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RESEARCH HIGHLIGHTS 

- Effect of vanadia loading on acidic and redox properties of VOx/TiO2 is

analyzed.

- The role of acidic and redox properties on NOx and o-DCB abatement is

analyzed.

- NO SCR reaction occurs mainly on Brønsted type polymeric species.

- o-DCB is adsorbed on Lewis sites associated to monomeric species at low

temperature.

- NH3 and o-DCB compete for Brønsted acid sites at high temperature.



*Graphical Abstract
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ABSTRACT 16 

The effect of vanadia loading on the acidic and redox properties of VOx/TiO2 catalyst and 17 

their role in the simultaneous reduction of NO with NH3 and oxidation of o-DCB is studied. Catalyst 18 

samples with different proportions of VOx species, ranging from monomerics to V2O5 octahedral 19 

crystals have been prepared. A relationship between VOx species and their acidic and redox 20 

properties was found. At low temperature, o-DCB is adsorbed mainly on Lewis sites, associated to 21 

monomeric species, but at high temperature, o-DCB and NH3 compete for Brønsted sites 22 

associated to polymeric species. 23 

24 

Keywords: VOx/TiO2, acid, redox, NO, o-dichlorobenzene. 25 
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1. INTRODUCTION26 

Since polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans 27 

(PCDFs) were listed and targeted for removal by the Stockholm Convention on Persistent Organic 28 

Pollutants (POPs) [1], their emissions from stationary sources have been extensively studied 29 

because of their adverse health effects [2]. PCDDs and PCDFs are produced by several industrial 30 

operations, but Municipal Solid Waste Incinerators (MSWI) are the major emission sources [2-5]. 31 

Several technologies have been developed for PCDD/Fs removal from the flue gas. According to 32 

several reviews [2-3,5-6], activated carbon injection followed by bag filter (ACI+BF) is the most 33 

widespread technology. High removal efficiencies are reported for this technology, which allows 34 

meeting the regulatory limit of 0.1 ng I-TEQ/m3
N. At times, however, this method can even cause35 

additional dioxin formation. Wet scrubbing may also be considered an effective option for 36 

PCDD/Fs abatement, with removal efficiency of 98%. However, adsorption and absorption 37 

techniques only transfer dioxins from the gaseous phase to solid or liquid phase. The 38 

contaminated adsorbent/absorbent must be subsequently regenerated by thermal treatment at 39 

temperatures high enough to destroy the PCDD/Fs or disposed of in an appropriate facility, which 40 

represents an additional technical and economic cost. Catalytic filter (CF) technology has been 41 

applied in some MSWI. CF technology can simultaneously remove solid- and gas-phase PCDD/Fs 42 

without the need of an adsorbent. Hung et al. [7] and Hsu et al. [8] analyzed chlorobenzenes 43 

(CBz), chlorophenols (CPh) and PCDDs removal efficiencies using a pilot-scale CF module and 44 

compared these with the conventional ACI+BF system. They found lower efficiencies in CBz and 45 

CPh removal with CF than with ACI+BF [7], but higher efficiencies for PCDDs removal [8]. 46 

Catalytic oxidation is an effective alternative to destroy PCDD/Fs. Haldor Topsøe [9] supplied a 47 

DeNOx/CATOX catalytic cleaning unit for a waste incineration plant in Bolzano, Northern Italy. NOx 48 

were firstly reduced (Eq. 1) in DeNOx catalyst with 86% efficiency and subsequently dioxins were 49 

oxidized (Eq. 2) in CATOX catalyst with 97% efficiency. According to Goemans et al. [10], 99% of 50 
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PCDD/Fs and 90% of NOx were removed simultaneously (Eq. 1 & 2) over a single and typical 51 

VOx/WOx/TiO2 DeNOx catalyst at the MSWI plant of Ghent (Belgium). This system requires only 52 

minimal additional investment when it is retrofitted to an existing DeNOx unit. 53 

 4NO + 4NH3 + O2 → 4N2 + 6H2O (1) 54 

 C12HnCl8−nO2 + (9+0.5n)O2→(n−4)H2O + 12CO2 + (8−n)HCl (2) 55 

Finochio et al. [3] and Du et al. [5] reviewed the behavior of different catalysts for the 56 

oxidation of PCDD/Fs. They reported that VOx/WOx/TiO2 is superior to supported Pt and Pd and 57 

other transition metal oxide catalysts, due to the effect of metal-oxygen interactions. Most 58 

laboratory researches have been conducted in conditions of solely oxidation of dioxins [11-16], 59 

without simultaneous Selective Catalytic Reduction (SCR) of NOx, as it would happen within an 60 

existing DeNOx unit. Most of these authors use o-dichlorobenzene (o-DCB) as substitute of 61 

PCDDs at laboratory scale, due to their handling difficulty and high toxicity [11-12]. In recent years, 62 

the catalytic behavior of vanadium-based metal oxide catalysts has been correlated closely to 63 

surface acidity and redox ability for different oxidation reactions [17-20]. Vanadia loading is a key 64 

point of the catalyst behaviour, as it affects the nature of the VOx species. Monomeric VOx species 65 

over TiO2 are reported to be the most active sites for o-DCB oxidation [9-10], the formation of 66 

crystalline V2O5 being detrimental on oxidation. On the other side, the acidic properties of the 67 

catalytic surface have been reported recently to influence the performance of vanadia-based 68 

catalyst in total oxidation of o-DCB [21]. 69 

There is little literature on simultaneous catalytic removal of NOx and o-DCB through the 70 

combined dDiNOx process. Several authors reported [8,22-23] that NO shows a positive effect on 71 

chloroaromatics conversion, likely due to the higher oxidation potential of NO2 (formed by NO 72 

oxidation), which accelerates the redox cycle. Polymeric VOx species are known to show the 73 

highest activity in NO reduction [24-25], and the reaction starts with NH3 adsorption on Brønsted 74 
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acid sites (V-OH). Gallastegui et al. [26-27] found this system was rather complex: a tricky balance 75 

for operating conditions must be found, since the normal temperature window of SCR is altered by 76 

o-DCB oxidation. Besides, SCR reaction is not efficient above 230 ºC, when the onset of o-DCB 77 

oxidation reaction sets in. Thus, temperatures below 230 ºC may ensure very high conversion of 78 

NO but very low for o-DCB, whereas higher temperatures (> 350 ºC) may allow high conversion of 79 

o-DCB but lower conversion of NO. 80 

Du et al. [5] recently concluded in their review that too little is still known about reaction 81 

pathways at the molecular level and the interaction of the different components of the catalyst with 82 

the reactants. The aim of this work is to understand comprehensively the relationship among the 83 

role of acid and redox sites on the simultaneous NO reduction and o-DCB oxidation on VOx/TiO2 84 

catalysts. For this purpose, catalyst samples varying the vanadium loading were prepared so as to 85 

obtain samples with different surface densities, ranging from sub-monolayer (below 7.8 V/nm2) to 86 

over-monolayer, which led to different proportions of VOx species and a broad distribution of acid 87 

sites. Reactions of NO reduction and o-DCB oxidation were carried out both simultaneously and 88 

separately, at different temperatures. Inlet concentration of co-reactants was also varied. 89 

Due to the complexity of the system, as above stated, water was not included in the feed gas 90 

composition at this stage, although it is an important component of combustion gases from MSW 91 

incinerators. This issue will be examined in future work based on the results shown in the present 92 

paper. 93 

  94 
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2. EXPERIMENTAL 95 

2.1 Catalyst preparation 96 

Five samples of VOx/TiO2 varying the vanadium loading in the range 1-8 wt.% were prepared 97 

by wet impregnation. The amount of precursor (NH4VO3, Sigma Aldrich, 99,99%) necessary to 98 

obtain 1, 1.5, 2.2, 3 and 8 wt.% of vanadium on the final catalyst, was dissolved in distilled water 99 

and complexed with 2 moles of oxalic acid (Sigma-Aldrich, 99.99%) per mole of vanadium. The 100 

solution was introduced into a Büchi R114 commercial rotary evaporator equipped with a B480 101 

type heating bath and a vacuum system. The solvent was evaporated by maintaining the solution 102 

slurry at 35 °C and 0.4 kPa under continuous rotation for 3 h; the resulting samples were dried 103 

overnight at 110 °C and then calcined at 500 °C for 3 h (1 °C min−1). As a support, commercial 104 

TiO2 anatase calcined at 520 ºC for 3 h from Millennium Inorganic Chemicals - Cristal Global 105 

(Cristal ACTiVTM G5) was used. The catalysts are named as XV/TiO2, where X is the nominal 106 

mass percentage of vanadium: 1V/TiO2, 1.5V/TiO2, 2.2V/TiO2, 3V/TiO2 and 8V/TiO2. 107 

2.2 Catalyst characterization 108 

The actual amount of metals in the prepared catalysts was determined by ICP-AES (Horiba 109 

Jobin Yvon, Activa) after complete dissolution of solid samples in 1:3 HNO3:HCl mixture followed 110 

by a few drops of HF at 90 °C. 111 

Textural properties of catalyst samples were evaluated by means of N2 adsorption–112 

desorption isotherms at −196 °C in a Micromeritics TRISTAR II 3020 apparatus. The specific 113 

surface areas of the prepared samples were determined by the standard BET procedure, using 114 

nitrogen adsorption in the relative equilibrium pressure range of 0.03-0.3. Mesopore mean pore 115 

size and its distribution were calculated using the BJH method from the desorption branch. The 116 

catalyst samples (15-20 mg) were previously degassed under nitrogen flow and under vacuum, 117 

respectively, at 350 ºC for 4 h. 118 
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Catalysts surface acidity was measured by temperature programmed desorption of NH3 119 

(NH3-TPD) performed on a Micromeritics AutoChem 2910 instrument. Prior to adsorption, the 120 

samples (15-20 mg) were treated in a quartz U-tube under 5% O2/He mixture gas flow (50 mL/min) 121 

at 500 °C for 45 min, cooled down to 100 °C and treated with helium (50 mL/min) for 60 min. The 122 

adsorption step was performed by admitting small pulses of NH3 in helium (10% NH3/He) at 100 123 

°C up to saturation. Subsequently, the samples were exposed to a flow of helium (50 mL/min) for 2 124 

h at 100 °C in order to remove reversibly and physically bound NH3 from the surface. Finally, TPD 125 

was started using helium as carrier gas (50 mL/min) from 100 to 550 °C (10 ºC/min) while NH3 126 

desorption was continuously monitored with a TCD detector. The amount of NH3 desorbed was 127 

determined by time-integrated NH3-TPD curves as a measure of the acid site concentration. 128 

Redox behavior was examined by temperature programmed reduction using H2 (H2-TPR). 129 

The experiments were conducted on a Micromeritics AutoChem 2920 instrument. Firstly, all the 130 

samples (15-20 mg) were pre-treated under 50 mL/min of 5% O2/He mixture at 500 °C for 45 min 131 

and then cooled down to room temperature and flushed with helium for 60 min. Then, samples 132 

were heated from room temperature to 1000 °C (10 °C/min) under a 50 mL/min of 5% H2/Ar 133 

mixture gas flow. The water produced by reduction was removed in a cold trap, and the 134 

consumption of H2 was continuously monitored with a TCD detector. Total H2 consumption was 135 

calculated from time-integrated H2-TPR curves. 136 

X-ray diffraction (XRD) studies were conducted on a Philips PW 1710 X-ray diffractometer 137 

with Cu Kα radiation (λ = 1.5406 Å) and Ni filter. The finely grounded samples were scanned 138 

between 10 and 70° (2θ) with 0.02°/s sampling interval. Phase identification was conducted by 139 

comparison with JCPDS (Joint Committee on Powder Diffraction Standards) database cards. 140 

The type of surface acidity (Brønsted/Lewis) was determined by pre-absorbing pyridine on 141 

the catalyst surface and subsequent desorbing. Transform Infrared (FTIR) spectra of adsorbed 142 

pyridine was obtained by a Nicolet Protegé 460 ESP spectrometer, equipped with a Spectra-Tech 143 
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high-temperature chamber and nitrogen-cooled MCT detector. All spectra were recorded in the 144 

range 4000-50 cm−1 averaging 50 scans with 4 cm−1 resolution and analyzed using OMNIC 145 

software. Prior to adsorption experiments, the samples were treated under 15% O2/N2 mixture gas 146 

flow (300 cm3 min−1) at 300 °C for 2 h. Then, they were cooled down to 150 °C under the same 147 

atmosphere and the reference background spectra were recorded. Afterwards, pyridine was 148 

injected up to saturation. In order to remove reversibly and physically bound pyridine from the 149 

surface, the samples were exposed to a flow of N2 (250 cm3 min−1) for 1 h. Then, the spectra of 150 

adsorbed pyridine were obtained by subtracting the reference spectrum. For high temperature 151 

spectra, the reference background was taken at 300 °C and the samples were heated from 150 to 152 

300 °C with a constant heating rate of 10 °C min-1 under a flow of N2 (250 cm3 min−1). The 153 

Brønsted/Lewis (B/L) ratio was calculated as the ratio of the area under the peaks at 1540 cm−1 154 

and 1455 cm−1 corresponding to pyridine adsorbed on Brønsted and Lewis acid sites, respectively. 155 

Raman spectroscopy was performed in a Raman Olympus spectrometer at the laboratories 156 

of Haldor Topsøe S.A in Lyngby. For each spectrum, a 633 nm solid-state laser was used, 30 157 

scans were accumulated in the spectral window from 1400 to 1200 cm−1, and 10 s were employed 158 

for each scan. The crushed and sieved (0.05-0.20 mm) samples were introduced in a fluidized 159 

reactor. The analyses were performed at 400 °C after sample dehydration at 400 °C for 2 h in air 160 

(20 cm3 min-1). 161 

Diffuse reflectance UV-Vis spectroscopy (UV-Vis) analyses were carried out with a UV-Vis-162 

NIR Cary 5000 apparatus within a range of 200-2500 nm. Prior to the analyses, the samples in 163 

powder form were dehydrated in an external oven at 110 °C for 3 h. The repetition of different 164 

samples showed high reproducibility of the technique. 165 

2.3 Reaction set-up and catalytic tests. 166 
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The experimental reaction set-up consisted of three sections. Firstly, a gas-mixture 167 

preparation section formed by a set of mass flow controllers for the individual pure compounds: 168 

Bronkhorst® High-Tech F-201CV for gases and a Bronkhorst® High-Tech μ-Flow L01-AAA-99-0-169 

20S for liquid o-DCB. Total evaporation of the liquid stream and homogenous blend with the gas 170 

stream was performed in a controlled-evaporator-mixer (Bronkhorst® High-Tech W-102A-111-K). 171 

In order to avoid gas adsorption and condensation in the pipes, these were heated with electrical 172 

resistances. The composition of the feeding gas mixture was 300 ppm NO, 300 ppm NH3, 100 173 

ppm o-DCB, 10% O2, 10% CO2, and Ar (balance). Secondly, the fixed catalytic bed consisted of 174 

1.5 g of particulate catalysts (0.3-0.5 mm) mixed with inert quartz (0.5-0.8 mm) in order to fill a bed 175 

volume of 3 mL, inside a tubular quartz reactor of 13.6 mm internal diameter heated into a 176 

convective-flow oven. The nominal gas flow rate was 2 LN min–1, with a GHSV of 40,000 h−1. 177 

Before each catalytic measurement, the fixed bed was dried at 200 ºC for 2 h in pure argon (2 LN 178 

min-1). The reaction temperature was varied from 100 to 500 ºC at a rate of 1.5 °C min–1 for some 179 

experiments and was kept constant for others. Thirdly, the composition of inlet and outlet gas 180 

mixtures was analyzed on line by a GC/MS (Agilent Technologies 7890A/5975C equipped with a 181 

HP-VOC capillary column) for o-DCB, and a chemiluminescence analyzer (NGA 200 Rosemount) 182 

for NO. NH3 was only measured at the reactor inlet by trapping in a boric acid solution, and 183 

subsequent titration: The feed, without CO2, was bubbled in a solution of boric acid (0.005 M) for 184 

some time, and then the amount of NH3 reacting with boric acid was determined by measuring the 185 

amount of hydrochloric acid solution (0.1 N) required to bring the pH to its initial value. Phenol 186 

Red, with a pH range of 6.6 (yellow) - 8.0 (red), was used as an indicator. 187 

Absence of diffusion resistances has been checked by Mear’s criterion [28] for external mass 188 

transfer (1.3·10–2<0.15 for NO reduction at 200 °C and 1.3·10–2<0.15 for oxidation at 250 °C) and 189 

by Weisz-Prater criterion [29] for internal mass transfer (0.3<1 for NO reduction at 200 °C and 190 

0.2<1 for oxidation at 250 °C). Reproducibility of reaction tests and stability of the catalysts were 191 
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analyzed by regularly repeating the same reaction test over a control catalyst sample (3V/TiO2). 192 

The standard deviation of NO conversion was below 1.5% in the whole range of temperature, but 193 

the standard deviation of o-DCB increased up to 5% in the light-off region. 194 

195 
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3.1 Catalyst Characterization 196 

In Table 1, chemical composition and textural and structural properties of prepared VOx/TiO2 197 

catalysts are summarized. Final vanadium loadings were confirmed by ICP-AES and used, 198 

together with BET surface areas, to estimate vanadium dispersion as surface density (VOx/nm2) 199 

according to Eq. 3 [30]. 200 

 
23

2

18

6.022 10

10
v

x

V BET

x
VO nm

MW S

 
 

 
  (3) 201 

where xV is the vanadium mass fraction, MWv is the molecular weight of vanadium in g·mol-1 and 202 

SBET is the surface area in m2·g-1. 203 

As expected, 1V/TiO2 and 1.5V/TiO2 samples are sub-monolayer catalysts since their surface 204 

densities (1.83 and 3.50 VOx/nm2, respectively) are significantly lower than the monolayer value of 205 

ca. 7.8 VOx/nm2. Surface densities of 2.2V/TiO2 and 3V/TiO2 samples (5.31 and 5.89 VOx/nm2, 206 

respectively) are quite close to the monolayer, whereas 8V/TiO2 sample shows by far the highest 207 

surface density (25.7 VOx/nm2), being an over-monolayer catalyst. 208 

Table 1 209 

BET surface area decreases with vanadium content [16]. High vanadium content (8V/TiO2) 210 

produces the formation of crystalline V2O5 species, as confirmed by XRD in Fig. 1 [31], which 211 

produces an increase of the pore average diameter (dp) and anatase crystalline size (Table 1). 212 

Fig. 1 213 

VOx species have been identified by Raman and UV-Vis spectroscopic techniques, Raman 214 

being sensitive to V(V) and UV-Vis to V(V) and V(IV). The Raman spectra of support and catalysts 215 

are shown in Fig. 2A. With the aim of analyzing the spectral properties of vanadium exclusively, 216 

the spectrum of bare TiO2 has been subtracted from the spectra of VOx/TiO2 samples in Fig. 2B. 217 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

The numerical integration of those spectra and the vanadium content measured by ICP-AES for 218 

sub-monolayer catalysts are linearly dependent (Fig. 3), suggesting that the average oxidation 219 

state of vanadium is similar in all catalysts. All samples show a sharp band ca. 1030 cm-1, 220 

associated to the V=O stretching mode of dispersed monomeric or polymeric VOx species, which 221 

shifts from 1032 to 1028 cm−1 (Fig. 2B) with increasing vanadium loading due to distortions 222 

associated with the polymerization of surface monomeric VO4 species [32-33] when vanadium 223 

surface coverage increases. Further vanadium loading leads to crystallization of polymeric species 224 

as V2O5, according to the sharp vanadyl stretching band at 995 cm-1 with low intensity on spectra 225 

of 2.2V/TiO2 and 3V/TiO2 samples but high intensity on spectrum of 8V/TiO2 catalyst, in 226 

accordance, at least for the 8V/TiO2 sample, with the XRD results in Fig. 1. The small particle size 227 

(<4 nm) and/or concentration of V2O5 crystals in 2.2V/TiO2 and 3V/TiO2 catalysts made the 228 

crystalline species undetectable by XRD [34]. The formation of V2O5 crystals is also evidenced by 229 

the increase of the Raman band at ca. 680 cm-1. 230 

Fig. 2 231 

Fig. 3 232 

Fig. 2C shows, as an example, the deconvolution of the subtracted bands in Fig. 2B for 233 

3V/TiO2 sample. Polymerization of monomeric species involves the formation of V-O-V in 234 

detriment of V-O-s (support) bonds. Although the classical assignment uses the broad Raman 235 

band near 930 cm-1 as the proof for the presence of polymeric species [33,35-38], theoretical 236 

works on VOx/Al2O3 systems suggest that this is a V-O-s bond [39]. Magg et al. [40] also proposed 237 

an alternative band assignment for SiO2 and Al2O3 supported VOx. Thus, the two bands in the 238 

range of 950-800 cm-1 (Fig. 2B) have been assigned to V-O-Ti and the two bands in the range of 239 

750-650 cm-1 have been assigned to V-O-V in this work. This assignment is consistent with the 240 

band position of V-O-V in V2O5 crystals (700-750 cm-1) [33], although the identification of these 241 
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bands would be hard for V2O5/TiO2 catalysts due to the overwhelming band of anatase at 630 cm-
242 

1, which might explain why it has not been reported yet. The bands at lower wavelength (both in V-243 

O-Ti and V-O-V) might be associated to more disperse species (monomeric and polymeric), and 244 

those at higher wavelength to less disperse crystalline species, which is consistent with the shift of 245 

the bands observed in Fig. 2B. 246 

UV-Vis spectroscopy has been used to verify Raman results and to identify and characterize 247 

V(IV) species. Fig. 4 shows the UV-Vis spectra of prepared samples when bare TiO2 was used as 248 

a reference, which allows semi-quantitative analysis [41-43]. Tetrahedral V(V) ligand-to-metal 249 

charge transfer (CT) (O →V(V)) transitions are identified as an adsorption band ca. 400 nm, clearly 250 

identified by a peak in UV-Vis spectra. The intensity of this band increases with vanadium content 251 

because the amount of tetrahedral monomeric and polymeric species increases. Besides that, the 252 

red-shift of this band from 392 to 404 nm as vanadium loading increases from 1 to 8 wt.% is likely 253 

due to polymerization [42]. At high vanadium loading, tetrahedral polymeric species could be 254 

distorted to a square pyramidal structure characterized by a CT band at ca. 440 nm, where both 255 

V(V) and V(IV) could coexist. Fig. 4 shows the presence of this band in spectra of 3V/TiO2 and 256 

8V/TiO2 catalysts. As a consequence, d-d transitions of V(IV) are also observed in all the samples, 257 

but primarily in 3V/TiO2 and 8V/TiO2 around 550 and 668 nm. Finally, CT band of distorted 258 

octahedral crystalline species is obtained at ca. 500 nm, noted by a marked shoulder on 8V/TiO2 259 

catalyst spectrum and by a light shoulder on 3V/TiO2. 260 

Fig. 4 261 

Once the surface VOx species identified, redox properties of VOx/TiO2 catalysts are analyzed 262 

since the reducibility is directly related to VOx species nature. H2-TPR experiments are shown in 263 

Fig. 5 and, although the reduction of all the samples takes place in a single reduction step, the 264 

main reduction peak shows different shoulders indicative of the reduction of different species [44] 265 
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1V/TiO2 and 1.5V/TiO2 catalysts, with low vanadium content in mainly tetrahedral monomeric and 266 

polymeric species, present a reduction shoulder at low temperature, indicative of the boundary of 267 

the reduction of both species [37]. The reduction profile of 2.2V/TiO2 sample also fits to two 268 

reduction steps, while the profile of 3V/TiO2 can be deconvolved into three reduction peaks, 269 

because of the reduction of small V2O5 crystals at higher temperature. The reduction temperature 270 

of V2O5 crystals matches with the main reduction peak of 8V/TiO2 sample, which is full of big V2O5 271 

particles. Although the reduction profile of crystalline V2O5, obtained by thermal decomposition of 272 

NH4VO3, occurs at higher temperature and in three reduction peaks related to 273 

V+5→V+4,2→V+4→V+3 reduction stages [25, 45], the absence of more than one reduction peak in 274 

the case of 8V/TiO2 could be explained by heterogeneous distribution of VOx species and/or 275 

smaller particle size of V2O5 crystallites, since a V2O5 crystallite size of ca. 30 nm has been 276 

estimated by XRD for 8V/TiO2 and ca. 65 nm for the reference V2O5. 277 

It is worth noting that the temperature for the maximum reduction rate, identified by the peak, 278 

shifts from 422 ºC to 449 ºC as vanadium loading increases from 1 to 3 wt.%, which is indicative of 279 

the polymerization process and/or the structural changes. In line with UV-Vis results, further 280 

vanadium loading could lead to the formation of square pyramidal species from tetrahedral 281 

polymeric species. Thus, the most dispersed species (monomeric), which highly interact with the 282 

titanium, are more reducible, followed by polymerics, square pyramidals and V2O5 crystals [30,45-283 

46]. 284 

Fig. 5 285 

Finally, with the aim to find a relationship between VOx species and acidic properties, NH3-286 

TPD and FTIR spectra of adsorbed pyridine are compared in Fig. 6. As Table 1 summarizes, total 287 

acidity increases with vanadium loading up to a maximum, which was found to be 332 µmol NH3/g 288 

for 1.5V/TiO2 sample (3.5 VOx/nm2 surface coverage) in agreement with the literature [16,47]. 289 
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Further loading leads to a gradual decrease of total acidity. The FTIR spectra of adsorbed pyridine 290 

(Fig. 6B) reflect that TiO2 has only Lewis acid sites (1455 cm–1), but the addition of VOx allows the 291 

formation of V–OH, which gives Brønsted acid sites (1540 cm–1) as a result [16,48]. The B/L ratio 292 

calculated as the ratio of the area under the peaks at 1540 and 1455 cm–1 (Table 1) increases by 293 

tenfold when vanadium loading rises from 1 to 8 wt.%. The increase of VOx surface coverage 294 

implies a decrease of VOx dispersion, which results in lower contribution of V-O-Ti and higher 295 

contribution of V-O-V. Therefore, the increase of B/L ratio suggests that the main contribution to 296 

Brønsted acidity of VOx, could be related to oxygen bridge in V-O-V rather than in V-O-Ti. 297 

Fig. 6 298 

A common feature among the samples tested by FTIR is the shift of the Brønsted peak from 299 

1540 to 1536 cm–1 with increasing vanadium loading, which could be related to the different 300 

strength of the acid sites [26]. In fact, three types of acid strength can be differentiated according 301 

to NH3-TPD profiles (Fig. 6A): weak (100-225 °C), medium (225-350 °C) and strong (350-550 °C). 302 

The TiO2 support mainly shows weak and medium strength acid sites and strong acid sites are 303 

generated due to VOx deposition. Low-vanadium-loading catalysts (1V/TiO2, 1.5V/TiO2 and 304 

2.2V/TiO2) show a well-defined NH3 desorption peak at ca. 425 °C, that decreases while vanadium 305 

loading increases until disappearing for the 3V/TiO2 catalyst. Since it has been concluded that 306 

1V/TiO2 sample is rich in monomeric VOx species, the strongest acid sites could be associated to 307 

them. By FTIR measurements [16,48] the strongest acid sites can be confirmed to be Lewis type, 308 

since out-gassing at 300 ºC (Fig. 6B, 3V/TiO2 sample) affects the intensity of Brønsted acid sites 309 

more than that of Lewis acid sites. Therefore, monomeric species show strong and Lewis-type 310 

acidity. On the contrary, the acidity of polymeric species, which are predominant in monolayer 311 

3V/TiO2 sample, is Brønsted-type and weaker. 312 

3.2 Catalytic performance 313 
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Once the nature of VOx species has been identified and characterized, this section is 314 

devoted to analyze their catalytic activity in dDiNOx process. Fig. 7 shows the specific activity per 315 

vanadium atom in terms of TOF (Turn-Over Frequency) of NO reduction and o-DCB oxidation as a 316 

function of VOx surface density. Eq. 4 has been used for calculating TOF, by assuming the first 317 

order reaction accepted in the literature for NO reduction [49-50] and o-DCB oxidation [51-52]. 318 

 
 0 ln 1

'

A A

v V

F X
TOF

P Wx MW


   (4) 319 

where FA0 is reagent entrance molar flow, XA is reagent conversion, P’ is relative pressure, W is 320 

catalyst weight, xv is catalyst vanadium mass fraction and MWv is vanadium molecular weight. 321 

TOF was measured and calculated at two different temperatures. One at a low temperature 322 

(150 or 250 ºC), where the interference of parallel reactions associated mainly to NH3 oxidation are 323 

negligible and the other at a high temperature (300 ºC), where the rate of NH3 oxidation is 324 

significant [53-54], resulting in a lower NO conversion. At 150 ºC, NO reaction rate is considerably 325 

high but o-DCB oxidation rate is extremely low, so TOF of o-DCB was measured at 250 ºC. 326 

Although NO reaction and o-DCB oxidation are presented in separated graphics in Fig. 7, both 327 

reactions were carried out simultaneously feeding 300 ppm of NO and NH3, 100 ppm of o-DCB 328 

and 10% of O2 and CO2 to the catalytic reactor. 329 

Fig. 7 330 

The dependency of TOF on VOx surface density changes with temperature in both 331 

reactions, which indicates that the role of VOx species depends on reaction temperature. At 150 332 

°C, TOF of NO reduction increases up to a maximum near monolayer coverage, where polymeric 333 

species concentration is the highest, which confirms their higher activity in NO SCR reaction [24-334 

25]. At further surface density, TOF decreases drastically as a consequence of the low activity of 335 

V2O5 octahedral crystals in NO SCR. Nonetheless, the TOF of NO reduction decreases at 300 °C 336 
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as VOx surface density increases, not showing a peak at monolayer coverage, which has been 337 

associated to active participation of polymeric and crystalline species in NH3 oxidation reaction 338 

[45], adversely competing with NO SCR [53-54], as stated before. The high Brønsted acidity of 339 

polymeric species could be related with their high activity [55-56], but not exclusively, because the 340 

B/L ratio of the less active 8V/TiO2 (Table 1), full of big V2O5 particles, is even higher. However, 341 

the reducibility of V2O5 in 8V/TiO2 is considerably lower in comparison with the polymeric species 342 

(3V/TiO2) as measured by H2-TPR (Fig. 5). Then, the balanced combination of Brønsted acidity 343 

and high reducibility together with the type of structure of polymeric species with adjacent 344 

vanadium atoms, explains the TOF peak of 3V/TiO2 at 150 ºC. Some authors [25,33] suggest that 345 

the superiority of polymeric species is due to the dual-site Eley-Rideal mechanism [53,57-58]. This 346 

reaction mechanism involves two vanadium sites: a surface vanadia redox site and an adjacent 347 

non-reducible acid site. 348 

The kinetic data obtained in the dDiNOx reaction system and analyzed in the following 349 

paragraphs support the hypothesis that more than one surface VOx site may be involved in the 350 

rate-determining step of NO reduction. The linear relationship found in Fig. 3 between the number 351 

of surface VOx species and the vanadium loading in the sub-monolayer region, allows for the 352 

quantitative determination of the number of surface active sites involved in the rate determining 353 

step as suggested by Zaho and Wachs [38] for propylene selective oxidation over supported 354 

vanadium oxide catalysts. For this purpose, the kinetic expression for the rate of NO SCR reaction 355 

can be expressed as a function of surface VOx density, as: 356 

 2

0

n
a bA

A A B x

A

dX
r kC C VO nm

wd
F

      
 
 

  (5) 357 

For constant partial pressures of the reactants, temperature and flow rates, Eq. 5 can be 358 

further simplified and linearized as: 359 
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where k’ is the product of constant parameters, including rate constants and a function of reactants 361 

concentration. The exponent n can be readily determined from the slope of the plot of: ln[-rA (mol 362 

NO/(g s))] vs. ln[VOx/nm2], as shown in Fig. 8. The plot includes experimental data of this work and 363 

data from literature on NO SCR over VOx/TiO2 catalysts [24-25,59]. Fitting straight lines to data 364 

resulted in a value of the slope between 2.0 and 2.4, which confirms the participation of two 365 

vanadium atoms in the SCR reaction [25,33]. Since plotted literature data were obtained in the 366 

absence of o-DCB oxidation, unlike current data, o-DCB oxidation seems to produce very little 367 

effect on NO reduction. 368 

Fig. 8 369 

The superior activity of polymeric species in NO SCR is also confirmed by Fig. 9, in which 370 

calculated apparent activation energy has been represented versus VOx surface density. The 371 

apparent activation energy was calculated by the linear regression of Arrhenius plot derived from 372 

Eq. 7. The coefficient of determination of the linear fit was always higher than 0.997. 373 
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  (7) 374 

It can be seen that the highest value of apparent activation energy is obtained with 1V/TiO2, 375 

and decreases drastically to the lowest value for 3V/TiO2. Interestingly, the obtained trend is 376 

inversely related to the TOF (Fig. 7A). Thus, it can be suggested that the activation of NH3 377 

adsorbed on a Brønsted acid site through an adjacent redox site [58], and/or the reoxidation of the 378 

redox site, are likely to accelerate in polymerics due to the proximity of the two vanadium atoms. 379 
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The decrease of apparent activation energy with vanadium loading has already been reported by 380 

Amiridis and Solar [60] in dry conditions and in the presence of SO2. 381 

FIG. 9 382 

Comparable values of activation energy in the range of 40-60 kJ/mol are reported in the 383 

literature for the SCR reaction with VOx/TiO2 catalyst [49-50,61]. Tronconi et al. [57] found an 384 

activation energy of 94 kJ/mol for commercial SCR catalyst, in reasonable agreement with the 385 

present results since commercial SCR catalyst usually contains low amount of VOx (ca.1 wt.%) 386 

[62]. The high activation energy of 1V/TiO2 could be also associated to the shortage of Brønsted 387 

type acid sites (B/L=0.07) and consequent adsorption of NH3 on Lewis type acid sites [43,63]. 388 

Then, we can figure out that the first step of NO SCR reaction is the adsorption of NH3 on 389 

Brønsted acid site (V-OH), followed by its activation via redox by reducing the adjacent V(V) to 390 

V(IV) (V=O) and the final reaction between activated NH3 and gas phase or weakly adsorbed NO. 391 

Regarding o-DCB oxidation, the evolution of TOF with VOx surface density is completely 392 

different to that for NO. There is also a slightly different behavior at low (250 ºC) and high (300 ºC) 393 

temperature, as shown in Fig. 7B. At the former, TOF decreases with VOx surface coverage, which 394 

indicates that monomeric species are more active [14-15] than polymeric and crystalline species. 395 

Conversely, at higher temperature (300 °C) the TOF keeps almost constant up to monolayer 396 

coverage (7.8 VOx/nm2) and then decreases drastically, which reflects that polymeric [64] species 397 

are as active as monomeric species, but crystalline species are definitely less active, both at low 398 

and high temperature. These results indicate that o-DCB is more easily adsorbed and oxidized 399 

over monomeric species due to their higher reducibility and higher Lewis-type acidity as 400 

determined in section 3.1. Gannoun et al. [15] also found that the most dispersed monomeric 401 

species are the most reducible and, consequently, the most active species. Krishnamoorthy et al. 402 
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[14] observed a decrease of TOF with increasing vanadium content. The reported TOF values 403 

(around 10−3 s−1) were comparable to those presented in Fig. 7B. Schimmoeller et al. [64] 404 

concluded that V-O-V bonds sitting directly on the anatase are the most active bonds for o-DCB 405 

oxidation. 406 

Due to the higher proportion of Lewis sites compared to Brønsted sites in samples with 407 

higher population of monomeric VOx species, like in 1V/TiO2 (Table 1), at low temperature their 408 

high activity can be associated to Lewis acid sites, on which a weak and reversible interaction with 409 

o-DCB, through nucleophilic substitution of C-Cl bond on V=O species to form surface phenolate 410 

species, is most likely (Fig. 8A), as reported Larrubia and Busca [65], Lichtenberger and Amiridis 411 

[66], Wang et al. [67] and Xu et al.[13]. 412 

FIG. 10 413 

In order to support this conclusion, the number of surface active sites involved in the rate-414 

determining step of o-DCB oxidation was calculated following the same procedure presented some 415 

paragraphs above for NO reduction with NH3 (Fig. 8). Unfortunately, the o-DCB oxidation rate data 416 

collected in this work cannot be used because of the big effect of NO and NH3 co-feeding, as will 417 

be discussed below. Alternatively, the literature data of chlorobenzene oxidation without the 418 

presence of NO SCR [14,64,67] was used to calculate logarithmic relation between o-DCB 419 

oxidation rate and surface density. The three fitting lines yield slopes of n=0.6-0.9, which can be 420 

rounded to the participation of one vanadium atom in o-DCB oxidation. This result is consistent 421 

with the assertion that dispersed monomeric species (Lewis acid sites) are mainly involved in o-422 

DCB oxidation. 423 

FIG. 11 424 

Although Brønsted type is lower than Lewis type acidity, we found evidences that the role of 425 

the Brønsted acidity, associated mainly to polymeric VOx species, is also relevant especially in 426 
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samples with high vanadium loadings, such as 3V/TiO2 and 8V/TiO2, and at high temperature. 427 

Table 1 shows the peak concentration of dichloromaleic anhydride (DCMA) measured in the 428 

catalytic test of dDiNOx reaction. The formation of this type of chlorinated aromatic intermediates 429 

suggests that adsorption of o-DCB occurs through the carbon substituted with hydrogen [68-69], 430 

instead of through chlorine, as illustrated in Fig. 10B. Like Albonetti et al. [16], a direct relationship 431 

between DCMA concentration and Brønsted acidity has been found, beside the nucleophilic attack 432 

on the chlorine position proposed by many authors [13,65-67]. Taralunga et al. [68] reported, over 433 

zeolites, that the first o-DCB molecule could directly react with the protonic Brønsted acid site, 434 

giving HCl, while the second o-DCB could react with the first molecule to give chlorobenzene and 435 

dichlorinated adsorbed species. Then, DCMA can be consequently formed from the reaction 436 

between this chemisorbed intermediate and oxygen, in a similar way to the formation of maleic 437 

anhydride from benzene oxidation over V2O5/MoO3. Weber and Sakurai [69] suggested that 438 

hydrogen abstraction was the preferred step, whereas the initial abstraction of chlorine was only a 439 

minor pathway on TiO2-based V2O5/WO3 catalyst, on the basis of their experiments on the 440 

oxidation of selected individual PCB isomers and on the isomer specific analysis of PCDF formed. 441 

No DCMA was detected with low or medium loading catalysts (1V/TiO2 to 2.2V/TiO2), except some 442 

traces in the latter. However, notable concentration, around 20 ppm, was monitored in the case of 443 

monolayer (3V/TiO2) and significantly higher amount, ca. 55 ppm, was quantified in the presence 444 

of over-monolayer catalyst (8V/TiO2). Maleic anhydride production was also detected on 8V/TiO2 445 

sample, whose formation also suggests that adsorption of o-DCB occurs through the carbon 446 

substituted with hydrogen. The adsorption of o-DCB on Brønsted acid sites at high temperature is 447 

also confirmed by the inhibitory effect of NH3 on o-DCB conversion discussed below. 448 

The participation of Brønsted acidity in higher vanadium loaded samples and at high 449 

temperature is also evidenced by comparing the apparent activation energies. Figure 12 shows the 450 

Arrhenius plot assuming the first order reaction (Eq. 7) [14,52]. Over 1V/TiO2 the Arrhenius plot 451 
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shows a linear trend in the whole range of temperature (100–500 °C) but, in the case of higher 452 

loaded samples, three zones could be differentiated: low, medium and high temperature. Only data 453 

at the medium range (between 180 and 350 °C) have been used for linear regression. The lower 454 

slope in the high temperature range (> 350 °C) is common when mass transfer controls the 455 

reaction rate [70]. The absence of mass transfer limitation over 1V/TiO2 is probably due to its high 456 

specific area and pore volume (Table 1) and lower reaction rate. 457 

FIG. 12 458 

Figure 12B shows there is a marked difference between the activation energy of 1V/TiO2 459 

(24.5 kJ/mol) and the samples close to monolayer coverage, 1.5-3V/TiO2, with a similar value 460 

around 40 to 50 kJ/mol, which agree with data in the literature [67]. This fact confirms the 461 

difference in chlorobenzene adsorption over pure Lewis-type monomeric VO4 species and 462 

Brønsted and Lewis-type polymeric VOx species. Krishnamoorthy et al. [14] also obtain similar 463 

values of the activation energy in the range 40-55 kJ/mol varying the vanadium loading over Al2O3 464 

in the range of 30-60% of the monolayer. Further vanadium loading leads to slightly higher 465 

activation energy, which confirms the lower activity of V2O5 particles. 466 

In order to get a clearer picture and confirm the effect of the different nature of active sites on 467 

NO, NH3 and o-DCB adsorption and reaction discussed above, further experiments were carried 468 

out by analyzing the catalytic behavior in NO reduction in the absence and in the presence of o-469 

DCB oxidation and vice versa. 3V/TiO2 catalyst was selected for these experiments because it 470 

contains both monomeric and polymeric VOx species and both Lewis and Brønsted acid sites. Fig. 471 

13A confirms the small effect of the presence of o-DCB and its oxidation on NO conversion while 472 

Fig. 13B and C show a big effect of the presence of NO and NH3 on o-DCB oxidation. According to 473 

Fig. 13C, excess NH3 hardly affects NO conversion at 150 ºC because no o-DCB oxidation occurs 474 

in those conditions and there is enough NH3 to react with NO according to Eq. 1. However, at 250 475 
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°C, NO conversion raised from 54 to 100% when the NH3/NO ratio varied from sub-stoichiometric 476 

(0.8) to super-stoichiometric (1.9) feeding, because competitive reactions, such as NH3 oxidation, 477 

consume NH3 and, consequently, NO conversion is limited by NH3 concentration [25,53]. On the 478 

other hand, according to Fig. 93B, the increase of NO inlet concentration from 0 to 300 ppm leads 479 

to a notable increase of o-DCB conversion from 20 to 60%, which confirms that NO is not 480 

competing with o-DCB for neither monomeric nor polymeric species, since it reacts from the gas 481 

phase with adsorbed NH3 preferably on Brønsted-type polymeric species. Some authors 482 

suggested that the presence of NO2 (formed by NO oxidation) can (i) accelerate the vanadium re-483 

oxidation stage [13,22-23] and/or (ii) activate surface oxygen species accelerating the oxidation of 484 

the aromatic ring [71-72]. Concentration of NO above 300 ppm does not seem to further improve 485 

o-DCB conversion, in agreement with the results of Xu et al. [13], low amount of NO2 being 486 

enough to accelerate o-DCB oxidation rate-limiting stage. 487 

Hence, in line with previous results, the rate-limiting stage in o-DCB oxidation at low 488 

temperature can be concluded to be a redox stage, Lewis type monomeric species being the most 489 

reducible and, therefore, the most active sites. On the contrary, the increase of NH3 concentration, 490 

noted as NH3/NO ratio in Fig. 9C, leads to a drastic decrease of o-DCB conversion [13], from 68 to 491 

19% when the NH3/NO ratio varies from 0.8 to 1.9. Thus, the lower o-DCB conversion is explained 492 

by the competition between NH3 and o-DCB for the same Brønsted acid sites, which confirms the 493 

participation of Brønsted-type polymeric species on o-DCB oxidation over 3V/TiO2. 494 

FIG. 13 495 
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4. CONCLUSIONS 497 

This research work was focused on understanding the role of acidic and redox properties of 498 

VOx/TiO2 catalyst on the simultaneous NO reduction and o-DCB oxidation, namely dDiNOx 499 

process. Catalyst samples with different proportions of VOx species, ranging from monomerics to 500 

V2O5 octahedral crystals, have been prepared and characterized, and their catalytic behavior was 501 

tested both on simultaneous and independent abatement of NO and o-DCB. 502 

The polymerization of isolated species and the formation of square pyramidal species and 503 

octahedral crystalline V2O5 particles increases as VOx surface density is increased. Over 504 

monolayer catalysts small crystallites are already formed, but two-dimensional tetracoordinate 505 

polymerics and square pyramidal are the most abundant species, which leads to reduce the 506 

average vanadium oxidation state. Monomerics are the most reducible species and Lewis-type 507 

strong acidic centers. Contrarily, polymerics and crystallites are more resistant to reduction and 508 

their acidic nature is weaker and mainly Brønsted type. 509 

A relationship between activity of VOx species, their reducibility and acidity has been found. 510 

NO reduction takes place at lower temperature than o-DCB oxidation. Isolated tetracoordinate VO4 511 

monomeric species, formed at low vanadium loadings, produce strong, Lewis-type acidic sites, 512 

which lead to fast o-DCB adsorption and consequently high TOF for o-DCB oxidation. The 513 

reducibility of isolated monomeric species is the highest, so the nucleophiles to attack the chlorine 514 

position of adsorbed o-DCB molecule occur easily. The rate of o-DCB oxidation over catalyst with 515 

high VOx surface density at low temperature is lower because larger VOx species, such as 516 

polymerics, square pyramidal structures and crystalline particles show worse acidic properties in 517 

terms of capacity and strength. The reducibility of the less dispersed species is also lower, 518 

probably due to less interaction with the TiO2 support. In this case, the adsorption of o-DCB occurs 519 
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through the carbon substituted with hydrogen, instead of through chlorine, which leads to the 520 

formation of intermediate species such as dichloromaleic anhydride and maleic anhydride. 521 

Contrarily, the less dispersed polymeric and square pyramidal species have been found to be 522 

the most active for SCR of NO, which involves two vanadium sites acting as adjacent redox and 523 

Brønsted acid sites for the adsorption of NH3. Then, NO reduction is little affected by the presence 524 

of o-DCB because it is mainly adsorbed over monomeric species and also because SCR reaction 525 

takes place (without parallel reaction) at low temperature, at which the rate of o-DCB oxidation is 526 

still low. However, by using samples with higher VOx surface density and even at higher 527 

temperature, there is a competition between o-DCB and NH3 for polymeric species which leads to 528 

lower o-DCB conversion in the presence of SCR of NO as in dDiNOx process. 529 

  530 
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TABLE AND FIGURE CAPTIONS 684 

Table 1:  VOx/TiO2 catalysts characterization results. 685 

Fig. 1:  XRD diffractograms of VOx/TiO2 catalysts. 686 

Fig. 2:  A) Raman spectra and B) TiO2 subtracted Raman spectra of VOx/TiO2 catalysts. C) 687 

Deconvolution of 3VOx/TiO2 sample TiO2 subtracted Raman spectrum. 688 

Fig. 3:  ICP vs. TiO2 subtracted Raman spectra integration. 689 

Fig. 4:  UV-Vis spectra of VOx/TiO2 catalysts using TiO2 as a background. 690 

Fig. 5:  H2-TPR profiles VOx/TiO2 catalysts. 691 

Fig. 6:   The acidic properties of VOx/TiO2 catalysts. A) NH3-TPD and B) FTIR of adsorbed 692 

pyridine. 693 

Fig. 7:  TOF of A) NO reduction and B) o-DCB oxidation at different temperatures (100 ppm o-694 

DCB, 300 ppm NO, 300 ppm NH3, 10 % O2, 10% CO2, 2 LN min–1, 1.5 atm and 80 LN (h 695 

g)–1).  696 

Fig. 8:  ln(-rA) vs. ln(VOx) of activity data from this work and literature [14-15, 49] in NO reduction 697 

and over monolayer VOx/TiO2 catalysts. 698 

Fig. 9:  Apparent activation energy as a function of VOx surface density over VOx/TiO2 catalysts. 699 

Apparent activation energies were calculated by linear regression of ln[FA0·ln(1-700 

xA)/(P·CA0·W)] vs 1/T. 701 

Fig. 10: Adsorption mechanism of o-DCB on A) Lewis and B) Brønsted acid sites.  702 

Fig. 11:  ln(-rA) vs. ln(VOx) calculated from literature in chlorobenzene oxidation and over 703 

VOx/TiO2 catalysts [8, 54, 57]. 704 
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Fig. 12: A) Arrhenius plot in o DCB oxidation over VOx/TiO2 catalysts and B) apparent activation 705 

energy as a function of VOx surface density. 706 

Fig. 93:  Effect of A) o-DCB feed concentration B) NO feed concentration C) NH3/NO feed ratio on 707 

NO and o-DCB conversion (3V/TiO2, 100 ppm o-DCB, 300 ppm NO, 400 ppm NH3, 2 LN 708 

min–1, 1.5 atm and 80 LN (h g)–1). 709 
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Table 1:  VOx/TiO2 catalysts characterization results.  711 

Sample 
V, 

wt.% 

Surface 
density, 
VOx/nm2 

SBET, 
m2/g 

dp, 
nm 

Anatase 
crystal, 

nm 

Total 
acidity, 

µmol NH3/g 
B/L 

DCMA 
(temperature), 

ppm (ºC) 

TiO2 --- --- 70 14.6 24 165 0.00  

1V/TiO2 1.05 1.83 68 12.7 23 309 0.07 - 

1.5V/TiO2 1.60 3.50 54 15.6 21 332 0.05 - 

2.2V/TiO2 2.20 5.31 49 16.0 23 254 0.25 - 

3V/TiO2 2.94 5.89 59 12.8 26 229 0.55 20 (300) 

8V/TiO2 7.82 25.7 36 19.3 31 230 0.70 55 (300) 
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