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Co3O4 was  synthesized  with  cabbage-like,  plate-like  and  sphere-like  morphologies.  The  effect  of different
morphologies  on  the  degradation  of 1,2,4-trichlorobenzene  (1,2,4-TrCB)  was evaluated,  and  the  cabbage-
like Co3O4 exhibited  the  highest  reactivity.  The  degradation  of  1,2,4-TrCB  on  the  cabbage-like  Co3O4

is  hypothesized  to  act  competitively  via  hydrodechlorination  and  oxygen-attacking  pathways.  By the
hydrodechlorination  pathway,  1,2,4-TrCB  is  successively  dechlorinated  into  the  three  dichlorobenzenes
(DCBs)  and  then  monochlorobenzene  (MCB).  The  yield  of  the DCBs  was  in  the  order  of p-DCB  > m-DCB  >  o-
o3O4

ifferent morphologies
egradation
,2,4-trichlorobenzene
echanism

DCB,  which  can be explained  by  the  calculated  C–Cl  bond  dissociation  energies  in 1,2,4-TrCB  and  DCBs.
Derivatization  and  electron  spin  resonance  experiments  identified  that lattice  oxygen  and  superox-
ide  anions  may  take  part  in the  oxidation  pathway.  The  lattice  oxygen  initiated  a partial  oxidation  of
1,2,4-TrCB,  leading  to the formation  of  chlorinated  phenols.  The  superoxide  anions  caused  ring-cracking
oxidation  of  1,2,4-TrCB,  possibly  producing  some  low-molecular-weight  products,  thus  explaining  a  mass

 atom
imbalance  in  the chlorine

. Introduction

Chlorinated aromatic compounds are ubiquitous pollutants,
hich have been found in most environmental media including

ediment, soil and water [1,2]. They are often highly toxic, recal-
itrant to degradation, and may  bioaccumulate through the food
hain. Once present in the environment, they can cause tremen-
ous harm to human health and the environment. Thus, the control
f chlorinated aromatic pollution is a matter of public concern.

Chlorinated benzenes (CBz), of which there are 12 possible con-
eners, are a major group of chlorinated aromatics, and many are on
he USEPA priority pollutants list [3].  They have been widely used in
ndustrial, agricultural and domestic products including pesticides,
oil fumigants, disinfectants, toilet deodorants, solvents, and as pre-
ursors for the production of dyes and silicone coatings [4,5]. When
hlorinated benzenes are released into the environment, they can
e transformed to more toxic polychlorinated dibenzo-p-dioxins
nd dibenzofurans (PCDD/Fs), which are highly carcinogenic and
utagenic [6].  Owing to their structure and environmental hazard,
hlorinated benzenes have often been used as model pollutants
hen exploring efficient treatment technologies for chlorinated

romatics and identifying the degradation mechanisms.

∗ Corresponding author. Tel.: +86 10 62849356; fax: +86 10 62923563.
E-mail address: gjsu@rcees.ac.cn (G. Su).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.07.008
s  and total  organic  carbon.
© 2011 Elsevier B.V. All rights reserved.

Metal oxide catalysts have attracted attention for the degrada-
tion of CBz, due to their relatively low costs, high catalytic activity
and thermal stability, and the ease of preparation of high surface
area materials [7–17]. The decomposition of hexachlorobenzene
(HCB) has been carried out over various metal oxides (i.e., MgO, CaO,
BaO, La2O3, CeO2, MnO2, Fe2O3, and Co3O4) supported on Al2O3
[16]. For most of the metal oxide catalysts, the dechlorination effi-
ciency exceeded 94.2% after treatment at 300 ◦C for 60 min. Jia et al.
developed a flower-like Fe3O4 with a high surface area, which has
much higher activity than the commercial Fe3O4, to degrade HCB
at 300 ◦C [17]. For these and similar reactions [11,16,17],  a series of
less chlorinated benzenes have been identified as the degradation
products, leading to agreement about the presence of a sequential
hydrodechlorination pathway. However, little work has been done
to elucidate the driving force underlying the hydrodechlorination
pathway.

Oxidative degradation has also been identified as a pathway
for the degradation of CBz over metal oxides. Partial oxidation
intermediates (i.e., phenolates, acetates and formates) have been
identified during the degradation of hexachlorobenzene over a
composite Ca–Fe oxide [18], and during the degradation of 1,2-
dichlorobenzene over supported Cr2O3, V2O5, MoO3, Fe2O3, and

Co3O4 [19]. These intermediates can decompose further to CO, CO2,
and H2O. Reactive oxygen species (ROS) such as O2

−•, and •OH are
strong oxidants, which can oxidize organic compounds to smaller
molecular intermediates or to CO2 and H2O [20,21].  However, there

dx.doi.org/10.1016/j.jhazmat.2011.07.008
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:gjsu@rcees.ac.cn
dx.doi.org/10.1016/j.jhazmat.2011.07.008
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ave been few reports to indicate which ROS might be involved in
he oxidative degradation of CBz over metal oxides.

Of the metal oxides, magnetic Co3O4 with a spinel structure has
een identified as a preferential catalyst for environmental pro-
ection [22,23]. Co3O4 has been prepared with a range of different

orphologies including nanospheres, nanocubes, nanofibers, and
esoporous structures [24–28].  The properties of these synthe-

ized metal oxides are strongly dependent on their morphologies,
hich determine the structural properties such as crystalline qual-

ty, particle size and surface area. Therefore, evaluating the effect
f different morphologies on the ability of Co3O4 to degrade CBz is
ery significant.

In recent years, a simple and economic ethylene glycol mediated
rocess has been developed to construct novel metal oxide mate-
ials [11,17,29–33]. The prepared materials are often hierarchically
omposed of nanosized building blocks, while the size of the over-
ll structure is at the micrometer scale. This hierarchical structure
an maintain a high catalytic activity, as it is constructed of inter-
onnected nanoparticles. Also, due to the micrometer size of the
verall particle, it can also effectively inhibit aggregation, and the
eparation and recycling of the metal oxide material is easier than
or pure nanoparticles. However, there are currently no reports on
he degradation of chlorinated aromatics using micrometer-sized
anostructured Co3O4.

In this paper, Co3O4 was synthesized with three different mor-
hological structures by the ethylene glycol mediated reaction, to
egrade 1,2,4-trichlorobenzene (1,2,4-TrCB). The three structures
ave been described as sphere-like, plate-like, and cabbage-like
tructures (the cabbage-like structure consists of many layers of
istorted nanoplates stacked together, giving the whole structure

 “cabbage-like” appearance). The effect of the different morpho-
ogical structures on the degradation of 1,2,4-TrCB was evaluated,
nd the degradation products were identified by GC–MS. The likely
ydrodechlorination pathway was elucidated by a theoretical cal-
ulation of the C–Cl bond dissociation energies (BDEs) in 1,2,4-TrCB
nd DCBs. Electron spin resonance (ESR) experiments were used
o study the role of reactive oxygen species in the degradation of
,2,4-TrCB.

. Experimental

.1. Preparation and characterization of Co3O4 with different
orphologies

Commercial Co3O4 was purchased from Beijing Chemical
eagent Ltd. and used as received.

The prepared Co3O4 was synthesized using an ethylene gly-
ol (EG) mediated reaction. The preparation was adopted from

an  et al. with minor modification [33]. In a typical synthesis
eaction, Co(CH3COO)2·4H2O (Beijing Chemical Reagent Ltd.) and
olyvinylpyrrolidone (PVP, Mw  = 58,000, ACROS Organics) were
dded to ethylene glycol (Beijing Chemical Reagent Ltd.). The mix-
ure was stirred with a magnetic stir bar and heated to 170 ◦C
nder nitrogen for various lengths of time. The precipitated Co3O4
recursor was collected and washed three times with absolute
lcohol using centrifugation–redispersion cycles, and then calcined
t 400 ◦C for 2 h to prepare the Co3O4. By changing the reactant
oncentrations and the heating time, Co3O4 with three different
orphologies, described as sphere-like, plate-like and cabbage-

ike, was synthesized.
The morphology of the products was characterized using
canning electron microscopy (HRSEM, Zeiss supra 55), transmis-
ion electron microscopy (HRTEM, JEM-2100 electron microscope,
EOL), X-ray powder diffraction (XRD, 7000 diffractometer with
uK�, � = 0.15418 nm), and the Brunauer–Emmett–Teller (BET)
terials 192 (2011) 1697– 1704

analysis (ASAP 2020) and Automated Surface Area & Pore Size Ana-
lyzer.

2.2. Degradation experiments

The degradation experiments were carried out in small glass
ampoules, 10 cm long and 0.4 cm i.d. Typically, 1.5 �L of 1,2,4-
TrCB (11954 nmol) was  mixed with a known amount of Co3O4
in the ampoule which was then sealed under the air atmo-
sphere and heated in an oven. The reaction condition was  set at
200–300 ◦C for 60 min. To ensure the repeatability of the experi-
ments, all experiments were performed in triplicate, with a relative
standard deviation (RSD) of parallel experiments of less than
5%.

The sample analysis is described in detail elsewhere and
briefly summarized here [12,34]. On completion of the reactions,
the glass ampoules were carefully crushed and extracted three
times with hexane (15 mL)  for 15–20 min  each time in an ultra-
sonic extractor. The solution was then washed three times with
10 mL water. The aqueous and hexane layers were separated. The
inorganic Cl− in the recovered water was measured by ion chro-
matograph (792 Basic IC, Metrohm Ltd., Herisain, Switzerland).
The hexane layers were combined and dried with anhydrous
sodium sulfate, and analyzed for CBz using an Aglient 6890 gas
chromatograph equipped with a HP-5MS capillary column (30 m
length, 0.25 mm  i.d., 0.25 �m film thickness) and interfaced to
an Agilent 5973N MSD  (Agilent Technologies, USA). Quantitative
analyses of the CBz were performed in selected ion monitoring
mode using the two  most abundant molecular ion clusters. The
degradation efficiency (DE) was calculated using the following
equation:

DE (%) =
(

1 − RTrCB

ITrCB

)
× 100% (1)

where ITrCB is the initial number of moles of 1,2,4-TrCB, and RTrCB
is the number of moles of 1,2,4-TrCB after the reaction.

2.3. Theoretical calculations

All theoretical calculations were carried out using the Gaus-
sian 03 program, with fully optimized geometries of 1,2,4-TrCB and
DCBs. The C–Cl BDEs in 1,2,4-TrCB and DCBs, and the energy differ-
ence of single molecule relative to p-DCB were calculated by the
density functional theory (DFT) method at the B3LYP/6-311++G**
theory level.

2.4. Total organic carbon (TOC) analysis

TOC content of the sample was analyzed on a solid TOC  analyzer
(O.I. Analyzer, College Station, TX, USA) using a high-temperature
combustion method. The experimental details are described else-
where [35]. After reaction between 1.5 �L 1,2,4-TrCB and 100 mg of
cabbage-like Co3O4 at 300 ◦C for 60 min, the samples were loaded
into the combustion cup which was  packed with quartz wool. The
samples were flashed at 900 ◦C for 6 min  in the combustion house,
and the signal was  detected by non-dispersed infrared (NDIR)
detection. The TOC of the starting materials (unreacted samples)
were also analyzed under the same conditions to allow compar-
isons.

2.5. Derivatization experiments
To confirm whether phenolate species were produced dur-
ing the degradation of 1,2,4-TrCB, derivatization experiments
were conducted. 1,2,4-TrCB (1.5 �L) was  reacted with 100 mg  of
cabbage-like Co3O4 at 300 ◦C for 60 min. The reaction products
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ig. 1. (a, b) HRSEM images and (c) HRTEM image of sphere-like Co3O4; (d, e) HRSE
mage  of cabbage-like Co3O4.

ere derivatized in water using acetic anhydride and then analyzed
y GC–MS.

.6. ESR experiments

The superoxide anions were measured using an electron spin
esonance analyzer (ESR, ESP 300E, Bruker) as described below.
00 mg  of cabbage-like Co3O4 and 1.5 �L 1,2,4-TrCB were reacted
t 300 ◦C for 60 min. The resulting product was immediately dis-
olved in dimethylsulfoxide (DMSO, Sigma Chemical Co.). The
uperoxide anions were characterized by ESR using 5,5-dimethyl-
-pyrroline-N-oxide (DMPO, Sigma Chemical Co.) as the spin
rapping agent. The instrument settings were: microwave power
t 10 mW;  microwave frequency at 9.8 GHz; scan range at 100 G;
odulation frequency at 100 kHz; modulation amplitude at 2 G;

nd sweep time at 41.943 s. To measure the hydroxyl radical, the

nly difference was the use of water as the solvent instead of DMSO.

 reaction using the cabbage-like Co3O4 but without 1,2,4-TrCB was
lso measured by the ESR experiments under the same conditions
or comparison.
ages and (f) HRTEM image of plate-like Co3O4; (g, h) HRSEM images and (i) HRTEM

3. Results and discussion

3.1. Characterization of Co3O4

The morphologies of the synthesized Co3O4 were regulated
by controlling the initial concentration of Co(CH3COO)2·4H2O
and the heating time. When the EG solution contained 50 mM
Co(CH3COO)2·4H2O and 0.23 mM PVP, and was heated at 170 ◦C
for 40 min, a sphere-like product with a diameter approximately
0.25 �m was  obtained (Fig. 1(a–c)). When the concentration of
Co(CH3COO)2·4H2O was  increased to 90 mM,  and the heating
time was 35 min, the morphology of the product changed from
spheres to round nanoplates with diameters of approximately
0.7 �m,  as shown in Fig. 1(d–f). Finally, when the concentration of
Co(CH3COO)2·4H2O was  increased to 93 mM with a heating time
of 45 min, the plates became severely distorted and many layers

of the distorted nanoplates stacked together, forming an over-
all structure with a “cabbage-like” morphology and a diameter of
approximately 1 �m (Fig. 1(g–i)). The high-resolution TEM images
in Fig. 1 show that all three structures are constructed of intercon-
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Fig. 2. XRD patterns of the prepared Co3O4.

ected nanoparticles less than 20 nm in size, making the samples
orous. In comparison, the commercial Co3O4 appeared as aggre-
ated irregular particles (SEM image of commercial Co3O4 is shown
n Fig. S1 of the Supplementary Material).

The X-ray powder diffraction (XRD) patterns shown in Fig. 2
how that all the products with varying morphologies were iden-
ified as being consistent with cubic symmetry Co3O4 (JCPDS No.
8-1969). These results confirm that micrometer-sized nanostruc-
ured Co3O4 with three different morphologies was  successfully
repared by the EG mediated process.

Nitrogen adsorption isotherms determined the BET surface area
nd total pore volume of the Co3O4 with different morphologies, as
hown in Table 1. The BET surface areas of the sphere-like, plate-like
nd cabbage-like Co3O4 were 10, 21 and 30 m2/g, respectively. The
pecific surface areas of all three prepared materials were larger
han the commercial Co3O4, which had a BET surface area of only

 m2/g. The total pore volumes increased with increasing BET sur-
ace area and were similarly related to the Co3O4 morphologies. Of
he prepared Co3O4, the cabbage-like morphology had the high-
st specific surface area and the total pore volume, which may  be
ttributed to its multiple layered composite structure.

.2. Effect of different Co3O4 morphologies on the degradation of
,2,4-TrCB

The effect of the different Co3O4 morphologies on the degra-
ation of 1,2,4-TrCB was evaluated at three different reaction
emperatures, as shown in Fig. 3. The 1,2,4-TrCB was barely
egraded with or without any of the Co3O4 materials at 200 ◦C.
s the reaction temperature increased, the degradation efficiency
lso increased. When the reaction temperature was 300 ◦C, there

as considerable degradation of 1,2,4-TrCB in the presence of all

our types of Co3O4, but there was very little degradation of 1,2,4-
rCB without any Co3O4 present. This indicates that all four types
f Co3O4 can promote the degradation of 1,2,4-TrCB. The reaction

able 1
ore structure parameters of different materials.

Material SBET (m2/g) Total pore volume (cm3/g)

Commercial Co3O4 4 0.043
Sphere-like Co3O4 10 0.062
Plate-like Co3O4 21 0.090
Cabbage-like Co3O4 30 0.140
Fig. 3. Effect of Co3O4 with different morphologies on the degradation of 1,2,4-TrCB
under different reaction temperatures.

activities of the Co3O4 morphologies under different reaction tem-
peratures consistently adhered to the following order: cabbage-like
Co3O4 > plate-like Co3O4 > sphere-like Co3O4 > commercial Co3O4.
The reactivity of materials is significantly dependent on their struc-
tural properties, as determined by the morphological structure
[36–40]. Wang et al. reported that the increase of the specific sur-
face area on Co3O4 can weaken the bond strength of Co-O, and
promote more lattice oxygen desorption from Co3O4 to cause the
reduction become easy [41]. Eiji et al. reported that catalysts with
high BET surface area and high pore volume may  increase their
activity [42]. Table 1 shows that the pore structure parameters were
different among those materials. The cabbage-like Co3O4 consis-
tently exhibited a higher activity, which may  be attributed to its
larger specific surface area and total pore volume determined by its
morphological structure, leading to more active sites on the surface
of this material.

3.3. Effect of cabbage-like Co3O4 dosage on the degradation of
1,2,4-TrCB and hydrodechlorination mechanism hypothesis

The cabbage-like Co3O4 exhibited a higher degradation activ-
ity, so a series of experiments with that material was designed
to determine the effect of its dosage on 1,2,4-TrCB degradation.
The dosage-dependent degradation efficiency is shown in Fig. 4(a).
As the dosage of the cabbage-like Co3O4 increased, the amount
of 1,2,4-TrCB degradation also increased. When the dosage of the
cabbage-like Co3O4 was 350 mg,  the degradation efficiency was
97.9%. Under similar experimental conditions, the degradation
efficiency of 1,2,4-TrCB on used cabbage-like Co3O4 without fur-
ther treatment still reached 91.8%. These results indicate that the
reactivity of the cabbage-like Co3O4 on 1,2,4-TrCB degradation is
promising.

Fig. 4(b) shows the effect of the cabbage-like Co3O4 dosage
on the distribution of the less chlorinated benzenes produced
during the degradation of 1,2,4-TrCB. Monochlorobenzene (MCB),
meta-dichlorobenzene (m-DCB), para-dichlorobenzene (p-DCB),
and ortho-dichlorobenzene (o-DCB) were identified as degradation
products after GC–MS analysis, as shown in Fig. S2 of the Sup-
plementary Material. As the dosage of cabbage-like Co3O4 was
increased, the yield of the three DCBs and MCB initially increased,

and then began to decrease. This trend indicates that a step-
wise hydrodechlorination process was  occurring. One chlorine
atom is initially removed from 1,2,4-TrCB to form DCB, and then
DCB is further dechlorinated to form MCB. A similar successive
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ig. 4. (a) Effect of cabbage-like Co3O4 dosage on the degradation efficiencies of 1,
,2,4-TrCB over different dosages of cabbage-like Co3O4.

ydrodechlorination pathway has been reported for the degrada-
ion of HCB by iron oxide or by UV irradiation [17,43].

It is interesting to note that the yields of the three DCBs were
ot equal, with p-DCB > m-DCB > o-DCB. Thus, it could be concluded
hat the difficulty in removing the chlorine atoms from 1,2,4-TrCB
aried, with difficulties of Cl(4) > Cl(1) > Cl(2). However, in contrast
o this result, Xu and co-workers reported that, due to the prevailing
teric effect, the chlorine release from 1,2,4-TrCB over a supported
ickel catalyst was fastest at the p-position and slowest at the o-
osition, leading to relative yields of o-DCB > m-DCB > p-DCB [44].
herefore, an alternative driving force may  play a crucial role in the
echlorination of 1,2,4-TrCB on the cabbage-like Co3O4.

Density functional theory (DFT) can be used to analyze reac-
ion mechanisms [43]. Fueno et al. reported theoretical analyses of
he dechlorination reactions of dioxins using DFT methods [45]. To
nvestigate the discrepancy between the experimental yields of the
hree DCBs, the C–Cl BDEs in 1,2,4-TrCB and DCBs were calculated
sing the DFT method at the B3LYP/6-311++G** theory level using
he Gaussian 03 program, as shown in Table 2. For 1,2,4-TrCB, the
ond dissociation energy of C–Cl(2) is the lowest, and that of C–Cl(4)

s the largest. This implies C–Cl(2) will be cleaved more easily than
–Cl(1), and C–Cl(4), meaning that the p-DCB formation is the eas-

est. For DCBs, the C–Cl BDE in p-DCB is the largest, and that in
-DCB is the lowest, and the energy difference of single molecule
elative to p-DCB between p-DCB or m-DCB and o-DCB is about
0 kJ mol−1, meaning that p-DCB and m-DCB are more stable than
-DCB. Thus the degradation of p-DCB to MCB  is the most difficult,
hile the degradation of o-DCB to MCB  is the easiest. The yields
f the various DCBs depend on the rates of production and con-
umption of these compounds. The relative amounts of the three
CBs formed during the degradation process were in the order of
-DCB > m-DCB > o-DCB, possibly due to the BDEs described above.

able 2
alculated C–Cl bond dissociation energies in 1,2,4-TrCB and the DCBs, and the energy di

Chemical Bond Theoretical BDE (k

Cl

Cl

Cl

(1)

(2)

(4)

C–Cl(1) 373.71 

C–Cl(2) 370.98 

C–Cl(4) 378.33 

p-DCB C–Cl 380.82 

m-DCB C–Cl 377.81 

o-DCB  C–Cl 373.00 
CB; (b) distribution of less chlorinated benzenes formed during the degradation of

Fig. 5 shows the hydrodechlorination pathway of 1,2,4-TrCB
on the synthesized cabbage-like Co3O4. The major and minor
hydrodechlorination pathways were determined by the amount of
the intermediates identified during the degradation process [43].
Because of the yield of p-DCB was  largest of the three DCBs, the
dechlorination of 1,2,4-TrCB into p-DCB and then into MCB  may
be the major pathway. The theoretical calculation of C–Cl BDEs
in 1,2,4-TrCB indicate that p-DCB will be formed most easily, and
thus the conversion of 1,2,4-TrCB into p-DCB may be the easiest
first dechlorination step, kinetically. However, the C–Cl BDEs in the
three DCBs indicate that p-DCB is the most stable, and thus the
conversion of p-DCB into MCB  may  be the hardest second dechlori-
nation step, kinetically. In contrast, the small proportion of o-DCB
indicates that the dechlorination of 1,2,4-TrCB into MCB  via o-DCB,
may be the minor pathway. The C–Cl BDEs for 1,2,4-TrCB and DCBs
indicate that the conversion of 1,2,4-TrCB into o-DCB may  be the
hardest first dechlorination step, kinetically, while the conversion
of o-DCB into MCB  may  be the easiest second dechlorination step,
kinetically.

3.4. Chlorine atom distribution and TOC analysis of the
decomposed products

The amounts of the DCBs and MCB  are relatively low compared
to the initial amount of 1,2,4-TrCB, and there is a mass imbalance
between the amounts of the initial and dechlorinated materials.
Table 3 shows the chlorine atom distribution among the decompo-
sition products after reaction with 250 mg  of cabbage-like Co3O4 at

300 ◦C for 60 min. The percentage of chlorine atoms in DCBs, MCB
and residual 1,2,4-TrCB were 29.7%, 1.2% and 12.7%, respectively.
The amount of inorganic Cl− produced in the degradation process
was determined by ion chromatograph to be 26.8%. These sources

fference of the single molecule relative to p-DCB (B3LYP/6-311++G**).

J mol−1) Energy difference relative to p-DCB (kJ mol−1)

–

–
–

0
0.16

10.37
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Fig. 5. Hydrodechlorination pathway for 1,2,4-TrCB degradation over cabbage-like Co3O4.

Table 3
Chlorine atom distribution in the degraded products.
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instead of DMSO. No obvious signal was observed, as shown in
Fig. 6(b). This differs from the photocatalytic degradation of many
organic molecules where •OH species are often identified [49–51].
Dechlorinated products 1,2,4-TrCB (residual) DCBs 

Percentage of Cl (%) 12.7 29.7 

f chlorine atoms combined account for only 70.4% of the initial
hlorine atoms, leaving 29.6% of the chlorine atoms unaccounted
or. A similar mass discrepancy was reported for the degradation of
CB over CaO/Fe2O3 and for the degradation of dioxin over alumina

upport [34,46,47].
TOC was also monitored to obtain information about the car-

on mass balance during the degradation of 1,2,4-TrCB. The results
how that the TOC of a sample of 1,2,4-TrCB reacted with 100 mg
abbage-like Co3O4 at 300 ◦C for 60 min  accounted for only 57% of
he TOC in the unreacted sample. About 43% of TOC was mineralized
nto the inorganic compounds such as CO2 [48].

The chlorine atom and TOC results indicate that other degrada-
ion pathways, in addition to hydrodechlorination, may  also occur
uring the degradation process.

.5. Derivatization analysis

The other degradation pathway may  be related to the oxidative
egradation of 1,2,4-TrCB over the cabbage-like Co3O4. Amiridis
t al. reported the formation of chlorophenolate via nucleophilic
ttack by O2− on dichlorobenzene adsorbed onto V2O5/TiO2 [15].
hang et al. confirmed the presence of pentachlorophenolate dur-
ng the degradation of hexachlorobenzene over ultrafine �-Al2O3
12]. The oxygen species in Co3O4 are very mobile, so they may  be
asily utilized in oxidation reactions [20].

It was hypothesized that phenolate species could be formed dur-
ng the degradation of 1,2,4-TrCB on the cabbage-like Co3O4. To
erify this hypothesis, the products of a reaction between 1.5 �L
,2,4-TrCB and 100 mg  cabbage-like Co3O4 at 300 ◦C for 60 min
ere derivatized in water with acetic anhydride prior to GC–MS

nalysis, the results of which are shown in Fig. S3.  The peaks
ere identified as chlorophenylacetate and dichlorophenylacetate,

he derivatized products of chlorophenol and dichlorophenol, by
he NIST02.L standard spectral database. These results imply that
hlorophenol and dichlorophenol were formed as partial oxidation
roducts during the degradation of 1,2,4-TrCB. Although the sub-
titution pattern of the chlorophenol and dichlorophenol isomers
ould not be identified under the analytical conditions, the amounts
f chlorophenol and dichlorophenol were very minor, and they are
stimated to account for less than 1% of the initial chlorine atoms.
.6. ESR analysis

ROS such as O2
−• and •OH are strong electrophilic oxi-

ants, which can oxidize organic compounds to smaller molecular
MCB  Cl (inorganic) Other chlorinated compounds

1.2 26.8 29.6

intermediates or to CO2 and H2O [20,21]. Their roles in a
range of photocatalytic oxidative degradation reactions, including
pathogenic bacteria over NiO/SrBi2O4 [49], rhodamine B over TiO2
[50], and azodyes over Ag/AgBr/TiO2 [51], have been confirmed by
ESR. To identify whether 1,2,4-TrCB was  decomposed by O2

−• or
•OH over the cabbage-like Co3O4, the ESR technique, using DMPO
as the spin trapping agent, was used to obtain information on the
active radicals involved.

The superoxide anions were measured first. A reaction was  car-
ried out between 100 mg cabbage-like Co3O4 and 1.5 �L 1,2,4-TrCB
at 300 ◦C for 60 min, and the reaction products were immediately
dissolved in DMSO, then characterized by an ESR analyzer, with the
results shown in Fig. 6(a). Six characteristic peaks were observed,
and the hyperfine constants of ˛N = 12.7429 G, ˛H = 10.0304 G and
g = 2.0103, coincided with those identified previously as DMPO-
O2

−• [49–53]. No O2
−• signal was detected when pure cabbage-like

Co3O4 was  analyzed. The DMPO-•OH species were measured under
identical conditions except that water was used as the solvent
Fig. 6. ESR spectra of (a) O2
−• and (b) •OH generated after reacting 100 mg  cabbage-

like Co3O4 with 1.5 �L TrCB at 300 ◦C for 60 min.
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Fig. 7. Oxidative attack mechanism for 1,

The ESR results shown in Fig. 6 identify that the superoxide
nion may  be involved in the degradation of 1,2,4-TrCB, causing the
ing-cracking oxidation of 1,2,4-TrCB into smaller molecular inter-
ediates and perhaps even into CO2 and H2O. This may  explain

he mass imbalance in the chlorine atoms and TOC between the
nitial and degraded materials. The formation of electrophilic oxy-
en ions on p-type Co3O4 was identified by Bielanski and Haber
sing an ESR analyzer [54]. Additionally, the existence of O2

−•, as
bserved directly in this experiment, supports the hypothesis of
hu and co-workers that O2

−• may  have an important role in the
xidative degradation of phenol over Co3O4 nanorods [20].

.7. Oxidative attack degradation pathway

As described above, hydrodechlorination occurred during the
egradation of 1,2,4-TrCB over cabbage-like Co3O4. However, there
as a clear discrepancy in the mass balance of chlorine atoms and

OC between the starting and degraded materials. Thus, it must be
oncluded that the hydrodechlorination reaction is not the only
athway by which 1,2,4-TrCB is decomposed over cabbage-like
o3O4. From the results of the derivatization and ESR analysis, we
ropose that degradation involving oxygen attack may  also occur
ia one of two possible pathways during the degradation process,
s shown in Fig. 7.

The first reaction pathway, involving the formation of
hlorophenolate and dichlorophenolate, is similar to the Mars Van
revelen mechanism. Dissociative adsorption of the 1,2,4-TrCB
ccurs on the central cobalt cations. The nucleophilic lattice oxy-
en ions (O2−) then react with the carbon associated with the C–Cl
ond. The C–Cl bond is cleaved, and a Co–Cl bond is formed, result-

ng in the formation of chlorophenolate and dichlorophenolate as
artial oxidation products. When the nearby lattice oxygen is con-
umed, it can be supplemented by oxygen anions transferred from
urrounding cobalt cations, and the dissociated oxygen becomes
attice oxygen. Similar reaction routes have been reported for the
ormation of phenolates during the degradation of HCB over Al2O3
12], and the degradation of chlorobenzene over iron and titanium
xide catalysts [55].

The ESR results indicate that the superoxide ion (O2
−•) is one of

he most important ROS on the surface of the cabbage-like Co3O4,
nd can be formed from lattice oxygen and gaseous oxygen. This
uperoxide ion can attack the electron cloud of the � bond in the
issociatively adsorbed 1,2,4-TrCB, and thus lead to cracking of the
enzene ring into low molecular weight products and even into CO2
nd H2O. This process may  explain the mass imbalance of chlorine
toms and TOC. The details of this mechanism are shown in route
I of Fig. 7.

. Conclusions
Co3O4 was  synthesized with three different morphologies,
hich were characterized as sphere-like, plate-like and cabbage-

ike. The effect of these different morphologies on the degradation
f 1,2,4-TrCB was evaluated. The reactivity of the different Co3O4
CB degradation over cabbage-like Co3O4.

morphologies had the following order: cabbage-like Co3O4 > plate-
like Co3O4 > sphere-like Co3O4, all of which were more reactive
than the commercial Co3O4. The differences in reactivity may  be
attributed to the different structural properties associated with the
different morphologies of Co3O4. The activity of the cabbage-like
Co3O4 for the degradation of 1,2,4-TrCB is especially promising.

Analysis of the reaction products, derivatization results, TOC
analysis and ESR results suggests that both hydrodechlorination
and oxygen-attacking pathways may  occur competitively on the
cabbage-like Co3O4. During the hydrodechlorination process, 1,2,4-
TrCB was  successively dechlorinated to form DCBs and then MCB.
The yields of the three DCBs were in the order of p-DCB > m-DCB > o-
DCB. This order can be explained by the calculated C–Cl BDEs
in 1,2,4-TrCB and the DCBs. The derivatization and ESR experi-
ments identified that the oxidation process could occur by two
pathways: one pathway involves the nucleophilic lattice oxygens
reacting with the carbon in the C–Cl bond, resulting in the for-
mation of partial oxidation products such as dichlorophenolate
and chlorophenolate; the other pathway involves a superoxide ion
attacking the electron cloud of the � bonds in the benzene ring,
leading to a comparatively complete oxidation, which may  explain
the mass imbalance in the chlorine atoms and TOC.
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