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The photocatalytic oxidation of gaseous chlorobenzene (CB) by the 365 nm-induced

(Transmission Electron Microscopy), FTIR (Fourier transform infrared spectroscopy), UV –vis

(Ultraviolet –visible spectroscopy), and BET (Brunauer Emmett Teller). Greater surface area and

smaller particle size were produced with the co-doped TiO

2 nanotubes than with reference

TiO2. The removal of CB was effective when performed using the synthesized photocatalyst,

though it was less efficient at higher initial CB concentrations. Various modified

Langmuir-Hinshelwood kinetic models involving the adsorption of chlorobenzene and water

on different active sites were evaluated. Fitting results suggested that competitive adsorption

caused by water molecules could not be neglected, especially for environments with high

relative humidity. The reaction intermediates found after GC –MS (Gas chromatography –mass

spectrometry) analysis indicated that most were soluble, low-toxicity, or both. The results

demonstrated that the prepared photocatalyst had high activity for VOC (volatile organic

compounds) conversion and may be used as a pretreatment prior to biopurification.

© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.

Published by Elsevier B.V.
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Introduction

toxicity or hydrophilic components (Kennes and Veiga, 2010).
Among VOCs, chlorobenzene is listed by the US Environmental
Protection Agency as a priority pollutant. It cannot be removed by
biofiltration because it is bio-refractory and hydrophobic (Zhang
et al., 2012). In order to develop more cost-effective methods of
removing pollutants from water, research focused on combined
treatments with biofiltration has received increasing attention in
recent years (Leethochawalit et al., 2001; Rene et al., 2012; Mondal
et al., 2014). It has been predicted that specific pretreatments,
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volume than P25 (about 7-fold), even though the prepared
samples and commercial P25 both were nano-sized. The same
synthesis methodology made the reference TiO 2 also have high
surface area without any element addition. The addition of La, N,
and ammonium carbonate slightly increased the total surface
area and decreased the pore size (Cheng et al., 2013; Wei et al.,
2013). Among all the samples synthesized, 1.2La/0.5N –TiO2(0.5)
had the largest surface area and smaller pore size than the other
two samples, which also confirms t he accuracy of the prediction
of the RSM model analysis. In addition, the average pore sizes of
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Fig. 2 – TEM images of blank TiO 2 (a) and 1.2La/0.5N –TiO 2 (0.5) (b) with EDX spectroscopy (c) and elemental analysis (inset
Table). TEM: Transmission Electron Microscopy; EDX: Energy Dispersive X-ray.

Table 2 – Properties of P25 and as-prepared TiO 2 composites.

Photocatalysts
SBET

(m2/g)

BJH Total
volume

(×10� 2 cm 3/g)

BJH average
pore size

(nm)

P25 55.7 11.6 7.3
Blank TiO 2 335.0 73.8 8.05
1.2La/0.5N –Ti(0) 375.6 66.8 6.21
1.2La/0.5N –Ti(0.5) 395.5 67.9 6.38
2.0La/0.5N –Ti(0.3) 380.1 67.2 6.06
2.0La/0.5N –Ti(0.7) 375.7 65.6 6.07
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2012). Such energy being released in a short time prevents the
agglomeration of synthesized TiO 2 (Ding and Pacek, 2008).
Kapusuz et al. (2013) obtained better dispersion and less
aggregation for B –Zr co-doped TiO 2, which was found to have
a higher photocatalytic activity than a sample with higher
aggregation under UV-irradiation. The average diameters of
the synthesized nanotubes were 8 and 6 nm for reference TiO 2

and 1.2La/0.5N –TiO2(0.5), respectively. This demonstrated that
La and N co-doping could inhibit further increases in
nanotube diameter.

As shown in Fig. 2c and the inset table, both La and N were
present in the structure of TiO 2. There were no bonds
assignable to Ti and La or Ti and N, which indicated that N
and La atoms were interstitially embedded in the TiO 2 lattice.
It might be speculated that such atoms successfully incorpo-
rated into TiO 2 and allowed the prepared photocatalyst to be
activated under longer wavelength irradiation (Joshi et al.,
2009; Zhang et al., 2013).

2.2.3. BET results
Table 2 shows the value of BET surface area using both reference
and commercial TiO 2 and the prepared photocatalysts. The
optimum photocatalysts had a larger surface area and total





the optimal prepared catalyst 1.2La/0.5N –TiO2(0.5) irradiated
with 365 nm UV light. The photo-oxidation of CB proceeded
only in the presence of both catalyst and UV irradiation. The
influence of relative humidity (RH), initial concentration of CB
and reaction time (RT) on the photocatalytic efficiency of
co-doped TiO 2 nanotubes was studied.

The different findings presented below can be explained by
considering the adsorption capacity of different chemical com-
pounds and of the different surface characteristics of the
catalysts (Dong et al., 2008; Toma ši� et al., 2008; Debono et al.,
2011). Fig. 5 shows the effects of RH on the conversion of CB. RH
values between 10% and 70% did not influence the conversion of
CB, but values over 80% inhibited its conversion. Generally,
catalytic reaction of hydrophobic VOCs is inhibited under humid
conditions (RH over 30%) because of competition adsorption
between water and hydrophobic VOCs (Guo et al., 2008). Such
competition would increase the concentration of Ti –OH–Ti
species (characterized by the 3000 –3450 cm� 1 FTIR band). The
lower the intensity of this band, the greater the water adsorption
by these active sites on the surfaces of catalysts. For 1.2La/0.5N –
TiO2(0.5), the concentration of Ti –OH–Ti species was higher,
indicating that the competition between water and CB were
relatively low. Therefore, the conversion of CB would not be
inhibited at RH 60% –70%. At RH values over 80%, more water
molecules hinder the effective absorption of light for the catalyst,
impeding the oxidation reaction.

Some hydrophilic VOCs can penetrate the water mono-
layers and become adsorbed on the catalyst surface more
effectively than others. In this case, RH had a positive effect
on the conversion of CB, but excessively high RH values can
also lower the conversion rate because of the limited amount
of light that reaches the catalyst's surface (Geng et al., 2010).
This is consistent with the results observed for RH over 80%,
which indicated that the prepared catalyst should have broad
applications in the treatment of industrial waste gas at RH
values of 50% –70%.

The effects of initial CB concentration and RT on the
photocatalytic conversion of CB at RH of 10% are shown in
Fig. 5b. The photolysis line indicates the conversion of
100 mg/m 3 CB below 365 nm without any catalysts. At higher
concentrations, the conversion rate was lower, although very

fast initial kinetics were observed. After that, conversion
slowed down, which is a typical behavior in heterogeneous
photocatalysis. The parent compound, in this case CB, was
rapidly transformed into other oxidation products, causing
competition for the active sites, forming radicals and lowering
the photocatalytic activity (Akly et al., 2010; Sakai et al., 2003).

2.4. Kinetics analysis

The Langmuir –Hinshelwood (L –H) kinetic model was used to
calculate the heterogeneous photocatalytic reaction rates of
CB degradation. This model was used for the data obtained
from several VOC photocatalytic conversions: (Joshi et al.,
2009; Cheng et al., 2013)

r ¼
krKC

1 þ KC
ð2Þ

where, r is the photocatalytic conversion rate, kr (mg/(m 3·min))
is the reaction rate constant, K (m3/mg) is the adsorption rate
constant, and C is the initial concentration of CB. Here, the
products kr and K were defined as the apparent first-order rate
constant kapp. The R2 coefficients of 0.9992, 0.9928, and 0.9875,
respectively, indicated that CB conversion fit the L –H model
well at low humidity (Fig. 6). This might be because the L –H
model was more suitable for photocatalytic conversion in the
absence of water vapor.

However, in the presence of water vapor, there was a
competitive adsorption effect between the water vapor and
the CB. For this reason, five models were used based on
different assumptions (Table 3). RSS (Residual sum of squares)
and MRSS (Mean residual sum of squares) are the residual sum
of squares and the mean residual sum of squares, respectively.
These were calculated using the Marquardt –Levenberg method
according to Korologos et al. (2011).

As shown in Table 3, the third and the fifth models (M-L-H3
and M-L-H5) were far superior to the others in describing the
experimental data obtained in the presence of water. The first
model was insufficient to describe all the experimental results
because it assumed that water did not take part in the CB
conversion. The models demonstrated that water vapor
played a key role in the photocatalysis of CB.
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Fig. 5 – Effects of RH on the conversion of CB (a) and relationship between residence time and initial concentration on the outlet
concentration of CB (b). RH: relative humidity.
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relative humidity of the system was found to have a positive
effect on the conversion of CB at values below 70%, but
inhibition was observed at values higher than 80% RH. This
provides new insight into the effect of water molecules on the
photocatalytic efficiency of doped TiO 2. Kinetic analysis showed
that the L –H model was a good fit for the experimental data
because it includes the reaction between VOC and water
adsorbed on different active sites. These results demonstrate
that the La/N –TiO2 has considerable potential for the conver-
sion of environmentally hazardous gaseous compounds under
longer UV wavelengths.
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Fig. 7 – Possible conversion pathway for photocatalytic oxidation of CB. CB: chlorobenzene.
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chemicals containing –OH, � O, or –H bonds (Table S2).
Consequently, the photocatalytic process did not completely
convert CB into mineralized compounds. The rest of the
hydrophilic by-products can still be removed easily through a
biological process such as bio-trickling filtration.
3. Conclusions

La/N –TiO2 nanotubes were efficiently prepared by a novel sol –
gel/hydrothermal method. The optimum photocatalyst obtain-
ed was 1.2La/0.5N –TiO2(0.5) as determined by RSM model
analysis. A thorough characterization indicated the presence
of N and La as O –Ti–N and O –Ti–La species as well as a surface
area of 380.1 m 2/g, with calculated gap energy of 2.95 eV. The
addition of ammonium carbonate also contributed to enhanced
structural and morphological properties for the synthesized
nanotubes. The photocatalytic activity was successfully tested,
with high conversion rates for CB under 365 nm light. The




