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Abstract An experimental comparative study of different
meshes as support materials for photocatalytic applications in
gas phase is presented. The photocatalytic oxidation of dichlo-
romethane in air was addressed employing different coated
meshes in a laboratory-scale, continuous reactor. Two fiberglass
meshes and a stainless steel mesh were studied regarding the
catalyst load, adherence, and catalytic activity. Titanium dioxide
photocatalyst was immobilized on the meshes by dip-coating
cycles. Results indicate the feasibility of the dichloromethane
elimination in the three cases. When the number of coating
cycles was doubled, the achieved conversion levels were in-
creased twofold for stainless steel and threefold for the fiberglass
meshes. One of the fiberglass meshes (FG2) showed the highest
reactivity per mass of catalyst and per catalytic surface area.
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Dichloromethane .Mesh reactor . Efficiency

Introduction

Indoor air pollution is a major issue nowadays. People spend
most of their time in confined places and are exposed to a wide

variety of chemical compounds (Jones 1999). Among them,
volatile organic compounds (VOCs) represent a major source
of indoor contamination. In recent years, there has been a
particular interest on the halogenated family of VOCs which
may be released by a number of household and office mate-
rials (Kowalska et al. 2015). VOCs, in general, and chlorinat-
ed ones in particular, are responsible for a number of chronic
health effects when they are present in confined environments.

In order to reduce the exposure levels to VOCs, the ad-
vanced oxidation technologies of proven efficiency in air
treatment could be used. In particular, photocatalytic wall re-
actors have been successfully applied in the control of air
pollutants (Boonen and Beeldens 2014). Some works, how-
ever, showed that halogenated aliphatic hydrocarbons present
the lowest photocatalytic conversion efficiencies when com-
pared to other VOC types (Hodgson et al. 2007).

Dichloromethane (CH2Cl2), also known as methylene
chloride, is a chlorinated aliphatic hydrocarbon compound.
This organic compound is one of the most typical indoor air
pollutants; it is usually found in concentrations several times
larger than outdoors (Nero 1988). Dichloromethane (DCM)
can be found either in domestic or industrial environments
because it is used in the production of many products (such
as paint stripper, pharmaceuticals, and as a solvent) and in
consumer products like hair-spray aerosols, household
cleaning products, room deodorants, etc. The diverse nature
of its application implies that dichloromethane can be released
to the environment to a large extent.

Although dichloromethane has a moderate toxicity level, it
can produce adverse health effects to humans. The principal
route of human exposure to this compound is inhalation of
ambient air (USEPA 2000). Chronic inhalation exposure to
dichloromethane can produce headaches, dizziness, nausea,
and memory loss. Furthermore, dichloromethane is classified
as a potential carcinogenic to humans. The permitted exposure
level in workplaces was established at 25 ppm.
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Along with other chlorinated methanes, dichlorometh-
ane was used as a target pollutant in the investigation of
heterogeneous photocatalysis. A number of published
works dealt with the determination of a reaction pathway.
Abu Bakar et al. (2010) studied doped and pure TiO2

catalysts for the elimination of dichloromethane and
similar chlorinated hydrocarbons; they found a
degradation level for dichloromethane in between those
of chloroform and carbon tetrachloride. Yu et al. (2012)
studied the photodegradation of dichloromethane in differ-
ent reaction media and detected small quantities of organic
intermediates; based on their experimental findings, they
proposed a probable degradation pathway. The identifica-
tion and quantification of significant quantities of interme-
diates was also performed by Borisch et al. (2004). In
their work, high initial concentrations of dichloromethane
in a batch system were used to report the presence of
carbon monoxide, chloroform, and formyl chloride, among
other intermediates.

Among the possible photocatalytic wall reactor config-
urations, the photocatalytic mesh reactors have a special
feature: they provide a media that absorbs the radiation
that initiates the degradation reaction while allowing a
certain fraction of the radiation flux to pass through the
mesh. This transmitted radiation fraction can be further
intercepted by another contiguous mesh and be used for
the superficial reaction. In addition, the photocatalytic
mesh reactor provides a good contact area between the
air and catalyst with a minimum pressure drop. Because
of these advantages, there have been some recent focuses
on the coated mesh photocatalytic gas phase reactor.
Taranto et al. (2009) compared honeycomb monolith and
mesh reactors regarding pollutant degradation and pressure
drop; Chang et al. (2010) studied a coated stainless steel
sieve for elimination of acetone; Ochiai et al. (2011) ad-
dressed a modified titanium mesh filter for odour control
in batch and continuous mode. The radiative interchange
modelling and experimental validation of a multiple mesh
photocatalytic reactor for air remediation has been previ-
ously addressed (Esterkin et al. 2005).

The selection of the support material for such a mesh reac-
tor is crucial, given that the optical properties (transmittance
and absorbance), the superficial catalyst load, the coating ad-
herence and the mechanical and chemical stability of the cat-
alytic mesh have a direct effect on the photocatalytic reactor
performance.

Our research is currently centered on the selection of mesh
materials for reaching an efficient dichloromethane removal
from air. The aim of this work is to evaluate and compare the
performance of different substrate materials for a coated mesh
photocatalytic reactor, using titanium dioxide (TiO2) as
photocatalyst and near UV lamps for the elimination of
dichloromethane.

Materials and methods

Support materials

Three low-cost materials were chosen for the immobilization
of the catalyst (Fig. 1): two fiberglass meshes and a stainless
steel mesh. Besides their composition materials, the meshes
differ in their wire diameter and opening sizes; main charac-
teristics of the meshes are presented in Table 1. The variable
open area fraction (OAF) on the last column of Table 1, is the
ratio of open area to total mesh area at a normal angle of
incidence to the plane of the material.

All three materials were chosen for their market availabil-
ity. Rectangular samples of each mesh were used for the de-
termination of catalyst loading, optical properties, and photo-
catalytic activity tests. Before the catalyst immobilization each
piece was cleaned with distilled water, rinsed and dried; in
addition, they were cleaned with acetone and dried in stove
at 40 °C. A further treatment was needed for one of the com-
mercially available meshes, FG1, which is coated with PVC;
this plastic was eliminated thermally by exposing the mesh
during a 6-h period in a muffle; the temperature rate of the
first hour was 3.5 °C/min, followed by a 1 °C/min ramp for 5
further hours. The final temperature was 600 °C.

Catalyst immobilization

The catalyst was immobilized onto the meshes by a series of
dip-coating cycles. A suspension of 50 g/L of pure titanium
dioxide was prepared with distilled water. Aeroxide P25 (from
Evonik, Germany) was employed without further treatment.
This commercial catalyst is composed mainly of crystalline
TiO2 with an anatase/rutile ratio of 5.5, and around a 10.0 wt%
amorphous phase (Ohtani et al. 2010; Tobaldi et al. 2014).
Prior to each coating cycle, the suspension was kept for 1 h
in a magnetic stirrer to homogenize the catalyst concentration.

Each mesh was immersed in a vessel containing the sus-
pension which was recirculated and mixed by means of a
peristaltic pump. After 1 min, the vessel was evacuated at a
controlled velocity of 10 cm/min. Once extracted, the mesh

 FG1 FG2 SS

Fig. 1 Photograph of the tested meshes. FG1 and FG2 are fiberglass
meshes; SS is the stainless steel mesh. The length scale is in cm
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was let to dry and then put in the stove at 80 °C for 1 h. In the
case of the stainless steel mesh, an additional 5-h calcination
period at 300 °C followed the drying process. The coating
procedure was repeated a number of times to increase the
amount of fixed catalyst.

Reactor

The reactor itself is made in acrylic and holds inside the coated
mesh. In order to avoid mass transfer limitations to the catalyst
surface, the reactor thickness is only 6 mm and the mesh is
located at the midpoint between windows. The near UV radi-
ation sources are two sets of actinic lamps (Sylvania F15W
T12) which provide a uniform flux over the reactor windows.
The reactor dimensions and operating conditions are summa-
rized in Table 2.

Dichloromethane source and analytical determination

Pure dichloromethane gas was delivered by a custom-made
pressurized gas cylinder. Firstly, a gas tube is evacuated by
means of a vacuum pump. In the second place, an aliquot of
the pure liquid dichloromethane (Sintorgan, reagent grade) is
introduced into the tube aided with a syringe and by opening
the tube’s valve for a few seconds. Finally, the tube is con-
nected to an air compressor and then filled with air up to a
pressure of 120 psi.

Concentrations of dichloromethane at the inlet and outlet of
the reactor are determined from gas-tight syringe extracted
samples by gas chromatography. The gas chromatograph
(HP 5890) was operated in splitless mode using nitrogen as
a carrier; the injector temperature was set at 170 °C, the de-
tector at 250 °C and the oven at constant 40 °C. In a previous
step, a calibration curve of dichloromethane response in GC-
FID was made applying a static headspace method (Kolb and
Ettre 1997).

Reactor operation

The reaction system layout is presented in Fig. 2. The reactor
operates in continuous mode, in one pass with no recycle. The
pneumatic circulation is provided by a compressor; the air
stream is passed through a filtration system composed by
two granular bed columns of activated carbon and silica gel.
The desired dichloromethane concentration at the reactor inlet
is obtained by adequate regulation of mass flow controllers. A
continuous air stream feeds the reactor with a known concen-
tration of dichloromethane and relative humidity. Inside the
reactor, a manifold system was placed to obtain a uniform
flow over the reactive mesh.

An experimental run is performed as follows: before the
mesh is irradiated, the air containing the pollutant is circulated
in the reactor until the inlet and outlet concentration reach a
constant value. Once a steady-state condition is obtained, the
irradiation period is started; the outlet concentration is mea-
sured over time and the conversion is calculated when no
significant change is observed.

The absolute irradiance level at the reactor windows was
determined with a portable spectrophotometer (Ocean Optics
USB2000+UV-VIS-ES). The optical properties of the meshes,
total reflectance, and transmittances were determined in a lab-
oratory spectrophotometer with integrating sphere (Optronic
OL50).

Table 1 Mesh properties

Material Mesh sizea Weight (g/m2) OAF

FG1 10 114.4 0.60

FG2 5 102.7 0.67

SS 25 876.2 0.45

OAF open area fraction
a US Standard size

Table 2 Reactor dimensions and operating conditions

Reactor dimensions

Thickness (T) 0.6 cm

Length (L) 10 cm

Width (W) 15 cm

Mesh total area 150 cm2

Operating conditions

Relative humidity 5 ± 1 %

Temperature 22 ± 2 °C

Inlet DCM concentration 65.6 ± 2.4 ppmv

Feed flow rate 1 L min−1

Maximum radiation level 28 W m−2

Radiation wavelengths range 300–400 nm

Fig. 2 Experimental reaction setup: 1, air compressor; 2, air filter with
activated carbon and silica gel; 3, mass flow controller; 4, cylinder with
DCM in air mixture; 5, humidifier; 6, photo-reactor; 7, sample port; 8,
variable area flowmeter; 9, wet scrubber
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Results and discussion

Coating morphology

A microscopic inspection of the coatings over the different
substrates was performed. Samples of the coated meshes were
examined under a scanning electron microscope (SEM; Jeol
JSM-35C); the selected images are shown in Fig. 3.

From the microscopic images of the meshes with four coat-
ing cycles, it can be seen that in each case the coating coverage
over the substrate is high. In addition, as can be seen in the
case of the stainless steel (SS b) mesh, the thickness of the
catalyst layer is in the order of 10 μm.

Catalyst load

One of the first parameters evaluated was the catalyst load on
the different meshes. This was achieved by registration of
mesh samples weight after each immobilization cycle, i.e.,
dip-coating, drying (and calcination for the stainless steel
mesh). As can be seen in Fig. 4, the amount of catalyst fixed

is proportional to the number of cycles, but the differential
mass added becomes lower as the number of cycles increases
for some materials. After four depositions, the sample meshes
were observed to have a proper spatial uniformity in sight and
no observable uncoated spots. The reported catalyst loads in
Fig. 4 are computed considering the total geometric area of the
samples, all of which are square pieces of 5 cm in side.

As can be seen in Fig. 4, there is a complete different
behavior of the substrates and the final load achieved for the
FG1 is the largest, while for FG2 is lowest. An intermediate
behavior is observed with the mesh of stainless steel. Meshes
with two and four coating cycles were used in the activity and
adherence tests.

Catalyst adherence test

In order to provide an additional parameter for the substrate
comparison, a test for catalyst adherence was performed. Even
though the coated materials are to be used with gaseous
streams, the adherence of the catalytic layers to the substrate
was evaluated in aqueous medium using the ultrasonic

FG2 

FG1 

SS (a)

(a)

(a)

100 µm

100 µm

100 µm

FG2 (b)

FG1 (b)

SS2 (b)

1

10 µ

10 µm

 µm

m

m

Fig. 3 SEM images of the
meshes after four coating cycles
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method, as described in the literature (Martínez et al., 2009). It
consists in the measurement of the weight loss caused by the
exposition of the sample to ultrasound. The coated meshes
immersed in distilled water were submitted to an ultrasonic
treatment in a Neyo Ultrasonik 300 for 30 min at room tem-
perature and maximum power. After that, the samples were
dried in a stove at 80 °C for 2 h. The weight loss was deter-
mined by the difference in the mass of the samples before and
after the ultrasonic test, and adherence results are presented in
Table 3 in terms of the remaining TiO2 mass percentage.

As can be seen in Table 3, there is an appreciable catalyst
loss after 30 min of sonication, being FG1 the material with
least adherence. Nevertheless, it is worth mentioning that this
testing method exerts a higher stress to the materials than in
the desired gas-phase operation; in fact, no catalyst detach-
ment was observed during the photocatalytic activity tests.

Optical properties

The total spectral reflectance and transmittance of the uncoat-
ed support materials and the coated meshes were measured in

the wavelength range of emission power of the lamps, i.e.,
300–400 nm. See for instance Fig. 5a, where the optical prop-
erties for FG1 are depicted. The reflectance of the coated
meshes is lower than the reflectance of the uncoated substrate
for wavelengths below 390 nm approximately, as a result of
the well-known limit for TiO2 absorbance. In addition, the
transmittance of the sample has a smooth wavelength depen-
dence and, as can be noted, the spectral value gets slightly
lowered for increasing catalyst load. The optical responses
of the two fiberglass meshes are similar; on the other hand,
the transmittance of the stainless steel mesh has a stronger
dependence with the catalyst loading. This behavior may be
explained by the low value of the OAF which, in turn, gets
lower when the mesh is coated with the titanium dioxide.

Photocatalytic activity tests

Regarding specifically the degradation of dichloromethane in
the reaction device, a series of blank tests were performed. In
the first place, an analytical screening of the air supplied by the
purification system presented no peaks in the chromatogram,
indicating the absence of unwanted substances. Secondly, a
blank test for photolysis was performed by circulating the
dichloromethane mixture in the reactor with uncoated mesh
inside (without catalyst) and irradiated with the maximum
power. Finally, an additional test was done using the TiO2-
coated mesh inside the reactor but no radiation source. None
of these tests presented a significant difference between the
inlet and outlet concentrations of dichloromethane, indicating
the absence of photolysis and adsorption phenomena under
steady-state operation.

Fig. 4 Catalyst load after each
coating cycle

Table 3 Adherence of catalyst

Sample # of cycles TiO2 load (mg/cm2) Adherence (%)

FG1 2 2.88 53.8

4 3.68 43.1

FG2 2 0.44 61.5

4 0.76 68.8

SS 2 1.29 63.2

4 3.05 62.9

Environ Sci Pollut Res

Author's personal copy



A set of experimental runs were conducted by variation of
the substrate material and the catalyst coating cycles. In order
to make the results comparable, all operating variables were

kept constant: inlet dichloromethane concentration, total flow
rate, radiation flux, and relative humidity. Also, the different
samples had identical dimensions. The details for each of the
values of operating conditions are summarized in Table 2.

Even though we were only interested in the degradation of
dichloromethane, it is worth noting that the only identified
compound at the reactor outlet, other than dichloromethane,
was chloroform. The identification was performed by compar-
ing the retention times in the chromatograms of samples taken
at the reactor outlet with the ones of headspace samples injec-
tions of pure chloroform. To give an idea of the amount of
products at the reactor outlet, the area counts for chloroform
were at least three orders of magnitude lower than those of
dichloromethane. The presence of chloroform as a reaction
intermediate is consistent with the proposed kinetic pathway
of Borisch and coworkers (Borisch et al. 2004).

In order to obtain an activity test free of external mass
transfer limitations, the experiments were carried out under
operating conditions that satisfied the criterion that relates at
the steady state the observed reaction rate and the mass trans-
fer of dichloromethane in air (Passalía et al. 2010):

rDCMh iobs
kmCin

≤0:1 ð1Þ

where km is a mass transfer coefficient. The observed re-
moval rate (mol cm−2 s−1) was computed as

rDCMh iobs ¼
Q Cin−Coutð Þ

Acat
ð2Þ

where Q is the volumetric air flow rate (cm3 s−1), Cin and
Cout are the inlet and outlet dichloromethane concentrations,
respectively (mol cm−3), and Acat is the catalytic area (cm

2).
The mass transfer coefficient (cm s−1) was estimated through
the experimental correlation of Uberoi and Pereira (1996) for
monolith reactors:

km ¼ 2:696
Dab

d
1þ 0:139ScRe

d

L

� �0:81

ð3Þ

where Sc and Re are the Schmidt and Reynolds numbers,
respectively, Dab is the binary diffusivity of dichloromethane
in air, and d is the characteristic length of the system. For the
studied operating conditions and reactor dimensions, the value
of km obtained was 0.85 (cm s−1); with this value, the criterion
is fully satisfied, being always below 0.02 < 0.1.

In Fig. 6, a typical experimental result for the stainless
steel mesh is shown. Samples are taken for determination
of the inlet and outlet concentrations until their difference
seems to be stable. Although low conversion levels were
generally found under the adopted operating conditions,
the results are consistent with the reactor scale and the
low catalytic area available. Recall also that the residence
time is only 5.4 s.

FG2

SS

FG1 (a)

(b)

(c)

Fig. 5 Optical properties of coated and uncoated meshes. Key: T =
transmittance; R = reflectance; 0, uncoated material; 2, mesh with two
coating cycles; 4, mesh with four coating cycles
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It is noticeable from Fig. 6 that, in the first moments of the
irradiated period, the outlet dichloromethane concentration is
the lowest and then it stabilizes in a larger value. This variation
of the observed removal rate may be due to a dynamic adsorp-
tion phenomenon over the catalyst surface and is consistent
with previous findings in the literature (Lewandowski and
Ollis 2003).

The steady-state outlet concentrations are used for comput-
ing dichloromethane conversions for each sample. Table 4
summarizes the set of experimental runs for the six mesh
samples. As can be observed, a certain dichloromethane re-
duction level could be achieved in all cases.

When comparing global conversion levels (third column),
the FG1 sample with four coating cycles shows the best perfor-
mance. In every case, the conversion for the samples with four
coating cycles is larger than for samples with two cycles; this
effect goes along with the increase in TiO2 load. For the case of
dichloromethane reduction per catalyst mass (sixth column),
FG2 showed the largest output, being the highest value
135 ppb/mg. In addition, the concentration reduction per cata-
lytic surface area is presented and high conversion levels are also
obtained for FG2. Note that the catalytic area is computed as
twice the normal solid to total area, Acat = 2An(1 −OAF).

According to the obtained results, although the FG2 mesh
has the lowest catalyst load and active area, it shows the best
dichloromethane reduction per TiO2 mass and also a high
dichloromethane reduction per catalytic area. This is a signif-
icant finding given that FG2 is also the lightest support mate-
rial and the one with largest open area fraction.

Qualitative analysis

Stainless steel mesh is an appropriate material for the immo-
bilization of TiO2, particularly for having the structural capac-
ity of maintaining a certain form and aiming for a larger scale,
multiple-mesh reactor configuration. Nevertheless, one draw-
back of this material is the appearance of corrosion points that
were observed after prolonged reaction tests. This phenome-
non can be explained in view of the chemical nature of this
chlorinated compound, but most likely for the production of
HCl in the surface. Hydrogen chloride is the end-product of
the mineralized dichloromethane molecule.

Of the two fiberglass meshes, FG1 has the problem of loose
and labile structure, which makes it difficult to keep the de-
sired form within the reactor. This problem may become even
worse when dealing with larger pieces of mesh for a reactor of
bigger dimensions.

From this experimental comparative study of the different
meshes assessed, it can be concluded that FG2 is the most
appropriate mesh for the scaling up to a larger reactor for
photocatalytic air purification.

Conclusions

Three meshes of different materials were tested as substrates
for immobilization of photocatalyst and their application for
gas-phase pollution control. All three samples (two fiberglass
and one stainless steel meshes) were coated with titanium
dioxide and were able to reduce dichloromethane concentra-
tion in one pass. Adequate conversion levels were obtained in
our laboratory-scale continuous reactor. Chloroform was the
only reaction intermediate identified, but in concentration or-
ders of magnitude lower than those of dichloromethane.

Because of its poor catalyst adherence capability and labile
structure, FG1 can be disregarded for further applications at a
larger scale. On the other hand, FG2 shows a much better
efficiency and can hold its shape better than FG1. Stainless
steel performs well regarding photocatalytic reactivity and has
the best mechanical strength; this coated metal mesh has the
lowest transmittance, which may be a drawback for a multiple
mesh configuration. In addition, stainless steel is the most
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Fig. 6 Photocatalytic test for SS mesh with two coating cycles

Table 4 Photocatalytic activity
tests and efficiencies Material # of coating

cycles
DCM
conversion (%)

TiO2 load,
mcat (mg)

Catalytic area,
Acat (cm

2)
ΔC/mcat

(ppb/mg)
ΔC/Acat

(ppb/cm2)

FG1 2 10.0 ± 4.1 432.0 120 15.0 54.2

4 37.2 ± 4.2 552.6 132 45.4 190.2

FG2 2 7.1 ± 2.9 65.4 102 68.8 44.1

4 23.6 ± 2.7 113.4 105 134.9 145.7

SS 2 15.1 ± 3.0 193.8 174 54.2 60.3

4 32.7 ± 2.5 457.2 180 45.9 116.7
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expensive of the three materials tested and presents corrosion
points after prolonged reaction tests.

This study is intended to be a starting point toward the
intrinsic kinetic of dichloromethane destruction from a kinetic
pathway and, ultimately, to a scaling up of the photocatalytic
reactor for the treatment of larger air volumes.
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