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Ruthenium modified cobalt oxides were prepared by 1) impregnating ruthenium chloride hydrate on cobalt oxides, Ru-
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supported catalysts (Ru/Cos0,4) and 2) Ru-doped catalysts (Ru-Cos0,4), where the ruthenium ions were added to the pre-

cursor solution, by one-step sol-gel method with cobalt nitrate. The physicochemical properties of the catalysts were char-
acterized by ICP, BET, XRD, HR-TEM, TPR and XPS analysis. The effects of ruthenium have been studied for the total oxida-
tion of vinyl chloride. This Ru modifier is observed to enhance oxygenate formation. The difficult prepared methods make

contribution to the different amount of Ru* on the surface of the catalysts. While, Ru* will be in synergy with Co”" con-

centration, and this would also change the chemical coordination of oxygen on the surface. The dispersion of Ru oxides on

the cobalt oxides surface not only could improve the catalytic activity and stability on steam, but also decrease the amount

of chlorinated by-products and increase the HCl selectivity.

Introduction

Recently, several legislations concerning various pollutants
have as a major objective the improvement of air quality.
Volatile organic compounds (VOCs), which emitted from heavy
widespread applications in industry, are significant
atmospheric pollutants owing to their high toxicity and
malodorous nature. Among VOCs, especially chlorinated VOCs
(such as dichloromethane, chloroform, carbon tetrachloride,
1,2-dichloromethane, trichloroethylene, tetrachloroethylene)
require special attention on account of extreme stability.1 One
of the principal solutions to reduce the emission is the catalytic
oxidation tet:hnique,2 which offers the possibility of removing
them from aerial effluents at low temperature in more
economical process than other technologies. In addition, with
this technique, chlorinated VOCs could be completely oxidized
into CO,, H,0, Cl, or HCI, which are low toxicity final products.3
In general, noble metals such as platinum, palladium, gold, and
rhodium are dispersed on supports with high specific surface
areas,”” which are well established as efficient catalysts for
VOCs oxidation.® They are very reactive in the complete
oxidation and can avoid the formation of by-products.9
However, it becomes necessary to optimize the composition of
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the catalysts in order to obtain lower supported content
catalysts because of the high cost.’®

Many researches have certified that single or mixed transition
metal oxides could have an excellent catalytic activity and
stability for total oxidation of vocs.t? Also, the noble metal
based catalysts perform high specific activity, resistance to
deactivation and ability to be regenerated, without
considering its expensive costs. Among these oxides, cobalt
oxides catalysts have been reported to be effective on low-
temperature oxidation of carbon monoxide,12 hydrocarbons,13
and diesel soot.® Active behavior of Co;0, catalysts is most
likely related to high bulk oxygen mobility and the easy forma-
tion of highly active oxygen species. On the other hand,
ruthenium catalysts have received much attention over the
past years, because of its high activity in oxidation and
reduction reactions, especially in oxidation of hydrogen
chloride to chlorine in industry.15 Supported ruthenium
catalysts offer good reactivity in various catalytic reactions
such as methane,16 ammonia oxidation”, co oxidation,18
steam reforming,lg’ % and reduction of NO by methane.”*
Another important reason, under oxidation conditions, Ru
transformed to Ru dioxide also shows highly desirable
reactivity and stability, which decrease the cost comparing to
the other noble metals. Previous reports have investigated
these catalysts, such as Ru-CeOz,22 Ru/AI203,23 and Ru/TiOZ,24
showing a very good activity and chemical stability in chlori-
nated hydrocarbons oxidation.

Large amounts of vinyl chloride (VC), as a model chlorinated
VOCs, are released in the chloralkali industrial process, which
is greatly harmful to environment and public health. In the
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recent studies, the chlorine species adsorbed on the active
surface sites could be removed via the Deacon reaction on
Ru02.25 Therefore, the association of ruthenium and cobalt
oxides, which combine the highly active oxygen species with
the ability for chlorine activation, can establish a successful
catalytic system in VC oxidation reactions. The catalytic
performances of supported noble metals are strongly
depended on the preparation method, the metal loading and,
as a consequence, the physicochemical properties.8

In this work, Ru modified Co;0,, including doped and
supported, were synthesized, characterized and tested on the
VC oxidation. The concentration of chlorinated by-products
was studied during the oxidation process. The effects by
different preparation method had an influence between the
ruthenium and cobalt species, which involved the co** and
Ru*" dispersion. The relationship between ruthenium with
cobalt structural features and the catalytic activity was
investigated. Better performance on activity and stability will
provide the challenge on the industrial application in the
future for environmental protection.

Experimental
Catalysts preparation

Pure Co30, oxide was prepared via a conventional citrate sol-
gel method. Typically, stoichiometric amounts of citric acid (CA)
was added to an aqueous cobalt salt solution using
Co(NOs3),-6H,0 as the precursor with a molar ratio of CA/Co
equal to 1.1. The mixture was heated to 80 °C under magnetic
stirring to completely dissolve the CA and maintained at this
temperature to evaporate excess amount of H,O until the
formation of a viscous gel. After dried at 100 °C for 10 h in an
oven, the resulting material was finally calcined at 450 °C (the
heating rate of 1 °C min™) for 4 h under the air atmosphere
and then cooled down.

Ru-supported Co;0, catalysts (noted as Ru/Cos;0,) were pre-
pared by an optimized impregnation method. Certain amounts
of RuCl; as the precursor was dissolved in an ethanol aqueous
solution with the ratio of ethanol to water 1:4, then the previ-
ously prepared Co3;0, oxide was added into this solution, fol-
lowing evaporated at 80 °C under magnetic stirring and then
dried at 100 °C for 10 h in an oven. After that, the catalysts
were calcined under the same condition as above.

Ru-doped Co;0, catalysts (noted as Ru-Co3;0,) were prepared
by the same sol-gel method as that of pure Co3;0, oxide, where
an aqueous solution containing a certain amount of
Co(NO3),-6H,0 and RuCl; as precursors.

For a comparison, Ru supported on a commercial SiO, oxide
was prepared by the same impregnation method as that of
Ru/Cos;0, as reference. Additionally, for a facile description,
the Ru modified catalysts were denoted as X% Ru/Co30., X%
Ru-Cos;0, and X% Ru/SiO,, respectively, where X represented
the weight percentage of Ru in the catalyst.

Catalysts characterization
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The contents of Ru in the prepared catalysts were quantita-
tively determined by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) on a Varian 710ES instrument.
Before the measurement, the metal oxides were dissolved
using a mixture of inorganic acids (H,SO,, HNO3 and HF).
Powder X-ray diffraction (XRD) patterns of these catalysts were
recorded on a Bruker AXS D8 Focus diffractometer with Cu Ka
(A=0.154056nm) radiation at 40 kV and 40 mA. The scan range
was from 10 to 80° (26) with a step size of 0.02° and a scanning
rate of 0.6° min™. The lattice parameter and crystallite size of
each catalyst were calculated according to the XRD rietveld
refinement using the Topas4 software.

The nitrogen adsorption-desorption isotherms were measured
at 77 K on a Micromeritics ASAP 2020M surface area & porosi-
ty analyzer. The specific surface area (SSA) of each catalyst was
obtained by the Brunauer-Emmett-Teller (BET) method.

The redox properties of these catalysts were analyzed by tem-
perature-programmed reduction of H, (H,-TPR) on a Mi-
cromeritics AutoChemll 2920 sorption instrument. In a typical
run, 0.10 g of the catalyst placed in a quartz reactor was pre-
treated at 450 °C for 30 min with a gas flow of 3vol.% O,/He.
After cooled down to room temperature, the reducing gas
(10vol.% H,/Ar) with a flow rate of 50 ml-min™ was introduced
into the reactor under the heating from 25 to 800 °C at a rate
of 10 °C:min”". The signal of H, uptake in the H,-TPR was col-
lected by a thermal conductivity detector (TCD) after a cold
trap to remove the produced water.

X-ray photoelectron spectroscopy (XPS) analysis was carried
out on a Thermo Fisher ESCALAB 250Xi electron spectrometer
with an AlKa (1486.6 eV) radiation source. The constant charg-
ing of the XPS spectra was corrected by Cls of adventitious
carbon with binding energy of 284.8 eV.

Transmission electron microscopy (TEM) observations of the
catalysts were performed on a FEI Tecnai G2 F30 microscope
with STEM-EDX detector. The specimens for TEM were pre-
pared by grinding of the powdered catalyst in a mortar, dis-
persing it in ethanol and placing a droplet of the suspension
onto a copper grid coated with a carbon film.

Catalytic testing

The catalytic reaction of VC oxidation was carried out in a
quartz tubular fixed-bed flow reactor (inner diameter = 6 mm)
under atmospheric pressure. In each experiment, 0.60 g of the
catalyst (pellets with diameter from 0.3 to 0.45 mm), was
placed in the reactor. The feed gas (120 mI-min'l) with VC con-
centration of 1000 ppm diluted by air, was passed through the
catalyst bed, corresponding to a gas hourly space velocity
(GHSV) at 15000 ht A K-type thermocouple was placed in the
catalyst bed to monitor the reaction temperature heated in
the range of 50-350 °C.

The gas effluent was analyzed by an online PerkinElmer Clarus
580 gas chromatograph (GC) equipped with a flame ionization
detector (FID) during stepwise increase in the reaction tem-
perature, usually after 30 min at the selected temperature to
achieve the steady state. In addition, a PerkinElImer TurboMa-
trix 650 thermal desorber combined with an Agilent 5975C

This journal is © The Royal Society of Chemistry 20xx
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inert mass spectrum was used for the trapping and qualitative
determination of the possible Cl-containing by-products, such
as CH,CI-CHCl,, CH,Cl,, CHCl3, CCl,.

The VC conversion and HCl selectivity was calculated according
to the following equations:

[vcy,,- [vC]

out
-100
[Vc]in

VC Conversion (%)=
4[CCL]  3([CHCLCloCl] + [CHCL;]) — 2[CH,Cly]

L or) — _
HCl Selectivity (%) = 100 10 10 10

where [VCli,, [VClout, [CCli], [CHCI,CH,CI], [CHCI5] and [CH,CI,] rep-
resented the VC concentrations in the inlet and outlet as well as the
concentration of CCl;, CHCI,CH,CI, CHCl; and CH,Cl, in the effluent
gas, respectively.

Results and discussion

The actual Ru content and the physicochemical properties of
Ru modified catalysts are listed in Table 1. All the catalysts
presented a close weight percent to the nominal one. The XRD
patterns of all prepared catalysts are showed in Fig. 1, and
crystalline phase identification is performed by referring to the
standard powder diffraction file (PDF). Notably, all catalysts
presented characteristic reflection peaks of cubic spinel Co;0,
oxides (Fd-3m, JCPDS #42-1467) at 26 of 19.0°, 31.2°, 36.8°,
44.8° 59.4°, and 65.2° corresponding to the (111), (220), (311),
(400), (511), and (440) crystal faces, respectively.zs' % No

l 1%Ru/Co,0,
M A A

L

h 0.5%Ru/Co,0,
3
= N 1%Ru-Co,0,
E ATV A
= h 0.5%Ru-Co,0,
Co,0,
T T T T - T T -
10 20 30 40 50 60 k] 0
2 Theta ()

Fig. 1 XRD patterns of all catalysts.

Table 1. Physico-chemical properties of the catalysts.
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diffraction peaks attributable to the CoO phase detected.”® In
addition, there was no observation of the feature patterns
related to Ru oxides in the region of 25-42° in all Ru modified
catalysts, which could be due to the low amounts of Ru species
on these catalysts and/or the lower intensity of Ru peaks than
the Co oxides ones. The lattice parameters of Co;0, structure
and the crystallite sizes of all catalysts are calculated by Topas
4.0 program and listed in Table 1. The lattice parameters of Ru-
doped catalysts (0.5%Ru-Cos0, and 1%Ru-Co3;0,) increased
compared with pure Co;0, from 8.0844 to 8.0896 A. This could
be attributed to the substitution effect of Ru ions into cubic
lattice Co3;0, spinel, which results in a lattice parameter
increased with after the metal incorporation in doped ones.”
However, Ru-supported catalysts (0.5%Ru/Cos;0, and
1%Ru/Cos0,) give no obvious change in parameter, about
8.8046 or 8.0847 A, which could be due to the Ru particles
dispersed on the surface of cobalt oxides without changing the
lattice parameter. The crystalline size was increased from 27.8
nm on pure Co3;0, to ~32 nm and ~39 nm on Ru-Co;0, and
Ru/Cos0,, respectively. While, the BET surface areas of all
catalysts were in the range of 20-29 mz-g'1 without any obvious
difference in Table 1.

TEM images and EDX-mapping images of 1%Ru-Cos;0, and
1%Ru/Cos0, catalysts are shown in Fig. 2 and Fig. 3. It can be
observed that both catalysts were nano-scaled particles,
showing the characteristic lattice fringes of the cobalt oxide.
The dark regions were presented on the 1%Ru/Co;0, (Fig. 2 b)
could be associated to the formation of RuO, crystalline phase
on the surface, leading to a lower resolution of these lattice
fringes of Co30, compared with that on 1%Ru-Co3;0, (Fig. 2 a).
Based on the analysis of the EDX-mapping images (Fig. 3 a and

Fig. 2 TEM images of 1%Ru-Co30, (a) and 1%Ru/Cos04 (b).

Catalysts Ru loading * (wt. % ) Lattice parameter i (A) Crystalline size © (nm) Seer © (ng'l)
Co30,4 - 8.0844 27.8 20
0.5%Ru-C030,4 0.48 8.0873 324 26
1%Ru-Co304 0.98 8.0896 31.6 29
0.5%Ru/Co30, 0.49 8.0847 39.3 24
1%Ru/Cos0, 0.97 8.0846 39.9 23

#Measured by ICP-AES.
b¢ | attice parameters and crystallite sizes calculated in Topas 4.0 program.

4 Surface area determined from N, isotherm.

This journal is © The Royal Society of Chemistry 20xx
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Fig.3 b), it can be observed the high distribution density of Ru
element on the surface of 1%Ru/Co3;0, Contrarily, only trace
of surface Ru species was detected on 1%Ru-Co;0,4 with the
same total quantity of Ru in bulk domains. These findings
indicated that the Ru species were well dispersed on the
surface of cobalt oxides in 1%Ru/Co30,4, while mostly of Ru
was preferentially doped into the crystalline lattice of cobalt
oxides on 1%Ru-Co30,, according to the XRD results.

The redox properties of all catalysts are analyzed by H,-TPR. As
shown in Fig. 4, the H,-TPR profiles can be generally divided
into two regions according to the varied reduction
temperature, which was assigned to the change of different
reduction species on the catalysts. For the pure Co;0, catalyst,
the first reduction peak centered at 256 °C was associated with
the reduction of Co>" into Co®", while the second peak
centered at 351°C was attributed to further reduction of Co>*
into metallic cobalt.®® It is accepted that the reduction of
ruthenium ions (Ru4+ or Ru2+) into metallic species (Ruo) usually
takes place at a lower temperature in comparison with the
occurrence of Cos;0, reduction.* According to the literature,
ruthenium (IV) in RuO, could be reduced in several steps from
97 °C to 176 °C.** However, it was difficult to observe the

STEM HAADF Detector

STEM HAADF Detector

Fig. 3 EDX-mapping of 1%Ru-Co30; (a) and 1%Ru/Co30, (b).
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separate reduced peaks assignable to ruthenium ions over the
catalysts because of its relatively lower content of surface
ruthenium ions. Moreover, the reducible behaviors of
ruthenium induced by their location in Co30, lattice probably
being overlapped with the reduction peaks of Co3;0, at the low
temperature.33 Notably, the reduction temperatures of peaks
maximum over all Ru modified catalysts was shifted to lower
temperature range compared to the pure Cos;0,, indicating
that the addition of ruthenium markedly facilitated the
reduction of cobalt species. Especially, Ru-supported catalysts
exhibited even better reducible behaviors than the Ru-doped
catalysts, from 227 °C to 182 °C in 0.5% Ru catalysts, and from
186 °C to 145 °C in 1 %Ru catalysts, respectively. The first
reduced peaks shifted to lower temperature, which could be
associated to that Ru improve the reduction of co®" into Co™.
The more quantity of ruthenium ions distributed on the
surface of cobalt oxide, the more ability to improve
reduction®®. On the other hand, it is propose that the surface
RuO, nanoparticles are preferentially reduced at Ilow
temperature than cobalt oxides.>®> Atomic hydrogen, which is
generated by dissociation on the Ru® reduction nuclei, will
smoothly spread to the neighboring Co;0, particles to
accelerate their reduction.®® This phenomenon, called
hydrogen spillover effect, will noticeably decrease the
reduction temperatures. From the results above, it could be
known that Ru has a strong interaction with the Co30, layer.
Overall, the relative low-temperature reducibility of all
catalysts from the highest to the lowest, which was derived
from H,-TPR analysis, followed the order of 1%Ru/Co3;0, >
0.5%Ru/Co30, > 1%Ru-Co30, > 0.5%Ru-Co30, > Co30,.

All catalysts were analyzed by XPS technique in order to
investigate the surface element compositions, the metal
oxidation states and the nature of the oxygen species.
Considering that the binding energy (BE) of Ru3d is very close
to that of Cls,37 the Ru oxidation states are determined by the
Ru3p spectra. As illustrated in Fig. 5, the Ru-doped catalysts
showed lower spectra intensities than the Ru-supported
catalysts, verifying that low contents of residual Ru species
were present on catalysts surface, which could be attributed

145 247

k! 1%Ru/Co,0,

\

= 272
‘j\/—\ 0.5%Ru/Co,0,
: 27

e
2
= 1%Ru-Co 0
@ 34
=
2
=
— b = i
o 0.5% Ru-Co, 0,
351
3
256 %
Co j0 H
' T T T o T T T I T
0 100 200 300 400 200

Temperature ("C)

Fig. 4 H,-TPR profiles of all catalysts.
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to the Ru introduction into Co;0, framework. Additionally, the
XPS spectra can be deconvoluted into three peaks located at
461.6, 463.4 and 466.3 eV, which could be assigned to the
metallic Ru, Ru*" and Ru® species, respectively.37' 38 The atomic
molar ratios of surface Ru*" species (Ru4+/Ru) are determined
and listed in Table 2.

1%Ruw/Co,0,

Tntensity (a.u.)

T ' T ¥ T & T T T i)
490 485 480 475 470 465 460
B.E. (V)

Fig. 5 Ru 3p XPS spectra of all catalysts.
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= . . S
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= . e :
Lo} . e

0.5%Ru-Co, 0, ;
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Fig. 6 Co2p XPS spectra of all catalysts.
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0.5%Ru/Ca O
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Fig. 7 O1s XPS spectra of all catalysts.
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Table 2. Atomic surface ratios and surface composition of the catalysts.

Ru*/Ru Co™/Co™? Oues/ Ot
Catalysts

(at.%) (at./at.) (at.%)
Co304 - 1.85 49.8
0.5%Ru-Co30,4 25.5 1.84 47.0
1%Ru-Co304 38.9 1.54 44.1
0.5%Ru/Co30, 50.5 1.47 49.8
1%Ru/Cos0, 52.1 1.26 48.8

? Co™/Co™ = D1(C02p3/2) /Da(Co2ps3/2).

It was observed that the order in terms of Ru** atomic molar
ratio from the highest to the lowest was 1%Ru/Co030,(52.1%) >
0.5%Ru/Co30, (50.5%) > 1%Ru-Cos0, (38.9) > 0.5%Ru-Cos0,
(25.5%), where the Ru-supported catalysts possessed more
abundant surface Ru®" species than the Ru-doped catalysts. In
addition, the Co2p XPS spectra of all catalysts is shown in Fig.
6. For the Co;0, oxide, the BE value of Co2p;;, is around 779.8
eV with a spin-orbital splitting of 15.1 eV. Herein, the Co2p
spectra of all catalysts were deconvoluted into two spin-orbit
doublets Co** (D4) and Co* (D,) as well as three satellite peaks
(S1, S,, 53).30’ 39-41 Moreover, the pure Co3;0, presented the
normal molar ratio of Co3+/Co2+ (1.85, in Table 2)42, while the
CosJ'/Co2+ ratio decreased down to the range of 1.84-1.26 over
the Ru doped and supported catalysts, indicating the reduction
of Co® into Co®* due to the interaction of Ru species with
Co30, spinel structure.”®

The O1s spectra of all catalystsise presented in Fig. 7, which is
mainly deconvoluted into two peaks corresponding to
different oxygen species on the catalysts. As previously
reported, the peaks at BE of 529.9-530.2 and 531.4-531.6 eV
were characteristic of lattice oxygen (O)uy, i.€. 02') and surface
adsorbed oxygen (0,4, i.e. OH group, O or 022'),
respectively.“’ *> The surface oxygen specie O,4s/Oy ratio was
decreased from 49.8% to 44.1% in Ru-doped catalysts,
whereas the Ru-supported catalysts presented nearly the

100 4
—— (0,0,
——0.5% Ru-Co,0,
L S T Ru-Co,0,
—v—0.5% RuiCo,0,

a4 ——1% Ru/Ce,0,
——1% Ru/Si0,

40 4

Conversion (%)

20 4

50 10 150 200 25 300 350 400

Temperature (°C)

Fig. 8 The light-off curves as a function of reaction temperature for VC oxida-
tion.
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Table 3. Light-off temperatures at 50% and 90% of VC conversion.

Catalysts T50 °(°C) T90 (°C)
Co304 253 295
0.5%Ru-Co30, 218 258
1%Ru-Co30, 199 238
0.5%Ru/C030, 193 231
1%Ru/Co30,4 186 216

? The temperature of conversion at 50% and 90%.

same ratio with Co30, (from 49.8% to 48.8%). Besides, binding
energy of O, slightly increases, which is also a correlation to
Co”" concentration on the surface.*?

The catalytic performances of Co;0, and Ru modified Co30,
catalysts for VC oxidation were evaluated. The light-off curves
of VC conversion as a function of reaction temperature are
shown in Fig. 8, and the Tsy and Tqy values corresponding to
the temperatures at 50 and 90% of VC conversion are listed in
Table 3.

It could be found that 1%Ru0,/SiO, as reference possessed the
poorest catalytic activity of VC oxidation with a complete
conversion of VC achieved at 400°C. However, all of those Ru
modified Co;0, catalysts exhibited higher catalytic activities
for VC oxidation than the pure Co;0, and reference catalyst.
The catalyst of 1%Ru/Cos0, was proved to be the optimum
one with the lowest Tsy and Tg. These results indicated that
single Ru oxide was inactive at low temperature for the
oxidative destruction of VC, and Co3;0, was the predominant
active component for the reaction over Ru modified Cos;0,
catalysts. Furthermore, the catalytic activities according to the
Tso and Tgo values from the highest to lowest followed the
order of 1%Ru/Co304> 0.5%Ru/Co30,>1%Ru-Co30,> 0.5%Ru-
Co;0, > Co30, > 1%Ru/Si0,, which was consistent with the
sequence of redox ability obtained in H,-TPR.

According to the results, it could be deduced that the Ru
species not only affected the redox property of Co;0,, but also
played a particular role in the reaction. The catalytic activity
should be associated to lower temperature reducibility, which

55 19
& 1%Ru/Co0, g 0.5%Ru-Co,0, &
1\ 05%RWCo0, ' ‘
A 4
ra \ 1.74 7
& 3 5 z
% \ R 1.6 /
< 40 oA E N
= \ ‘% * 1%Ru-Co,0,
& . 1%Ru-Co,0, o 154 ’
£ 55 = B .
= X S /" 0.5%RuCo,0,
-4 \ 14 p
2 \ ’
\ 134 4
2 0.5%Ru-Co,0, = » 1%Ru/Co,0,

| TR T | L T . L T )
185 190 195 200 205 210 215 220 185 190 195 2000 205 210 215 220

T, ('C) T,/00)
Fig. 9 The linear relationship between Ts, and Ru*'/Ru, Co®*/Co™.

is caused by Ru dispersed on the cobalt surface and an
increased Ru*'/Ru content. Moreover the Co>" was replaced by
co®* or Ru*" causing higher concentration of surface Co®*,
which indicative of oxygen defects, increasing the higher
intrinsic at:tivity.46 A linear relationship between Ts;, and
Ru*/Ru with Co®*/Co®" is showed in Fig.9. Thus, the catalytic
activity has a positive correlation to the surface Ru*" amount,
and a negative correlation with the surface Co3+/C02+ ratio.
Compared with other supported noble metal catalysts, listed in
Table 4,%% ** 2* ruthenium supported cobalt oxides catalyst
showed a good catalytic performance on chlorinated VOCs
oxidation.

As it is well known a highly chlorinated by-products can be
yielded in the reaction of CVOCs oxidation.*” Therefore, it is
reasonable to provide the experimental information about the
selectivity to the ideal completely oxidation products (namely
H,0, CO, and HCl or Cl,) and, more particularly, the
concentrations of by-products. In this work, the possible
chlorinated organics in the effluent feed were quantitatively
determined in the catalytic test. During the stepwise increase
temperature oxidation process, 1,1,2-trichloroethane (CH,Cl-
CHCl,), dichloromethane (CH,Cl,), trichloromethane (CHCI;)

Table 4. Catalytic performances for VOCs on supported noble metals catalysts reported in the literature.

Catalysts Conditions® Chlorinated VOCs conversion® Reference
1%RU-C602 T50=204, T9o=250
CB=550 ppm
1%Ru/Ce0, Ts0=217, Tp=250 [22]

GHSV=15,000 h™

1%Ru/SBA-15 Ts0=312, T5o=350
1%Ru/TiO, DCM=750 ppm® T50=235, Te=267 [24]
1%Ru/Al,03 GHSV=10,000 h? Ts50=276, T9s=308

0.4%Ru/Ce02-r*
0.4%Ru/Ce02-c
0.4%Ru/Ce02-0

CB=1000ppm
GHSV=30,000 h™

Ts50=230, Teo=275
Ts0=,250 T40=306 [25]
T50=320, T9=363

0.5%Ru/Co30,
1%Ru/Co30,

VC=1000ppm

GHSvV=15,000 h™

T50=193, Tgp=231
T50=186, Te=216

This work

? Chlorobenzene (CB), dichloromethane (DCE), vinyl chloride (VC).
® The temperature of conversion at 50% and 90%.
€10%0,; and N, balance.

9 Ce0, nanorods (-r), CeO, nanocubes (-c), CeO, nano-octahedra (-0).
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Fig. 10 The concentrations of chlorinated organics as a function of reaction
temperature, (A) CHCI,CH,Cl (B) CH,Cl;, (C) CHCl; (D) CCl,.

and tetrachloromethane (CCl;) are the major chlorinated by-
products,48 and their concentrations as a function of reaction
temperature over all prepared catalysts are shown in Fig. 10.
The significant amounts of chlorinated by-products were

This journal is © The Royal Society of Chemistry 20xx

at the temperature range of 160-360°C. The
concentrations of these chlorinated organics over 1%Ru/Co30,4
were lower than those over any other catalysts, which could
be attributed to its optimum low-temperature catalytic activity
in the reaction.

Additionally, an unexpected high amount of CH,Cl, was
detected, in Fig. 10 (B), when the VC conversion was achieved
at about 95% (Fig. 8) over all catalysts. And it quickly
decreased with the reaction temperature increased. During
the reaction, CH,CI-CHCl, may be produced by chlorinate-
addition reaction to vinyl chloride, and then be cracked into
CH,Cl, and CHCI; by thermally decomposed. At last, CCl, could
be formed as a result of the further chlorination of CH,Cl, or
CHCl;3. This phenomenon is observed between the Ru doped
and supported cobalt oxide is the distribution concentration of
chlorinated by-products. Ru-supported catalysts present a
lower concentration of CH,CI-CHCl,, which will form low
concentration of CH,Cl, and CHCl;. However, the Ru-doped
catalysts only change the reaction activity and have a little
effect on chlorinated by-products, which show the same
tendency with pure Co;0,. However, it seems that RuO,
dispersed on the surface have a better performance on
restraining the chloride addition reaction of vinyl chloride.

The hydrogen chloride (HCI) selectivity was evaluated in order
to understand the final product in the VC oxidation, in Fig. 11.
It should be pointed out that all chlorinated compounds were
dechlorinated into HCl without any chlorinated byproducts
detected at higher temperature over all catalysts.49 Because
Cl, was not detected during the oxidation, the HCI selectivity
gradually decreased with the rise of reaction temperature due
to the formation of chlorinated by-products. Then, when VC
conversion reached around 95%, lowest HCIl selectivity was
obtained, simultaneously accompanied by the formation of
high amounts of chlorinated by-products. With reaction
temperature continuously increase, HCl selectivity raised back
to near 100%, corresponding to the diminished concentrations
of these chlorinated organics. It can be observed that
1%Ru/Co30, exhibited the minimum change in HCI selectivity
among all catalysts, which was also attributed to its best
catalytic activity for VC oxidation.

Moreover, the catalytic stability in long-term test without

formed
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Fig. 11 Selectivity (%) to HCl over all the catalysts.
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deactivation is also important, which was evaluated over
1%Ru/Co50,, as the optimum catalyst, at various reaction
temperatures for 120 hours (40 hours for each specific
temperature 200 °C, 220 °C, and 240 °C with the same
catalyst). The corresponding profiles of VC conversion as a
function of time on stream are illustrated in Fig. 12. It can be
observed that 1%Ru/Cos;0, exhibited relatively poor catalytic
stability at low temperature (200 °C). Indeed, VC conversion
decreased from 72% to 63% during the first 5 hours, indicating
the occurrence of gradual deactivation on the catalyst,50 and
finally VC conversion reached a steady value of about 55% till
the end of time. However, it was very stable when the
temperature reached to 220 °C or 240 °C and an even higher
temperature.

Meanwhile, the concentration of those chlorinated by-
products in the stability test at 220 °C was also determined
and shown in Fig. 13. In spite of the presence of some
fluctuations, VC conversion was achieved stable about 95% at
220 °C during the first 40 hours test, and the formation of
CHCl;, CCl;, CH,Cl, as the main chlorinated organics was
unavoidable with the concentrations about 10, 15, 8 ppm,
respectively. However, at higher reaction temperature of 260
°C (shown in Fig. 10), 1%Ru/Co;0, showed excellent catalytic

8| J. Name., 2012, 00, 1-3

activity and stability with a complete VC conversion and an
absence of chlorinated by-products formation.

Conclusions

All Ru modified Co;0, presented an improved catalytic activity
and HCI selectivity, decreasing the undesirable chloride by-
products formation, compared to Co3;0, and 1%Ru/SiO,.
Moreover, it clearly demonstrates the difference between the
Ru supported and doped catalysts, where the supported ones
presented the highest catalytic performance. These supported
catalysts presented a better performance on the reaction
activity. Thus, this high catalytic activity could be attributed to
high reducibility of Co oxides, and also to the complex
interplay between Ru species on the surface and Co3;0, phase
composition. Thus, the substitution of Ru species for co® in
spinel structure with low amount on the surface of the
supported catalysts can increase Co”* concentration. High
relative proportion of Co”" and Ru®*, which will also devote to
oxygen defects or vacancies, will not only increase the catalytic
activity but also decrease the amounts of chlorinated by-
products and increased the HCl selectivity.
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Graphical abstract and textual abstract

Ruthenium doped and supported cobalt oxides were prepared by sol-gel method and impregnation method. All the chlorinated
intermediates were tracked during the oxidation process in temperature range. Oxygen vacancies and lattice oxygen mobility
involved by co™ species and Ru™ inpacted with Ru modification. The catalyst of 1%Ru/Co;0, presented the best catalytic
activity and stability for vinyl chloride oxidation, together with low concentration of chlorinated byproducts and high HCI
selectivity.


http://dx.doi.org/10.1039/c6ra18503g

