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� A photocatalytic membrane was
fabricated for water purification and
it was tested and described.

� Synergy between photocatalytic
degradation and membrane filtration
is explored.

� Simple 1D mass transport model
describes the dead-end
photocatalytic membrane process.

� Amethylene blue discoloration of 68–
23% was reached with the lowest to
the highest filtration rate.
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This study explores the synergy between photocatalytic oxidation and membrane filtration using a pho-
tocatalytic membrane. Titanium dioxide coated alumina membranes were fabricated and tested in a cus-
tomized Photocatalytic Membrane Reactor (PMR) module. The discoloration of methylene blue (MB),
3.2 mg�L�1 in an aqueous solution, was evaluated in dead-end filtration mode. A simple 1D analytic trans-
port and surface reaction model was used based on advection and diffusion, containing intrinsic retention
by the membrane and reaction kinetics to predict the permeate concentration. The discoloration of MB by
the photocatalytic membrane could be well described by a single retention and reaction rate constant
(second Damköhler number) for fluxes from 1.6 to 16.2 L�m�2�h�1. The model furthermore indicates
the potential synergy between membrane retention, which leads to increased concentration, and accom-
panying photocatalytic conversion, at the membrane surface.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

There is a growing need for emerging water contaminants
detection, evaluation, and treatment, especially concerning organic
micropollutants. Since conventional physicochemical and biologi-
cal water treatment methods are not prepared for the emerging
pollutants, many of these micropollutants could pass through
these treatments ending up in the aquatic environment or drinking
water (Luo et al., 2014). Advanced oxidation processes (AOPs) and
membrane filtration have attracted increasing attention for the
protection and remediation of the environment. AOPs produce
in situ transitory species (mainly hydroxyl radicals), which degrade
toxic and refractory pollutants into water, carbon dioxide, and
mineral acids (if the pollutant contains halogens) or at least into
more innocuous products (Poyatos et al., 2009).

Among AOPs employing photocatalytic materials, titanium
dioxide (TiO2) has been the most widely studied as it is chemically
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and thermally stable, non-toxic, relatively inexpensive, and com-
mercially available (Fujishima et al., 2000). It all began in 1972
when Fujishima and Honda (1972) observed the photolysis of
H2O in an electrochemical cell composed of TiO2 and platinum
black electrodes. Later, in 1980, Izumi et al. (1980) suggested the
reaction mechanism based on photogeneration of hydroxyl radi-
cals. Since then, most investigations have been performed for sus-
pended TiO2 in laboratory scale since it provides high surface area
of catalyst per unit volume, and it has been observed that the rate
of reactive oxygen species generation is related to the amount of
surface active sites (Nadagouda et al., 2017). Nevertheless, immo-
bilization of photocatalysts prevents the possible release of cata-
lyst nanoparticles to water, sludge generation, and significantly
decreases the cost of the treatment by eliminating the photocata-
lyst recovery step (Ollis, 2003; Rueda-Marquez et al., 2020). Photo-
catalytic particles have been immobilized on various solid supports
including meshes (Grao et al., 2020), monoliths (Konishi et al.,
2006), beads (Chiou et al., 2006; Miranda-García et al., 2010), opti-
cal fibers (Choi et al., 2001), reactor walls (Dijkstra et al., 2001;
Mascolo et al., 2007), spiral glass tubing (Matthews, 1988), and
nanotube arrays (Ye et al., 2018). In all immobilized configurations,
it is challenging to combine a large surface to volume ratio with
significant volumetric production. In microreactors, for example,
the surface to volume is large but production flows are typically
small (Visan et al., 2014). When immersing a catalytic substrate
in a larger volume, the overall conversion is consequently slow
(Lin et al., 2012; Murgolo et al., 2015). The chance of contaminants
to encounter the catalyst should therefore be increased. One
approach to do so, is by advectively forcing the contaminants
through the porous catalyst layer such that we do not need to rely
on diffusion towards the catalyst.

The configuration thus concerns a photocatalytic membrane
reactor (PMR). Membranes have gained an important place in
chemical technology and are used in a broad range of applications
(Baker, 2012), including separation of TiO2 particles from purified
water and the immobilization of the photocatalyst on their surface.
The photocatalytic oxidation synergy with membrane filtration, by
degrading and retaining compounds at the membrane surface, has
rarely been studied (Tsuru et al., 2001; Aran et al., 2011; Leong
et al., 2014). Tsuru et al. (2001) fabricated porous TiO2 membranes
to simultaneously filter and degrade trichloroethylene, while no
retention by the membrane was reported, and investigated mem-
brane fouling reduction with polyethyleneimine. Aran et al.
(2011) introduced a new porous photocatalytic membrane reactor
where the membrane functioned to stabilize the gas-liquid inter-
face to provide O2 to the reaction zone and enhance the photocat-
alytic degradation. Leong et al. (2014) reviewed different types of
TiO2 photocatalytic membranes for wastewater treatment and
water purification. Consequently, a reactive membrane is expected
to reduce the concentration polarization via chemical conversion
of reactants, such that higher micropollutants removal rates can
be obtained and the production of purified water can be increased.
Moreover, the photocatalytic activity can reduce membrane foul-
ing and increase its performance (Nasrollahi et al., 2021).

In the past years, various studies have been carried out to
describe the photocatalytic degradation of micropollutants. Ollis
already mentioned in his review in 2003 (Ollis, 2003) that more
fundamental engineering science models that integrate photocat-
alytic oxidation and membrane technologies are required. To our
knowledge the models created so far consider the membrane as
a support (Herz, 2004; Phan et al., 2017) without inclusion of
potential retention by the membrane. Herz (2004) described the
chemical conversion inside a porous photocatalytic layer while
permeating the fluid. The descriptions included different illumina-
tion sides, and advective or diffusive transport through the layer.
Phan et al. (2017) included both mass transfer correlation and
2

intrinsic reaction kinetics to model the system as a fixed-bed pho-
tocatalytic membrane reactor. They confirmed the relevance of the
mass transfer rate to the overall conversion.

Our study aims to provide a model that includes the membrane
function (rejection) and the photocatalytic oxidation (reaction) by
employing dimensionless numbers to relate the transport phe-
nomena and the photocatalytic reaction on the membrane surface,
via the Péclet number (Pe) and the second Damköhler number
(DaII), respectively. The DaII presents the surface reaction to mass
transport rate and therefore is a key parameter for scaling- up
(Otálvaro-Marín et al., 2019) as shown previously (Li Puma et al.,
2001; Li Puma and Brucato, 2007; Li Puma and Yue, 1998a; Li
Puma and Yue, 1998b). In the present study, photocatalytic mem-
branes were fabricated, and their function was experimentally
studied in a dead-end configuration. A simple analytic 1D transport
and surface reaction model, that successfully describes these
experimental results, is provided to elucidate the synergy between
photocatalytic oxidation and membrane retention. By generating a
fundamental understanding of the underlying processes, transport,
and UV radiation distribution and reactivity, this process could be
optimized for highly relevant applications.
2. Materials and methods

2.1. Photocatalytic membranes fabrication

a-Alumina (a-Al2O3) supports (disc: ø28 mm, 2 mm thick, and
80 nm pore size) were purchased from Pervatech B.V., The Nether-
lands. A single layer of c-alumina (c-Al2O3) was deposited on the a-
Al2O3 discs by dip-coating it in a boehmite sol in a dust-free envi-
ronment. The a-Al2O3 support was brought in contact with boeh-
mite sol for 3 s and subsequently removed from the sol with an
angular rate of 0.06 rad�s�1. After calcination at 650 �C in a temper-
ature programmable furnace with air atmosphere during 3 h, an
approximately 1.2 lm thick c-Al2O3 layer with an average pore
diameter of 5 � 0.1 nm was obtained. Further details for the fabri-
cation of the c-alumina coated support can be found elsewhere
(Uhlhorn et al., 1998; ten Hove et al., 2017; Abedini et al., 2013).
One layer of TiO2 was formed on the gamma layer following the
same dip-coating procedure with 1 % titanium dioxide suspension
(Evonik, VP Disp. W 2730 X). The resulted layer was sintered for 2 h
at 500 � C, where the heating and cooling rates were kept at
2 �C�min�1. The cleaning of the membrane after an experiment
was carried out following the same thermal treatment since
calcination is an effective strategy to clean and regenerate the
photocatalyst, allowing its repetitive use (Carp et al., 2004;
Miranda-García et al., 2014).
2.2. Membrane characterization

For the characterization of the membrane, high resolution SEM
(Analysis Zeiss MERLIN HR-SEM) was used to investigate the mor-
phology and cross-section. The pore size of the membranes was
determined by permporometry using cyclohexane as condensing
vapor. The experimental procedure is described in detail elsewhere
(Cuperus et al., 1992). The phase analysis of the TiO2 layer was per-
formed by X-ray diffraction (D2 Powder, Bruker) operated with Cu-
Ka radiation (k = 1.54184 Å) in the region 2h = 20–80�.

Permeability is the flux of a given solvent across a membrane
(disc area = 6.2 cm2) per unit driving force (L�m�2�h�1�bar�1).
Water permeability experiments were performed in the same
dead-end set-up by measuring the pressure as a function of the
flux of liquid. All measurements were conducted in triplicate. The
permeability was then calculated as the slope of the flux versus
pressure.
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2.3. Experimental setup

A schematic of the setup is shown in Fig. 1. The flowrate was
controlled by a high pressure syringe pump (NE-8000, WPI) while
pressure was measured with a pressure sensor (TK-E-3-E-B02D-X-
V, GEFRAN). A poly(methyl methacrylate) (PMMA) photocatalytic
membrane reactor (PMR) was custom fabricated with a feed reser-
voir (10 mm height (L) and ø20 mm) on top of the membrane and a
fused silica glass window (FSUVP20-2, Crystran, disc: ø20 mm and
2 mm thick) allowing UV irradiation by a UV-Light Emitting Diode
(NCSU276AT). The LED (k = 365) had an additional lens (AL-12M-
119) to narrow the light distribution angle. The LED was connected
to a regulated power supply (Delta electronics) and set to a 0.45 A
constant current.

The permeate stream was continuously monitored by passing
through a flow cell (FIA-Z-SMA-ML-PE flow cell, 10 mm path
length) connected to a UV–Vis spectrometer (Flame Model Spec-
trometer with Sony Detector, Ocean Optics).

2.4. UV light irradiation on the membrane surface

Several configurations were studied to optimize the homogene-
ity of the light irradiation on the membrane surface, by varying the
distance between LED and membrane. The light intensity distribu-
tion from the LED was measured with a 3D scanning photometer.
This device was built from a 3D printer and equipped with a
photo-sensitive detector.

2.5. Photodegradation experiments

To test the TiO2 membranes, dead-end filtration experiments
were carried out at ambient temperature with methylene blue
solution (MB) (BOOM, CAS 61-73-4), C16H18ClN3S, as an azo dye
model compound. An aqueous solution 3.2 mg�L�1 of MB dissolved
in water containing 1.0 mM sodium sulphate was injected into the
setup with flow rates of 1, 2, 4, 6, 8, and 10 mL�h�1, corresponding
to fluxes of 1.6, 3.3, 6.5, 9.7, 13.0, and 16.2 L�m�2�h�1, which are in
the nanofiltration range. Sodium sulphate anhydrous (VWR chem-
icals, CAS 7757-82-6), Na2SO4, was used to avoid corrosion in the
system. The natural pH of the system was used without further
adjustment.

As prior to the experiment, the membranes are equilibrated
with the feed solution to ensure the discoloration measurements
are caused by the photocatalytic reaction and not by the adsorp-
tion on the membrane surface. After equilibrating, when the con-
Fig. 1. Experimental setup configuration. Components: (1) syringe pump, (2) pressure in
(6) picture of the PMR with the UV lamp.

3

centration recorded by a UV–Vis spectrometer measured a steady
inlet value, the LED was turned on. The pre-adsorption of reactants
on the surface of the TiO2 membrane may lead to a more efficient
electron transfer process (Matthews, 1988; Tachikawa et al., 2007).
The monitored wavelength was 664 nm, corresponding to the
maximum absorption peak of MB. The experiment was concluded
when the outlet absorbance reached a steady value for each filtra-
tion rate. The UV–Vis spectrometer calibration was carried out for
different concentrations of MB solutions (from 0.96 to 6.4 mg�L�1).

The input UV radiation was set to 21 mW�cm�2, measured by a
power meter (Thorlabs) with a Thermal Power Sensor Head (S310-
C). All experiments were carried out in triplicate. Control experi-
ments were carried out with a membrane without the TiO2 layer
to rule out effects other than the photocatalytic oxidation in the
reaction with MB.

2.6. 1D transport and surface reaction model

Based on 3D CFD evaluations, we observed in our experimental
set-up a uniform boundary layer thickness across the membrane
surface (see Appendix A). Near the membrane, the velocity
assumes a linear profile in the vertical (z) direction. Therefore,
assuming a purely perpendicular flow through the membrane with
only reaction and retention on the membrane surface, we obtain a
steady state advection diffusion balance with a reactive boundary
condition. In dimensionless form this is given as:

Pe
dc
dz

¼ d2c

dz2
ð1Þ

With dimensionless distance z ¼ ~z=L, concentration c ¼ ~c=cb, inlet
concentration cb [mg�L�1] and Péclet number, Pe¼ uL=D, with linear
velocity u [m�s�1], liquid reservoir height L [m], and diffusivity D
[m2�s�1]. As boundary conditions, we have a constant inlet concen-
tration at z = �1 (for ease of using a positive velocity u).

cjz¼�1 ¼ 1 ð2Þ
The other boundary at z ¼ 0 represents the reactive membrane with
surface reaction rate constant k0 [m�s�1], and intrinsic membrane
retention 1-a (with a being the ratio of permeate concentration to
concentration at the membrane). Thus, a ¼ 1 refers to no retention
and a ¼ 0 refers to complete retention. The flux continuity through
this boundary at z ¼ 0 is given as Pec � dc

dz � DaIIc ¼ Peac, equating
the advective and diffusive flux towards the membrane and the
reaction to the advective outflow (see Appendix B). The reactive
dicator, (3) schematic diagram of the PMR, (4) UV lamp, (5) mini spectrometer, and
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membrane boundary condition can thus be given as a Robin bound-
ary condition

dc
dz

����
z¼0

¼ Peð1� aÞ � DaIIð Þc ð3Þ

with the second Damköhler number DaII ¼ k0L=D. This boundary
condition includes both the retention by the membrane, through
a, as well as the degradation reaction, through DaII. The solution
of this ODE with the mentioned boundary conditions reads:

cðzÞ ¼ eðzþ1ÞPe Pe� aPe� DaIIð Þ þ ePe aPeþ DaIIð Þ
Pe� aPe� DaII þ ePe aPeþ DaIIð Þ ð4Þ

from which we can obtain the concentration at the membrane,
which is equal to the concentration polarization as well (as the
dimensionless bulk concentration is 1):

cð0Þ ¼ ePePe
Pe� aPe� DaII þ ePe aPeþ DaIIð Þ ð5Þ

Realize that the outgoing concentration is then equal to acð0Þwhich
corresponds to the concentration in the permeate. By performing
experiments where we measure the outlet concentration at differ-
ent flow rates, so different Pe values, we can fit this equation to
obtain information regarding the reaction and retention. In the
experiments described here, we will have no retention, so a ¼ 1
which simplifies the equation we use for fitting concentration to
Pe to:

cð0Þ ¼ ePePe
ePe Peþ DaIIð Þ � DaII

ð6Þ

Details of the derivation are found in Appendix B.
3. Results and discussion

3.1. Membrane morphology

Fig. 2 depicts a SEM image of the photocatalytic membrane used
for the experiments. The membrane layers are of an average thick-
ness of 1.2 lm for the gamma layer and 3.4 lm for the TiO2 layer.
XRD indicated that the synthesized TiO2 layer was predominantly
composed of anatase (80–90 %) and rutile crystal phases (see
Appendix C). The membrane pore size characterization showed
Fig. 2. SEM cross-Section (15 degrees tilted) picture of titania and c-alumina layers
on an a-alumina support.

4

5 � 0.1 nm mesopores, which correspond to the pore size of the
c-alumina layer.

3.2. Pure water permeability

Transmembrane pressure measurements showed that the pres-
sure increases linearly with the pure water flux. Fig. 3 illustrates
the pressure measurements under dark conditions and during
the experiments with the UV light on. These values were constant
over time. The permeability coefficient value for pure water was
4.21 � 0.02 L�m�2�h�1�bar�1 and for MB with the UV light on
4.53 � 0.02 L�m�2�h�1�bar�1 which is typical for nanofiltration
membranes. Both permeability values were obtained using the vis-
cosity of water.

The slight increase in permeability suggests that the UV light
heats up the solution above the membrane, which reduces its vis-
cosity slightly. Measurements using an infrared camera indeed
indicate a temperature increase of about 3 �C. Such a temperature
increase is associated with around a 7 % viscosity reduction and it
can explain the observed effective permeability change. Following
each photocatalytic experiment, the pure water permeability was
monitored to confirm the membrane condition.

3.3. Light distribution

The light distribution across the membrane plays an essential
role in the photonic efficiency of the system. For a better under-
standing of the energy distribution, Fig. 4 illustrates the homo-
geneity of the light intensity for the configuration used during
the experiments.

To evaluate the light distribution along the membrane surface,
the incident radiation uniformity index was calculated (Appendix
D), this index represents how a variable field varies over a surface,
where an index value of 1.0 indicates the highest uniformity and it
is based on local variations compared to the irradiated area mean
value. The average of the scanned values was calculated for the val-
ues inside the black circumference. This circle delimits the irradi-
ated membrane area with a diameter of 20 mm, the same as the
UV transparent window in the module. An incident radiation uni-
formity index of 0.86 was obtained, which describes a more uni-
form light distribution compared to the values obtained in some
other studies (Martín-Sómer et al., 2017). As Casado et al. (2017)
demonstrated, a higher degree of uniformity can be achieved when
smaller areas are used.
Fig. 3. j Pure water flux versus feed pressure and aqueous methylene blue
solution flux versus feed pressure.



Fig. 4. Normalized incident irradiation over a photocatalytic membrane, repre-
sented by the black circumference, located 6 cm from the LED source.
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3.4. MB discoloration and transport and surface reaction model

Methylene blue discoloration experiments were conducted in a
dead-end PMR under an average irradiation of 21 mW�cm�2. The
MB normalized permeate concentration (cp/cb) as a function of
the Péclet number (Pe) is plotted against the model predictions
and shown in Fig. 5. The lines in Fig. 5 represent the mass transport
and surface reaction model and the symbols the experimental data.
In our case, a value a = 1 was applied as the MB molecules are
much smaller (Arias et al., 1999) compared to the membrane pore
size, and no retention was observed.

A higher flow rate, greater Pe, resulted in a more concentrated
permeate due to the shorter contact time of the pollutant with
the photocatalytic surface. An MB discoloration of 68 % was
reached at the lowest filtration rate, while only 23 % was achieved
for the highest filtration rate.

The experimental data were least squares fitted to the analytical
model Eq. 6. A DaII = 18 � 2 equivalent to a surface reaction con-
stant of 1.0 � 0.1 �10�6 m�s�1 and ‘‘bulk” constant of
Fig. 5. Discoloration of MB vs. filtration rate. Symbols depict experimental results
and lines correspond to the mass transport and surface reaction model.

5

1.6 � 0.2 �10�8 s�1 was obtained. The photocatalytic performance
is most commonly quantified in literature by the apparent reaction
rate constant, representing the volume based conversion without
taking the catalyst area per reactor volume into consideration. A
more suitable comparison involves presenting a surface normal-
ized reaction rate constant that represents the catalyst surface
reactivity. It is very relevant to note, that in our modeling the sur-
face reaction rate is implemented as a boundary condition, so an
infinitely thin reaction zone. Hence, the surface reaction rate con-
stant that we obtain does not reflect the actual catalytic surface
that is present inside our thin porous layer, but instead is based
on an effective projected surface area A. For methylene blue con-
verted by a porous titania layer of similar composition and struc-
ture, a surface reaction rate constant of 2.07 �10�7 m�s�1 was
obtained using an immobilized flow reactor (Visan et al., 2014).
As we obtain our surface reaction rate constant by collapsing all
conversion inside the porous layer into a boundary condition, we
expect the k0 we obtain to be larger than the intrinsic surface reac-
tion rate constant. The surface reaction rate constant of a dense
titania layer, obtained via reactive sputtering, was measured to
be 1:1� 10�5 m�s�1 (Rafieian et al., 2015), but this apparently con-
cerns a different material. Further elucidation of the intrinsic sur-
face reactivity of this photocatalytic membrane involves more
detailed modeling that will be covered in ongoing work. For now,
our analytic approach does describe the photocatalytic membrane
performance reasonably well, which is insightful in understanding
the synergy between membrane retention and photocatalytic
degradation.

Fig. 6 displays the normalized permeate predictions for differ-
ent retention factors and second Damköhler number at a constant
filtration rate (Pe = 30). Independently of the retention, when there
is no reaction (DaII = 0), the steady state outlet concentration for
dead-end filtration is the same as the feed (cp/cb=1). This results
from the concentration polarization (accumulation) at the mem-
brane surface which completely offsets the membrane retention.
We also see that for any finite degradation kinetics, the retention
enhances the removal. It is clear that within the range of DaII
between 1 and 100, some retention will significantly improve the
removal. For even more reactive catalysts, the effect of retention
becomes less significant.

One needs to realize that this picture is for a given contaminant
(here MB). Different compounds have different reactivity towards
OH radicals combined with different retention. In practise, this
model can help in the optimisation of advanced oxidation pro-
cesses where these photocatalytic membranes are applied.
4. Conclusion

A porous TiO2 layer onto a c-Al2O3 layer supported by an a-
Al2O3 disc were combined to obtain a photocatalytic membrane.
A photocatalytic membrane reactor was designed and fabricated
to test the membranes for the UV-driven degradation of methylene
blue azo dye model pollutant in water. A 1D transport and surface
reaction model that combines membrane retention and photocat-
alytic oxidation has been provided. This model describes the exper-
imental results obtained for methylene blue discoloration. The
development of this model will undoubtedly advance efforts to
predict and optimize the use of photocatalytically active mem-
branes for the treatment of (waste) water.

Future work is in progress to test the model with other harmful
micropollutants and investigate the UV irradiation and catalytic
layer thickness effect.



Fig. 6. 1D transport and surface reaction model sensitivity for a filtration rate Pe = 30. Figure A represents a large range of DaII and figure B a close-up of the region with the
conditions of the experiments.
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Appendix A. 3D CFD evaluations

Comsol multiphysics 5.6 was used for the CFD modeling. In this
model, the module contains a membrane of 0.1 mm thickness and
diameter of 20 mm. The water layer on top of the membrane has a
thickness of 10 mm (L). The inflow tubing with a diameter of 1 mm
and 1 mm height is placed 0.5 mm from the side wall. The water
layer below the membrane has a thickness of 0.3 mm. A similar
outflow tube as the inflow tube is placed at the centre of the bot-
tom of the module. The mesh consists of 438074 tetrahedral ele-
ments. Meshing close to the top and bottom wall and the
membrane-water interfaces were done by boundary layers consist-
ing of prism elements (total of 49480 prism elements). Fig. A.7
depicts the 3D view of the module, indicating the cross-section
plane.

A laminar flow describes the flow above and through the mem-
brane, a porous media with porosity 0.45 and permeability
2� 10�18 m2 (which corresponds to the measured permeability
of the membrane). The walls were treated as no slip boundaries
for the flow and no flux for the transport. The inlet velocity was
calculated from the feed flows (1 and 10 mL�h�1) for a feed concen-
tration of 1 for the transport.
6

The applied solver is built-in COMSOL solvers: segregated solver
for velocity, pressure, and concentration using Algebraic multigrid
solver (that uses a GMRES solver). These are the standard solver
settings in Comsol for laminar flow.

The velocity profile across the PMR is shown in Fig. A.8.
To determine the boundary layer thickness, the transport of

diluted species is considered. The transport is defined by advection,
diffusion, and reaction. For the advection, the velocity field from
the laminar flow is used. The diffusion coefficient is set to a value
of 5:7� 10�10 m2�s�1 (MB) (Tschirch et al., 2008). In the membrane,
a reaction occurs following an exponential decay as in the work

from Nielsen et al. (2012): �kceðz=LmemÞ, where c is the concentration,
k the reaction rate constant, and z

Lmem
the z-coordinate over the

thickness of the membrane (the z coordinate starts at z = 0 at the
top of the membrane and equals z ¼ �Lmem at the bottom. Note this
is different from the z-coordinate used in the analytical 1D expres-
sion). The value of k is set to 1� 103 s�1, an arbitrary high value, to
ensure a complete reaction in the membrane to see the boundary
layer thickness from the diluted species concentration. In the out-
let, the conditions were zero pressure and diffusive flux equal to
zero.

Fig. A.9 depicts the diluted species concentration for a cross-
section in the middle of the cylinder. A uniform boundary layer
thickness can be observed for each flow rate which justifies the
use of our 1D model.

Appendix B. Derivation of the steady state advection and
diffusion balance with a reactive boundary condition

The mass transport of the model compound in the system is
determined by the steady state advection and diffusion balance:

u
d~c
d~z

¼ D
d2~c
d~z2

ðB:1Þ

with ~c the concentration, u the permeation velocity, and D the com-
pound’s diffusivity. Eq. B.1 is valid for �L < ~z < 0, representing the
UV transparent cover and membrane surface, respectively. To make
this equation dimensionless, the dimensionless axial coordinate,
z ¼ ~z=L, and concentration, c ¼ ~c=cb (with inlet concentration cb),
are introduced:

uL
D

dc
dz

¼ d2c

dz2
ðB:2Þ

where the grouped constants uL=D represent the Péclet number, Pe,
thus giving:

http://www.wetsus.nl


Fig. A.7. 3D view of the module used for the simulation with the cross-section plane in grey.

Fig. A.8. Cross-sectional view of the velocity profile for an inlet flow of 1 mL�h�1 on the left and 10 mL�h�1 on the right. The velocity is normalized with the inflow velocity.

Fig. A.9. Cross-sectional view of the normalized concentration for an inlet flow of 1 mL�h�1 on the left and 10 mL�h�1 on the right. This figure serves to demonstrate the nearly
uniform boundary layer thickness along the membrane surface.
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Fig. C.10. X-ray diffraction pattern of the photocatalytic membrane surface: (A)
anatase, (R) rutile, and (C) alumina.
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Pe
dc
dz

¼ d2c

dz2
ðB:3Þ

Eq. B.3 has the general solution:

cðzÞ ¼ k1ePez

Pe
þ k2 ðB:4Þ

To solve this equation, two boundary conditions are required. The
first one refers to the top cover, located at z ¼ �1. The concentration
at z ¼ �1 is equal to the inlet concentration

cð�1Þ ¼ 1 ðB:5Þ
The other boundary, at z ¼ 0, represents the reactive membrane
with surface reaction rate constant k0 [m�s�1] and intrinsic mem-
brane retention 1-a (with a ¼ ~cp=~cð0Þ being the ratio of permeate
concentration to concentration at the membrane). The flux continu-
ity through this boundary at ~z ¼ 0 is given by the advective and dif-
fusive flux towards the membrane balanced by the advective
outflow and the surface reaction as:

u~cð0Þ � D
d~c
d~z

����
~z¼0

¼ u~cp þ k0~cð0Þ ðB:6Þ

We further know that the intrinsic membrane retention is relating
the permeate concentration ~cp to the concentration at the mem-
brane ~cð0Þ at ~z ¼ 0, by ~cp ¼ a~cð0Þ. Hence we obtain a description
for the concentration gradient at the boundary ~z ¼ 0:

d~c
d~z

����
~z¼0

¼ 1
D

u~cð0Þ � ua~cð0Þ � k0~cð0Þð Þ ðB:7Þ

which in dimensionless form eventually gives:

dc
dz

����
z¼0

¼ ðu� ua� k0Þcð0Þ L
D

ðB:8Þ

The reactive membrane boundary condition can thus be given as a
Robin boundary condition

dc
dz

����
z¼0

¼ Peð1� aÞ � DaIIð Þc ðB:9Þ

with the second Damköhler number DaII ¼ k0L=D and Péclet number
Pe¼ uL=D. This boundary condition includes both the retention by
the membrane, through a, as well as the degradation reaction,
through DaII.

Including the first and the second boundary conditions, the fol-
lowing expressions are obtained:

cð�1Þ ¼ k1e�Pe

Pe
þ k2 ¼ 1 ðB:10Þ

dc
dz

¼ d
dz

k1ePez

Pe
þ k2

� �
¼ k1ePez ðB:11Þ

dc
dz

����
z¼0

¼ k1 ¼ Peð1� aÞ � DaIIð Þ k1
Pe

þ k2

� �
ðB:12Þ

Using Eqs. B.10 and B.12 we can calculate the value of the constants
k1 and k2:

k2 ¼ k1ePez

Pe
� 1 ðB:13Þ

k1
k1
Pe þ k2

¼ Peð1� aÞ � DaIIð Þ ðB:14Þ

k1 ¼ ePePeðPeð1� aÞ � DaIIÞ
ePePe� Peð1� aÞðePe � 1Þ þ DaIIðePe � 1Þ ðB:15Þ
8

k2 ¼ Peð1� aÞ � DaII
ePePe� Peð1� aÞðePe � 1Þ þ DaIIðePe � 1Þ ðB:16Þ

The general solution, Eq. B.4, including the constants values reads:

cðzÞ ¼ eðzþ1ÞPe Pe� aPe� DaIIð Þ þ ePe aPeþ DaIIð Þ
Pe� aPe� DaII þ ePe aPeþ DaIIð Þ ðB:17Þ

In the case where the membrane does not retain the compound,
a ¼ 1, the equation simplifies to:

cðzÞ ¼ �DaIIeðzþ1ÞPe þ ePe Peþ DaIIð Þ
ePe Peþ DaIIð Þ � DaII

ðB:18Þ

which leads to Eq. (6) for z ¼ 0.

Appendix C. Membrane crystalline structure

The photocatalytic layer was analysed with XRD. The results
show a mixture of anatase and rutile in the TiO2 layer with a strong
presence of peaks coming from the alumina support, see Fig. C.10.

The Evonik’s suspension (VP Disp. W 2730 X) used for the layer
formation has an anatase content of 80–90% by weight with a small
portion of rutile. The temperature used for annealing and cleaning
is up to 500 �C and the transition temperature to rutile typically
occurs between 600 and 700 �C (Nolan et al., 2009), therefore we
consider the ratio anatase-rutile in the membrane to be the same
as in the dispersion.

Appendix D. Irradiation uniformity index

The light intensity on the photocatalytic membrane surface is
expressed in average power density. The uniformity of this distri-
bution is determined using the area weighted uniformity index,
c, given by:

c ¼ 1�

Xn

i¼1

Ai /i � /avj j

2/av

Xn
i¼1

Ai

ðD:1Þ

with /av the average light intensity, /i the local light intensity for
pixel i with pixel area Ai. For c ¼ 1 we have a uniform intensity
distribution.
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