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A catalyst based on mixed V-Ni oxides supported on TiO2 (Ni–V/TiO2) was obtained using
the sol–gel method. Its catalytic performance relative to dichloromethane (DCM) degrada-
tion was investigated. Characterization and analysis were conducted using transmission
electron microscopy, H2 temperature-programmed reduction, pyridine–Fourier transform
infrared spectroscopy (FTIR) characterization, and X-ray diffraction. Results showed that
the original hollow anatase structure of pure TiO2 was well-maintained after Ni–V loading.
The loading of NiO–VOx not only significantly improved the stability of pure TiO2 but also
inhibited the formation of the by-product monochloromethane (MCM). Among the series of
Ni–V/TiO2 catalysts, 4%Ni–V/TiO2 possessed the highest catalytic activity, with 90% DCM
conversion at only 203°C. No by-products and no significant changes in the catalytic activity
were observed during combustion of DCM after 100 hr of a continuous stability test.
Furthermore, thermogravimetric analysis (O2-TG) and energy dispersive spectrometer (EDS)
characterization of the used 4%Ni–V/TiO2 catalyst revealed that no coke deposition or
chlorine species could be detected on the catalyst surface.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Chlorinated volatile organic compounds (CVOCs) discharged
into the atmosphere as a result of industrial operations are
poisonous pollutants and are very harmful organic contami-
nants, as they exhibit severe toxicity and bioaccumulative
properties (Maupin et al., 2012; Zinovyev et al., 2002; Wang
et al., 2014a; Cao et al., 2016; Pitkäaho et al., 2011; Chen et al.,
2012; Huang et al., 2014a). Catalytic combustion to COx, H2O,
HCl, and Cl2 is a very promising method of pollutant neutral-
ization because it consumes low energy, has high efficiency
and the preferential ability to removal harmful CVOCs (Dai
u.cn. (Hanfeng Lu).

o-Environmental Science
et al., 2016; López-fonseca et al., 2003; Pitkäaho et al., 2013;
Wang et al., 2014b). Dichloromethane (DCM) belongs to the
family of alkyl chlorides and is often used by researchers as a
model molecule to investigate the oxidation activity of various
catalysts (Yang et al., 2014; Wang et al., 2015).

Our previous study (Huang et al., 2016) showed that a
catalyst based on hollow anatase TiO2 (TiO2-HA) nanoparti-
cles had high activity, as it demonstrated 90% DCM conver-
sion at 201°C. However, a large amount of chloromethane was
generated as a side-product of this conversion reaction.
Additionally, the selectivity of the catalyst to COx and HCl
was poor at low temperatures. Therefore, recent research has
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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Fig. 1 – X-ray diffraction (XRD) patterns of pure TiO2 catalyst
and Ni–V/TiO2 series catalysts.
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focused on modification of the surface of the hollow TiO2

structures to enhance its selectivity relative to COx and to
guarantee its stability at low temperatures (Huang et al., 2016;
Chen et al., 2017; Li et al., 2018; Papaefthimiou et al., 1998;
Pinard et al., 2004; Scire et al., 2003). Recent studies
(Bertinchamps et al., 2006a, 2006b; Shang et al., 2012; Zhang
et al., 2015; Huang et al., 2014b) have shown that a favorable
interaction exists for Ni-V loading, thereby improving the
redox performance of the catalyst and transfer ability of
reactive oxygen, and further enhancing the selectivity and
stability in the catalytic degradation of CVOCs.

As a continuation of our previous study, this work
reports preparation of well-dispersed NiO–VOx catalysts
over pure bulk TiO2 and over hollow anatase TiO2 nanopar-
ticles used as a catalyst support (Huang et al., 2016; Zhang
et al., 2015). The present work focused on the reduction of
the production of the by-product monochloromethane
(MCM), improvement of its selectivity for CO2, and assur-
ance of its stability at low temperatures. The goals of this
work were (1) to study the oxidation behavior of DCM over
the NiO–VOx/TiO2 catalyst relative to pure TiO2; (2) to clarify
the role of NiO–VOx and (3) to understand the mechanism of
catalytic oxidation of DCM and CVOCs in general. The
texture, redox behavior and surface acidity of the NiO–VOx/
TiO2 catalysts (Ni–V/TiO2), as well as the total oxidation of
DCM, were investigated.
Table 1 – Physical properties and XRD data of pure TiO2 catalys

Catalyst SBET (m2/g) Vpore (cm3/g) Dpore (nm) Lattice co

TiO2 94.73 0.31 12.98 3.7879
1%Ni-V/TiO2 90.03 0.30 13.14 3.7891
2%Ni-V/TiO2 86.90 0.29 13.31 3.7897
4%Ni-V/TiO2 81.85 0.30 14.39 3.7879
6%Ni-V/TiO2 77.19 0.28 15.47 3.7875
10%Ni-V/TiO2 68.72 0.25 17.57 3.7879
16%Ni-V/TiO2 53.22 0.22 19.19 3.7864

SBET: specific surface area; Vpore: average pore volume; Dpore: average p
temperature when 90% conversion are obtained.
1. Materials and methods

1.1. Preparation of the catalysts

1.1.1. Hollow TiO2 nanoparticles
Anatase nanoparticles with internal cavities were obtained
using a cetyltrimethylammonium bromide (CTAB)-assisted
hydrothermal method. The starting materials TiOSO4·2H2O
and CTAB were dissolved in 50 mL of deionized (DI) water
separately at CTAB/TiOSO4 = 1:12 molar ratio and stirred at
60°C. The TiOSO4 solution was mixed with the CTAB solution
and vigorously stirred. The mixture was then kept in a
stainless-steel autoclave with 150 mL capacity at 110°C for
24 hr, after which it was cooled to room temperature. The
obtained precipitate was filtered, washed multiple times with
DI water and ethanol, dried at 110°C and calcined at 500°C for
4 hr in air. Analysis confirmed that the powders were anatase
TiO2 nanoparticles ~11.4 nm in size with symmetrical meso-
pores 5–25 nm in size and that the particles were homoge-
neous with a hollow spherical morphology. The specific
surface area determined by the Brunauer–Emmett–Teller
(BET) method was 94.73 cm3/g. Details of the characterization
methods implemented in this work are described in our
previous studies (Huang et al., 2016).

1.1.2. Supported mixed V–Ni oxide catalysts
Catalysts based on mixed V–Ni oxides and supported on TiO2

were prepared using a conventional citrate sol–gel method.
NH4VO3 and Ni(NO3)2·6H2O with V/Ni = 1:1 molar ratio were
dissolved in DI water at 70°C. TiO2 was then added to the
solution. After several minutes, citric acid and carbowax
(citric acid / (V + Ni) = 2:1, molar ratio; carbowax/citric acid =
10 wt.%) was added, after which the solution was heated at
80°C under constant stirring until a viscous gel was obtained.
All processes above were performed under constant vigorous
stirring. The concentrations of vanadium and nickel nitrates
as well as the amount of citrate solution were adjusted to
obtain catalysts with 1–16 wt.% of vanadium–nickel oxide.
The resulting gel was dried at 110°C overnight and then
calcined in air at 500°C for 4 hr. The catalysts were marked
as m%Ni–V/TiO2 (m = 1, 2, 4, 6, 10, 16).

1.2. Catalyst characterization

Powder XRD patterns were determined by a diffractometer (X'
Pert Pro, PANalytical, Netherlands) with nickel-filtered Cu Kα
t and Ni–V/TiO2 catalysts.

nstant (nm) Average crystallite size (Å) T50 (°C) T90 (°C)

114 175 201
130 178 212
132 174 209
132 168 203
139 201 235
148 197 251
230 212 309

ore size; T50: temperature when 50% conversion are obtained; T90:
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radiation and were recorded at 0.04° intervals in the range of
10° ≤ 2θ ≤ 80° at a voltage of 45 kV and current of 30 mA.
Crystal sizes were obtained using the Scherrer equation.
Transmission electron microscopy (TEM) was performed
using a microscope (Tecnai G2F30, FEI, Netherland). Samples
for TEM analysis were dispersed in absolute alcohol and
placed on a copper grid. Specific BET surface areas and
porosity were obtained from nitrogen adsorption and desorp-
tion isotherms collected at −196°C using a instrument (ASAP
2010, Micromeritics, USA) in static mode. Prior to the
measurements, samples were kept in vacuum at 250°C for
3 hr. H2 temperature-programmed reduction (H2-TPR) was
analyzed using a instrument (FINESORB-3010E, Fantai, China),
for which 100 mg of sample was heated in 10 vol.% H2/Ar flow
at 30 mL/min at a 10°C/min heating rate. All samples were
heated under highly pure Ar flow at 200°C for 1 hr and then
cooled to 50°C prior to the analysis. Surface acidity was
determined by adsorption of pyridine, which was quan-
tified by Fourier transform infrared spectroscopy (FTIR)
(performed using a spectrometer (Vertex70, Bruker, Ger-
many) equipped with an mercury cadmium telluride
(MCT) detector with a scan rate of 32 scans/sec and
2.5 cm−1 resolution). Powders were pressed into ~20 mg
disks 13 mm diameter, which were pretreated at 400°C
for 30 min to avoid catalyst reduction at high tempera-
tures. Spectra were recorded after the samples were
cooled to room temperature. Then, 5 μL of pyridine was
introduced into the FTIR chamber containing the catalyst,
which was allowed to equilibrate for 30 min. FTIR curves
were recorded after evacuation for 30 min at 30, 200, and
400°C. Quantities of Brønsted and Lewis sites were
assessed by integrating their corresponding peak areas
at 1537 and 1446 cm−1, which are attributed to the
pyridine adsorbed on Brønsted and Lewis sites
(Bertinchamps et al., 2006a; Emeis, 1993), respectively.
Thermogravimetric analysis (TGA) was performed using a
Fig. 2 – Transmission electron microscopy and high resolution tr
catalyst and (c, d) pure TiO2 catalyst, and (e) energy dispersive sp
catalyst.
instrument (STA409PC, NETSCH, Germany) to verify the
absence of coke on the catalyst surface. TGA curves of
Ni–V/TiO2 samples were recorded on heating up to 1200°C
at a 10°C/min heating rate under N2/O2 flow.

1.3. Analysis of catalytic activity

Catalytic performance tests were performed at ambient
pressure using a traditional fixed-bed tubular quartz reactor
with inner diameter equal to 6 mm. A sandwich structure
consisting of quartz sand/catalyst/quartz sand was placed in
the middle of the reactor. This sandwich contained 200 mg of
the catalyst and ~1800 mg of quartz sand. DCM feed gas was
generated by bubbling synthetic air (consisting of 20.8% O2

and 79.2% N2) through a saturator containing DCM and cooled
in an ice bath. Bypass air flow was used to equilibrate the flow
and to provide the desired gas hourly space velocity (GHSV) in
the catalyst bed. The flow of the feed gas was 50 mL/min,
1000 ppmV of which was DCM. Total GHSV was 15,000 mL/
(hr·gcat). The effluent gases were continuously analyzed using
a gas chromatograph (GC-6890N, Agilent, USA) coupled with
flame ionization detector (FID) detector and an FTIR spec-
trometer. Gas chromatography–mass spectrometry (6890N-
5975C, Agilent, USA) confirmed formation of by-products. Cl2
and HCl gases were collected by bubbling the effluent through
0.0125 mol/L NaOH solution (Wu et al., 2012).
2. Results and discussion

2.1. Catalyst characterization

2.1.1. Structure and texture
The XRD patterns and crystal sizes of Ni–V/TiO2 catalysts with
different loadings are presented in Fig. 1 and Table 1. Almost
all Ni–V/TiO2 samples demonstrated peaks characteristic of
ansmission electron microscopy images of (a, b) 4%Ni–V/TiO2

ectrometer spectrum of the indicated area of 4%Ni–V/TiO2
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anatase (PDF#21-1272). No other diffraction peaks were
detected. These results indicate the presence of stable
crystalline phases. No crystalline phases that could be ascr-
ibed to VOx or NiO were indicated. No evidence of anatase
structure collapse was observed, suggesting excellent disper-
sion of vanadium and nickel oxides on the TiO2 surface. We
believe that vanadium and nickel oxide formed either
amorphous or solid-solution phases (Bertinchamps et al.,
2006b; Wu et al., 2012). The main anatase peak at (101) did not
shift to lower or higher angle, indicating that the Ni–V did not
distort the TiO2 lattice or affect its crystallization by forming
solid solutions. Therefore, we believe that the Ni and V oxides
were anchored only on the surface titanium atoms. The
average particle diameters obtained from the (101) XRD peak
by the Scherrer equation are shown in Table 1.

The texture of the catalysts was investigated by N2

adsorption/desorption isotherms. As shown in Table 1, the
average crystallite diameter of Ni–V/TiO2 catalysts increased
gradually with increased NiO–VOx loading. Relative to that of
TiO2, the specific surface area of the Ni–V/ TiO2 catalysts with
different loadings was decreased. A significant increase in
crystallite size was observed from 11.4 nm for pure TiO2 to
23 nm for 16%Ni–V/TiO2, with a decrease in surface area from
94.73 to 53.22 m2/g.

Representative TEM patterns were obtained to analyze
the morphology and dispersion changes of the TiO2-HA
catalysts loaded with active Ni–V components. TEM, high
resolution transmission electron microscope (HRTEM), and
EDS (energy dispersive spectrometer) spectra of 4%Ni–V/
TiO2 and hollow TiO2 catalysts are shown in Fig. 2.
According to the EDS spectra (Fig. 2e), the peaks assigned
to Ni and V found in the spectra indicate the presence of
certain amounts of Ni and V elements, which further
indicates that the Ni–V active components are effectively
loaded on the surface of the TiO2–HA catalyst. By compar-
ison of TEM and HRTEM images (Fig. 2a–d), no significant
change of morphology was observed between the Ni–V
modified catalyst and the pure TiO2-HA catalyst. The Ni–V/
TiO2 catalyst still possessed good dispersion, and the
HRTEM image shows that it retained the hollow spherical
morphology.

2.1.2. Redox properties of the catalysts
H2-TPR analysis was used to study the reducibility of the
TiO2-based catalysts in the 100–800°C temperature range.
H2-TPR profiles of pure TiO2 and modified TiO2 catalysts
are shown in Fig. 3. The Ni–V/TiO2 catalysts mainly
exhibited two partially overlapped reduction peaks (α and
β peaks) below 500°C, respectively. The pure TiO2 catalyst
showed reduction above 540°C, and these experimental
results also indicate that no reduction peak of the pure
TiO2 catalyst occurred in this temperature range (Wu et al.,
2012). Thus, the two reduction peaks below 500°C can be
attributed to the reduction of the surface species resulting
from NiO (α peak) interacting with V5+ species (β peak)
(Vislovskiy et al., 2003). For the Ni–V/TiO2 catalysts, with
the incorporation of Ni–V species, the intensities of the two
reduction peaks increased, the α peak temperature shifted
from 297 to 207°C, and the β peak temperature decreased
from 355 to 235°C when the Ni–V loading reached 4 wt.%,
which indicates that the active component particles ex-
posed on the surface of the TiO2 are constantly increasing.
With continuously increased loading up to 16 wt.%, the
intensities of the reduction peaks persistently enhanced
and the temperature of the reduction peaks constantly
increased. This may be due to the fact that the vanadium
and nickel active component loadings are higher than their
dispersion threshold, resulting in the aggregation of oxides
on the surface of TiO2 and formation of a microcrystalline
structure. The 4%Ni–V/TiO2 sample exhibited the lowest α
and β reduction peak temperatures, approximately 207 and
235°C, respectively, indicating that the lattice oxygen of
NiO-VOx reduced more easily. The low-temperature peak
area indicates that the 4%Ni–V/TiO2 catalyst has a high
concentration of oxygen vacancies as well as surface-
adsorbed oxygen. The temperatures of the α or β reduction
peaks varied in increasing order as follows: 4%Ni–V/TiO2

< 2%Ni–V/TiO2 < 1%Ni–V/TiO2 < 6%Ni–V/TiO2 < 10%Ni–V/
TiO2 < 16%Ni–V/TiO2. According to the results, the loading
of vanadium and nickel oxide on the TiO2 surface effec-
tively solves the problem of the lack of redox performance
of the pure TiO2 catalyst. Therefore, interaction between
NiO and VOx increases the quantity of NiO and V5+ pairs,
exhibiting stronger oxidation ability and oxygen species in
the modified TiO2 catalysts. These properties would be very
beneficial for the destruction of CVOCs and their interme-
diate by-products, considering that the catalytic activities
of all investigated samples agree with their redox proper-
ties. An appropriate amount of Ni–V loading on the TiO2

surface can promote some synergy between the active
components and the carrier, as well as accelerate the
mobility of surface-active oxygen species to some extent,
to improve the catalytic degradation performance and
product selectivity of DCM by the catalyst.

2.1.3. Acidic properties of the catalysts
The catalytic combustion activity in relationship to DCM is
considered to be related to the synergy between the catalyst's
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Fig. 4 – Pyridine adsorption-temperature programmed desorption Fourier transform infrared spectroscopy (FTIR) for pure TiO2

and the Ni–V/TiO2 series catalysts. B and L in the figure refer to Brønsted and Lewis sites, respectively.

63J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 8 4 ( 2 0 1 9 ) 5 9 – 6 8
acidity and its oxidation action. Acidity helps activate C–Cl
bonds. We used FTIR-pyridine to characterize the acidity on
the catalyst surfaces (shown in Fig. 4). Spectra were collected
after evacuation at 30, 200, and 400°C. Spectra collected after
these treatments corresponded to sites associated with
groups with weak, medium, and strong acidity, respectively
(Kang et al., 2002). Fig. 4 presents the FTIR-pyridine of Ni–V/
TiO2 catalysts with different Ni–V loadings. Brønsted (B sites)
and Lewis sites (L sites) were determined by integrating the
peak areas at 1537 and 1446 cm−1, which correspond to
pyridine species adsorbed on B and L sites, respectively
(Zhang et al., 2015; Futamura et al., 2002). Pyridine adsorbed



Fig. 5 – (a) Conversion curve of dichloromethane (DCM), (b)
concentration of byproduct CH3Cl, and (inset) concentration
of byproduct CCl4 during DCM combustion over pure TiO2

and Ni–V/TiO2 series catalysts. Combustion conditions: gas
composition 1000 ppmV DCM in air and gas hourly space
velocity (GHSV) 15,000 mL/(hr·gcat).
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on the weakly acidic sites was easily desorbed with increasing
temperature. The loading of Ni–V active components was
found to significantly increase the number of B and L sites on
the modified catalyst surface compared to the pure TiO2

catalyst, which corresponds with the conclusion derived from
the literature that VOx species can improve the strength and
increase the number of B sites of the TiO2 surface. In addition,
all the modified TiO2 catalysts possessed a certain number of
moderately strong acidic sites, including B and L acidic sites.
Temperature increase significantly decreased the amount of
adsorbed pyridine on the L sites of all TiO2-supported
catalysts. Thus, L sites on all these catalysts were mainly
weak L sites. With increased active component loading, the
peak area corresponding to the B acidic sites increased
sharply relative to L acidic sites; and the moderately strong
and strong acidic sites also increased until a plateau was
reached, where the Ni–V loading reached 4 wt.%. At more
than 4 wt.% loading, the peak areas decreased continuously,
regardless of whether the peaks belonged to L or B acidic sites.
When the Ni–V loading reached 16 wt.%, the areas of the
peaks at 1537 and 1446 cm−1 were smaller than that for 1%Ni–
V loading. The 16%Ni–V/TiO2 catalyst was found to contain no
moderately strong B sites, and no peaks were observed at
400°C, which indicated that the catalyst had no strong sites.
Both B and L acidic sites play a very important role in the
oxidative neutralization of harmful CVOCs. These results
reveal that 4%Ni–V/TiO2 possesses a maximum number of
acidic and moderately strong acidic sites, which can provide
abundant surface hydroxyl groups. The surface hydroxyl
groups can activate CVOC molecules to further improve their
catalytic performance.

2.2. Catalytic performance evaluation

2.2.1. Catalytic activity measurement
Fig. 5a shows DCM light-off curves for different Ni–V/TiO2

catalysts. Anoticeable change in catalytic activity canbeobserved
for both pure TiO2 andNi–V/TiO2 catalystswith different loadings
by comparing theirT90 values (which are indicative of the reaction
temperature required to reach 90% conversion). The sequence
ofthecatalyticactivityforDCMcombustionisasfollows:TiO2(201°-
C) > 4% Ni–V/TiO2 (203°C) > 2% Ni–V/TiO2 (209°C) > 1% Ni–V/TiO2

(212°C) > 6%Ni–V/TiO2 (235°C) > 10%Ni–V/TiO2 (251°C) > 16%Ni–
V/TiO2(309°C).The4%Ni–V/TiO2catalystexhibitednearlythesame
catalyticactivityasTiO2-HA(T90is201°C);thus,theloadingofactive
components did not promote the catalytic performance of DCM
degradationnotably.Moreover,theNi–V/TiO2catalystswerefound
to exhibit enhanced conversion with increased NiO–VOx loading
from1%to4%,the4%Ni–V/TiO2catalystdemonstratedthehighest
activity, and the T90 value was only 203°C. However, with further
increase of the NiO–VOx loading to 6%, the Ni–V/TiO2 catalysts
demonstrateddeclinedcatalytic activity (T90 value reached235°C),
andwhen the loading increased to 16%, theT90was 309°C, relative
to 4% loading, an increase of nearly 110°C. Thismay be due to the
fact that the increase of active components may destroy the
surfacetextureofTiO2,whichrestrainsthecatalyticactivityofDCM
destruction. Determining if any by-products harmful to human
health are formed during the DCM combustion reaction is
important. Thus, the distribution of by-products was measured
and displayed in Fig. 5b. As shown in Fig. 5b, MCM is the only
organic by-product detected in the waste stream during DCM
decomposition. Interestingly, the amount of MCM, which was
copiouslygeneratedinDCMconversionoverthepureTiO2catalyst,
sharply decreased with the Ni–V supported catalysts, but the
catalytic performance didnot increase. NoCH3Clwasdetected for
them%Ni–V/TiO2 (m = 2, 4, 6, 10, and 16) catalysts, indicating that
further rupture of C–Cl bonds occurs when the V–Ni loadings
reached2%.Notably,athighertemperature,anotherCl-containing
organiccompoundwastracedinDCMdecompositionoverthe16%
Ni–V/TiO2 catalyst, and the catalytic activity was 80%; thus, DCM
degradation may exhibit a different reaction pathway, such as a
chlorination reaction, with other catalysts. Other studies in the
literature have reported that in the presence of Cl species, the
reactant decomposition results in the information of polychlorin-
ated by-products over the metal oxide catalyst at higher temper-
ature througha chlorination reaction (Guet al., 2010).

The TPR results revealed that the 4%Ni–V/TiO2 catalyst had
the lowest temperature reduction peak, at which the lattice
oxygen of NiO–VOx mixed oxide reduced easily. It also showed a
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larger reduction peak area, which indicates that it also has
higher concentrations of oxygen vacancies and adsorbed
oxygen. The FTIR spectra of pyridine adsorption show that 4%
Ni–V/TiO2 possesses high surface acidity and more moderately
strong acidic sites, especially the B acidic sites, which results in
better catalytic activity, while the 16%Ni–V/TiO2 catalyst, which,

possessed fewer acid sites and did not have any of the strongest
acidic sites, exhibited the worst catalytic activity. These observ-
ations are indicative of a relationship between the number of
acidic sites on the catalyst surface and overall catalytic activity.
In general, themore acidic sites exposed on the catalyst surface,
themore enhanced the catalytic performance is. High content of
NiO–VOx in the samples (such as 16%Ni–V/TiO2) can lead to the
blockage of TiO2 active sites by NiO–VOx, significantly inhibiting
the overall catalytic activity. The significantly lower surface area
of the catalysts with high NiO–VOx contents in comparison to
the catalysts with lower NiO–VOx contents proves this observa-
tion. For example, the surface area of 16%Ni–V/TiO2 was
53.22 m2/g, which is considerably lower than the surface area
of unmodified TiO2 (which is equal to 94.73 m2/g). Comparison
of these surface area values indicates blockage of active sites by
excess NiO–VOx. Thus, the enhanced DCM and MCM conversion
activity observed for the 4%Ni–V/TiO2 catalyst can be attributed
to the acidity and redox properties of the catalyst surface. A
similar conclusion was obtained for the oxidation of 1,2-
dichloroethane (DCE) using CeO2-modified ultra-stable Y (USY)
zeolites, and, as the authors indicated, both the acidity and
redox properties played important roles during this process. T90,
surface acidity, and redox property results of the Ni–V/TiO2

catalysts reveal that the catalytic behaviors of the catalyst
correlate with the simultaneous contributions of surface acidity
and redox properties. The 4%Ni–V/TiO2 sample with the optimal
combination (both high reducibility and high surface acidity)
was more active.

2.2.2. Durability test
Generally, the formation of HCl and/or Cl2 from the catalytic
oxidation of CVOCs deactivates catalysts, particularly noble
metal catalysts. Our previous works showed that this deacti-
vation was the most challenging obstacle for the combustion
of CVOCs over TiO2-based catalysts (Huang et al., 2016).
Therefore, in this work we performed stability tests using
the 4%Ni–V/TiO2 sample. A stream containing 1000 ppmV of
the reactant in air at 225°C was passed over the catalyst at
15,000 mL/(hr·gcat) space velocity. The stability of the pure
TiO2 catalyst is exhibited in the inset in Fig. 6. The unmodified
TiO2 catalyst demonstrated rapid deactivation during the first
150 min at 200°C. During this time, DCM conversion was
constant (90%) for the first 90 min (90%) but decreased to 61%
over the next 30 min. By contrast, over the 4%Ni–V/TiO2

catalyst, conversion of DCM barely decreased during the
initial 2 hr andmaintained a constant value above 95% during
the whole test duration of 98 hr, which agrees with the
activity test results. No MCM was detected. Thus, addition of
Ni–V improved the catalytic performance and stability of TiO2

for catalytic DCM combustion.
Typically, deactivation of noble or transition metal

catalysts during catalytic combustion of CVOCs is attributed
to chlorination of the active material, adsorption of inor-
ganic chlorine species and/or formation of coke deposits on
active sites. Furthermore, chlorinated species (like MOClx or
MClx) actively participate in the formation of chlorohyd-
rocarbon by-products, especially if HCl or Cl2 is present (Ran
et al., 2013, 2014; Yang et al., 2015a; Cen et al., 2014). Thus,
active-phase stabilization and rapid removal of unwanted
HCl from the active catalytic sites are essential for enhanc-
ing catalyst stability. Addition of NiO–VOx can improve the
chlorination resistance of TiO2 because of its extraordinary
stability (such as limited reaction with Cl-species and
resistance when exposed to HCl) and enable easier removal
of HCl. Additionally, HCl is the main product formed when
the 4%Ni–V/TiO2 catalyst is used, mostly because of the
acidic sites that translate into abundant surface hydroxyl
groups. Therefore, the 4%Ni–V/TiO2 catalyst demonstrated
excellent low-temperature stability relative to DCM, without
any deactivation.

2.2.3. Characterization of the used catalyst
As previously mentioned, coke deposition on the catalyst
surface deactivates the overall oxidation reaction, reducing
the amount of neutralized chlorinated hydrocarbons. This
occurs because of the formation of carbonaceous deposits
inside the mesopores and coke growth on the external
surfaces of the crystal, which physically block the pores and
active sites on the catalytic surface. Therefore, to investi-
gate coke formation and deposition during 100 hr-long
stability testing, O2-TG analysis of fresh and used 4%Ni–V/
TiO2 catalysts was performed. As shown in Fig. 7, both
catalysts exhibited weight loss phenomena at three stages.
Generally, the catalyst weight loss at low temperature (less
than 250°C) can be attributed to the removal of physically
adsorbed material on the surface (such as H2O or DCM). The
used catalyst exhibited a larger weight loss than the fresh
catalyst because, in the DCM atmosphere, the former
adsorbed a certain amount of DCM when the durability
test temperature decreased from 225°C to room tempera-
ture. Thus, when the TG temperature was increased to
250°C, this resulted in the complete oxidation of the weakly



Fig. 7 – Thermogravimetric analysis of fresh and used 4% Ni–
V/TiO2 catalysts for catalytic DCM combustion.
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and strongly adsorbed DCM molecules due to the high
catalytic activity. According to the literature, within the
temperature range of 250–630°C, the weight loss of a
catalyst may be related to the combustion of coke deposits
and the oxidation of chemically adsorbed chlorine species
on the catalyst surface (Yang et al., 2015b). We found that
the used catalyst showed virtually the same weight loss as
the fresh catalyst at this temperature, which confirmed that
no coke formed and deposited on the 4%Ni–V/TiO2 catalyst
in the total oxidation of DCM after the 100 hr durability test.
The weight loss at the third stage is possibly attributed to
the volatilization of V species, in which V2O5 exists at a
molten state at high temperature and significantly evapo-
rates when the temperature rises continuously (approxi-
mately 700°C); and the vapor pressure increases with
increased temperature (Pitkäaho et al., 2012a, 2012b).
Fig. 8 – Possible decomposition mechanism o
To study chlorine species decomposition on the catalyst
surface, EDS analysis of fresh and used catalysts was per-
formed. Qualitative analysis was carried out due to the
restricted experimental conditions. Results showed no visible
EDS peaks related to Cl species for both fresh and used
catalysts. These results indicate that no Cl-deposition occurred
on the surface of the used catalyst, very likely because of the
NiO–VOx presence, which effectively removes Cl species.

Characterization of the used 4%Ni–V/TiO2 catalyst indi-
cated that no coke deposition or chlorine species formation
occurred on the catalyst surface, which is related to the large
number of active oxygen species and their mobility as well as
abundant acidic and moderately strong acidic sites. Thus, 4%
Ni–V/TiO2 has great catalytic activity and excellent stability
for DCM at lower temperatures.

2.3. Mechanism of DCM degradation using Ni–V/TiO2 catalyst

Based on the literature, a detailed potential decomposition
mechanism of DCM oxidation over Ni–V/TiO2 was proposed
(Fig. 8) (Ran et al., 2013, 2014; Yang et al., 2015a, 2015b; Van den
Brink et al., 1998, 1999; Seo et al., 2013; Aouad et al., 2007; Guo
et al., 2013; Xia et al., 2017; Lin et al., 2012). (1) The first stage is
very likely the dissociative adsorption of C–Cl groups on acid
sites through the Cl abstractionmechanism. CH2Cl2molecules
can chemisorb on oneTi-OH site,which acts as an acidic site to
form Ti-OCH2Cl and inorganic chlorine. (2) Chlorine formed
after the breakage of the C–Cl bonds either combines with a
proton, forming a gaseous HCl molecule (which is then
released), or resorbs at the surface of the catalyst and blocks
theactive site. (3) Theactiveoxygenspeciesdirectlyparticipate
in the oxidation of DCM and its intermediate products (such as
adsorbed formaldehyde or CO), forming gas-phase reaction
products (COx, H2O, andHCl). (4) The gas-phaseoxygenbinds to
the surface to replenish theoxygenconsumed. Considering the
mobility of active oxygen species, Cl-species adsorbed on
f DCM oxidation over Ni–V/TiO2 catalyst.
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active sites can be transferred to the oxygen vacancies on the
NiO–VOx surface and react with numerous surface hydroxyl
groups to formHCl under an oxygen-rich atmosphere, which is
responsible for the stability of 4%Ni–V/TiO2. (5) The dissocia-
tion of water from DCM oxidation benefits the opening of
titanium Ti-O-Ti bridges, which increases the number of
hydroxyl groups on the surface until the consumed OH groups
are replenished. The weak redox properties of pure TiO2 are
such that the intermediate formaldehyde species cannot be
oxidized immediately, so that CH3Cl formation occurs because
of the transfer of a formaldehyde hydride from the surface to a
Ti-OCH2Cl molecule.
3. Conclusions

Our experimental results showed that the addition of NiO–
VOx significantly improved the stability of TiO2 and inhibited
formation of MCM by-products. Among the series of Ni–V/TiO2

catalysts, 4%Ni–V/TiO2 possesses the highest catalytic activ-
ity, with T90 at only 203°C. No by-products and no significant
changes in catalytic activity were observed after combusting
DCM in a 100 hr continuous stability test. Furthermore, O2-TG
and EDS characterization of the used 4%Ni–V/TiO2 catalyst
revealed that no coke deposition or chlorine species occurred
on the catalyst surface. This work demonstrates that Ni–V/
TiO2 is highly active for DCM oxidation and possess excellent
stability; therefore, it has promising potential in practical
application.
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