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A B S T R A C T   

VOX/TiO2 catalysts with different vanadium loading were prepared in order to study the influence of vanadium 
species on the effect of water in the simultaneous NO reduction through NH3-SCR and o-DCB oxidation reactions. 
The presence of isolated, polymeric and crystalline species and their redox and acid properties were evaluated by 
N2-Adsorption, XRD, Raman, H2-TPR, XPS and NH3-TPD. Water has a bimodal and reversible effect in both NO 
reduction and o-DCB oxidation depending on vanadium species and temperature. In SCR, water has a detrimental 
effect at low temperature due to competitive adsorption with NO and NH3, while at high temperature it promotes 
an increase of NO conversion associated to the suppression of side-reactions, which increase the selectivity to
wards N2. In o-DCB oxidation, the effect of water is the sum of two contributions: one positive, related to the 
removal of surface adsorbed detrimental species; and one negative, associated to the competitive adsorption with 
o-DCB. Thus, at high temperature water acts as inhibitor, while at low temperature water has a promotional 
effect in the highly dispersed vanadium catalysts due to their tendency to suffer deactivation, mainly by 
carbonaceous materials. The presence of water also favors total oxidation and decreases the formation of 
chlorinated by products.   

1. Introduction 

Municipal solid waste incinerator (MSWI) plants are currently 
arising great controversy in society because of the wide diversity of 
pollutants generated in the combustion of municipal wastes, such as 
particulate matter, heavy metals, acid gases, nitrogen oxides (NOX) and 
organic carbon compounds, as dioxin and Furans (PCDD/Fs), polycyclic 
aromatic hydrocarbons (PAHs) and halide volatile organic compounds 
(HVOC) [1–3]. For this reason, the flue gas clean (FGC) line is the most 
important part of these plants from the environmental point of view. 
NOX are usually abated applying the selective non catalytic reduction 
(SNCR), because it is relatively simple and cheap [4,5]. In SNCR, NOX 
are reduced to N2 in the combustion chamber by injecting ammonia or 
ammonia precursors, such as urea [4,6–8]. The NOX efficiency in this 
process is approximately 40–70%, although ammonia excess conditions 
are necessary [7,9,10]. This fact usually causes an ammonia slip. 
Ammonia is a compound with high greenhouse effect, so additional 

systems must be installed in the FGC line to remove it. These levels of 
efficiency allow to reach the daily average NOX concentration sets in the 
Waste Incineration Directive 2000/76/EC [11]. However, emission 
legislations are moving towards tightening of pollutant emission limits, 
as it is in some regions of Germany [6]. In this context, Selective Cata
lytic Reduction (SCR) of NOX is a technology to consider, which has been 
implemented in many stationary sources including MSWI plants 
[9,10,12]. In this process, NOX reacts with NH3 in a catalytic reactor 
with lower ammonia consumption and higher efficiency than SNCR 
[13]. 

On the other hand, several processes are reported in the literature to 
remove HVOC and specially PCDD/Fs [14–16]. Adsorption over acti
vated carbon is the most commonly method used [15,17], although 
there are few references about other adsorbents, as hydrophobic zeolites 
and sepiolite [18,19]. Wet scrubbing with acid and basis sorbents is 
another alternative capable of reaching PCDD/Fs removal efficiencies of 
98% [14]. However, both absorption and adsorption techniques only 
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transfer the pollutants to other phases, which generates an additional 
waste that needs to be treated or disposed in a landfill. Alternatively, 
catalytic filter is an efficient abatement technology, which has been 
implemented in some MSWI to meet satisfactorily the required emission 
limits [20–22]. This technology allows to hold and destroy through 
catalytic oxidation reaction the PCDD/Fs from solid phase (adsorbed in 
dust) and gas phase. Hung et al [23] compared the chlorobenzenes and 
chlorophenols removal efficiencies of catalytic filters and the system 
composed by the injection of active carbon followed by bag filter. The 
former was more efficient than the latter, especially as the temperature 
was increased [23]. 

Catalytic oxidation of HVOCs and PCDD/Fs has been studied over 
different catalysts, such as novel metal-based catalysts, non-metal oxide 
catalysts and mixed metal oxide-based catalysts [24]. Several works 
have reported that SCR commercial catalyst, based on V2O5/TiO2 
formulation and doped with MoO3 and/or WoO3, is also active for 
PCDD/Fs catalytic oxidation [25,26]. This fact is the starting point of a 
process, in which both pollutants, NOX and PCDD/Fs, could be simul
taneously removed through SCR and catalytic oxidation reactions in the 
same reactor. Few works deal with this issue. Wang et al [27] studied 
four sinter plants in Taiwan and reported lower dioxin concentrations in 
those plants in which the stack flue gas was treated with SCR. Moreover, 
Goemans et al [28] analyzed the simultaneous removal of NOX and 
PCDD/Fs in a SCR deNOX reactor in Ghent MSWI plant (Belgium), and 
reported 90 and 99% removal efficiency of NOX and PCDD/Fs, respec
tively. At laboratory scale, several works have studied the applicability 
of VOX/TiO2 formulation in the catalytic oxidation of PCDD/Fs 
[26,29–32], although many of them are performed with PCDD/Fs model 
compounds (chlorobenzene, o-dichlorobenzene, chlorophenol, etc.) and 
tested in the absence of NOX and NH3. Thus, additional experiments are 
necessary to understand the behavior of both reactions, SCR and PCDD/ 
Fs catalytic oxidations, when they are performed simultaneously. 

The use of deNOX unit to remove PCDD/Fs is reported in the Best 
Available Techniques (BAT) Reference Document for Waste Incinera
tion, as a technique for the reduction of emission of organic carbon 
compounds, together with the NOX [10]. This combined abatement 
process would lead to significant cost savings for the future MSWI plants, 
because two pollutants, that are currently removed separately, would be 
threaten simultaneously in the same catalytic bed. However, according 
to BAT reference document, the implementation of this technology is 
linked to the development of more efficient SCR systems than those used 
only for deNOX function. This fact inevitably involves the need of further 
research about catalytic properties that maximize the removal of both 
pollutants in the same range of temperature. 

V2O5/TiO2 catalysts may present different VOX species depending on 
vanadium surface density. Monomeric and polymeric species are formed 
at surface vanadium concentration below monolayer coverage. The 
main difference between both is that polymeric species present more V- 
O-V bonds. On the contrary, vanadium surface density above monolayer 
coverage promotes the formation of V2O5 crystalline species [33]. The 
role of vanadium species in SCR and oxidation of chlorinated com
pounds has been investigated in several works. In SCR reaction, Amiridis 
et al. [34] proposed that turn-over frequency (TOF) reached a maximum 
at approximately half the monolayer coverage, because higher vana
dium surface concentration causes a decrease of strong acidity. On the 
other hand, there is disagreement about the optimum combination of 
vanadium species for the oxidation of chlorinated benzenes. Krishana
moorthy et al. [35] supported that high conversion of 1,2-dichloroben
zene is obtained with vanadium surface coverage below the monolayer, 
although they also found that TOF is independent of vanadium 
coverage. Delaigle et al. [36] concluded that the best catalytic perfor
mance is achieved with highly dispersed, amorphous vanadium species. 
On the contrary, Schimmoeller et al. [37] evidenced a decrease of cat
alytic activity with isolated vanadium species, catalysts with high 
amount of V-O-V bonds (amorphous polymeric and/or crystalline VOX) 
showing a superior activity. 

Operating conditions also play an important role in efficiency and 
stability of the catalytic systems. In this regard, the SCR unit in MSWI 
plants may operate in different way depending FGC line configuration. 
There are three typical location for deNOX unit: in high-dust position, 
the SCR reactor is placed upstream of the particulate removal devices. It 
is a very common configuration despite catalyst can easily degraded by 
ash erosion and chemical poisoning; in low-dust position, the SCR 
reactor is placed downstream of the dust and particle removal. This 
configuration requires a flue gas reheating system to maintain the op
timum operating temperature; in tail-end position, the SCR reactor is 
placed downstream of the particulate removal devices and flue gas 
desulfurization and acid removal, just before the stack. Although costly 
gas reheat is also necessary, tail-end is the most common configuration 
in MSWI plants because it avoids the poisoning of the catalyst. 

Regardless of the type of configuration, there are some components 
in exhaust gases, as water, that may affect to catalytic efficiency. Water, 
usually in a concentration of 10–20 vol% in MSWI plants [10], may 
interact with the catalysts changing the distribution of Lewis and 
Brønsted acid sites. Thus, water affects the interaction between reactants 
and active sites, modifying reaction kinetics and even catalyst dura
bility. According to literature, the majority of research agrees that water 
inhibits SCR reactions, although Huang et al. [38] reported that inhi
bition increases with water content, whereas Wach et al. [33] proposed 
that detrimental effects do not increase at water concentrations above 
5%. On the other hand, there are same discrepancies about the effect of 
water in chlorobenzenes oxidation. A promoting effect was observed in 
the oxidation of 2,4,6-trichlorophenol over V-based catalysts [29] and in 
the oxidation of dichlorobenzene over perovskites [39], whereas a 
detrimental effect was reported by Albonetti et al. [40] in o-DCB con
version over V2O5/WO3 based catalysts. These conclusions correspond 
to works in which the SCR of NO and the oxidation of chlorinated 
benzenes were analyzed separately. Recently, it has been found that NO 
reduction and o-DCB oxidation rates differ when they are performed 
simultaneously [41,42] in dry conditions. However, there is no data in 
the literature about the effect of water on the catalytic behavior of 
simultaneous abatement of NO and chlorinated benzenes over different 
VOX species in V2O5/TiO2 catalyst [44,45]. 

Then, in the present work, V2O5/TiO2 catalysts with different va
nadium coverage were prepared in order to determine the effect of water 
in the simultaneous abatement of NO and o-DCB over catalysts with 
different distribution of vanadium species. 

2. Experimental 

2.1. Catalyst preparation 

The VOX/TiO2 samples were prepared by wet impregnation, fixing 
the vanadium loading in 1, 3 and 8 wt% in order to obtain catalysts with 
vanadium surface density corresponding to sub-monolayer, monolayer 
and over-monolayer catalysts, respectively. NH4VO3 (Sigma Aldrich, 
99.99%) was used as precursor of vanadium species, which was dis
solved in distilled water and complexed with 2 mol of oxalic acid 
(Sigma-Aldrich, 99.99%) per mol of vanadium. Commercial TiO2 
anatase (from Millennium Inorganic Chemicals-Cristal Global (Cristal 
ACTiVTM G5) calcined at 550 ◦C for 3 h was used as support. The so
lution slurry resulting from the mix of precursor solution and support 
was kept in contact in continuous stirring for 1 h using a rotary evapo
rator. The solvent evaporation was done in vacuum and 40 ◦C. The solid 
samples obtained were dried overnight at 110 ◦C and calcined at 500 ◦C 
for 3 h with a heating rate of 1 ◦C/min. Finally, the solids were pellet
ized, crushed and sieved to 0.3–0.5 mm. The catalysts were named as 1 
V/TiO2, 3 V/TiO2 and 8 V/TiO2, where the number indicates the mass 
percentage of vanadium in each catalyst. 
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2.2. Catalyst characterization 

V and Ti content in the catalysts was measured by XRF. The mea
surements were conducted in a dispersive X-ray fluorescence spec
trometer (WDXRF, PANalytical, AXIOS model) with a Rh tube. The fused 
beads for analysis were produced by mixing a flux (Spectromelt A12, 
Merck) with the samples (ratio 20:1) that were finely powdered and then 
heated to temperature between 1000 ◦C and 1200 ◦C. 

N2 adsorption–desorption experiments at liquid nitrogen boiling 
temperature were performed to evaluate the textural properties of the 
samples using a Micromeritics TRISTAR II 3020. Prior to the experi
ments, the samples were pre-treated at 350 ◦C with N2 to remove the 
physisorbed species over the catalytic surface. BET surface area and pore 
average size were calculated using the BET procedure (adsorption 
branch in 0.03–0.3 equilibrium pressure range) and BJH method 
(desorption branch), respectively. 

Redox properties were studied by temperature programmed reduc
tion with H2 (H2-TPR) in a Micromeritics AutoChem 2920. Firstly, a pre- 
treatment of the samples was carried out at 500 ◦C with a 5% O2/He 
stream. Afterwards, the samples were cooled down to 100 ◦C, the started 
temperature of the experiments. Finally, the experiments were per
formed passing a 5% H2/Ar stream through the sample and increasing 
the temperature to 900 ◦C using a rate of 10 ◦C/min. A TCD detector was 
used for monitoring the H2 consumption. The water produced during the 
experiments was trapped in a cold trap. 

Catalysts surface acidity was studied by temperature programmed 
desorption of ammonia (NH3-TPD) and by FTIR analysis of adsorbed 
NH3 (NH3-IR). NH3-TPD experiments were performed on a Micro
meritics AutoChem 2920 instrument. The catalytic samples were fully 
oxidized at 500 ◦C with a 5% O2/He stream and then, cooled down to 
50 ◦C. Then, NH3 was adsorbed to saturation by flowing a 1% NH3/He 
stream (130 mL/min) through the catalysts. Physisorbed NH3 in the 
surface was removed with a helium flow for 60 min. NH3 desorption was 
promoted by the temperature increase of the samples up to 500 ºC using 
a rate of 10 ◦C/min and a helium flow as carrier. NH3 desorption was 
measured with a TCD detector. NH3-IR was performed in an Agilent Cary 
600 Series FTIR Spectrometer. The spectra were collected by 50 scans 
with a resolution of 4 cm− 1. Previously, the powdered samples com
pressed into a disc were pre-treated under 5% O2/Ar stream at 480 ◦C for 
30 min. Next, NH3 adsorption was carried out by continuous feeding of a 
1000 ppm NH3/Ar stream during 30 min at 100 ◦C. Finally, physisorbed 
NH3 was evacuated with an Ar stream during 30 min. In order to analyze 
the stability of chemisorbed NH3, spectra at 100, 200, 300 and 400 ◦C 
were recorded. 

The crystal phases of the catalysts were analyzed by X-ray diffraction 
(XRD), by comparing the difractogram with the JCPDS database. A 
Philips PW 1710 X-ray diffractometer with Cu Kα radiation (λ = 1.5406 
Å) and Ni filter was used to perform the measurements with 0.026◦ per 
second sampling interval. 

Raman spectroscopy was used in order to characterize the vanadium 
species at low vanadium coverages. The spectrometer device was a 
Renishaw System 1000 with a 706 nm solid-state laser as excitation line, 
which supplied a power of 1 mW on the sample. The sample powder was 
analyzed in the spectral window from 250 to 1200, using 20 s per scan 

and accumulating 5 scan per catalyst. The analysis was performed at 
400 ◦C after dehydrating the samples at 400 ◦C for 3 h. 

X-ray Photoelectron Spectroscopy (XPS) was carried out in a SPECS 
system with a monochromatic radiation source Al Kα (1486.6 eV). A 
Phoibos 150 1D-DLD detector was used. The analysis was performed 
with a pass energy of 30 eV, step energy of 0.08, dwell time of 0.1 and 
with a 90◦ electron exit angle. 

Elemental analyses of used catalysts under dry and wet condition 
were conducted in a Carl Zeiss EVO 40 equipped with an EDS detector 
(Oxford Instrument X-Max). The measurements were made at approxi
mately 10 nm with 20 kV and 100–400 pA. 

2.3. Reaction set-up and catalytic tests. 

The feedstream to the catalytic reactor was composed by O2 (10%), 
NO (300 ppm), NH3 (300 ppm), o-DCB (100 ppm) and Ar to balance. The 
concentrations of the components were selected with the aim to repro
duce the actual composition of the gas stream at the inlet of the catalytic 
reactor in a tail-end configuration of the MSW incineration plant flue gas 
cleanup system. CO and CO2 are also present at the outlet gas stream of 
MSW incineration plants, although they were not included because we 
have already checked they do not significantly affect NO reduction nor 
o-DCB oxidation, and because their excess makes it difficult to analyze 
the selectivity towards them. Water was only present in the experiments 
when its effect was studied, because when combined with reaction 
products it can damage pipes and gas analyzers by corrosion. Finally, o- 
DCB was used instead of PCDD/Fs, due to the difficulty of handling such 
toxic components. 

Reactor feed composition was adjusted by mixing pure components, 
whose flow was regulated by mass flow controllers for gases (Bronk
horst® High-Tech F-201CV) and liquids (Bronkhorst® High-Tech μ-Flow 
L01-AAA-99–0-20S). Complete evaporation of the liquid stream and 
homogeneous mix with the gas stream was performed in a controlled- 
evaporator-mixer (Bronkhorst® High-Tech W-102A-111-K). In order to 
avoid gas adsorption and condensation, the pipes were heated with 
electrical resistances. 

A tubular quartz reactor (13.6 mm internal diameter) inside a 
convective-flow oven was used. Gas stream went downflow. The cata
lytic bed was composed by 1.5 g of 0.3–0.5 mm sieved catalyst diluted 
with quartz in order to ensure a reactor volume of 3 cm3 and a GHSV 
value of 60,000 h− 1. Before catalytic test, the fixed bed was pre-treated 
at 200 ◦C for 2 h with pure argon flow (2 LN/min). 

An ABB Limas analyzer was used to measure continuously the NH3 
NO2 and NO concentrations, and an ABB Uras 26 infrared analyzer was 
used to measure the N2O, CO2 and CO concentrations. The o-DCB con
centration and chlorinated byproduct compounds were measured by 
GC/MS (Agilent 7890A gas chromatograph with a HP-VOC capillary 
column and Agilent 5975C mass detector). NH3 was not measured 
because the interference of o-DCB in the ABB Limas 21 analyzer. A 
process flow diagram is shown elsewhere [43]. 

Two types of experiments were carried out to analyze the effect of 
water. On the one hand, the fixed bed of catalyst, fed at a constant flow 
rate (2 LN/min at 1.5 atm), was submitted to a 1.5 ◦C/min rise in tem
perature from 100 to 500 ◦C. These experiments allowed to compare the 

Table 1 
VOx/TiO2 catalysts characterization results.  

Sample V(wt. 
%) 

V(VOX/ 
nm2) 

SBET(m2/ 
g) 

Vp(cm3/ 
g) 

Anatase crystal size 
(nm) 

H2 consumption(mmol H2/ 
g) 

H2/ 
V 

Acidity(µmol NH3/ 
g) 

Acidity(µmol NH3/ 
m2) 

TiO2 – –  69.3  0.24  20.5  0.25 –  349.7  5.0 
1 V/ 

TiO2 

0.86 1.45  58.9  0.24  19.4  0.48 1.4  360.9  6.1 

3 V/ 
TiO2 

2.92 4.93  52.4  0.22  22.1  0.81 1.0  330.6  6.3 

8 V/ 
TiO2 

8.14 13.16  31.5  0.18  24.7  1.83 1.0  200.6  6.4  
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typical light-off curves for NO and o-DCB conversion in the absence and 
in the presence of water (0.5%). On the other hand, the fixed bed of 
catalyst in isothermal conditions was submitted to cycles of dry–wet–dry 
atmosphere through a step change in flow of water vapor over the 
continuous flow of the dry feedstream, so that water concentrations 
were increased in two consecutive steps to 0.5% and 2%. Finally, the 
water flow was stopped to restore the initial dry conditions. Each step 
lasted for 100 min. The experiments were run at 150, 250 and 350 ◦C 
and conversion and products outlet concentration were monitored as a 
function of time-on-stream (TOS). 

NO and o-DCB conversion were calculated from Eq. (1) and (2), 
respectively. Selectivity to CO2 and CO was calculated through Eq. (3) 
and (4), respectively. 

XNO =
CNO,in − CNO,out

CNO,in
⋅100 (1)  

XoDCB =
Co− DCB,in − Co− DCB,out

Co− DCB,in
⋅100 (2)  

SCO2 =
Cco2 ,out

6⋅
(
Co− DCB,in − Co− DCB,out

) ⋅100 (3)  

SCO =
Cco,out

6⋅
(
Co− DCB,in − Co− DCB,out

) ⋅100 (4)  

3. Results and discussion 

3.1. Catalyst characterization 

Chemical composition, textural and structural properties of catalysts 
are summarized in Table 1. Vanadium loading, obtained by XRF, is close 
to the nominal values. Table 1 also includes the estimated vanadium 
dispersion as surface density (VOX/nm2), calculated from vanadium 
loading and BET surface area of TiO2 support. 1 V/TiO2 catalyst clearly 
shows sub-monolayer coverage because its surface density is much 
lower than theoretical monolayer value, which is ranging between 5.5 
and 8 VOX/nm2 [46]. Higher vanadium content increases surface den
sity of the catalysts, leading to values close to the monolayer in 3 V/TiO2 
and over-monolayer in 8 V/TiO2 catalysts. 

N2 physisorption at –196 ◦C of pure TiO2 and VOX/TiO2 catalysts 
show type IV isotherms (Fig. 1), associated to mesoporous solids 

according to IUPAC classification. BET surface areas and pore volumes 
are listed in Table 1. The increase of vanadium loading produces a 
decrease of BET surface area from 69 m2/g for pure TiO2 to 32 m2/g for 
8 V/TiO2 [40] and pore volume. Moreover, Fig. 1 shows the pore size 
distribution of catalysts. No great differences have been found between 
pure TiO2, 1 V/TiO2 and 3 V/TiO2. However, pore size of 8 V/TiO2 
catalyst became larger, which is probably associated to high vanadium 
contents favors the formation of TiO2 aggregates. This fact promotes 
larger pore sizes [47]. 

XRD patterns of catalysts are shown in Fig. 2. All diffractograms 
show the presence of characteristic peaks attributed to TiO2 anatase 
crystal phase (JCPDS 71–1272). Anatase crystalline size, calculated by 
Scherrer equation, increases with vanadium loading (Table 1). In sam
ples 3 V/TiO2 (22 nm) and 8 V/TiO2 (25 nm), crystal size is even larger 
than in pure TiO2 (20 nm). A similar behavior was observed in the 
literature [41]. According to N2 physisorption results, a decrease of pore 
volume and surface area was observed at higher vanadium loading 
(Table 1). These results suggest a partial loss of the porosity support, 
caused by the vanadium deposition in the interphase of TiO2 particles. 
The location of this vanadium elements in the TiO2 interphase could 
cause a solid state diffusion (sintering of TiO2 crystal domain) and larger 
TiO2 crystal sizes would be promoted. 

Vanadium crystalline species are not detected, except in sample 8 V/ 
TiO2, because their crystalline domain sizes are below 5 nm, which 
becomes difficult to analyze by XRD. This result suggests that vanadium 
is highly dispersed over the support and/or is part of amorphous 
structures. In sample 8 V/TiO2, peaks associated to V2O5 (JCPDS 
001–0359) appear at 20.4, 26.3, 31.2 and 34.5◦. This result reveals that 
the formation of V2O5 crystals is promoted on over-monolayer vana
dium surface coverage. 

Raman spectroscopy is sensitive to dispersed and crystalline vana
dium species and it was also used to characterize the structure of va
nadium species. Raman spectra of dehydrated catalysts are shown in 
Fig. 3. All VOX/TiO2 samples show a band at 1026–1030 cm− 1 associ
ated to the vibration of the terminal bond V = O. This band is shifted 
from 1026 to 1030 cm− 1 at higher vanadium loading because of vibra
tional coupling of adjacent V = O bonds consequence of VOX surface 
polymerization [48,49]. The increase of vanadium loading above 3 wt% 
promotes the appearance of a broad band at 940 cm− 1 related to the 
vibration of V-O-V bonds [37,49,50], which indicates the polymeriza
tion of isolated VOX species. The sharp band at 991 cm− 1 in 8 V/TiO2 
catalyst is associated to vibration mode of crystalline V2O5 [51], which 
is in accordance with the V2O5 crystal peaks observed in the XRD pattern 
of 8 V/TiO2. Moreover, VOX/TiO2 catalysts also show a broad band at 
approximately 792 cm− 1, which is also present in pure TiO2. This band is 

Fig. 1. N2 adsorption–desorption isotherms and pore size distribution of VOX/ 
TiO2 catalysts. 

Fig. 2. XRD patterns of VOX/TiO2 catalysts.  
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associated to overtone vibration of crystalline anatase [48]. 
Therefore, the above results corroborate the formation of different 

surface vanadium species depending on vanadium surface density. Low 
vanadium coverage (1 V/TiO2, 1.45 V atoms/nm2) favors the formation 
of isolated vanadium species, which are polymerized by the increase of 
vanadium loading (3 V/TiO2, 4.93 V atoms/nm2). These conclusions are 
in accordance with Lai et al. [33], who reported 2–8 V atoms/nm2 as the 
vanadium surface density in which isolated VOX species polymerize 
through V-O-V bonds. Surface vanadium densities above monolayer 
coverage (8 V/TiO2, 13.16 V atoms/nm2) lead to the formation of 
crystalline V2O5, consequence of the vanadium superposition over the 
monolayer. 

Redox properties of pure TiO2 and VOX/TiO2 catalysts were studied 
by H2-TPR and the results are shown in Fig. 4. TiO2 profile shows a peak 
at 540 ◦C, which may be associated to TiO2 surface reduction [52]. 
Reduction of VOX/TiO2 catalysts takes place in a single reduction step, 
which occurs at higher temperature as the vanadium loading is 
increased. The reduction peaks are located at 417, 439 and 515 ◦C for 1, 
3 and 8 wt% vanadium, respectively. The shift of the reduction peaks at 
different vanadium loading suggests a relation between the reducibility 
of the samples and the degree of surface vanadium polymerization, that 
is, the vanadium species. The decrease of reduction temperature at 
lower vanadium loading is associated to the increase of the interaction 
between vanadium atoms and the support, promoted by the higher 

active phase dispersion [41,53]. 
Table 1 shows the quantification of H2 consumed in each reduction 

peak of Fig. 4. It was calculated by time-integration of TPR profiles. 
These values allow the calculation of H2/V ratio, so as to estimate the 
vanadium oxidation state average in each sample. H2/V ratio of 3 V/ 
TiO2 and 8 V/TiO2 is 1, which suggests that the single reduction peak is 
associated to vanadium reduction from V5+ to V3+. In the case of 1 V/ 
TiO2 catalyst, H2/V ratio is higher than 1, which could be related to the 
reduction of surface oxygen and hydroxyl groups of surface TiO2, 
influenced by the high vanadium dispersion [41]. 

XPS technique was used to know the oxidation state of surface va
nadium, because slight differences in vanadium oxidation state may 
exist between bulk and surface vanadium, due to the different envi
ronment of each. 

The V 2p 3/2 of each catalyst is shown in the Fig. 5. Binding energies 
are reference to C 1 s spectrum at 284.5 eV. All the spectra show a peak 
centered at 517.3 eV, whose relative intensity increase with vanadium 
loading. Moreover, all samples show an additional contribution around 
516.3 eV, which became more relevant in the 1 V/TiO2 catalyst. Ac
cording to literature, the bands located around 517–518 eV and 
516–516.5 eV are associated to V5+ and V4+ oxidation state, respectively 
[54–56]. Therefore, these results evidence V5+ as the main oxidation 
state in all catalysts, which is in accordance with TPR results. However, 
small amount of surface V4+ species are also present becoming more 
prominent at lower vanadium loading. Similar results were reported by 
S. Youn et al, who observed a promotion of V4+ oxidation state in VOX/ 
TiO2 catalysts with high vanadium dispersion [57]. 

The role of the VOX species on acidity, which is associated to the 
activation of reactants over the catalytic surface, was analyzed through 
two different experiments based on NH3 adsorption over the samples: 
NH3-IR and NH3-TPD. The former allows the characterization of the 
nature of the acid sites (Lewis or Brønsted) and the latter gives infor
mation about the strength and the amount of acid sites. Thus, NH3 
desorption at low temperature is associated to NH3 weakly adsorbed on 
the catalysts, whereas peaks at high temperature are attributed to NH3 
species adsorbed over strong acid sites. 

Quantitative results, summarized in Table 1, show an increase of 
total acidity of the 1 V/TiO2 catalyst with respect to the bare support. 
However, the increase of vanadium loading produces a gradual decrease 
of total acidity. Table 1 also shows the total acidity per unit area. In this 
case, the increase of vanadium loading promotes higher acidity per 
surface area, which suggests that the decrease of total acidity observed 
per mass of catalyst is probably related to the decrease of surface area at 

Fig. 3. Raman spectra of VOX/TiO2 catalysts.  

Fig. 4. H2–TPR profiles of VOX/TiO2 catalysts.  

Fig. 5. V 2p 2/3 XPS spectra of VOX/TiO2 catalysts.  
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higher vanadium loading. 
Fig. 6 shows the NH3-IR spectra of 3 V/TiO2 catalyst at different 

temperatures. The adsorption of NH3 clearly produces the appearance of 
three bands. The bands located at 1250 and 1613 cm− 1 are associated to 
N–H vibration mode of NH3 adsorbed over Lewis acid sites, whereas the 
band at 1419 cm− 1 is related to N–H vibration of NH3 adsorbed over 
Brønsted acid sites [58,59]. Therefore, these results suggest that VOX/ 
TiO2 catalysts have both Lewis and Brønsted acid sites. However, the 
temperature increase causes a decrease in the intensity of the NH3 
adsorbed over Brønsted acid sites in comparison with the bands related 
to NH3 adsorbed over Lewis acid sites. Then, acidic strength of Brønsted 
acid sites is weaker. 

NH3-TPD profiles are shown in Fig. 7. Desorption profile of TiO2 is 
characterized by a broad desorption peak at relatively low temperature, 
around 130 ◦C, followed by a progressive decrease of NH3 desorption at 
higher temperatures. This profile indicates that TiO2 has a wide but 
mostly weak acid strength distribution. The addition of supported VOX 
provides an increase of medium and strong acidity. The lowest vana
dium loading catalyst (1 V/TiO2) shows a well-defined peak at 405 ◦C, 
which does not exist for higher vanadium loading samples (3 V/TiO2 
and 8 V/TiO2). However, the profile of these catalysts shows a desorp
tion shoulder around 255 ◦C, corresponding to medium strength acid
ity⋅NH3-IR analysis revealed that adsorbed NH3 is more stable over 
Lewis acid sites due to a stronger interaction with the catalyst. This 
result suggests that NH3 desorption at high temperature in 1 V/TiO2 
catalyst may be associated with Lewis acid sites and, therefore, this type 
of acidity is only observed in highly dispersed monomeric species. On 
the contrary, the acidity of polymeric species is weaker and mostly 
contributed by Brønsted acidity. Similar results were observed by 

Gallastegi et al. [42], who proposed that Brønsted acidity of VOX could 
be related to oxygen bridge in V-O-V, characteristic of polymeric and 
crystalline vanadium species. 

To sum up, the results of characterization analysis have evidenced 
the formation of different VOX species depending on surface vanadium 
coverage. Monomeric or highly isolated species are promoted at low 
vanadium coverage, as in 1 V/TiO2 catalyst. Further increase of vana
dium loading leads to the formation polymeric and crystalline species. 
The polymerization of monomeric species has been evidenced by Raman 
through the appearance of the broad band associated to V-O-V in the 3 
V/TiO2 catalyst, whereas crystalline species have been detected by both 
Raman and XRD, as consequence of the growing of V2O5 crystals. 

H2-TPR results have been also useful to corroborate the presence of 
the different vanadium species due to the different reduction tempera
tures of each catalyst. This fact denotes different redox properties 
depending on vanadium surface coverage. In this sense, monomeric 
species are characterized by a high degree of isolation that involves a 
high interaction between vanadium and support through V-O-Ti bonds, 
which makes the reduction of vanadium easier, in contrast to polymeric 
and crystalline species where V-O-V bonds are predominant. 

3.2. Catalytic performance in dry conditions 

The light-off curves of NO reduction and o-DCB oxidation over cat
alysts with different vanadium loading and under dry conditions are 
shown in Fig. 8A and 8B, respectively. Although NO and o-DCB con
versions are presented in separate graphics, both reactions were carried 
out simultaneously. 

In SCR reaction, NO conversion increases with temperature, up to 
100%, in the region 100–300 ◦C, in which standard SCR reaction (Eq. 
(5)) is predominant. It should be noted total NO conversion is reached at 
lower temperature with high vanadium loading, being 230 ◦C for 3 V/ 
TiO2 and 8 V/TiO2 and 310 ◦C for 1 V/TiO2. However, at high tem
perature, NO conversion decreases because of the promotion of SCR side 
reactions, such as NH3 oxidation (Eq. (6)) [60,61]. NO conversion drop 
takes place at higher temperature depending on the vanadium loading, 
at 328, 366 and 390 ◦C for 8 V/TiO2, 3 V/TiO2 and 1 V/TiO2, respec
tively. Since oxidation reactions are involved in NO conversion drop at 
high temperature, this result suggests an improvement in oxidizing 
properties at higher vanadium loading. 

On the other hand, o-DCB oxidation light-off curves show the typical 
S-shape. Below 200 ◦C, o-DCB conversion is extremely low. The increase 
of reaction temperature, between 200 and 250 ◦C, firstly promotes a 
moderate increase of o-DCB conversion. Then, o-DCB conversion sharply 
increases between 275 and 300 ◦C for 3 V/TiO2 and 8 V/TiO2, and be
tween 320 and 400 ◦C for 1 V/TiO2. So, in this temperature range, 
higher vanadium loading promotes a shift of o-DCB conversion curves 
towards lower temperatures. This result evidences the better oxidizing 
properties of high vanadium loading catalysts. Finally, at higher tem
peratures, o-DCB conversion increases slowly with temperature up to 
100%. It is remarkable the distinct small plateau of 1 V/TiO2 at tem
peratures between 250 and 300 ◦C (just below the light-off 
temperature).  

4NO + 4NH3 + O2 → 4 N2 + 6H2O                                                  (5)  

4NH3 + 5O2 → 4NO + 6H2O                                                           (6)  

C6H4Cl2 + O2→ 6CO2 + H2O + 2HCl                                               (7) 

Fig. 8 has evidenced catalytic activity, for both NO reduction and o- 
DCB oxidation, is affected by vanadium dispersion, that is, by the va
nadium species. In VOX/TiO2 catalysts, it is well known there are three 
functional groups depending on vanadium coverage, V = O, V-O-V and 
V-O-Ti [15]. Raman results showed V = O bonds in all catalysts, inde
pendently of vanadium loading; whereas V-O-V bonds were character
istic of polymeric and crystalline species. On the other hand, V-O-Ti 

Fig. 6. FTIR results of adsorbed NH3 in 3 V/TiO2 catalyst at different 
temperatures. 

Fig. 7. NH3-TPD profiles of VOX/TiO2 catalysts.  
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bonds only appear in isolated highly dispersed vanadium species. Since 
high vanadium-coverage catalysts (3 V/TiO2 and 8 V/TiO2) showed the 
higher NO and o-DCB conversion at lower temperatures; V-O-V bonds 
seems to play a key role in both SCR and o-DCB oxidation. 

The better catalytic performances of high V-O-V bonds in SCR are 
associated to the higher mobility of lattice oxygen, which promotes the 
faster NO reduction by NH3 and the catalytic surface reoxidation [57]. 
Nevertheless, the faster reoxidation of catalytic surface also promotes 
the easier oxidation of reagents involved in SCR. Therefore, this is the 
reason why higher vanadium loading also promotes a NO conversion 
drop at higher temperatures, as it was described above. 

Moreover, acidity also plays an important role in SCR because it is 
involved in the reagents adsorption. According to TPD results, the in
crease of vanadium loading above 3% wt. promoted the loss of strong 
acidity. Only weak and medium acid strength were observed for high 
vanadium loading catalysts. As stated above, the increase of vanadium 
loading means the contribution of V-O-V bonds to V-O-Ti. Since 3 V/ 
TiO2 and 8 V/TiO2 catalysts showed the higher NO conversion at low 
temperatures, the good catalytic performances of these catalysts in SCR 
are closely related to the medium and weak acidity provided by V-O-V 
bonds. This result is in accordance with some authors, who relate cat
alytic activity of low-temperature SCR reaction to weak acidity, usually 
linked to Brønsted acid sites provided by polymeric vanadium species 
[42,62]. 

In o-DCB oxidation, the good catalytic performances at low tem
perature of higher vanadium loading catalyst are associated to the faster 
oxygen dissociative chemisorption, provided by the high oxygen 
mobility, and the faster catalytic surface reoxidation. Both are key fea
tures to perform the oxidation reaction of adsorbed compounds. It 
should be noted catalytic activity increases significantly by increasing 
vanadium content from 1 to 3 wt%. Nevertheless, no improvement of o- 
DCB conversion occurs with the further increase from 3 to 8 wt%. 
Acordingly, Schimmoeller et al [37] concluded V-O-V bonds highly 
interacting with support are the most active species in chlorobenzene 
oxidation. Similar result was observed by Albonetti et al. [40], who 
reported 5.5 V atoms/nm2 as the surface vanadium density from which 
o-DCB conversion does not further increase and associated this behavior 

to the activation of the aromatic molecule, promoted by Brønsted 
acidity, characteristic of polymeric species. 

3.3. Catalytic performance in the presence of water 

Fig. 8C and 8D show the light-off curves of NO and o-DCB obtained 
from the simultaneous abatement of NO and o-DCB in the presence of 
0.5% of water vapor in the feedstream. Figs. 9 and 10 show the simul
taneous NO and o-DCB conversion vs. TOS, in experiments of dry-wet- 
dry cycles over the three catalysts (1 V/TiO2, 3 V/TiO2 and 8 V/TiO2) 
at three temperatures. In the wet stage, two concentrations of water, 0.5 
and 2%, were used. Selection of the temperatures was made on the basis 
of the results obtained in the light-off experiments. The lowest temper
ature, 150 ◦C, was chosen because SCR reaction is predominant and the 
interference with parallel reactions is negligible. At this temperature, o- 
DCB oxidation rate is extremely low. The highest temperature, 350 ◦C, 
was chosen because o-DCB conversion is around or even slightly higher 
than 50%. At this temperature, NO reaction rate is considerably high, 
with a conversion level close to 100%, but the rate of NH3 oxidation is 
also significant. The intermediate temperature, 250 ◦C, was chosen 
because o-DCB conversion is below 50%. 

Both light-off curves and conversion-TOS curves show promoting 
and inhibiting effects of water on NO and o-DCB conversion depending 
on catalyst composition and temperature region. 

3.3.1. Effect of water on NO SCR 
The light-off curves of SCR reaction (Fig. 8C) show that NO con

version is slightly lower in the presence of water below 300 ◦C, espe
cially over 1 V/TiO2 and 8 V/TiO2. Around 375 ◦C, temperature at 
which side reactions are competing with NO reduction, the effect of 
water is the opposite: NO conversion increases with respect to dry 
conditions, especially over 1 V/TiO2 and slightly over 8 V/TiO2, while 
this does not significantly change in 3 V/TiO2 catalyst. 

NO conversions in Fig. 9 are not coincident with those in Fig. 8, since 
the transient response of light-off experiments is affected by catalyst 
thermal inertia. However, general behaviors are comparable. NO con
version at 150 ◦C is the lowest over 1 V/TiO2 followed by 8 V/TiO2 and 

Fig. 8. Catalytic performances of VOX/TiO2 catalysts in the simultaneous SCR: A) under dry, and C) under wet conditions; and o-DCB oxidation: B) under dry, and D) 
under wet conditions (100 ppm o-DCB, 300 ppm NO, 300 ppm NH3, 10% O2, 0.5% H2O, 2 LN min− 1, 1.5 atm and 80 LN (h g)–1). 
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3 V/TiO2. But, unlike light-off experiments, TOS experiments show weak 
signs of catalyst deactivation, since NO conversion decreases in the first 
100 min TOS (dry conditions) from 58 to 53% in the case of 3 V/TiO2 
and from 57 to 49% in the case of 8 V/TiO2. This issue will be discussed 
below. 

Immediately after water concentration is increased from 0 to 0.5% 
(TOS = 100 min), NO conversion decreases, especially in the light-off 
region (conversion between 30 and 80%). For 1 V/TiO2 at 250 ◦C, NO 
conversion decreases from 78 to 69%; for 3 V/TiO2 at 150 ◦C, conversion 
decreases from 53 to 35%; and for 8 V/TiO2 at 150 ◦C conversion de
creases from 49 to 29%. Moreover, NO conversion further decreases 
when water concentration increases to 2% (TOS = 195 min), although to 
a lower extent than in the previous step, probably because of the high 
concentration of water compared to NO and NH3. At the highest tem
perature, where conversion is near 100%, the effect of water is indis
cernible. In the final step of the experiment, in which water is removed 
from the feedstream (TOS = 280 min), NO conversion increases to the 
initial level which suggests the inhibiting effect of water is reversible in 
SCR reaction. These results are consistent with those of other researchers 
who studied SCR inhibition by water over V2O5/TiO2 catalysts. Amiridis 
et al. [34] quantified that water decreases the SCR TOF by approxi
mately 40% at 350 ◦C. Huang et al. observed an increase of inhibiting 
effect as water concentration was increased at 250 ◦C [38]. 

The main hypothesis to explain the detrimental effect of water on NO 
conversion is a competition between water and reactants (NO and NH3) 
involved in SCR reaction, as reported in the literature [38]. In order to 
verify this hypothesis, temperature programed desorption experiments 
of NO and NH3 in dry and wet conditions were performed. These ex
periments were carried out in the above-described experimental setup, 
by online transferring reactor outlet gas stream to a mass selective 

spectrometer. Fig. 11 shows the profiles obtained from monitoring m/z 
30 (NO) and 16 (NH3). m/z 17 signal was not used for monitoring 
ammonia desorption because of the presence of significant interferences 
from desorbed water. NO and NH3 desorption in dry conditions is higher 
than in wet conditions, as can be seen in the range 500–1500 s and above 
2800 s and in the range 300–4200 s, respectively. These results confirm 
that both NO and NH3 were adsorbed to a lower extent due to their 
competition with water for the same active sites. Such competition is 
also evidenced in the light-off curves (Fig. 8), by the higher NO con
version in the presence than in the absence of water at temperatures 
above 375 ◦C. Since NH3 is competing with water for adsorption, NH3 
oxidation is inhibited, which leads to higher NO conversion. Further
more, the effect of water is stronger over 1 V/TiO2, followed by 8 V/TiO2 
and 3 V/TiO2, as in the low-temperature region in which SCR reaction 
was predominant. Then, the effect of water is stronger over the less- 
active highly-dispersed monomeric species (1 V/TiO2). 

The effect of water on side reactions, such as nonselective catalytic 
reduction (NSCR) (Eq. (8)) and NH3 catalytic oxidation (Eq. (9)) was 
also measured by monitoring the N2O concentration at the reactor outlet 
(Fig. 9, blue line). N2O is now considered as a pollutant due to its 
greenhouse effect and its depletion of the ozone layer [63]. On the one 
hand, N2O formation is not observed at low and medium temperature 
(150 and 250 ◦C), but it is remarkable at high temperature (350 ◦C). On 
the other hand, N2O production is notably high over highly loaded va
nadium catalysts, like 8 V/TiO2, composed mainly of crystalline species, 
followed by 3 V/TiO2, composed mainly of highly polymerized species. 
This fact is in accordance with the sharper decay of NO conversion above 
375 ◦C shown in Fig. 8A, and it is in line with the higher activity of 
highly polymerized and crystalline species compared to dispersed 
monomeric species in NH3 oxidation. Yates et al. [64] also observed that 

Fig. 9. Catalytic results in SCR reaction of dry/0.5%H2O/2%H2O/dry cycles for VOX/TiO2 catalysts (1 V/TiO2 first row graphs, 3 V/TiO2 second row graphs and 8 V/ 
TiO2 third row graphs) at different temperatures (150 ◦C first column graphs, 250 ◦C second column graphs and 350 ◦C third column graphs). 
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selectivity to nitrogen, obtained during ammonia conversion experi
ments, fell abruptly for samples with high vanadium content above 
240 ◦C, while the selectivity to N2O increased sharply.  

4NH3 + 4NO + 3O2 → 4N2O + 6H2O                                               (8)  

2NH3 + 2O2 → N2O + 3H2O                                                           (9) 

In this sense, Fig. 9 shows a decrease of N2O concentration from 43 to 
6 ppm with 3 V/TiO2 catalyst and from 86 to 7 ppm with 8 V/TiO2 
catalysts, when 0.5% water was introduced into the reactor. So, in 
presence of water, N2O production is inhibited and thus selectivity to N2 
is improved. Some authors also reported that water addition reduces 
N2O formation by suppressing NH3 oxidation [65]. Moreover, Xiong 
et al. [66], who correlated the contribution of NSCR and NH3 oxidation 
to NH3 conversion under dry and wet conditions over 5V2O5-WO3/TiO2 
catalyst, they found the presence of water inhibited both reactions, 
leading to lower production of N2O. Finally, when water concentration 
was increased to 2%, N2O formation drops even further, but to a much 
smaller proportion. 

3.3.2. Effect of water on o-DCB oxidation 
Light-off curves of o-DCB oxidation in Fig. 9D show that the effect of 

water is promoting at low temperature and inhibiting at high tempera
ture. Below light-off temperature, o-DCB conversion is higher in the 
presence of water. In this sense, at 200 ◦C, o-DCB conversions are 12, 15 

Fig. 10. Catalytic results in o-DCB oxidation reaction of dry/0.5%H2O/2%H2O/dry cycles for VOX/TiO2 catalysts (1 V/TiO2 first row graphs, 3 V/TiO2 second row 
graphs and 8 V/TiO2 third row graphs) at different temperatures (150 ◦C first column graphs, 250 ◦C second column graphs and 350 ◦C third column graphs). 

Fig. 11. Temperature programed desorption of NO (A) and NH3 (B) under wet 
and dry condition. 
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and 8% under wet conditions, whereas they are 2, 10 and 4% in the 
absence of water for 1 V/TiO2, 3 V/TiO2 and 8 V/TiO2 catalysts, 
respectively. However, at high temperature, water clearly inhibits o- 
DCB conversion. The temperature for 90% conversion (T90) increases 
from 390, 309 and 308 ◦C in the absence of water, to 434, 318 and 
344 ◦C in the presence of water for 1 V/TiO2, 3 V/TiO2 and 8 V/TiO2, 
respectively. 1 V/TiO2 catalyst, in which isolated vanadium species are 
predominant, is the most affected by the presence of water both at low 
(promotion) and high (inhibition) temperature. 

These two effects can also be observed in the conversion-TOS curves. 
Fig. 10 also collects the outlet CO and CO2 concentrations vs. TOS for the 
dry-wet-dry cycle experiments. At 150 ◦C, o-DCB conversion is 
extremely low to appreciate a significant effect of water, and the results 
are not shown. At 250 ◦C, o-DCB conversion continuously decreases in 
the first 100 min in dry conditions: from 49 to 30% and from 50 to 31% 
for 1 V/TiO2 and 3 V/TiO2 catalysts, respectively. This is most probably 
due to catalyst deactivation, which also affects NO reduction but to a 
lower extent. In the case of 8 V/TiO2, o-DCB conversion is so low that the 
deactivation is not noticeable. The decrease of o-DCB conversion goes 
with a decrease of CO and CO2 production, evidencing that a lower 
amount of o-DCB is being oxidized with TOS. When water is introduced 
(0.5%) at 250 ◦C, o-DCB conversion and CO and CO2 concentrations 
increase significantly for 1 V/TiO2 and slightly for 3 V/TiO2 with respect 
to conversion and concentration levels registered just before water 
addition. Furthermore, conversion is stable with TOS in the presence of 
water. Then, it seems that the promoting effect of water is related with 
the suppression of deactivation. But, if comparison is made with respect 
to conversion at TOS near zero (fresh catalysts and in the absence of 
water), it can be concluded that water is acting as inhibitor at the same 
time, since o-DCB conversion is lower in the presence of 0.5% of water, 
even in the case of 8 V/TiO2, although the difference is rather small. The 
further increase of water concentration up to 2% does not affect o-DCB 
conversion with respect to the presence of 0.5% of water. 

The inhibiting effect of water is clearer at 350 ◦C. In this tempera
ture, o-DCB conversion, which is stable (no deactivation is observed) 
with TOS for all the catalysts in dry conditions, decreases with the 
addition of 0.5% of water (most notably over 1 V/TiO2), and decreases 
even more with the addition of 2% water. However, when water is 
removed from the feedstream, back to dry conditions, o-DCB conversion 
increases to the levels of the previous dry step, also at 250 ◦C, which 
indicates that the effect of water in o-DCB oxidation is reversible. CO and 
CO2 concentrations also recover the same values as measured in the first 
dry period. Then, the most plausible explanation of the detrimental ef
fect of water is associated to a competitive adsorption with o-DCB for the 
active sites. This is also corroborated with the inhibition of NO SCR, as 
shown in Fig. 8C and Fig. 9, since NH3 also competes with o-DCB for 
some of the active sites [42]. The inhibiting effect of water on VOX/TiO2 
catalysts has already been observed by other authors [31,40,67]. 

The promoting effect of water can be associated to two facts observed 
in Fig. 10. On the one hand, the presence of water can affect differently 
CO and CO2 concentration profiles. For 1 V/TiO2 catalyst, CO and CO2 
concentration decrease in line with o-DCB conversion. However, for 3 
V/TiO2 and 8 V/TiO2 catalysts, CO concentration also decreases, but 
CO2 concentration increases, most notably in 8 V/TiO2. This behaviour 
can only be associated to an increase of selectivity toward o-DCB total 
oxidation. This is corroborated in Table 2, which summarizes the CO2 
selectivity of the catalysts under dry and wet conditions at 350 ◦C. For all 
catalysts, even for 1 V/TiO2, selectivity to CO2 is higher in the presence 
of water. Fig. 12 shows that water also inhibits the formation of other 
chlorinated aromatic hydrocarbons, namely 3-chloro-2,5-furanodione 
and 3,4-dichloro-2,5-furanodione, formed from o-DCB decomposition 
at 350 ◦C on 8 V/TiO2 catalyst. No chlorinated by-products were 
detected with the other catalysts, which suggests that partial oxidation 
of o-DCB is related to highly polymeric and crystal vanadium species at 
high temperatures. 

On the other hand, the promoting effect of water on o-DCB is also 

associated to the suppression of catalyst deactivation, since conversion 
of NO and o-DCB was kept constant with TOS for all catalysts and 
temperatures. The same behavior was observed when water concen
tration was increased to 2%. Concentration of outlet CO and CO2 was 
also kept constant. 

According to the literature, no deactivation of VOX/TiO2 for low 
temperature SCR is reported [49,68–70], but deactivation of catalysts in 
the oxidation of chlorinated hydrocarbons, due to the adsorption of 
detrimental species over the active sites, is widely reported 
[24,43,71–75]. Chlorine is one of the most referenced deactivating 
species for cerium oxide catalysts [76,77], supported noble-metal and 
metal catalysts [73], vanadium oxide based catalysts [44] and mixed 
metal catalysts [43]. Intermediate products formed in oxidation re
actions are also important deactivating species in the oxidation of 
toluene over V/Ti-oxide and in the oxidation of trichloroethylene over 
Co and Cr oxide catalysts [78,79]. Finally, coke and carbonaceous spe
cies also cause deactivation in chlorinated hydrocarbon oxidation over 
zeolites and VOX/TiO2 catalysts [44,71]. 

However, the presence of water is reported as beneficial to prevent 
catalyst deactivation in the oxidation of chlorinated hydrocarbons. 
González-Velasco et al. [80] reported the removal of chlorine in the 
presence of water during the oxidation of chlorinated VOCs and 
Gallastegi-Villa et al. [74] corroborated the easier elimination of chlo
rine and coke in the presence of wet air compared to dry air. Hence, 
promotional effect of water over o-DCB conversion, observed at low 
temperature and low vanadium coverage, could be associated to the 
removal of deactivating species adsorbed on the surface of catalysts 
during reaction. 

Table 2 summarizes carbon and chlorine contents of all catalysts 

Table 2 
Carbon and chlorine (Simultaneous SCR and o-DCB) and chlorine (o-DCB in
dependent oxidation) contents of used samples at 250 ◦C and CO2 selectivity at 
350 ◦C.  

Sample Simultaneous SCR and o-DCB oxidation  o-DCB oxidation 
C (wt.%) at 
250 ◦C 

Cl (wt.%) 
at 250 ◦C 

CO2 

selectivity 
(%) at 
350 ◦C  

Cl (wt.%) at 250 ◦C 

Dry Wet Dry Wet Dry Wet  Dry 

1 V/TiO2 1.6 –a –a –a 55 72  0.3 
3 V/TiO2 5.6 –a –a –a 55 61  –a 

8 V/TiO2 –a –a –a –a 39 44  –b  

a Not detected 
b Not analysed 

Fig. 12. Intensity of mass spectrum of chlorinated aromatic compounds 
detected by GC/MS during the experiment dry/0.5%H2O/2%H2O/dry cycle for 
8 V/TiO2 at 350 ◦C. 
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after the simultaneous NO reduction and o-DCB oxidation at 250 ◦C, 
both under dry and wet conditions. Under dry conditions, the catalysts 
in which deactivation was observed (1 V/TiO2 and 3 V/TiO2) present an 
important concentration of carbon of 1.6 and 5.6%, respectively. 
However, no relevant concentration of carbon was detected when the 
feedstream contained water (0.5%). These results reveal that water 
promotes fast removal (by hydrolysis) of surface carbonaceous species 
accumulated on the catalysts during the previous dry step, which causes 
the CO and CO2 concentration peak just after water is introduced to the 
feedstream (Fig. 10). 

Regarding to chlorine content on the catalyst surface, it was detected 
neither in dry nor wet conditions. The absence of chlorine is probably 
associated to the reaction between NH3 and HCl or even surface chlorine 
(Cl− ) produced in o-DCB oxidation, to form NH4Cl, which was detected 
on the particle filter located downstream the reactor. Hou et al. [81] also 
reported the formation of NH4Cl over V2O5/AC catalyst adding HCl to 
NH3-SCR reaction mixture. In order to confirm this hypothesis, an in
dependent o-DCB oxidation reaction was performed at 250 ◦C during 5 h 
for 1 V/TiO2 and 3 V/TiO2 catalysts. These samples underwent the most 
severe deactivation at conditions in Fig. 10. The surface analysis of both 
catalysts is shown in Table 2. The results confirm that chlorine accu
mulated over 1 V/TiO2 catalysts up to 0.3 wt%, but no chlorine was 
detected over 3 V/TiO2. These facts suggest that o-DCB oxidation occurs 
through the chlorine atoms, being more noticeable in the highly disperse 
vanadium catalysts [42]. However, increasing reaction temperature 
suppresses deactivation, due to absence of carbon and chlorine deposi
tion as reported by several authors in the literature. Bertinchamps et al. 
[82], reported lower amount of carbon deposit and surface chlorine in 
toluene and chlorobenzene oxidation over V2O5/TiO2 catalysts at high 
temperature. Gallastegi-Villa et al. [74] found that dry air to regenerate 
catalyst activity was more effective at higher temperature, since it aided 
both coke removal and chlorine removal, deposited in the oxidation of 
1,2-dichloroethane and trichloroethylene over H-BEA zeolite. 

Summing up, results reveal that water has a bimodal effect on o-DCB 
conversion, both positive and negative at the same time. The positive 
effect is associated to the removal of deactivating species adsorbed over 
the catalysts and promotion of complete oxidation of o-DCB to CO2, 
whereas the negative effect is related to a competitive adsorption with o- 
DCB, and also with NH3. The contribution of each effect depends on the 
vanadium species present on the surface of the catalyst and the 
temperature. 

1 V/TiO2 catalyst, composed mainly of isolated and some highly- 
disperse polymeric species, is strongly affected by deactivation at low 
temperature (250 ◦C), mainly caused by carbon species adsorbed on the 
catalyst surface. Thus, the contribution of water to the removal of 
deactivating species allows to increase o-DCB conversion (promoting 
effect) but not up to the values of the fresh catalyst (first minutes of 
TOS), since water also competes with o-DCB for the active sites (inhib
iting effect). 

At higher temperature (350 ◦C) deactivation is rather lower than at 
250 ◦C. On the one hand, due to the higher oxidation rate of o-DCB and 
other intermediate by-products of incomplete oxidation; on the other 
hand, due to the lower adsorption of deactivating species. These two 
facts lead to lower amount of carbonaceous and chlorinated species 
deposited on the catalyst surface, as measured by the elemental analysis 
of carbon and chlorine. Then, at high temperature, the competitive 
adsorption between water and o-DCB becomes more relevant than the 
removal rate of deactivating species, whatever the catalyst composition 
(isolated, polymeric or crystalline species), although it is stronger over 
isolated monomeric species (1 V/TiO2). As a result, the net effect of 
water is inhibiting, and leads to lower o-DCB conversion with respect to 
dry conditions. 

These results are also consistent with the light-off curves. At low 
temperature, conversion of o-DCB is higher in the presence than in the 
absence of water, due to the high relevance of catalyst deactivation in 
dry conditions. Then, water contribution to the removal of deactivating 

species from the catalyst surface is higher than its competitive adsorp
tion. This fact is more relevant over 1 V/TiO2 (isolated monomeric 
species), followed by 3 V/TiO2 (polymeric species) and 8 V/TiO2 
(crystalline species). At high temperature, conversion of o-DCB is lower 
in the presence than in the absence of water, due to the lower or irrel
evant catalyst deactivation. Then, the competition between water and o- 
DCB for adsorption sites leads to lower conversion. This effect is also 
more relevant over 1 V/TiO2, followed by 3 V/TiO2 and 8 V/TiO2. 

4. Conclusions 

VOX/TiO2 catalysts were prepared in order to study the influence of 
vanadium species in the effect of water on the simultaneous NO 
reduction through NH3-SCR and o-DCB oxidation. Characterization re
sults confirmed the presence of different vanadium species depending on 
vanadium loading. 1 V/TiO2 catalysts showed highly dispersed or iso
lated vanadium species, and the increase of vanadium loading promotes 
the formation of polymeric species, in 3 V/TiO2, and crystalline species, 
in 8 V/TiO2, when the vanadium loading is above the monolayer. Cat
alytic tests showed that polymeric and crystalline species are the most 
active species, leading to high conversion of NO and o-DCB (higher than 
80%) at low temperatures (above 200 ◦C). The effect of water is 
reversible in both reactions and depends on several factors. In SCR, 
water has a detrimental effect at low temperature because of competi
tive adsorption with the reactants involved in the reaction. However, at 
high temperature, water promotes NO conversion because of the inhi
bition of side reactions, which decreases the selectivity to N2O as well. 
Regarding to o-DCB oxidation, water has a bimodal effect, acting as both 
promotor, through the removal of detrimental species adsorbed over the 
catalysts, and inhibitor, due to a competitive adsorption with o-DCB. 
Thus, at low temperature and low vanadium coverages, with isolated 
and dispersed polymeric species, water promotes an increase of o-DCB 
conversion because the effect of removing adsorbed deactivating species 
(mainly carbonaceous) is stronger than competitive adsorption. On the 
other hand, at high temperature, where deactivation is lower, compet
itive adsorption of water leads to an inhibition of o-DCB conversion 
which is independent of vanadium species present on the catalysts. 
Moreover, water favors total oxidation of o-DCB to CO2 and decreases 
the chlorinated by-products formed at high temperature. 
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