, showing that the illumination distribution also affect the

ate transition. Our model considers only the catalytic wall normal
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Fig. 1. Incident light irradiation distribution on the photocatalytic membrane (represented by the black circumference) and corresponding histograms indicating the area fraction
per irradiation intensity. Figures (a) and (b) illustrate the data for the mono-LED lamp and (c), (d), (e), and (f) for the multi-LED lamp. The light sources were placed at a distance
of 67 mm and 53 mm, respectively, from the membrane.
dimension and thus assumes a homogeneous irradiation distribution on
the catalytic surface. This is clearly not the case for the mono-LED lamp,
where a local maximum above 600 W.m−2 is observable in the center,
see Fig. 1(a). Inhomogeneous radiation field distribution results in a
lower overall conversion compared to homogeneously distributed light
with equal average irradiation intensity. In our experiments, for the
same light intensity and fluid flow, 210 W.m−2 and 9.7 L.m−2.h−1, we
obtain 35% degradation with the mono-LED lamp and 55% degradation
with the multi-LED lamp.

Using Eq. (1) we can compare, for example, the permeate concen-
tration expected for Pe = 20 and DaII = 20 uniformly with that for
Pe = 20 and having 30% surface with DaII = 60 and 70% surface with
DaII = 2.85 (which corresponds to a surface average DaII = 20). In the
homogeneous case, we would obtain a permeate concentration of 0.5,
while in the inhomogeneous case, this is just 0.69. The results in Fig. 4
show that the differences in degradation between the mono and the
multi-LED configuration are smaller at lower irradiation intensities. Us-
ing the same example as before, but in this case comparing Pe = 20 and
DaII = 5 uniformly with Pe = 20 and having 30% surface with DaII = 3
and 70% surface with DaII = 0.14, we obtain a permeate concentration
of 0.8 for the homogeneous case, while in the inhomogeneous case,
this is 0.85. This highlights that the expected concentration differences
4

for the permeate due to inhomogeneous illumination distribution are
less significant at lower overall light intensities. Note that in this
theoretical example we assumed that DaII scales linearly with the light
intensity. The inhomogeneous distribution can thus account for the
reduced increase in conversion with increasing light intensity. This
clearly demonstrates the importance of controlling the spatial light
distribution when quantifying photocatalytic performance.

3.3. Photonic efficiency

The light utilization efficiency of the photoreactor can be assessed
through the photonic efficiency, also known as apparent quantum yield
or lower limit of the true quantum yield, which is expressed as the
relation between the reaction rate [mol L−1 s−1] and the photon flux
[mol L−1 s−1]. A rough estimation of the photon flux for monochro-
matic light can be calculated using the Planck relation (Appendix C).
The membrane area irradiated by the lamp in our configuration is
𝜋⋅10−4 m2 and the reactor volume is 𝜋⋅10−6 m3. For our system, the
calculated photonic efficiency, considering the methylene blue discol-
oration rate and the estimated photon flux, is 0.004 ± 0.002% for the
mono-LED lamp and 0.0062 ± 0.0008% for the multi-LED lamp. The
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Fig. 2. Mono and multi-LED lamps spectra. The dashed lines mark the wavelength needed to overcome the energy gap of the anatase and rutile crystalline structures.
Fig. 3. Permeate to feed concentration ratio vs. filtration rate for different UV light intensities. The lines correspond to the mass transport and surface reaction model (Eq. (1))
with fitted second Damköhler number. Symbols depict the experimental data, where the stars show the experiments with the mono-LED lamp and the circles with the multi-LED
lamp. Figure (a) shows the experiments with membrane A and Figure (b) the experiments with membrane B.
high electron–hole recombination rate causes the typically low quan-
tum yield of photocatalytic reactions. Besides, the photonic efficiency
considers the total incident amount of photons without considering
light scattering or other effects. The most commonly reported quantum
yield is calculated with the absorbed photons by the catalysts, which
are around 65%. This maximum absorbed photons expectation was cal-
culated by Rosenberg et al. [30] for a hollow glass microbead covered
with a TiO2. Furthermore, utilizing the discoloration of MB instead
of the electron–hole formation or reactive oxygen species formed also
translates into lower photonic efficiencies. The discoloration of MB is
an indirect reaction with the incident photons since more reactions that
we do not measure are possibly triggered.

Photon efficiency comparison with literature is difficult as most of
the publications that report a quantum yield do not describe how the
values are obtained, and there is no universally accepted approach to
evaluate it [31]. The reported values are not more than a few percent
and depend on the photocatalyst and experimental conditions [32].
Matthews [33] reported a quantum yield of 0.92% for the degradation
5

of methylene blue over thin films of TiO2 assuming that the amount of
photons absorbed by immobilized TiO2 was the same as the amount of
photons absorbed by the actinometer (potassium ferrioxalate). He used
a 20 W NEC blacklight blue fluorescent tube (T10). Zhang et al. [34]
described relative photonic efficiencies of 0.34% and 2.36% for the MB
degradation in a slurry configuration for a high [5500–10000 W.m−2]
and low [4–20 W.m−2] photon flux photocatalytic process respectively.
They used a 250 W UV high pressure mercury lamp for the high
photons fluxes and an 8 W black light lamp for the low photon flux
and calculated the rate of incident photons reaching the reactor by
actinometry.

3.4. Temperature effect

The temperature during the discoloration of methylene blue at
different irradiation intensities was evaluated, and its effect is examined
in this section. Fig. 5 depicts the temperature measured on top of the
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Fig. 4. Surface reaction rate constant and second Damköhler number as a function of
the light intensity.

Fig. 5. Temperature as estimated from IR camera measurements as a function of the
UV irradiation intensity.

membrane during the experiments using an IR camera. The tempera-
ture difference from the lower irradiation intensity to the highest was
around 11 degrees.

With the increase in temperature, a further increase in permeability
(about 17% when accounting for the viscosity effect) was observed,
suggesting that the actual temperature increase may be more significant
than estimated from the IR camera. The difference in permeability did
not affect the filtration rate as the syringe pump controlled the feed
flows.

Photocatalytic systems are activated by photons and hence do not
require heating. However, at high (>353 K) and very low (273 to 233 K)
temperatures, the catalytic activity decreases [17]. In the medium
temperature range (from 293 to 353 K), the apparent activation energy
is often very small. Some researchers, such as Al-Sayyed et al. [35],
and Terzian and Serpone [36], consider that thermally activated steps
are negligible in this temperature range, i.e. the absorption/desorption
processes are almost temperature-independent. The adsorption of mi-
cropollutants and intermediates on the catalyst surface typically im-
proves with a decreased temperature. This is in agreement with Lotfi
6

Fig. A.6. PMR thermal image. Conditions: multi-LED lamp, 373 nm, 550 W.m−2, and
Pe = 59.

et al. [37], who reported a clear reduction in reaction rate of 𝛽-
oestradiol with an increase of temperature for a range between 284
and 335 K. Similarly, Lair et al. [38] reported reduced naphthalene
degradation with increasing temperature in a range from 283 to 313 K.
Our experimental temperature range (299–310 K) may affect the dye
adsorption–desorption on the photocatalytic surface but would only
reduce the conversion at higher irradiation intensities.

4. Conclusion

The influence of light distribution on a photocatalytic membrane
for the discoloration of methylene blue has been studied for different
photon fluxes. A mono and a multi-LED lamp were used with a photo-
catalytic membrane reactor, and a detailed scan of their illumination
profile was obtained and evaluated. The light intensity distribution
influences the overall pollutant conversion, and its effect increases
with the irradiation intensity. For a total irradiation on the membrane
surface of 210 W.m−2, and a filtration rate of 9.7 L.m−2.h−1 the more
homogeneous distribution improved the degradation from 35 to 55%
compared to the inhomogeneous distribution. This clearly demonstrates
the importance of controlling the illumination distribution when quan-
tifying the photocatalytic performance. Furthermore, a surface reaction
model that includes the mass transfer limitations was used to evaluate
the surface reaction constant, and a linear relation with the photon flux
was found for the homogeneous distribution in the studied range of
irradiation intensities [50 to 550 W.m−2], while for the nonuniform
distribution a rate transition with respect to the incident photon flux
was observed between 100 and 210 W.m−2. This work adds valuable
information on improving the light efficiency in a photoreactor to
improve the degradation of pollutants. It also proves the importance
of the light distribution when comparing studies, as for the same
total irradiation, the outcome results will vary with the illumination
distribution.
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Table C.1
Photonic efficiencies of photocatalytic discoloration of MB under different photon fluxes.

Membrane LED lamp k′ [10−6 m s−1] Irradiation [W.m−2] Photon flux [10−7 mol.s−1] Photonic efficiency [%]

A Mono 0.72 50 0.48 0.006
A Mono 1.08 100 0.96 0.004
A Mono 1.43 210 2.02 0.003
A Multi 4.20 350 3.42 0.005
A Multi 8.89 550 5.38 0.006
B Mono 1.21 210 2.02 0.002
B Multi 0.87 50 0.49 0.007
B Multi 1.81 100 0.98 0.007
B Multi 3.19 210 2.05 0.006
B Multi 5.57 350 3.42 0.006
B Multi 7.65 550 5.38 0.006
Fig. B.7. UV–Vis absorption spectra showing changes in methylene blue concentration at steady state under different irradiation intensities. Conditions: multi-LED lamp, 373 nm,
Pe = 59.
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Appendix A. Temperature measurement

Fig. A.6 illustrates the temperature measurement image obtained
with the thermal imaging camera FLIR ONE PRO for the experi-
ment with the multi-LED lamp during the steady state with a flux of
9.7 L.m−2.h−1 and an irradiation of 550 W.m−2.

Appendix B. Methylene blue discoloration

The methylene blue discoloration was measured inline by a UV–
Vis spectrometer. Fig. B.7 shows the permeate spectra at a steady state
under the studied irradiation intensities for the second repetition of the
experiments with the multi-LED lamp.

Control experiments were carried out with a membrane without the
TiO2 layer, and with an average irradiation of 210 W.m−2 to rule out
effects other than the photocatalytic oxidation in the reaction with MB.
We observed no significant removal of methylene blue, even at the
lowest permeation rate.

http://www.wetsus.nl
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Appendix C. Photonic efficiency

The energy carried by a photon, 𝐸 [J photon−1], is directly propor-
tional to the electromagnetic frequency of the photon and hence, it is
inversely proportional to the wavelength, 𝜆. This energy is expressed
by the Planck relation:

𝐸 = ℎ𝑐
𝜆

(C.1)

here ℎ is the Planck’s constant (6.626 × 10−34 J.s), 𝑐 is the speed of
ight (3 × 108 m.s−1), and 𝜆 is the wavelength of the lamp (366 × 10−9 m
or the mono-LED or 373 × 10−9 m for the multi-LED). Using the
vogadro’s number (6.022 × 1023 mol−1) it is possible to calculate the
nergy per mol of photons. Hence, the photon energy from the mono-
ED lamp in our system is 3.27 × 105 J.mol−1 and 3.21 × 105 J.mol−1

or the multi-LED lamp. For an irradiation of 1 W it is equal to
.06 × 10−6 mol.s−1 for the mono-LED lamp and 3.11 × 10−6 mol.s−1

or the multi-LED lamp. Table C.1 summarizes the photonic efficiencies
alculations of photocatalytic discoloration of MB for each experiment.
he photonic efficiency slightly decreases with the increasing illumina-
ion because the recombination of electron–hole pairs is enhanced at
igher irradiation intensities.
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