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Abstract

Immobilized TiO2 photocatalyst with a high specific surface area was prepared on stain-
less steel woven meshes in order to be used packed in layers for water purification.
Immobilization of such a complex shape needs a special coating technique. For this
purpose, dip coating and electrophoretic deposition (EPD) techniques were used. The5

EPD technique gave the TiO2 coating films better homogeneity and adhesion, fewer
cracks, and higher •OH formation than the dip coating technique. The woven mesh
structure packed in layers guaranteed an efficient light-penetration in water treatment
reactor. A simple equation model was used to describe the distribution of light through
the mesh layers in the presence of absorbing medium (e.g., colored water with humic10

acids). Maximum three or four coated meshes were enough to harvest the solar UV
light from 300 nm to 400 nm with a high penetration efficiency. The separation distance
between the mesh layers played an important role in the efficiency of solar light penetra-
tion through the coated mesh layers, especially in case of colored water contaminated
with high concentrations of humic acid.15

1 Introduction

The use of photocatalytic oxidation to remove organic pollutants from drinking water
has attracted considerable interests in recent years (Malato et al., 2009). In particular,
the use of TiO2 photocatalysts for water purification has been of great interest be-
cause TiO2 is stable, harmless, inexpensive, and can potentially be activated by solar20

radiation (Malato et al., 2009). The application of TiO2 in suspension (e.g., TiO2-P25
Degussa) is effective in capturing sun light, because suspended TiO2 powders have
a high specific surface area in the range from 50 m2 g−1 to higher than 300 m2 g−1 (Bal-
asubramanian et al., 2004; Malato et al., 2002; Sunada et al., 2003; Gumy et al., 2006;
Thiruvenkatachari et al., 2008), which in turn helps in avoiding mass transfer limita-25

tions, resulting in a high photocatalytic activity (Mehrotra et al., 2003). However, light
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transport limitation appears with a high catalyst loading. Besides, it is difficult to sepa-
rate the small TiO2 particles from water after treatment (Thiruvenkatachari et al., 2008;
McCullagh et al., 2011; Feitz et al., 2000). To overcome this, the catalyst particles can
be immobilized on a surface. Yet this may lower the oxidation potential per volume of
water compared to the slurry system, due to mass transfer limitation and light trans-5

port limitation caused by (i) a lower catalyst surface-to-volume ratio, (ii) the presence
of substrate that absorbs light and worsens its distribution, and (iii) a lack of movement
of particles (Feitz et al., 2000; Dijkstra et al., 2001).

There have been many attempts to immobilize TiO2 photocatalyst over different
structures of supports along with increasing the surface/volume ratio at the same time,10

which consequently enhances the photocatalytic oxidation efficiency. However, the sur-
face area can only be efficient if it allows efficient absorption of light. There are different
kinds of materials that have been used as a support to fix TiO2, such as glass and
borosilicate glass (Fujishima et al., 2008; Yang et al., 2004; Parra et al., 2004; Zhang
et al., 2012; Ziegmann et al., 2006), cellulose fibres (Goetz et al., 2009), and stainless15

steel (Yanagida et al., 2006; Chen and Dionysiou, 2006a, 2006b, 2007). Among the
different supports, stainless steel is an excellent substrate material for many reasons.
First, it keeps its structural integrity under the high temperature required for calcination
of the TiO2 films whereas quartz glass, for example, softens and deforms. Second, it
is not susceptible to attack during the coating process (e.g., sodium ions diffused from20

the soda-lime glass into the TiO2 film and decreased the photocatalytic activity; Nam et
al., 2004). Third, stainless steel can be used in the electrochemical process whereas
quartz and ceramics cannot be used because of their dielectric properties. At last, it
can be easily used in complex shapes and has excellent mechanical properties (Bal-
asubramanian et al., 2004b). The structures of substrates so far used do not allow an25

even light distribution in a fixed bed reactor and therefore the photocatalytic efficiency
is much lower compared to that of a slurry reactor. Therefore, the challenge of design-
ing an efficient photocatalytic reactor is in using a suitable catalyst structure to optimize
both the area covered by photocatalytic particles and the light distribution. The design
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criteria of such a reactor should be (i) good vertical mixing, (ii) high surface area per
unit reactor volume, and (iii) no shadowing effect.

Stainless steel woven mesh catalyst substrate is applied in the field of air purifica-
tion as it shows a higher mechanical strength and a lower pressure drop than typical
ceramic monolith honeycomb catalysts (Ismail et al., 2007). Also, Shang et al. (2003)5

used a stainless steel webnet coated by TiO2 for the degradation of gaseous formalde-
hyde in a cylindrical flowing photo-reactor. This webnet structure showed a good activ-
ity due to its large surface area, good ventilation for gases passing, and good utilization
of UV light. In the water purification field, the Ti/TiO2 mesh structure was prepared by
an anodization method and the photocatalytic efficiency was studied by several re-10

searchers (F. B. Li et al., 2002; X. Z. Li et al., 2000, 2002; Yoon et al., 2009). However,
the anodization process requires a high energy input and moreover Ti mesh is expen-
sive, which makes this technique not feasible for large-scale applications. On the other
hand, although a mixture of anatase and rutile (e.g., the TiO2 crystallites of Evonik (De-
gussa) P25 contain a combination of anatase (∼ 80 %) and rutile (∼ 20 %)) gives a high15

photocatalytic activity due to the intimate contact between the two phases, enhancing
separation of photo-generated electrons and holes, and resulting in reduced recombi-
nation (Pelaez et al., 2012), yet, it is difficult to control the anatase-to-rutile ratio in the
anodization process to have the highest photocatalytic activity.

In this paper, stainless steel woven meshes were selected to be a substrate for im-20

mobilization of TiO2 particles. An immobilized photocatalyst was prepared by using the
sol gel dip coating technique and electrophoretic deposition (EPD) technique. These
immobilization techniques are suitable for coating substrates of complex shape such
as woven meshes (Chen and Dionysiou, 2006c; Yanagida et al., 2005). For example,
EPD was used for immobilizing TiO2 over different types of substrates such as carbon25

and SiC fiber (Boccaccini et al., 2004), metal fiber or plate (Boccaccini et al., 2001;
Sakamoto et al., 1998), and stainless steel meshes (Yanagida et al., 2005; Ghorbani,
2008). However, using stainless steel meshes coated with TiO2 packed in layers in the
water purification field has not been done so far. The production of •OH radicals was
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detected by a photoluminescence (PL) technique in order to evaluate the performance
of the coated meshes. Based on the design criteria of packed bed solar reactor, solar
light transmission through the woven mesh layers in the presence of light absorbing
medium such as humic acid (HA) was studied in order to determine the optimum num-
ber of mesh layers and the separation distance between them.5

2 Experimental methods

2.1 Experimental approach

Immobilization of the TiO2 photocatalyst over stainless steel woven meshes was done
by using sol gel dip coating and EPD techniques in order to reach the best coating films
with such a complex shape of the substrate. PL technique was used in order to evalu-10

ate the photocatalytic activity of the TiO2 films. Besides, the thickness, the roughness,
and the microscopic images of TiO2 films were investigated to optimize the best coat-
ing films. Then the distribution of the solar light through the catalyst meshes structure
in the presence of light non-absorbing or light absorbing medium was detected in order
to optimize the number of mesh layers and the separation distance between them. The15

transmitted light through the mesh layers was measured and compared with the calcu-
lated values via a developed equation model to investigate its validity. The developed
equation model was used for the determination of the fraction of the captured light
by meshes, available for the production of •OH radicals on the catalyst surface, with
different values of dimensionless parameter representative for the separation distance20

between meshes and the extinction coefficient and concentration of the medium.
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2.2 Preparation of the immobilized TiO2 catalyst

2.2.1 Treatment of the substrate

Uncoated 304 stainless steel meshes (wire diameter 0.355 mm, aperture diameter
0.915 mm, and open area 52 %) and flat plates (thickness 2 mm), used as substrates,
were firstly rinsed with deionized water. After the stainless steel was dried in air, ethanol5

(96 %, VWR International) and methyl ethyl ketone (99.8 %, Fisher Scientific) were
used for further cleaning of the substrates. The clean substrates were dried at 125 ◦C
for 24 h (Chen and Dionysiou, 2006c). The flat plate substrates were used only for
characterization of TiO2 films.

2.2.2 Sol gel dip coating methode10

The TiO2 was immobilized onto discs of stainless steel meshes and flat plates of 5.7 cm
diameter by the dip coating technique horizontally for 1 min. Besides, discs of stain-
less steel meshes of 16.5 cm diameter were used in light distribution experiments. The
commercial sols O500 and O510 (TIPE Technology) were used for coating. Besides,
a modified commercial sol was used by adding 10 g TiO2 P-25 Degussa powder per15

1 L of sol O500 or O510.

2.2.3 Electrophoretic deposition method

The TiO2 was immobilized onto the stainless steel substrate meshes or flat plate discs
of 5.5 cm diameter by the EPD technique using the vertical coating setup (Fig. 1a).
In order to test the up-scalability, the horizontal coating setup (Fig. 1b) was used for20

coating of large-scale substrates of dimensions 32 cm x 19 cm. The orientation of the
electrodes whether vertically or horizontally did not affect the coating process, where
the mesh with the large size requires the horizontal setup to be handled more eas-
ily. The commercial sol O500 (TIPI Technology) modified with suspension AERODISP
W740X (40 % P-25, Evonik Industries AG) was mixed by 5 % v/v ratio and used as25
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electrolyte. Figure 1 shows a schematic view of the electro-deposition cells. The EPD
process is a combination of two steps: (1) the motion of charged particles in a stable
suspension under sufficient electric field (electrophoresis) and (2) the coagulation and
deposition of the particles on the electrode (Ghorbani, 2008; Sarkar and Nicholson,
1996). The suspension of TiO2 was mixed with O500 sol gel and formed a stable TiO25

suspension sol gel. TiO2 particles are negatively charged in the presence of the an-
ionic surfactant which is used to stabilize the TiO2 suspension. TiO2 particles moved
towards the anode by the action of the DC current (6 V, 2.5 A) during 1 min deposi-
tion time and then neutralized as they touch the depositing electrode or deposit and
became static (Sarkar and Nicholson, 1996; Grillon et al., 1992).10

2.2.4 Treatment of the coating films

The coating films were dried in order to adhere to the surface of the stainless steel sub-
strate. The drying was done in a furnace by increasing the temperature at a ramp rate
of 15 ◦C min−1 up to 100 ◦C; this temperature was held for 15 min. The temperature of
the furnace was subsequently increased at a ramp rate of 15 ◦C min−1 to the final cal-15

cination temperature (200–600 ◦C) and was held at this value for 15 min. The optimum
final drying temperature and the number of performed dip coatings were determined as
they affect strongly the adhesion of the catalyst film over the stainless steel substrate
and consequently the photocatalytic efficiency (Chen and Dionysiou, 2006c). The op-
timum drying temperature determined when using the dip coating technique was also20

used in the EPD technique. Finally, the films were cooled at ambient conditions and
then rinsed by deionized water to remove any non-attached particles.

2.3 Characterization of the TiO2 coatings

Surface thickness and roughness of the TiO2 film were measured with the Veeco Dek-
tak 8 Stylus Profiler fitted with a 12.5 µm tip. Reflection of the immobilized TiO2 film25

was detected by using the integrated sphere of UV/VIS/NIR spectrophotometer, model
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Lambda 90, Perkin Elmer (300–400 nm). The homogeneity of the coating layer was
investigated by the optical stereo microscope “Stereo-Discovery V8” from Carl Zeiss.
The adhesion of the TiO2 film was investigated by using a tape casting method similar
to the ASTM (ASTM D3359) test. The cross-hatch in the coating TiO2 film was cut with
a razor blade (single-edge #9, VWR Scientific, Media, PA, USA), followed by applying5

the tape (3M Scotch Tape #810) to the cross-hatch area and pulling the tape back off.

2.4 Measurements of transmitted light through the mesh structure

The apparatus designed to measure the light distribution in one or more stainless
steel metal meshes with immobilized catalysts is shown in Fig. 2. The intensity of the
transmitted UV solar light (300–400 nm) passing through the metal mesh, immersed10

in deionized water was measured by a XenoCal UV-sensor (Atlas) with a resolution
of 0.1 Wm−2. The uncoated or coated discs of metal meshes (diameter 16.5 cm) were
placed in a Pyrex glass jar with an internal diameter of 18.5 cm and separated with
silicone rubber rings with a height of 0.5 cm. The XenoCal UV-sensor was placed un-
derneath the Pyrex glass vessel that was supported by a black polyester block. The15

Pyrex glass jar with deionized water absorbed 23 % of the intensity of the UV light in
the range between 300 nm and 400 nm. The percentage of the transmitted light through
the mesh layer is the ratio of the intensity of light measured by the UV300–400-sensor
through the mesh, water, and the glass vessel (I) to that measured through water and
the glass vessel (Io).20

2.5 Theory and model equations

To calculate the light transmission through the woven meshes and the water media
considering that a system in which UV radiation with an initial intensity Io (Wm−2) falls
on stacked meshes immersed in water and it was assumed that the equal distance
between the meshes is such that the light transmitted through a mesh is fully homoge-25

nized before it enters the next mesh. The meshes were considered to be infinitely thin.
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Further, it was assumed that back and forth reflection of the light by the meshes can
be neglected. Then, the intensity of the light In (Wm−2) on the top of n meshes (n is an
integer) is

In = Io(1− r)n−1 ·e−εcnd , (1)

where r (dimensionless) is the fraction of light reduced by mesh. For uncoated meshes5

with an open area of 52 %, r = 0.48. ε (Lmg−1 cm−1) and c (mgL−1) are the extinc-
tion coefficient and the concentration of the medium, respectively, and d (cm) is the
separation distance between the meshes.

The XenoCal UV-sensor measures the intensity of the light as an integrated value
over the wavelength range of 300–400 nm. Therefore, in order to compare theoretical10

values with experimental values, the theoretical values must also be integrated values
over the same wavelength interval. The fraction of the light absorbed at a wavelength
range of 300–400 nm is given by (Goldstein et al., 2007)

α =

∫400
300 I(λ)A(λ)dλ∫400

300 I(λ)dλ
, (2)

where I(λ) is the normalized photonic flux (arbitrary units) at wavelength λ and A(λ) =15

1− T (λ) is the absorbance. In order to calculate the fraction of the absorbed light α of
HA, the emission spectrum of the light I(λ) and the transmission spectrum of the HA
T (λ) were measured over the 300–400 nm range every 0.5 nm and 2 nm, respectively
(see Fig. 3). Then the integration was done numerically by approximated intervals of
2 nm width. The values of α300−−400, T300−−400, and εHA,300−400nm are equal to 0.24,20

0.76, and 0.028 Lmg−1 cm−1, respectively. The extinction coefficient εHA,300−400nm was
used to estimate the transmission through HA layers between coated mesh layers.

The fraction of the captured light by meshes decreases with increases the path
length of the light through the colored medium layers (nd ) in cm, the extinction co-
efficient (ε) in Lmg−1 cm−1, and the concentration (c) in mgL−1 of the colored medium.25
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Thus, it is essential to optimize these three factors to get as high as practical capture
of light on the meshes.

The fraction of the captured light for a system with n meshes (ηn) immersed in a light
absorbing medium was determined by

ηn =
n∑

k=1

(1− r)k−1 ·e−kβ · r . (3)5

2.6 Evaluation of photocatalytic activity

Photocatalytic activity measurements were carried out by following up the •OH forma-
tion. Hydroxyl radicals (•OH) were detected by PL using terephthalic acid (TA) from
Sigma Aldrich with 98 % purity as a probe molecule. TA readily reacts with •OH to pro-
duce a highly fluorescent product: 2-hydroxyterephthalic acid (2-OHTA) (Yu and Wang,10

2010). The PL signal intensity of 2-OHTA at 425 nm is proportional to the amount of
•OH produced in water. The photocatalytic activity experiments were done with meshes
in 250 mL Pyrex glass beakers (internal diameter 7 cm) using a magnetic stirrer (IKA,
RT15) with an equal stirring rate at 550 rpm (rotation per minute). The temperature
was controlled to be 32±1 ◦C by letting the water flow in a water bath through a recir-15

culation cooler (Julabo, FL300). The entire system was placed inside the chamber of
the SUNTEST XXL+ (Atlas) which consists of 3 xenon lamps irradiating UV solar light
(300–400 nm) with an intensity of 40 Wm−2. The solar spectrum of these xenon lamps
was measured by a Black C-50 spectrometer, a product of StellarNet. The coated stain-
less steel meshes with a diameter of 5.7 cm were separated with silicone rubber rings20

of a diameter of 0.2 cm. The deionized water used in the preparation of TA (5×10−4 M
dissolved in 2×10−3 M NaOH aqueous solution) was aerated before the reaction to
let the dissolved oxygen concentration reach about 8 mgL−1. For each experiment,
100 mL of this TA solution was stirred for 30 min with the immobilized TiO2 catalyst in
the dark to take the water bath temperature and to ensure equilibrium adsorption.25
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2.7 Analyses

PL spectra of generated 2-OHTA due to the reaction of TA with the •OH radicals were
measured by a Photoluminescence Spectrophotometer PIT Quanta Master Model
QM-1. After light irradiation for 45 min, the reaction solution was used to measure the
increase of the PL intensity at 425 nm excited by 315 nm light.5

The concentration of the working solution of HA in all light experiments was approx-
imately 10 mgL−1. It was prepared from a 1000 mgL−1 stock solution of HA sodium
salt (Sigma Aldrich) which was prepared by dissolving it in deionized water and filter-
ing it through a 0.45 µm syringe-driven filter unit (Millex) to remove suspended solids
(0.03 gL−1). The concentration was monitored with a Hach Lange DR 5000 spectropho-10

tometer by measuring the UV absorbance at 254 nm (UV254), which represents the
aromatic moieties (Yigit and Inan, 2009). The UV254 calibration curve with five concen-
tration levels of HA is shown as a straight line with R2 equal to 0.991. The extinction
coefficient of HA determined by Lambert Beer’s law is εHA,254 nm = 0.0717 Lmg−1 cm−1.

3 Results and discussion15

3.1 Performance and characterization of coated meshes

3.1.1 Sol gel dip coating

Figure 4 shows the PL spectra of 2-OHTA formed by the reaction of TA with •OH radi-
cals after the irradiation of the different coated meshes with UV solar light (40 Wm−2)
for 45 min. The blank line represents the TA solution with meshes coated with O510-20

P25 in the dark. No PL signal was observed in the absence of UV light irradiation, which
indicates that there was no formation of 2-OHTA and consequently no formation of •OH
radicals. Coated films with plain sol gels O500 and O510 showed some photocatalytic
activity as they contain nano TiO2 particles, while those coated with sol gel modified by
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P25 Degussa powder gave the highest PL peak at 425 nm. The loading of P25 had con-
siderably increased the photocatalytic activity of the plain sol gel, which is consistent
with what was found by Chen and Dionysiou (2006a, 2006b, 2007). The presence of
TiO2-P25 particles increased the photocatalytic activity of the coating film as P25 con-
sists of an anatase/rutile phase mixture ratio of approximately 80/20 (Collins-Martínez5

et al., 2007). The mixture of these two phases is beneficial in reducing the recombina-
tion of photo-generated electrons and holes (Yu et al., 2007a, 2007b). This indicates
that the O510-P25 and O500-P25 are the best sol gels for coating the woven meshes.

Figure 5a shows the effect of the final drying temperature of one dip coated wo-
ven meshes (with O500-P25 and O510-P25 sol gels) on the maximum PL intensity10

at 425 nm after 45 min irradiation with solar light in the presence of basic TA solution.
The drying of the coating film is necessary for dehydration, which increases the ad-
hesion forces between the TiO2-TiO2 particles and TiO2-stainless steel surface (Chen
and Dionysiou, 2006b). The final drying temperature of 300 ◦C showed for both films
the highest PL intensity at 300 ◦C. This indicates that at this final temperature the TiO215

particles showed the optimum adhesion between each other and the stainless steel
surface. As the final drying temperature of the film was increased above 300 ◦C, cracks
were formed and TiO2 particles were detached during the washing step, leading to
a decrease of •OH formation. The formation of cracks is probably due to two rea-
sons: first, the difference of expansion of the stainless steel and the film and second,20

the increasing contraction of TiO2-TiO2 particles by further dehydration. Nevertheless,
choosing the most possible small wire diameter (0.355 mm) preserved the minimum
cracks formation, as by further decreasing of the wire diameter the curvature increases
and the possibility of cracks formation increases.

Figure 5b shows the effect of the number of dip coatings on the photocatalytic activity25

of the coating films. Three dip coatings of O500-P25 exhibited the maximum PL inten-
sity at 425 nm when it was irradiated for 45 min with solar light in the presence of a basic
TA solution. While the low photocatalytic activity performance for the films coated with
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O510-P25 sol gel with more than one dip coating was due to its high viscosity which
increased the possibility of cracks formation.

Figure 6a shows the microscopic image of the coating films of O500-P25 with differ-
ent numbers of dip coatings. In the first image the texture of the stainless steel substrate
appears clearly as being coated by O500 sol without TiO2-P25. The density of the TiO25

agglomerates is increased by increasing the number of dip coatings of O500-P25. The
area covered by the agglomerates per unit surface area of the substrate increased with
an increase in the number of dip coatings until three dip coatings. There was no signif-
icant increase in the density of TiO2 agglomerates observed by increasing the number
of dip coatings from three to five. This explains the increase of the •OH formation from10

one dip coating to three dip coatings and no further improvement in the photocatalytic
activity after three dip coatings.

Figure 6b shows the microscopic image of the coated stainless steel woven mesh
with O500-P25 sol gel with three dip coatings at 300 ◦C. The commercial O500 sol acts
as a binder for the TiO2 P-25 Degussa particles agglomerates (Chen and Dionysiou,15

2006a). The coating TiO2 film shows a good coverage of the complex woven mesh
shape. However, by dipping the mesh in a sol gel and then lifting it, a meniscus surface
of the sol was formed and then solidified by heating. As a consequence this meniscus
surface formed film wings. These wings may get detached by attrition causing damage
of the coating film over the mesh wires.20

Figure 6c shows the effect of the number of dip coatings with O500-P25 at 300 ◦C on
the average film thickness and roughness. There is a more or less, linear relationship
between the average film thickness and the number of dip coatings. This is in agree-
ment with what observed by Chen and Dionysiou (2006c). The average film thickness
is approximately 2.2 µm per dip coating. It was found that the photocatalytic activity25

of a TiO2 thin film reached its maximum at a film thickness of ca. 140 nm (Eufinger
et al., 2008) and of 360–430 nm (Nam et al., 2004). The difference between the two
studies is due to the difference in the thin film preparation techniques and/or the exper-
imental setup for testing their photocatalytic activity. Tada and Tanaka (1997) proposed
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that there is a limited diffusion length of the charge carriers and a cumulative light
adsorption with increasing film thickness. They found that the critical film thickness is
ca. 100–150 nm, from which they deduced a charge carrier diffusion length of about
300 nm. Eufinger et al. (2008) deduced that most of the incoming light is absorbed
in the first few 100 nm of the film. Therefore, it can be concluded that the increase in5

photocatalytic efficiency with an increasing number of dip coatings is not due to the
increase in film thickness. Figure 6c shows an increase in average roughness from ca.
1 µm to 2 µm by increasing the number of dip coatings from 1 to 3 Afterwards, no fur-
ther increase in roughness was observed. This indicates that new TiO2 agglomerates
were deposited on the surface of the film by each dip coating until three dip coatings10

and the active sites on the TiO2 film surface was increased. The conclusion is that the
average film roughness is an important parameter for the photocatalytic activity of thick
TiO2 films as the critical average film thickness (ca. 6.4 µm) gave the highest average
film roughness (ca. 2 µm).

Since adhesion for immobilized TiO2 films is an important property in water treat-15

ment, the cross-hatch tape test was performed on the coating films over stainless steel
flat plate to evaluate the strength of adhesion. According to ASTM 3359, the result
of the adhesion test has been qualitatively divided into 6 grades, from 5 to 0, where
grade 5 represents the highest level of adhesion and 0 the lowest level of adhesion.
The O500-P25 coating film with three dip coatings at 300 ◦C showed the best adhesion.20

About 75 % of the squares of the lattice were not detached after pulling off the tape,
corresponding to ASTM Class 2B.

3.1.2 Electrophoretic deposition

Figure 7a and b show the microscopic views of the coated stainless steel woven mesh
with O500-P25 sol gel by EPD using DC current (6 V, 2.5 A) during 1 min deposition25

time. The coating TiO2 film with the EPD method shows better homogeneity than that
coating by dip coating method especially with large dimensions. This would be due to
the applied electric field which enabled a uniform distribution of TiO2 particles on the
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mesh surface. Less film wings were observed with EPD method because of the action
of the applied electric field which forced the TiO2 particles to attach with mesh wires
and prevented the formation of a meniscus between the mesh wires. Figure 7c shows
the area covered by the TiO2 agglomerates per unit surface area of the substrate higher
than that obtained with the sol gel dip coating technique.5

The TiO2 coating film with EPD shows a little bit better adhesion than that coating
by dip coating technique three times using the O500-P25 sol gel. The cross-hatch tape
test was performed on the coating film by the EPD technique over stainless steel flat
plate. About 80–85 % of the squares of the lattice were not detached after pulling off the
tape, corresponding to ASTM Class 2B. On the other hand, EPD technique produced10

a thicker TiO2 film ranging between 8.95 µm and 9.29 µm with a higher average rough-
ness of 2.2 µm compared to that obtained by dip coating technique three times using
the O500-P25 sol gel. This indicates that more TiO2 agglomerates were deposited on
the surface of the substrate introducing more active sites for the catalyst and explain-
ing the higher maximum PL intensity obtained by the coating films by EPD technique15

compared with that obtained by the dip coating technique (see Fig. 7).
Figure 8 shows the formation of 2-OHTA as a PL intensity at 425 nm for the small

single woven disc meshes (diameter 5.5 cm) and the large single woven sheet (19 cm
× 32 cm) coated by EPD. The area-to-volume ratio for the large mesh was higher than
that for the small mesh. Thus, in order to adjust the PL intensity results from the large20

mesh, they were divided by a factor 2.15. This factor is the result of dividing the area-
to-volume ratio of the small mesh (23.75×10−4 m2/0.1 L) by the area-to-volume ratio of
the large mesh (510×10−4 m2/1 L). The results show a linear relationship between the
formation of 2-OHTA and the time. The PL intensity results for the large sheet mesh
were slightly lower, but of the same order of magnitude, than those for the small disc25

meshes. This means that the amount of •OH radicals with the large mesh was close to
the amount that was produced with the small meshes.
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The conclusion was, therefore, that coating of stainless steel woven meshes by the
EPD is up-scalable and gave a higher •OH radical production, a lower formation of
cracks, and a higher adhesion than the dip coating technique.

3.2 Light distribution in a structure of packed meshes

3.2.1 Light transmission through the mesh structure5

Figure 9 shows a comparison between the measured and calculated percentages of
the UV light transmitted through uncoated mesh layers immersed in a non-absorbing
medium (distilled water). It shows the stepwise decrease of the light intensity at the
passage of each mesh according to Eq. (1), while the intensity between the meshes
remains constant (solid line). The top ends of the vertical lines represent the light in-10

tensity falling on the mesh and the bottom ends represent the light intensity transmitted
through the mesh. For a non-absorbing medium, ε is near to be zero and the right term
in Eq. (1) becomes equal to 1. Thus, the reduction of light is due to the mesh layers only,
which is represented by the left term in Eq. (1). Using the experimental setup for light
distribution measurements described in Sect. 2.3, the light transmission through differ-15

ent stacks of meshes was measured for separation distances of 1 cm. The calculated
and the experimental measurements of the intensities of UV solar light in the range
of 300–400 nm after passing (n) meshes coincide which validate the model Eq. (1).
This indicates that Eq. (1) can be applied to investigate the transmitted light profile not
only for meshes immersed in non-absorbing medium but also for those immersed in20

absorbing medium.
The inset in Fig. 9 shows the reflection of light (λ = 300–400 nm) for stainless steel

and TiO2 film measured by the integrated sphere spectrometer. The largest contribution
of reflected light will be experienced by the second mesh: from this mesh the light
reflected upwards and backwards from the down side of the first mesh. The calculation25

shows that the largest contribution of reflected light is an extra 2 % using stainless steel
(average reflection of 40 %) and 0.2 % using TiO2 coated meshes (average reflection
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of 13 %). This shows that the assumption not to consider back and forth reflection by
the meshes in the calculations was justified.

Figure 10 shows the measurements of the percentage of transmitted light through
coated woven meshes immersed in a non-absorbing medium (distilled water) at two
different separation distances. For coated meshes with an open area of 55 %, r = 0.455

due to a slight increase in the mesh wire thickness with coating. The measurement
values were more or less the same, indicating that the drop of the light transmission
was due to the meshes only and that there was no effect of the separation distances
between the mesh layers. In addition, the mesh was like a diffuser which intends to
break up the light beams without introducing shadows below it. Thus, the system in10

practice behaves as an ideal stacked mesh system. Shifting or turning one mesh over
the next, there was not an observable influence on the intensity readings, indicating
that the transmitted light below the mesh was distributed homogeneously and the ho-
mogeneity of the coating film over the mesh was good enough to distribute the light.
Practically, the orientation of the meshes was fixed randomly which gave a good op-15

portunity to subject the mesh wires to the light radiation and prevent the shadowing
effect. In conclusion, Eq. (1) can be used to calculate the percentage of transmitted
light through coated meshes.

3.2.2 Effect of a light absorbing medium

The experimental setup for light distribution measurements described in Sect. 2.3 was20

used for measuring the light transmission through different stacks of meshes for sepa-
ration distances of 1 cm immersed in a light absorbing medium (9.7 mgL−1 HA).

Figure 11 shows a comparison between the measured and calculated percentages
of the UV light transmitted through the coated mesh layers and immersed in a light ab-
sorbing medium. The curves for the light transmission through the colored water layers25

follow Lambert Beer’s law with an exponential decrease in transmission. The measured
transmission values of the UV solar light in the wavelength range of 300–400 nm coin-
cide with the calculated values. This indicates that Eq. model (1) which describes the
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transmission of light through mesh layers and Eq. (2) which calculates the fraction of
the light absorbed by HA layers can be used to describe the transmission light pro-
file inside the packed bed reactor. The transmission through the coated mesh structure
was strongly affected by the presence of a light absorbing medium or colored water due
to the absorption of light in the range of 300–400 nm. The lower the transmission val-5

ues through HA solution, the lower the interaction of light with the catalyst surface was.
It was calculated that a maximum of 3.6 % of the incident light irradiated the coated
fifth mesh with HA concentration of 3 mgL−1. Thus, three, or maximum four meshes,
were sufficient to harvest more than 96 % of the irradiated solar light. Figure 11 also
shows that as the HA concentration decreased the percentage of the transmitted light10

through the HA layers increased and consequently the fraction of light available for the
production of •OH radicals increases. Similarly, as the separation distance between
mesh layers decreased the percentage of the transmitted light through the HA layers
increased (see Eq. 1). The photocatalytic oxidation efficiency will be the highest when
the fraction of the captured light by the meshes available for the production of •OH15

radicals is optimized. This can be done by introducing the dimensionless parameter
β = ε ·C ·d in order to be applicable for various light absorbing mediums with different
extinction coefficients and for different concentrations.

The dimensionless parameter β approached 0 for very clean water and approxi-
mately 1 for highly contaminated water, for example, HA concentration of 20 mgL−1

20

and a maximum separation distance between the meshes of 2 cm, assuming that there
is no shadowing effect that influences the light transmission, where the shadowing ef-
fect is not present with a separation distance larger than 0.2 cm (see Fig. 10). This
realistic range of β is due to that the fine suspended particles were not taken into con-
sideration and the absorbance of light was only due to the dissolved organic materials25

of HA. Figure 12 shows the decrease in the fraction of the captured light as a function
of β for systems with different number of meshes. It shows that as β increased, less
number of meshes is required. Three meshes are enough for capturing the light for
β > 0.4 and two meshes are enough for β > 0.7 as there is no contribution for the third
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mesh. This means that with a very low concentration of colored water contaminated
with micro-pollutants, a multi mesh system would be used. The intercept of the curves
with y axis represents the fraction of the captured light by meshes in the presence of
non-absorbing medium.

The separation distance should be low as much as possible in order to decrease5

the effect of absorption of light with HA layers and decrease the value of β. The lower
separation distance provides a good vertical mixing and a higher captured number of
photons per unit reactor volume. Practically, the separation distance can be decreased
as much as possible to be 0.2 cm in order to avoid any attachment of the mesh layers
because the meshes were not flattened perfectly. On one hand, as the open area of the10

mesh increases, the fraction of light reduced by mesh r decreases and more meshes
should be used in order to capture the light as much as possible. On the other hand,
as the mesh wire diameter decreases, the surface area increases and the shadowing
effect is minimized.

4 Conclusions15

– The average film roughness is an important parameter for the photocatalytic ac-
tivity of thick TiO2 films as the critical average film thickness (ca. 6.4 µm) gave the
highest average film roughness (ca. 2 µm) in dip coating technique.

– A promising immobilized photocatalyst was prepared by EPD technique on stain-
less steel woven meshes using a stable TiO2 suspension in sol gel O500 as20

electrolyte at 300 ◦C dryness temperature. This technique shows higher •OH for-
mation, lower cracks formation, better homogeneity and adhesion than dip coat-
ing technique. Coating with EPD is up-scalable for large stainless steel woven
meshes.
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– A stainless steel woven wire mesh was a good photocatalyst substrate due to
its large surface area and the possibility of the light to be effectively distributed
through it.

– The Eq. model (1) can be used to describe the distribution of the light through the
catalyst woven mesh structure not only immersed in non-absorbing medium, but5

also in a light absorbing medium.

– The dimensionless parameter β = ε ·C ·d can be used to optimize the fraction of
the captured light by meshes in colored medium in order to be applicable for var-
ious light absorbing medium with different extinction coefficients and for different
concentrations.10

– Three mesh layers or maximum four were enough to harvest more than 96 % of
the light in the presence of colored water with HA.

– A 0.2 cm separation distance was an optimum separation distance between mesh
layers to have as much as possible illuminated light on top of the last mesh layer
in the bottom of the reactor. This distance also meets the design criteria of having15

a high vertical mixing and a high captured number of photons per unit reactor
volume.
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Fig. 1. Schematic view of electro-deposition cell. (a) A vertical coating setup for the small mesh
discs. (b) A horizontal coating setup for the large-scale meshes.
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Fig. 2. Schematic view of the experimental setup for light distribution measurements.
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Fig. 3. Transmission spectrum of HA was measured by Hach Lange DR 5000 spectrophotome-
ter and the normalized emission spectrum of artificial solar light was measured by Black C-50
spectrometer, a product of StellarNet Inc.
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Fig. 4. PL spectra of 2-OHTA formed by 45 min irradiation of different coated meshes. Initial TA
concentration is 5×10−4 M; excitation is at 315 nm; final drying temperature is 300 ◦C.
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Fig. 5. Maximum PL intensity at 425 nm for woven meshes coated with O500-P25 and O510-
P25 sol solutions as a function of (a) final drying temperature (one dip coating) and (b) number
of dip coatings (final drying at T = 300 ◦C).
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Figure 6. (a) Microscopic images of coating films showing increasing of TiO2 agglomerates by 

increasing of number of dip coatings. (b) Microscopic image for woven mesh coated by three dip 

coatings on O500-P25 sol gel and dried at final temperature 300 ºC. (c) Average surface 
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Fig. 6. (a) Microscopic images of coating films showing increasing of TiO2 agglomerates by
increasing of number of dip coatings. (b) Microscopic image for woven mesh coated by three
dip coatings on O500-P25 sol gel and dried at final temperature 300 ◦C. (c) Average surface
thickness and roughness of O500-P25 TiO2 film over stainless steel flat plate with different
number of dip coatings at 300 ◦C measured by Veeco Dektak 8 Stylus Profiler.
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Fig. 7. Microscopic image of the stainless steel woven mesh coated with EPD method using
O-500 sol gel modified with TiO2 suspension: (a) low magnification; (b) high magnification; (c)
microscopic image of coating film with O500-P25 sol gel by EPD using DC current (6 V, 2.5 A)
during 1 min deposition time.
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Fig. 8. Maximum PL intensity at 425 nm as a function of time for three single woven disc meshes
and single woven sheet (19cm×32cm), coated by EPD, after corrections for area-to-volume
ratio.
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Fig. 9. Light transmission through uncoated woven meshes (for which r = 0.48) in a nonabsorb-
ing medium (distilled water). The solid line represents model calculations according to Eq. (1);
(×) measured intensities with 1 cm mesh separation. Inset: reflection of stainless steel flat plate
and TiO2 film measured with the integrated sphere spectrometer.
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Fig. 10. Light transmission through coated woven meshes (r = 0.45) in a non-absorbing
medium (distilled water). Measured intensities: (�) 0.2 cm mesh separation; (×) 1 cm mesh
separation.
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Fig. 11. Experimental measurements and theoretical calculations for the percentage of the
transmitted UV solar light (300–400 nm) through coated woven meshes (r = 0.45) with separa-
tion distance 1 cm in the presence of different concentrations of HA.
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Fig. 12. The fraction of captured light by the coated meshes (r = 0.45) as a function of the
dimensionless β parameter in a light absorbing medium.
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