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It was found that a series of spinel CoCr,04 oxides were very active and selective for dichloromethane
combustion, and the best performance was obtained on a catalyst calcined at 600°C (with a areal
specific reaction rate of 3.41 x 108 mol¢ypcp s~ m~2 at 220°C). Quantitative analyses revealed that
Cr3*/Crb* cations could partially substitute Co®* cations in the octahedral sites of the spinel oxide at
high-temperature calcination and thus to enhanced reducibility and surface acidity of the oxide, which
synergistically governed the observed catalytic behaviors. Moreover, it was found that high valent
Cr species (Crf*) played very important role in the reaction, with a much higher turnover frequency
(2.2 x 1073 s71) than that of the Cr3* (0.56 x 103 s71).

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Chlorinated volatile organic compounds (CVOCs) are gener-
ated from various industrial processes such as the manufacture
of herbicides, plastics and solvents. Dichloromethane (CH,Cl;)
is a representative CVOCs, which is harmful to the respiratory
system and central nervous system of human [1]. Catalytic com-
bustion is an effective way for the abatement of CVOCs because
of its advantages over thermal destruction such as lower oper-
ating temperature and higher destructive efficiency [2]. Highly
efficient catalyst systems are the core of catalytic combustion of
CVOCs, which mainly include supported noble metals (such as
Pt and Pd) [3-6], transition metal oxides such as supported Cr-
containing materials [7-17] and perovskite-type oxides [18-20],
zeolites [21-25].

Cr-containing oxides are very effective for CVOCs oxidation. For
example, CrOy supported on TiO, was more active for the oxidation
of 1,2-dichlorobenzene compared to other TiO,-supported oxides
(e.g. V505, M00s3, Fe;03, and Co304) [12]. CrO, supported on active
carbon was also active for deep oxidation of CH,Cl, due to the pres-
ence of highly dispersed Cré* species on the catalyst surface [14].
However, the main disadvantages of the Cr-containing catalysts are
that they usually deactivate due to the loss of active CrOx species
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during the reaction, and the possible formation of toxic chromium
oxychloride at low temperature [21], which could limit their poten-
tial applications.

Alternatively, structured oxides with Cr species confined in a
robust matrix may overcome the disadvantages of the supported
Cr catalysts. Therefore, spinel type cobalt chromite oxide (CoCr,04)
has attracted much attention in catalysis, particularly for CVOCs
oxidation. For example, it was reported that the spinel type CoCr;04
showed superior performance to other supported Cr catalysts such
as CrOx/Al; 03 and CrOx/MCM-41 in total oxidation of trichloroethy-
lene due to the presence of abundant surface Cr3* species in the
CoCry04 oxide [26]. However, quantitative analysis of the effect
of microstructures on the physical/chemical properties and con-
sequently catalytic behaviors of the spinel oxides has been rarely
investigated, rendering it difficult to obtain a better understanding
of this system. Therefore, in this work, detailed characterizations of
the microstructures of the CoCr,04 spinel oxide was conducted and
their significant influences on the observed catalytic behaviors for
CH,Cl; combustion has been discussed in a quantitative manner.

2. Experimental
2.1. Catalyst preparation
The CoCr,04 catalysts were prepared with a co-precipitation

method. 50 mmol of Co(NO3)3-6H,0 (99.0%) and 50 mmol of
Cr(NO3)3-9H,0 (99.0%) were dissolved in 100 ml distilled water.
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The mixture was added drop-wise to an aqueous solution contain-
ing 200 mmol of NH4HCO3 kept at 75 °C. After the precipitation was
completed, the suspension was filtered and washed with distilled
water and ethanol for 3 times, then the solid was dried at 100°C
overnight. The solid was divided to four parts, followed by calci-
nation in static air at different temperatures (400-700°C) for 4 h.
The obtained catalysts were designated as CoCr,04-x, with x refer-
ring to calcination temperature. Also, reference pure Co304 and
Cr,03 oxides were prepared by calcination of Co(NOs3)3-6H,0 and
Cr(NOs3)3-9H,0 at 600 °C for 4 h, respectively.

2.2. Characterizations

Surface areas of the catalysts were measured by N, adsorption at
77 K on a Quantachrome Autosorb-1 apparatus after pretreatment
at 120°C for 6 h in vacuum. The contents of Co and Cr in the cat-
alysts were determined by X-ray fluorescence (XRF) analysis (ARL
ADVANT’X Intelli Power 4200 scanning X-ray fluorescence spec-
trometer). X-ray diffraction (XRD) patterns were recorded with a
PANalytical XiPert PRO MPD powder diffractometer using Cu Ko
radiation, operated at 40 kV and 40 mA. Crystallite sizes and lattice
parameters of the catalysts were analyzed using a JADE 6.5 soft-
ware. High resolution transmission electron microscopy (HRTEM)
was performed on a JEM-2100F microscopy operated at 200 kV.

Reducibility of the catalyst was measured by hydrogen
temperature-programmed reduction (H,-TPR). 25 mg of the cat-
alyst was placed in a quartz reactor and pretreated in a O, flow
(20mImin~1) at 300°C for 1h, then it was cooled down to 50°C.
The sample was heated from 50 to 900 °C with a rate of 10 °C min~!
under a mixture of 5% Hy-95% N, (20mlmin~—'). The amount of
H, consumption was determined by a gas chromatograph with a
thermal conductivity detector (TCD), and the H, consumption 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). 50 mg of the cat-
alyst was pretreated in a flow of N, at 300°C for 0.5h, and then
was cooled down to 40°C. Afterwards, a NH; flow (20 mlmin~1)
was introduced to the sample for 15 min, followed by purging at
80°C for 0.5h with a N, flow. Then the sample was heated from
40 to 600°C at a rate of 10°Cmin~!, and the profile was recorded
using a gas chromatograph with a TCD detector.

The oxidation states of the samples were analyzed by X-ray
photoelectron spectra on an ESCALAB 250Xi instrument with a Al
Ko X-ray source (1486.6eV). 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). 50 mg of the
catalyst was pretreated in a flow of air (20 mlmin~—') at 300 °C for
0.5h, and then was cooled down to 50°C. A flow of CH;Cl,/air
mixture (20mlmin=!, 3000 ppm CH,Cl,) 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 and 30 were
monitored, corresponding to Cl,, CO,, H,0, HCI, CH3Cl and HCHO,
respectively. Also, the effluent gas was first passed through a CaCl,
filter to remove H,0, in order to prevent the possible damage of the
MS.

The CH,Cl, chemisorption experiments were measured by
break-through curves. 50mg of the catalyst was pretreated in
a flow of O, (20mlmin~1) at 300°C for 0.5h, and then was
cooled down to 200°C. Then a flow of CH,Cl;/He mixture (total
flow rate=20mlmin-!, CH,Cl, concentration=3000ppm) was
introduced to the reactor. Meanwhile, the outlet CH,Cl, signal
was monitored by a MS (Qic-20 Benchtop, HidenAnalytical) with
a mfe=97 (CH,Cl,). The amount of chemisorbed CH,Cl, could be
calculated based on the profile. Dead volume of the apparatus was
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Fig. 1. XRD patterns of various catalysts.

also subtracted by running a blank test with the same volume of
quartz sand.

2.3. Activity test

Catalytic test was performed in a fixed-bed reactor (i.d.=9 mm),
loaded with 1.0g catalyst in 40-60 mesh diluted to 2 ml with
quartz sand. The CH,Cl, was introduced to the reactor via pass-
ing moisture-containing air through a quartz beaker containing
liquid CH;Cl, kept at 0 °C. The reaction conditions were as follows:
Concentration of CH,Cl, was 3000 ppm; water vapor concentration
was 12,000 ppm; total flow rate was 500 mlmin~'; space velocity
was 15000 h~1. The conversion of CH,Cl, was analyzed by a gas
chromatograph (Shimadzu, GC-14C) equipped with a FID detector.
The outlet reaction mixture was neutralized by passing through a
0.1 M NaOH aqueous solution.

Conversion of CH,Cl, was calculated as follows:

X _ [CHzClz]inVOI.% — [CHZCIZIOUtVOl-%
CHyCly = [CH,Cl3];,vol.%

where [CH;Cl; J;, and [CH,Cl; Jour wWere the CH,Cl, concentrations
in the inlet and outlet gas (vol.%), respectively.

The kinetic study was performed on the same reactor for cat-
alytic test. The CH,Cl, conversion was less than 15% to ensure a
differential reaction mode and the reaction conditions were the
same as in the catalytic test. Also, the absence of mass transport
resistances and hear transfer was guaranteed by evaluation with
Weisz-Prater criterion and Mears’ criterion, respectively [27].

3. Results
3.1. Catalyst characterizations

Table 1 shows that the surface area of the catalyst gradually
declines due to the sintering of crystallites under high tempera-
ture. The actual contents of Co and Cr in the catalysts are 24.2 and
40.6 wt.%, respectively, which corresponds to a Co/Cr molar ratio of
0.52.

The XRD patterns of the catalysts (Fig. 1) perfectly match the
standard diffractions of spinel CoCr, 04 (JCPDS 80-1668). No diffrac-
tions of CoOy or CrOyx could be detected, indicating that either the
absence of such species or highly dispersed CoOx or CrOy in the
catalysts. The CoCr,04-4 has a crystallite size of 14.8 nm (Table 1),
which is much lower than that of the CoCr,04-7 (41.3nm).
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Table 1
Physical properties of various catalysts.

Catalyst Sper/m2g! Content/wt.% Cell const./nm Cryst. size/nm Surface/bulk ratio®
Co Cr

CoCr,04-4 53.7 24.2 40.6 0.8311 14.8 0.405

CoCr04-5 27.6 24.2 40.6 0.8315 22.4 0.268

CoCr;04-6 17.8 24.2 40.6 0.8324 30.8 0.195

CoCr,04-7 10.8 24.2 40.6 0.8332 41.3 0.145

Cry03 199 239 40.5 - -

C0304 13.6 - - - -

2 The ratio equals 6/D if a close-packed spherical mode is assumed (D is the crystallite size).

Consequently, the surface/bulk ratio (6/D, D refers to crystallite size
of the sample) of the catalyst gradually decreases if a close-packed
spherical mode is assumed. In addition, the cell parameter gradu-
ally increases with calcination temperature, due to disordering of
the cations in the spinel structures [28 ] because of the replacement
of Co3* ions (ionic radius of 0.0545 nm) by Cr3* ions (ionic radius of
0.0615nm).

HRTEM images (Fig. 2) exhibit well crystallized particles in
all the catalysts, and the exposed (111) and (220) planes are
confirmed by the d-space fringe measurements of 0.506-0.523
and 0.308-0.318 nm, respectively. Interestingly, the fringe values
increase with calcination temperature, which is in good agreement
with the cell parameters (Table 1).

Fig. 3 and Table 2 show the oxidation states of the elements
in the catalysts and their surface compositions. The resolved Co
2ps3); spectra (Fig. 3a) contain three components at BEs of 781.1,
782.8 and 787.7 eV, assigning to Co%*, Co3* and satellite peak of Co2*
[29,30], respectively. The deconvoluted peak of the Cr 2p;, spectra
(Fig. 3b) show three peaks at BEs of 575.6, 576.8 and 578.4, assign-
ing to Cr(OH); or Cr,03 [31], Cr3* (occupied octahedral sites) [32]
and Cr%* [33], respectively. The presence of Cr* in spinel CoCr;04
oxides was reported in literature and these Cré* species enriched
on the surface [33]. The O 1s spectra (Fig. 3c) could be resolved
to two peaks at 530.4 and 531.4eV, assigning to lattice oxygen
(0)4¢t) and adsorbed oxygen (0,45 ), respectively [34]. The 0,45 peaks
could be assigned to surface chemisorbed oxygen and/or hydroxyl
species [35]. The surface contents of Co3*, Cr6* and 0,4, in these cat-
alysts (Table 2) decline with calcination temperature. The declining
surface content of Co3* indicates the transformation of Co3* to
Co2*. While the decline in the Crb" species is probably due to the
decomposition of CrO3 at high temperature (higher than 500 °C)
[36], which is accompanied by the change in the content of O,y
because the unsaturated Cr5* would adsorb some amount of oxy-
gen in the form of neutral molecules O, or bond with electrophilic
oxygen O,~ to keep charge balance [37]. The Criot/Cotor ratios
(6.50-6.68) in the catalysts is much larger than that of the bulk
value (Crpyj/Copyik = 2), suggesting the enrichment of Cr species on
the surface. Meanwhile this ratio gradually increases with calcina-
tion temperature, indicating changes in the distribution of Co and
Cr species on the surface. The densities of the surface species could
be further calculated based on the surface compositions, surface
areas and surface bulk ratios. The densities of surface Co3* species
in the catalysts (12.4-17.4 wmol m~2) are much lower than those of
the Cr species (66.4-118.3 wmol m~2). Furthermore, the Cr3* den-
sity increases with calcination temperature while that of the Cré*
reaches a maximum at 600°C (25.1 wmol m~2),

Fig. 4(a) shows the H,-TPR profiles of the catalysts. The weak
peak centered at 350°C (&) is due to the reduction of Cré* to
Cr3* [38] and/or that of Co®* to Co?* [39]. The intense peak at
500-700°C (B) is due to the reduction of Cr3* to lower oxidation
states [40] and Co2* to Co® [39]. The H, consumptions of the o peak
are 0.322, 0.214, 0.250 and 0.117 mmol gca¢~! for the CoCrp04-4,
CoCr,04-5, CoCry04-6 and CoCr,04-7, respectively. Then, the over-
all molar contents of high valent Cr and Co species (Cr6* +Co3*)

in the CoCr;04-4, CoCry04-5, CoCry04-6 and CoCry04-7 are 1.21,
0.81, 0.95 and 0.44 mol.%, respectively. These values suggest that
the dominant Cr and Co species in the catalysts are Cr3* and Co?*,
which matches the nominal formula of CoCr,04. Note that the Cré*
and Co3* surface contents are much higher (XPS, Table 2), sug-
gesting that these high-valent species are mainly located on the
surface. Moreover, the normalized H, consumptions based on sur-
face areas (Fig. 4b) indicates that the CoCr,04-6 has the highest
value (14.0 pmol m~2) compared to the other samples, implying
the best reducibility of this catalyst.

NH;3-TPD profiles (Fig. 5a) demonstrate that all the sam-
ples show a weak desorption peak at about 150°C (&) and
two overlapped intense peaks in 250-500°C (8 and y), suggest-
ing the presence of surface acidic sites with various properties.
The amounts of NHj desorption are 0.19, 0.26, 0.27 and
0.14mmol gca~! for the CoCry04-4, CoCrpy04-5, CoCry04-6 and
CoCr,04-7, respectively. Such volcano trend of the surface acidity
clearly suggests that calcination temperature remarkably influ-
ences the surface acidity of the cobalt chromites [41], which is
related to the microstructures of the samples. Also, the normalized
surface acidity in Fig. 5b shows that the CoCr,04-6 has the highest
value (15.2 wmol m—2).

3.2. Catalytic performance

Fig. 6a shows that the overall activity follows an order of
CoCry04-6>CoCry04-5> CoCry04-7 > CoCry04-4 > Cry03 > Co304,
with Tsg (the temperature at which a conversion of 50% is
obtained) values of 210, 242, 258, 264, 292 and 351 °C, respec-
tively. The higher activity of the spinel catalysts than the Cr;03
suggests the advantage of the spinel structure. Besides, it seems
that the Cr species in the spinel are more active than the Co
species in spinel since Co304 also has a spinel structure [42]
but it is much less active than the CoCr,04. The spinel cata-
lysts outperform other Cr-containing systems such as CrOs3/C
[0.022 x 1073 mmolcyac 8cae~ h™1  at 250°C], [43], Pd/CrZr
[0.642 x 1073 mmolcyacpr 8cae ' h~1 at 250°C], [44] and CrAlO
[0.241 mmolcyycn Scat ™ h~1 at 250°C], [45]. Also, the reaction rate
on the CoCr,04-6 catalyst at 250°C is 2.96 mmolcyacyz Ecat ™ h1,
which is 12-fold as high as that obtained on a K-promoted Pt/Al, 03
catalyst (1.085 mmolcyacp €cat~ ' h~1) reported in our previous
work [6]. Also, areal specific reaction rates of the catalysts at
220°C (Fig. 6b) reveal that the CoCr,04-6 and CoCr,04-7 are much
more active than the CoCr,04-4 and CoCr,04-5, which is up to
7-fold. The Arrhenius plots and the apparent activation energies
(Fig. 7) follow an order of CoCr,04-6 (99.3 k] mol~1)<CoCr,0,-
5  (102.9kJmol~1)<CoCry04-7  (113.1kJmol~1)<CoCr,04-4
(117.5kJmol-1), which is in line with the observed order of
reactivity (Fig. 6).

The final products on the spinel catalysts are CO,, Cl,, HCl and
H,0, without by-products such as HCHO and CH3Cl (Fig. 8a), indi-
cating that these catalysts are very selective due to the abundance
of its Cr3* species [26]. The surface reaction of CH,Cl, +0, over
CoCr,04 spinel oxide went through a formate intermediate, which
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Table 2
Surface composition analyses of various catalysts.
Catalyst Surface atomic ratio Density of surface species/pumol m—2
Co?* [Copor® Cr%* [Cryo” 0,4s/Orot Criot/COtor Co3* Total Cr Cr3* Cré*
CoCr,04-4 0.39 0.28 0.36 6.50 12.9 66.4 47.8 18.6
CoCr,04-5 0.38 0.26 0.35 6.55 16.3 85.6 63.3 223
CoCr,04-6 0.36 0.26 0.32 6.62 17.4 96.5 714 251
CoCry04-7 0.21 0.14 0.22 7.10 12.4 1183 101.7 16.6

3 Co3*[Coyy =C03*/(Co3* +Co?).
b Cr6* |Cryop = Cré* /(Cr3* + Cré*).
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could be decomposed to CO and further oxidized to CO, [46]. Also,
the catalysts are quite stable during the 10 hreaction, which implies
that there is no catalyst deactivation (Fig. 8b).

4. Discussion

The areal specific reaction rates (Fig. 6b) further indicate that
the catalysts calcined at high temperatures (e.g. 600 or 700 °C) are
more active than those calcined at low temperatures (e.g. 400 or
500°C). Such finding clearly implies that the microstructure of the
catalyst may significantly alter upon calcination and thus deserves
a discussion.

In case of CoCr,04 spinel oxide, the Cr cations will only locate
at the octahedral sites, while the Co?* and Co3* will locate at
tetrahedral and octahedral sites, respectively [47] and the occu-
pied octahedral sites are exposed at the surface and regarded

as active sites for the oxidation reaction [32]. Thus, the formula
could be expressed as Co®"[Co3* Cr3*]04. Besides, Cr* species
were detected in the catalyst (Fig. 3b, Table 2 and Fig. 4), thus the
formula could be modified to C02+[CongCrf,J’Cr?Xty)/zD(X_y)/z]04

(O refers to vacancy) [47]. Such octahedral coordinated Cr%* ions
would give rise to a local distortion of spinel lattice according to
Jahn-Teller effect [48]. A simple model of the CoCr,04 spinel oxide
is demonstrated in Fig. 9. For the low-temperature calciend oxide
(e.g.CoCry04-4), the octahedral sites are dominantly occupied by Cr
cations (Cr3* and Cr%*) but some are occupied by Co3* cations (indi-
cated by dash circles). For the high-temperature calcined oxide (e.g.
CoCr,04-7), some Cr3* ions could re-occupy the octahedral sites by
replacing the Co3* cations, which is justified by the increasing lat-
tice parameters of the CoCr,04 oxides (Table 1) and the increasing
surface Cry¢/Coyor ratio upon calcination temperature (Table 2), as
well as the increasing lattice fringes (Fig. 2).



Fig. 6.

Ln (rate)

J.-D. Liu et al. / Applied Surface Science 369 (2016) 58-66 63

a)
100 F
00 e
—a—CoCr,0,-4 */ +
| —o—CoCr,0,-5 / ﬁ%‘) 1°C
80 _—'—COCrZOA—G X l
° —4—CoCr,0,-7 /
= F——Cr0, JJeocro6 210
5 4G * CoCr,0,-5 242
2 —%—Co,0 274
o 60 o / CoCr,0,-7 258
g CoCr0,-4 264
c * ¥ 274
8 cr,0, 292
o 40t / / Co,0, 351
T g
° /
20 + PAS
O 1 1 1 1 . 1
100 200 300 400 500

Temperature / °C

o b)
g | 3.41
‘v
©
23l 2.92
_ o
" T=220°C
o
~ |
Z
Qo
Sol
c
k)
g | 1.39
1<
)
S1F o084
[0
Q.
@ 0.52
© L
<
<
0

Cr,0 CoCr,0,-4 CoCr0,-5 CoCr,0,-6 CoCr,0-7

273

(a) Light-off curves and (b) areal specific reaction rates of various catalysts.

8.0

L Activation energy
85 | /KJ mol”

L CoCr,04 117.5
90 - CoCr,05 1029
95| CoCr,0,6 993

L CoCr,0,-7 1131
-10.0 |
-10.5 | .

4 ® N

N N\

Mok w2 ° Q

L N N O
115 v o \\

: A4 Q Q

-12.0 c Y 04 (X (@N

L oLr,O, CoCr,0,7 CoCr,0,-5 CoCr,0,-6
125

E 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1

2.00 2.05 210 215 220 225 230 235 240 245
1000/T /1/K

Fig. 7. Arrhenius plots of CH,Cl, oxidation over various catalysts.

a) CoCr,0,-4 CoCr,0,-6

T305°(;\(\ T275ﬂ\
> co, A
g —I\k
£ Cl
HCI
- o~ lmo T
HCHO
CHOl —————
1(|)o .2c;o .30|0 .4023 “500 1(|)o . 20|0 .30|0 .4olo “500
Temperature / °C
100
b)
. A A A A
SO_I.III.IIII
X L
b=
o
é 60
[}
>
C -
8
GN 40 A CoCrZO4-4@34OC
o A COCr204—7@340°C
© L CoCrZO4-5@2800C
20 0
o CoCr,0,-6@280°C
0 , 1 , 1 , 1 , 1 , 1
0 2 4 6 8 10

Reaction time / h

Fig.8. (a) Productdistributions on CoCr;04-4 and CoCr,04-6; (b) stability of various
catalysts.

The consequences of the microstructural changes of the cata-
lysts are the variations of their physical/chemical properties, which
are related to the changes of the oxidation states of the Co and Cr
species. First of all, the normalized low-temperature H, consump-
tion values for the catalysts (Fig. 4b) follow the same order of the
surface densities of the Co3* and Cr6* species (Table 2), suggesting
the participation of these species during the reduction process in
low temperature region. Secondly, the surface acidity is also related
to the exposed octahedral sites in the spinel oxide [32], which is
strongly dependent on the polarity of the metal cations [49]. When
the CoCr,04 oxide was calcined at elevated temperature, Co3*
cations at octahedral sites were gradually substituted by Cr3* or
Crb* cations, which leads to enhanced surface acidity because Cr3*
or Cr%* cations are more polarized than the Co3* cations, which is in
line with the finding by Wang et al. [50]. Therefore, the high temper-
ature calcination of the spinel CoCr,04 oxide results in the partial
substitution of Cr species (Cr3* or Cré*), which consequently leads
to the enhanced low-temperature catalyst reducibility and surface
acidity compared to that calcined at low temperature, which are
correlated to the densities of exposed Co3*, Cr3*/Cr%* species.

For the CVOCs oxidation, the catalytic behavior is governed by
catalyst reducibility and surface acidity. The catalyst reducibility
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Fig. 10. (a) Break-through curves of CH,Cl, adsorption on various catalysts; (b) Correlation between density of surface acidity and amount of adsorbed CH,Cl,.

correlates to the mobility and the activation of the oxygen species
[51], and the surface acid sites are effective for the adsorption of
CH,Cl, and the rupture of the C—Cl bond of chloroalkanes [52].
The adsorption of CH,Cl, on the catalyst surface was verified by
the break-through curves (Fig. 10a). The normalized amounts of
adsorbed CH,Cl, on the CoCry04-4, CoCry04-5, CoCry04-6 and
CoCry04-7 are 4.3, 11.9, 19.5 and 15.2 wmolm~2, respectively,

which fit linearly with the density of surface acidity, as shown in
Fig. 10b. Such plot confirms that the surface acidic sites are the cen-
ters for the CH,Cl, adsorption, and thus play very important role
in the reaction. However, the slope is slightly larger than unity,
implying physisorption of CH,Cl, on the surface must occur.

The areal specific reaction rates of the catalysts at 220°C were
plotted as functions of normalized CH,Cl, adsorption and the low
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temperature H, consumption values, as shown in Fig. 11a. It is
found that the rate increases with both parameters, which clearly
suggests that the catalytic performance is synergistically controlled
by catalyst reducibility and surface acidity. This conclusion is in line
with the findings on other catalyst systems such as CeO,-USY [25],
Pt/Ce0,-Al,03 [51] for CVOCs oxidation. Moreover, Fig. 11b shows
the reaction rate is proportional to the Crb* density, implying the
important role of such high valent species. Our finding is consistent
with that reported by Kang and Lee [ 14], in which the authors con-
cluded that highly dispersed Cr5* species on the CrOx/C were very
important for deep oxidation of CH,Cl,. In contrast, Kim and Ihm
[26] concluded that Cr®* species in the CoCr,04 spinel oxide were
inactive for the oxidation of trichloroethylene. To clarify the con-
tributions of different Cr species in the reaction, calculation of the
turnover frequencies (TOFs) of different Cr species is conducted.
Since the reaction occurs at the catalyst surface and the exposed
cations in the COCr,04 spinel are Co3*, Cr3* and CrS* at octahedral
sites, the specific reaction rate could be expressed as follows:

r= DC03+ * TOFC03+ —+ DCr3+ * TOFCr3+ —+ DCr6+ * TOFCrG+ (1)

where r is areal specific reaction rate, D¢ 3+, D3+ and D6+ are
the densities of surface Co3*, Cr3* and CrS* species, respectively.
TOF 3+, TOF 3, and TOF_s, are TOFs of the Co®*, Cr3* and Cr®*
species, respectively. Note that the contribution of the Co3* species
is very limited as the Co304 is not active at low temperature (Fig. 6),
the expression could be simplified to

r = D¢+ * TOFg34 + Dger * TOF 6 (2)

By using the data in Fig. 6b and Table 2 and doing a multi-linear
regression, the TOFs of Cr3* and Crb* at 220°C are 0.56 x 10~3 and
2.2 x 1073 571, respectively, which clearly suggest the higher activ-
ity of Crb* species than that of Cr3* in the spinel oxide. The higher
activities of the Cr* cations in the reaction are probably due to the
enhanced reducibility or oxidizability compared to those of the Cr3*
cations [14] (as evidenced by the H,-TPR results, Fig. 4b) as well as
the enhanced surface acidity (as evidenced by the NH3-TPD results,

Fig. 5b), which are two decisive factors that synergistically govern
the reactivity for CVOCs oxidation.

Finally, concerning the reaction mechanism of CH,Cl, oxida-
tion over CoCr,04 spinel oxide, it has been reported [46] that
the reaction pathways mainly consist of the formation of HCHO
(through sequential dehydrochlorination on surface acidic sites)
and decomposition of HCHO to CO and CO, (through oxidation
with O, molecules), as evidenced by in situ FTIR results. This mech-
anism again highlights the important role of surface acidity and
reducibility of the catalyst in the reaction.

5. Conclusions

This work demonstrates that CoCr,04 spinel oxides are highly
active for CH,Cl, oxidation and they are more stable than other
Cr-containing system, which provides its promising potential in
practical application. The effect of calcination temperature on
the microstructures the catalysts and consequently their chem-
ical/physical properties has been quantitatively investigated in
detail. The high calcination temperature results in the high expo-
sure of Cr species on the surface and thus enhanced surface acidity
and reducibility, which are two main reasons for the improved cat-
alytic performance observed on the catalysts. Moreover, high valent
Crb* species are more active than the Cr3* species.
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