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A series of spinel type CoCr,04 catalysts calcined at different temperatures were prepared and tested
for oxidation of dichloromethane (CH,Cl,). These catalysts were active for this reaction. The final prod-
ucts in the reaction were COy, HCI and Cl,, without the formation of Cl-containing organics. The best
performance was obtained on a catalyst calcined at 400°C (CoCr;04-4), with a Tso of 218 °C and a Tgg of
257 °C, which was mainly due to the highest surface area of this catalyst (91.3 m? g~1). Detailed quanti-
tative analyses revealed that the catalytic behavior was synergistically governed by surface acidity and
reducibility of the catalyst, as evidenced by ammonia temperature-programmed desorption and hydro-
gen temperature-programmed reduction results, respectively. Kinetic studies revealed similar activation
energies (124.5-155.5k] mol~') on these catalysts, implying the reaction might follow the same path-
ways on these catalysts. More importantly, in situ Fourier transform infrared spectroscopic investigation
of the reaction revealed that formate species were the main reaction intermediates, which could be
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further oxidized to CO and CO,.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Chlorinated volatile organic compounds (CVOCs) are associated
with a broad range of industrial processes and they are recognized
as a major source of air pollution [1]. The abatement of CVOCs
thus becomes a very important topic in catalysis because catalytic
combustion offers advantages over thermal destruction, with lower
incineration temperature and higher destructive efficiency [2].

The most commonly employed catalysts for CVOCs oxidation
include noble metals such as Pt [3,4], transition metal oxides such
as MnOy [5], CrOy [6] and perovskite-type oxides [7-9], rare earth
oxides such as CeO, [10] and zeolite [11] catalysts. Transition metal
oxides catalysts are promising in practical applications because of
their relatively better performance and resistance to deactivation
compared to the other three type catalysts [12].

Among the transition metal oxides, Cr-based oxides are very
effective for CVOCs oxidation [13-15]. Various Cr-based catalysts
have been reported in literature, including CrOx/TiO, [12,16,17],
CrOx/C [18], CrOx/zeolites [19,20] and CrOx-CeO,/USY [21]. For
example, Krishnamoorthy et al. [16] conducted oxidation of 1,2-
dichlorobenzene over various supported transition metal oxides
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and found that the CrOy/TiO, was the most active catalyst
compared to other TiO,-supported metal oxides (V,0s5, MoOs,
Fe,03, and Co304), with a Tgg (temperature when 90% conversion
obtained) of about 290°C. Moreover, Huang et al. [21] reported
oxidation of various CVOCs (dichloromethane, trichloroethylene
and 1,2-dichloroethane) over Cr,03-CeO,-USY catalysts, and they
found that Ty for dichloromethane, trichloroethylene and 1,2-
dichloroethane were 281, 296 and 246 °C, respectively. Despite of
their high activities, however, most of the supported Cr catalysts
suffer severe deactivation due to the migration and/or loss of active
sites during the reaction. Besides, another obstacle of the Cr cata-
lysts for CVOCs oxidation is the formation of the extremely toxic
chromium oxychloride at low temperature [22].

To overcome the disadvantages of the Cr catalysts, a possible
strategy is to confine the Cr species in a robust structure, by which
may suppress the transformation and leakage of Cr species dur-
ing the CVOCs oxidation and hence increase the catalyst stability.
In this sense, spinel type cobalt chromite oxide (CoCr,04) might
be a potential candidate. In such a CoCr,04 structure, Co and Cr
cations are bound in a solid matrix, in which the high-spin diva-
lent Co2* cations mostly occupy the tetrahedral sites, while the
low-spin trivalent Cr3* cations occupy the octahedral sites [23].
Indeed, the spinel type CoCr,04 oxide has been widely applied in
electrochromic coatings [24], protective layers [25], solar absorbers
[26], gas sensors [27], electrodes for fuel cells [28], and oxidation of
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different volatile organic compounds [29]. Chen et al. [29] reported
methane combustion over a series of Co-Cr catalysts with differ-
ent Co/Cr ratios and the best performed catalysts was a Co1Cr2
with a Co/Cr molar ratio of 1/2 (a spinel type CoCr,04 oxide). The
authors concluded that the superior performance of Co1Cr2 was
due to the presence of high valent Cr®* species, which caused dis-
orders in the spinel structure of cobalt chromites and consequently
enhance the adsorption of chemisorbed oxygen species. In applica-
tion of CVOCs oxidation, Kim and Ihm [30] found that spinel type
CoCr,04 showed superior performance to other supported Cr cat-
alysts such as CrOx/Al;03 and CrOx/MCM-41 in total oxidation of
trichloroethylene, and the authors attributed high CO, selectivity
to the presence of abundant surface Cr3* species in the CoCr,04
oxide.

It can be seen that spinel type CoCr,04 oxide could be promising
catalyst for CVOCs oxidation; however, very limited information
has been provided in literature. In addition to the development
of highly active catalysts for CVOCs oxidation, some important
issues such as active sites, reaction mechanisms should also be
addressed in order to better understand this catalyst system. There-
fore, in the current work, a series of nanocrystalline spinel type
CoCr,04 oxides were prepared and tested for the total oxidation
of CH,Cl, as a model reaction. It was found that these catalysts
are very active and quite stable for the oxidation of CH,Cl,, and
the catalytic behaviors were related to some important parameters
of the catalysts such as surface acidity and reducibility. Besides,
kinetic study as well as in situ infrared spectroscopic investiga-
tion provided some insights on the reaction mechanism on these
catalysts.

2. Experimental
2.1. Catalyst preparation

The CoCr,04 catalysts were prepared with a sol-gel method as
described in a previous work [31]. In a typical procedure, 88 mmol
Co(NO3)3-6H,0 (99.0%), 176 mmol Cr(NO;3)3-9H,0 (99.0%) and
528 mmol citric acid (99.5%) were dissolved in 200 ml distilled
water. The mixture was mildly evaporated at 90 °C until a viscous
gel was obtained, which was then heated at 180 °C for 3 h. The final
solid was ground and divided into four parts, followed by calcina-
tion in static air at different temperatures (400-700 °C) for 4 h. The
obtained catalysts were designated as CoCr,04-x, with x referring
to calcination temperature.

2.2. Catalyst characterizations

Elemental compositions of the catalysts were determined by X-
ray fluorescence (XRF) analysis, in an ARL ADVANT’X Intelli Power
4200 scanning X-ray fluorescence spectrometer. The results were
analyzed using UniQuant nonstandard sample quantitative analy-
sis software.

The BET surface areas of the catalysts were measured by N,
adsorption at liquid-nitrogen temperature (77 K), using a surface
area analyzer (Quantachrome Autosorb-1). The catalysts were pre-
treated at 120°C for 6 h in vacuum.

The morphologies of the catalysts were observed by a scanning
electron microscopy (SEM, Hitachi S-4800) operated at 5.0kV.

X-ray diffraction (XRD) patterns were recorded with a PANalyt-
ical XPert PRO MPD powder diffractometer using Cu Ko radiation.
The working voltage was 40 kV and the working current was 40 mA.
The patterns were collected in a 20 range from 10° to 80°, with a
scanning speed of 0.15° s~1. Crystallite sizes and lattice parameters
of the catalysts were analyzed by full-curve fitting using a JADE 6.5
software.

Raman spectra were recorded on a Renishaw RM1000 with a
confocal microprobe Raman system using an excitation wavelength
of 514 nm.

Hydrogen temperature-programmed reduction (H,-TPR) tech-
nique was employed to analyze the reducibility of the catalysts.
Twenty-five milligrams of the catalyst were placed in a quartz reac-
tor and pretreated in a N, flow (20 mImin~') at 300°C for 60 min
in order to remove the adsorbed water and carbonates, then the
sample was cooled down to 50°C in a N, flow (20 ml min—1). After
that, the sample was heated from 50 to 900 °C with a heating rate of
10°Cmin~! under a mixture of 5% H,-95% N, (20mlmin~1!). The
amount of H, consumption was determined by a gas chromato-
graph with a thermal conductivity detector (TCD), and the thermal
conductively response was calibrated by the reduction of a known
CuO powder sample.

The surface acidity of the catalyst was measured by ammonia
temperature-programmed desorption (NH3-TPD). Fifty milligrams
of the catalyst were pretreated in a flow of N, (20 mlmin~1) at
300°C for 0.5h, and then was cooled down to 50°C. Afterwards, a
NHj3 flow (20 mlmin—1) was introduced to the sample for 15 min,
followed by purging at 80°C for 0.5 h with a N, flow (20 ml min—1)
to remove the physisorbed NHs. Then the sample was heated from
80 to 500°C at a rate of 10°Cmin~!, and the profile was recorded
using a gas chromatograph (TECHTEMP GC 7890II) with a TCD
detector.

X-ray photoelectron spectra of the catalysts were obtained on an
ESCALAB 250Xi instrument, with a Al Ko X-ray source (1486.6eV),
under about 2 x 10~9 mbar at room temperature and a pass energy
of 20 eV. The binding energy (BE) of C1s core level at 284.8 eV was
taken as the internal standard.

Temperature-programmed surface reaction (TPSR) was con-
ducted on a home-made reactor connected with a mass
spectrometer (MS, Qic-20 Benchtop, HidenAnalytical). Fifty mil-
ligrams of the catalyst were pretreated in a flow of air (20 ml min—1)
at 300°C for 0.5h, and then was cooled down to 50°C. Then
a flow of CH,Cly/air mixture (3000ppm CH,Cl,, total flow
rate=20mlmin~') was introduced to the reactor and the sample
was heated from 50 to 400°C at a rate of 10°Cmin~!. And m/e
signals of 70, 44, 18, 36.5, 50.5, 49, 60 and 30 were monitored, cor-
responding to Cl,, CO,, H,0, HCl, CH5Cl, CH,Cl,, COCl, and HCHO,
respectively. Due to the same m/e signals of CO and N, (m/e=28),
the formation of CO during the reaction could not be correctly iden-
tified.

In situ Fourier transform infrared (FTIR) spectra of the samples
were recorded on a NEXUS670 spectrometer equipped with an
MCT detector. Self-supported sample wafers (diameter=16 mm)
were prepared from 30 mg of sample by pressing at about 3 MPa.
The sample was transferred to a quartz IR cell connected to the
closed circulation systems and then pretreated under an air flow
(90 mlmin—1) at 400 °C for 1 h. After the pretreatment, the sample
was cooled to 50°C and 1 ml of a gas mixture (3000 ppm CH,Cl,
in air) was introduced to the IR cell and the sample was heated
from 50 to 400 °Cataramp of 10 °C min~!. Temperature-dependent
FTIR spectra during the reaction were recorded after holding each
temperature point for 10 min.

2.3. Activity test

Catalytic combustion of CH,Cl, was carried out in a conven-
tional fixed-bed reactor (i.d.=9mm). One gram of catalyst in
40-60 mesh was diluted into a volume of 2 ml with quartz sand,
and then it was loaded in the reactor. A thermal couple was
placed in the middle of the catalyst bed to monitor the reac-
tion temperature. The CH,Cl, was introduced to the reactor via
passing moisture-containing air (7mlmin~') through a quartz
beaker containing liquid CH,Cl, kept at 0°C, which was then
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mixed with another moisture-containing air flow (493 mlmin—!)
to the reactor. Thus, the concentration of CH,Cl, was 3000 ppm
(total flow rate=500mlmin~! with a total water vapor concen-
tration of about 12000 ppm, GHSV =15000h"1). The conversion
of CH,Cl, was analyzed by a gas chromatograph (Shimadzu,
GC-14C) equipped with an FID detector. The outlet reaction mix-
ture was neutralized by passing through a 0.1 M NaOH aqueous
solution.
Conversion of CH,Cl, was calculated as follows:

X _ [CH2C]2]inV01.% - [CH2C]2]0utV01.%
CHaCl = [CH,CI];,vol.%

where [CH,Cl; i, and [CH,Cl; ]our were the CH,Cl, concentra-
tions in the inlet and outlet gas (vol.%), respectively.

The kinetic study was performed on the same fixed bed reac-
tor of the catalytic CH,Cl, oxidation as mentioned above. The feed
gases were measured with mass flow controllers and mixed prior to
the reactor inlet. For kinetic measurements, the reactor was oper-
ated in a differential mode with the CH,Cl, conversion less than
15%. 0.5 g catalyst in 40-60 mesh was diluted with quartz sand
to a volume of 2 ml and the reaction conditions were the same as
in the above-mentioned fixed-bed testing (CH,Cl, concentration
was 3000 ppm, total flow rate was 500 ml min~1). Also, the absence
of mass transport resistances was checked by Weisz-Prater crite-
rion for internal diffusion and Mears’ criterion for external diffusion
and the absence of heat transfer was checked by Mears’ criterion
[32] (See Supplementary Information for detailed calculation). For
example, on the CoCr,04-4 catalyst, the calculated values under
kinetic conditions are 2.22 x 10~3 for the Weisz-Prater criterion for
internal diffusion, 1.19 x10-2 for the Mears’ criterion for external
diffusion and 9.5 x 10~3 for the Mears’ criterion for heat transfer.
Those results ensure plug-flow and isothermal conditions within
the catalyst bed.

Table 1
Physical properties of spinel CoCr,04 catalysts.

Catalyst Sper (m2g1) Cell parameter (nm) Average crystallite
size (nm)

CoCry04-4 91.3 0.8314 12.8

CoCry04-5 51.9 0.8316 17.7

CoCr,04-6 23.2 0.8324 274

CoCr,04-7 6.1 0.8350 30.7

3. Results and discussion
3.1. Catalyst characterizations

The bulk compositions of Co and Cr elements in the CoCr;04
catalysts are 25.3 and 44.4wt.%, respectively, as determined by
XRF. These values correspond to a Co/Cr molar ratio of 1/2. The
surface areas of the catalysts listed in Table 1 decline dramatically
with calcination temperature, with the sample calcined at 400°C
(CoCr,04-4) having a surface area of 91.3 m2 g~! while the sample
calcined at 700 °C (CoCr,04-7) having a surface area of 6.1 m2 g1,
The decline in surface area is due to the sintering of crystallites
during the high temperature calcination.

SEM images of the CoCr,04 catalysts are shown in Fig. 1. It can
be seen that all these samples consist of nano-sized aggregates and
no obvious porous structures are detected.

Fig. 2a presents the XRD patterns of the CoCr,0,4 catalysts.
All the samples show characteristic diffraction peaks of cubic
phase CoCr,04 spinel (JCPDS 22-1084) and no other diffraction
peaks are detected. Moreover, with increasing calcination temper-
ature, the peaks become more intense. Accordingly, the average
crystallize size significantly increase with calcination tempera-
ture, ranging from 12.8 nm for the CoCr,04-4 to 30.7 nm for the
CoCry04-7 (Table 1). The growth of the crystallite is in agreement
of the decline of surface area. In addition, a slight shift of the
diffraction peaks toward lower degrees is observed with increasing

Fig. 1. SEM images of (a) CoCr,04-4, (b) CoCr,04-5, (¢) CoCr;04-6 and (d) CoCr,04-7 catalysts.
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Fig. 2. (a) XRD patterns and (b) Raman spectra of spinel CoCr,04 catalysts.

calcination temperature, which consequently results in an increas-
ing cell parameter of the sample (Table 1). The variation of lattice
parameters could be due to the disordering of the cations in the
spinel structures. At low-temperature calcination, Co3* ions could
partially replace Cr3* in the oxide, which leads to a decline of lattice
parameter because the ionic radius of the six-coordinated Co3* in
low-spin configuration (0.0545 nm) is smaller than that of the six-
coordinated Cr3* (0.0615 nm) [33]. However, when the sample was
calcined at high temperature (e.g. 700 °C), the disordering of the
cations in the spinel structure becomes less intense, which leads to
a larger lattice parameter.

Raman spectra of the samples are shown in Fig. 2b. All these
samples show four distinct bands at 190, 506, 538 and 665cm™1,
as well as two weak bands at 454 and 630cm~!. According to
group theory, CoCr,04 with purely normal spinel structure has
five Raman-active phononmodes (1" = 1Az + 1Eg + 3F»;) [34,35]. All
of these modes can be observed at approximately 190 cm~! (Fyg),
454cm~! (Eg), 506 cm~! (Fag), 538 cm~! (unclear mode), 630 cm™!
(Fag), and 665 cm! (A1g). The Raman spectra are similar as those
reported in literature [36]. In addition, Chen et al. [36] attributed
the band at 538 cm~! to a Raman-active mode which is due to the

Table 2

Surface compositions of spinel CoCr,04 catalysts.
Catalyst Atomic ratio

Co** [Coror Cr®* [Crior Cr6" [Cror Oads/Orar

CoCr,04-4 0.23 0.81 0.19 0.57
CoCr,04-5 0.20 0.80 0.20 0.53
CoCr,04-6 0.17 0.81 0.19 0.52
CoCr,04-7 0.15 0.81 0.19 0.50

cation disordering thatinduces a breakdown of the translation sym-
metry. Moreover, it is found that the intensities of the bands at 190,
506, and 665 cm~! gradually increase with increasing calcination
temperatures. Such trends are due to the changes either in elec-
tronic properties [36] or the crystallite sizes [37,38] of the CoCr,04
oxides.

The oxidation states of the elements in the catalysts and sur-
face compositions are analyzed by XPS, as shown in Fig. 3 and
Table 2. For the Co 2p3), spectra (Fig. 3a), a broad and overlapped
band at binding energies (BEs) of 772-794 eV is observed in all
samples, which could be further deconvoluted into three compo-
nents with BEs centered at 780.8, 782.9 and 787.3 eV. The peaks
with BEs at 780.8 and 782.9 eV could be assigned to Co?* and Co3*,
respectively [39-41]. And the presence of Co%* in the catalysts is
also confirmed by the satellite peak at 787.3 eV [36]. The surface
composition analyses also indicate that the concentration of Co3*
cations progressively decreases with increasing calcination tem-
perature (23% Co3* in the CoCry04-4 and 15% in the CoCr,04-7,
Table 2), which suggests that calcination temperature exerts influ-
ences on the oxidation states of the Co species in the samples. The
higher Co3* content in the low-temperature calcined sample (e.g.
CoCr,04-4) implies that some of these Co3* cations could replace
Cr3* cations in the B site of the AB, 04 spinel structure, which is con-
sistent with the smaller lattice parameter in the CoCr,04-4 sample
(Table 1).

In Fig. 3b, the peak of Cr 2p3;, could also be resolved into
three components at BEs at 575.7, 576.9 and 579.2, assigning to
Cr(OH)3 or Cr,03 [42], Cr3* (occupied octahedral sites) [29,43,44]
and Crb* [30,45], respectively. The occupied octahedral Cr3* sites
are exposed at the surface of the spinel samples and regarded as
active sites for the oxidation reaction [29,43,44]. The presence of
Cr5* in spinel CoCr,04 oxides was reported by Sloczynski et al. [45],
as the authors found that surface of Cr-containing spinel oxides
was enriched with Cr®*, and the location of Cr®* was surface-
only. Besides, Kim and Thm [30] found that the CrS* was stable
on the surface in H, environment and was inactive for the TCE
oxidation. Surface compositions of the Cr species in the catalysts
(Table 2) reveal that the concentrations of various Cr species in
these catalysts remain almost constant regardless of the calcination
temperature.

As for the O1s spectra (Fig. 3c), the asymmetric peak could be
deconvoluted to one main peak at BE of 530.4eV and one weak
peak at BE of 531.4 eV, which could be assigned to lattice oxygen
(0)4¢r) and adsorbed oxygen (0,45 ), respectively [46]. The 0,45 peaks
can be associated with a wide variety of species such as surface
chemisorbed oxygen, hydroxyl and oxygen ions in low coordina-
tion situation and oxygen-containing surface contamination [47].
Moreover, the areal ratio of O,44/0)4 reflects the proportion of the
two different oxygen species, and a higher ratio indicates larger
amount of chemisorbed oxygen species [48]. As shown in Table 2,
the O,4s/Oja¢¢ ratio is relatively higher on the CoCr,04-4 catalyst
compared to those on the other catalysts, implying higher amount
of surface oxygen on the CoCr,04-4 catalyst.

Surface acidity plays an important role in CVOCs oxidation as
they provide sites for the chemisorption of CVOCs molecules [3].
Thus, surface acidities of the catalysts are measured by NH3;-TPD,
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Fig. 3. Co2p, Cr2p and O1s XPS spectra of spinel CoCr,04 catalyst.

and the results are shown in Fig. 4a. One weak peak at less than
200°Cand an intense peak at about 210-260 °C are detected in the
catalysts, indicating the presence of surface acidic sites in the cat-
alysts. The amounts of NH3 desorption on these samples are also
quantified, which are 0.43, 0.17, 0.10 and 0.06 mmol gca¢~! for the
CoCr04-4, CoCry04-5,CoCr,04-6 and CoCr,04-7, respectively. The
declined values clearly suggest that calcination temperature could
remarkably influence the surface acidity of the cobalt chromites
[49]. However, considering that the surface areas of these cat-
alysts are very different, and the amount of surface acidic sites
should be normalized based on surface area. It is found that

a) NH,-TPD

Intensity / a.u.

200 300 400 500

Temperature / °C

100

the normalized values of the catalysts are essentially constant
(4.28-4.92 pmol m~2).

Reducibility of the catalysts is measured by H,-TPR technique,
as shown in Fig. 4b. There are two reduction peaks at about 250°C
(a peak) and 750 °C (B peak), which are attributed to the reduction
of surface Cr®* to Cr3* species [31] and reduction of Cr3* to lower
oxidation states [29], respectively. The H, consumptions of the o
peak of the catalysts are calculated to be 0.734, 0.403, 0.186 and
0.051 mmol gcac~! for the CoCry04-4, CoCry04-5, CoCry04-6 and
CoCr,04-7 catalysts, respectively. Note that the nominal H, con-
sumption of the catalyst is about 2.04 mmol gc, ! if we assume the

b) H,-TPR

H, consumption

of o peak
/ mmol gcaj

200
Temperature / °C

Fig. 4. (a) NH;-TPD and (b) H,-TPR profiles of spinel CoCr,04 catalysts.
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Crb* contents in these catalysts are about 1.76 mmol gca¢~! based
on the XPS results (Table 2). Thus, the actual H; consumption values
(0.734-0.051 mmol gca¢~1) are much lower than the nominal ones,
indicating that only partial Cr®* cations could be reduced. More-
over, the higher H, consumption of the CoCr,;04-4 suggests more
facile reduction of the low-temperature calcined sample probably
because of its smaller nano-crystallites compared to others [50]
even though the compositions of these catalysts are the same.
The easier reduction of the CoCr,04-4 sample is also verified by
the fact that the onset temperature of the o peak is much lower
on the CoCry04-4 (135°C) compared to CoCr,04-7 (204°C). The
assignment of the « peak to the reduction of surface species is also
evidenced by an analysis method of the TPR results developed by
Zimmer et al. [51]. The authors proposed an equation:

Niotal Asample

=a+bx

Msample sample

where Niq, is the Hy consumption of one certain peak, Mgampie
is the weight of the sample, Agympje is the surface area of the sam-
ple, and a and b are constants. If Nigaj/Msample 1S plotted against
Asample/Msample @and a linear correlation could be established, then
it could be concluded that the certain peak is due to the reduction
of the surface. In the current work, the H, consumptions of o peak
in these samples are plotted according to above equation. A perfect
linear regression of the data yields an intercept a =5.84 umol m—2
and a slope b=7.79 umol m~2 (see Fig. S1 in Supplementary Infor-
mation), which indicates that the o peak in Fig. 4b is dominated by
the reduction of the surface Crb* species.

3.2. Catalytic testing

The catalytic activities of the catalysts for CH,Cl;, oxidation are
measured as a function of the reaction temperature and the light-
off curves are shown in Fig. 5a. The overall activities follow the
order of CoCry04-4>CoCry04-5>CoCry04-6 > CoCry04-7. To bet-
ter compare the activities of these catalysts, Tsq (the temperature
at which a conversion of 50% is obtained) values are also listed in
Fig. 5a. The T5q values are 217, 231, 259 and 278 °C for the CoCr,04-
4, CoCry04-5, CoCry04-6 and CoCr,04-7, respectively. It is worth
pointing out that the spinel CoCr,0,4 catalysts in the current work
are very active for CH, Cl, oxidation, and these catalysts are superior
to other reported catalyst systems such as CrOs3/C [52], Mn/H-
ZSM-5 [53], Pd/CrZr [54], CrAlO [55] and K-Pt/Al,03 [4] (see Table
S1 in Supplementary Information). For example, the reaction rate
on the CoCr;04-4 catalyst at 250°C is 3.897 mmolcy, c, Sear ! ht,
which is much higher than the rate obtained on a 18CrAIO catalyst
(0.241 mmolcy, q, Seat ™! h! ) reported in our previous work [55].

It should be noticed that for CVOCs oxidation, high conversion
is not the only criterion for good catalyst systems, and selecti-
vities of the products are more important. The desired products
in Cl-containing CVOCs oxidation should be CO, and HCI or Cl5.
Therefore, TPSR over the catalysts were carried out and the prod-
uct distributions are also analyzed on these spinel catalysts by
MS, and the results are shown in Fig. 5b. As shown in Fig. 5b, the
detectable final products over the CoCr,04-4 and CoCr,04-7 cata-
lysts are CO,, HCl, Cl, as well as very small amount of HCHO. No
other Cl-containing organic compounds are detected. The product
distributions are quite different from those obtained on Al,03-
based catalysts, on which Cl-containing organic compounds such
as CH3Cl are always formed [56]. However, the formation of CO
during the reaction could not be ruled out because of its same
m/e signal (m/e=28) as that of N,. Besides, it can be seen that the
onset temperatures of the two catalysts are different (260 °C for the
CoCr;04-4 and 300 °C for the CoCr,04-7), and concentrations of the
products are much larger on the CoCr,04-4 compared to those on
the CoCr,04-7, judging from the peak areas of the products. These
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Fig. 5. (a) Light-off curves and (b) product distributions of CH,Cl, oxidation over
CoCr;04-4 and CoCr,04-7 catalysts.

results again confirm that the CoCr,04-4 catalyst is more active
than the CoCr,04-7.

The stability of the catalysts is also investigated. As can be seen
in Fig. 6, the catalysts are quite stable during 10 h reaction. Note
that in order to obtain similar CH,Cl, conversions (about 80-90%)
over these catalysts, different reaction temperatures were used
(for the CoCry04-4 and CoCr,04-5 the reaction temperature was
250°C, while for the CoCr,04-6 and CoCr,04-7 the reaction tem-
perature was 350 °C). The bulk compositions and surface areas of
the spent catalysts are very close to those of the fresh samples. For
example, the spent CoCr,04-4 has a surface area 0of 93.1m? g~! and
a Cr content of 44.2 wt.%, which are close to the values of the fresh
CoCr,04-4. Moreover, comparison of the catalysts properties (XRD
and XPS results) before and after reaction reveals that the catalysts
remain unchanged after reaction (see Figs. S2 and S3 and Table
S2 in Supplementary Information). The stable CoCr,04 catalysts
are also probably related to the spinel structure, in which the Co
and Cr species are confined in a relatively robust matrix. Another



Y. Wang et al. / Applied Catalysis B: Environmental 165 (2015) 477-486

100
8 O O O O
o 0
o 80_*92908882 S
i g | ‘ " =' | - i
c
S
(2]
5 60
>
c
[e)
o
o 40t .
il * CoCr,0,-7@350°C
O o CoCr,0,-6@350°C
20 - ®»  CoCr,0,-5@250°C
©  CoCr,0,-4@250°C
| I U Y TN N I RN S I S|

0123 456 7 8 910

Reaction time / h

Fig. 6. Stability of spinel CoCr,04 catalysts at different reaction temperatures.

noteworthy point is the possible formation of toxic chromium
oxychloride such as Cr(ClO), during the reaction. In the current
work, since the Cr content and the physical/chemical properties
of the spent sample do not change, it is quite safe to conclude
that there is no such chromium oxychloride formed during the
reaction. Besides, chromium oxychloride has a color of dark red,
which has not been observed in the current work.

It is generally recognized that surface acidity and catalyst
reducibility are two important parameters for CVOCs oxidation
because the surface acidic sites provide centers for CVOCs molecule
chemisorption, while the enhanced reducibility of the catalyst
is beneficial to the activation of oxygen species and lattice oxy-
gen of the oxides could often directly participate in the reaction
[3]. The activity of the catalyst is usually determined by syner-
gistic effects of these two parameters [4,10]. Thus, relationship
between catalyst reducibility, surface acidity and catalytic per-
formance is plotted as shown in Fig. 7. As shown in Fig. 7a, the
specific reaction rate in unit of pmolgey~'s~! (data taken from
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Fig. 5a at the reaction temperature of 230°C) is proportional to
both the surface acidic sites (data taken from Fig. 4a) and the
surface reducibility (data taken from Fig. 4b), which strongly sug-
gests that the overall activity of the catalyst is directly related
to these two parameters. However, considering that these cata-
lysts have very different surface areas, these variables (reducibility,
surface acidity and reaction rate) should be normalized based on
surface area, and the correlation is shown in Fig. 7b. It is found
that the areal reaction rates are essentially constant, ranging from
0.82-1.09 x 10-8 molm~2s~1. These rates are in agreement with
the essentially constant surface acidity (4.31-4.92 mmolnp, m2)
and reducibility (7.76-8.04 mmoly, m~2). These results indicate
that the enhanced activity of the CoCr,04-4 is mainly due to its
higher surface area, as the catalyst with high surface area certainly
contains more active sites compared to that with low surface area.

3.3. Mechanistic investigation

For spinel type oxides (AB,04) in catalytic reactions, it is recog-
nized that the octahedral B-site cations are the active sites because
these cations are exposed at the surface while the tetrahedral A-
site cations are usually inactive [29,43]. In the case of CoCry;04
system, Cr species in B site play very essential roles in the reac-
tion, as reported in previous work [30]. In the current work, the
Cr species in the CoCr,04 catalysts provide surface acidic sites for
CH,Cl, chemisorption and active oxygen species (either adsorbed
oxygen or lattice oxygen) as confirmed by the NH3-TPD (Fig. 4a)
and H,-TPR (Fig. 4b) results, which are two important parameters
governing the catalytic activity.

Since the CoCr;04 catalysts employed in the current work have
very different activities, it is possible that reaction pathways might
differ on these catalysts. To clarify this point, kinetic studies were
performed on these catalysts and the Arrhenius plots are shown
in Fig. 8. Note that the CH,Cl, conversions are low (typically less
than 20%) to ensure a differential reaction mode on the catalyst (see
Table S3 for the detailed reaction rates and the verification of the
absence of mass and heat transfer limits in Supplementary Infor-
mation). It is found that the apparent activation energies obtained
on these catalysts are 124.5-155.5 k] mol~!, which are comparable
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Fig. 7. Correlation between (a) overall and (b) normalized surface acidity, catalyst reducibility and specific reaction rate of CoCr,04 catalysts.



484 Y. Wang et al. / Applied Catalysis B: Environmental 165 (2015) 477-486

-13.0 —
| Activation energy
135 1 / kJ mol”
I CoCr,0,-4 135.7
-14.0 24
L CoCr,0,-5 124.5
-14.5 - CoCr,0,-6 1281
g -15.0 -_\\ COCF204-7 COCF204-7 155.5
= AN N
= | N “\ \\
= 183 N ‘a . CoCr,0,-4
L . N . q
-16.0 | AN a [N N
L AN \\\ \\.\ N
-16.5 | oL % CoCr,0,-5 to
70k CoCr,0,-6 * \0.
1 " 1 " 1 " 1 " 1 " 1

1.90 1.95 2.00 2.05 2.10 2.15 2.20
1000/T /1/K

Fig. 8. Arrhenius plots of CH,Cl;, oxidation over spinel CoCr,04 catalysts.

to the values reported on Pt/Al,O3 catalysts [4]. The similar acti-
vation energies on these spinel catalysts suggest that the reaction
pathways are likely unchanged in spite of their different overall
activities.

In order to further understand the catalytic behaviors of these
CoCr,04 catalysts, in situ FTIR experiments were conducted and
the results are shown in Fig. 9 (FTIR spectra of the CoCry04-5
and CoCr,04-6 are shown in Fig. S4 in Supplementary Informa-
tion). For the CoCr,04-4 catalyst (Fig. 9a), after it is exposed to
the air + CH,Cl, mixture at 50°C, bands at 3006, 2985, 2365, 2332,
1610cm™! are observed. The bands at 3006 and 2985cm™! are
attributed to asymmetric vibration (v,s) of -CH, group in CH,Cl,
molecule [56]; the bands at 2365 and 2332cm™! are attributed
to gas phase CO; the band at 1610cm™! is assigned to H,O
adsorbed on the catalyst surface, which gradually disappears at
elevated temperature. When the catalyst is heated, the bands at
3006 and 2985 cm~! gradually decline in intensities with increas-
ing temperature, implying either desorption or consumption of
the CH,Cl, molecules. Meanwhile, the disappearance of CH,Cl; is
accompanied by increasing intensities of the bands at 2365 and
2332 cm~! (CO,), and evolution of new bands at 2178, 2120, 1540,
1443 and 1355 cm~!. The weak bands at 2178 and 2120cm™! are
due to the formation of CO, while the bands at 1540, 1433 and
1355cm! are assigned to asymmetric vibration (vas), § (CH,) and
symmetric vibration (vs) of formate species (-COOH), respectively
[4,11,57,58].Similar observations are also detected on the CoCr,O4-
5 (Fig. S4), CoCr04-6 (Fig. S4) and CoCr,04-7 (Fig. 9b) catalysts.

The in situ FTIR results on the CoCr, 04 catalysts reflect two facts.
One fact is that CH,Cl, oxidation over the spinel CoCr,04 catalyst
may follow similar pathways as over Al,03 catalyst [56], with the
formate species being the main intermediate. The formate species
could be decomposed to CO, which is further oxidized to CO,. The
other fact is the formation of CO during the reaction. The forma-
tion of CO is not detected in the TPSR process (Fig. 5b), its presence
is clearly evidenced by the FTIR results (Fig. 9). Although the for-
mation of CO is not desirable in CVOCs oxidation, it may provide
a clue of the development of better catalyst system in the future.
For example, the spinel oxides could be used as supports for some
metals such as Cu and Pt, which are known to be very active in CO
oxidation.

To conveniently compare the IR results on these catalysts,
normalized intensities of the characteristic bands at 1540cm~!
(formate species), 2121 cm~! (CO) and 2356 cm~! (CO,) as a func-
tion of temperature were plotted and shown in Fig. 10. For each
catalyst, the intensity of formate species reaches a maximum at
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Fig. 9. In situ FTIR spectra of surface reaction of CH,Cl; +air over (a) CoCr,04-4 and
(b) CoCr,04-7 catalysts.

about 350°C and then declines (Fig. 10a). Meanwhile, the inten-
sities of the bands at 2120 and 2365 cm~! progressively increase
(Fig. 10b and c), and a rapid increase of the intensity is observed at
about 350 °C. These results suggests that the formate species could
possibly accumulate on the catalyst surface at low temperature,
and then be decomposed to COy at higher temperature. For the cata-
lysts calcined at different temperatures, the intensities of the bands
at 1540cm~! (formate species), 2121cm~! (CO) and 2356 cm™!
(CO,) all follow the order of CoCry04-4>CoCry04-5>CoCry04-
6>CoCry04-7. This comparison suggests that the CoCr,04-4 is
more active than the others, which is in good agreement with the
overall activities of the catalysts (Fig. 5a).

Based on the FTIR spectra and reported mechanisms of CH,Cl,
oxidation over various oxides [56,59], possible reaction pathways
of CH,Cl, oxidation over the CoCr,04 catalyst could be demon-
strated as shown in Scheme 1. The reaction pathways mainly
consist of two sequential cycles: formation of HCHO and oxida-
tion of HCHO to CO and CO,. The reaction steps are described as
follows:

STEP1. ACH,Cl, molecule could chemisorb on two adjacent Cr-O
sites which serve as acidic sites to form a Cr-OH specie and a
Cr-OCHCI,, specie.
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Scheme 1. Possible reaction pathways of CH,Cl, oxidation over spinel CoCr,04
catalyst.

STEP 2. The Cr-OH and Cr-OCHCl, species decompose to HCl and
a chloromethoxyl specie (HCO,Cl). HCI could further react with
0, via Deacon reaction (2HCl+1/2 O, — Cl, +H50), which could
explain the formation of Cl, during the reaction.

STEP 3. The chloromethoxyl specie reacts with H,O to form
a HCl molecule and a Cr-OH and specie a Cr-COOH (formate)
specie. Note that H,O comes from the moisture-containing feed
gas. The chloromethoxyl specie could also react with H,O to form
HCl+HCHO molecules. The formation of HCHO is evidenced in TPSR
results (Fig. 5b).

STEP 4. The Cr-OH and Cr-COOH species react to form a H,O
molecule and a chemisorbed CO (Cr-CO) and a Cr-0 site.

STEP 5. The Cr-CO could further react with O, to form a CO,
molecule and thus complete the reaction cycle.

4. Conclusion

Although spinel type oxides have been widely investigated and
CoCr,04 oxide was characterized in detail in literature [30], some
new information has been obtained in the current work. Firstly,
CoCr, 04 catalysts were found to be very active for CH,Cl, oxidation,
which has not been reported before. The best catalytic performance
is obtained on the catalyst calcined at 400°C (CoCr,04-4). Sec-
ondly, quantitative analyses of the catalytic results in the current
work established correlation between the specific reaction rate and
some important catalyst properties such as surface area, reducibil-
ity and surface acidity. The enhanced activity on this catalyst could
be attributed to its highest surface area compared to those calcined
at higher temperatures, as it provides more surface acidic sites and
active oxygen species than the other catalysts. Thirdly, kinetic study
revealed similar activation energies on these catalysts, implying the
same reaction pathways of this reaction. Moreover, some reaction
intermediates such as formate species have been detected by in situ
FTIR, based on which a possible reaction mechanism was proposed.
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