
Introduction

As persistent organic pollutants (POPs), 
chlorobenzenes (CBs) have been widely used in indu-
strial and agricultural production of pharmaceuticals, 

petrochemicals, and pesticides and in the process 
have become common pollutants [1] found in air, soils  
[2-3], sludge [4], lake and coastal sediments [5], ground-
water, and river entrances [6-7]. Trichlorobenzene  
is a common type of CB, with 3 isomers, including 
1,2,4-TCB, which is the most widely used for industrial 
purposes and once was made widely available 
in the electrochemical industry as a substitute of 
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Abstract

A cubic crystal form Co3O4 was synthesized using the sol-gel method and applied as catalyst in the 
visible light-driven photocatalytic degradation of 1,2,4-trichlorobenzene (1,2,,4-TCB). 1,2,4-TCB removal 
efficiency initially increased and was followed by a gentle decrease as the Co3O4 dosage increased, with 
the optimal dosage of 2.0 g/L. The degradation rate changed positively with light intensity and reaction 
temperature. However, pH exerted only a slight effect on 1,2,4-TCB degradation. Strong acidic and basic 
conditions were conducive to the photocatalytic degradation of 1,2,4-TCB. The optimal parameters for  
the photocatalytic degradation of 1,2,4-TCB were found at a Co3O4 dosage of 2.0 g/L, 350 W of illumination 
intensity, initial 1,2,4-TCB concentration of 7.5 mg/L at 30ºC, with 1,2,4-TCB removal efficiency  
of 90.13% after 6.0 hours photocatalytic degradation. The Co3O4 synthesized in the study with 
high-purity and stable properties guaranteed its high catalytic activity and stability. The possible 
mechanisms of visible light-driven photocatalytic degradation of 1,2,4-TCB with synthesized Co3O4 
photocatalyst were also proposed.
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polychlorinated biphenyls [8-9]. The widespread use of 
1,2,4-TCB makes it one of the highest concentrations 
of chlorinated organic pollutants in the environment. 
1,2,4-TCB has been found in soils [10-11], groundwater, 
wastewater [12], activated sludge, and vegetables [1, 
13]. CBs are of poor biodegradability, high toxicity, 
and stable chemical structure, and may accumulate 
in organisms through the food chain and result in 
mutagenesis, carcinogenesis, and teratogenesis – greatly 
endangering human health and ecological environment.

The usual methods of dealing with CBs are heat 
treatment [14], biodegradation [8, 15], advanced 
oxidation process (AOPs), and carbon adsorption. 
These methods have a number of limitations. 
Traditionally, CBs are destroyed through high-
temperature incineration, which requires high reaction 
temperatures and has the potential to generate more 
toxic dioxin-like chemicals. Although biodegradation 
and charcoal adsorption are effective and can react at 
room temperature and do not generate toxic dioxin-
like chemicals, the application of these approaches 
is expensive, time-consuming, and difficult to apply 
consistently in engineering practice. The AOPs can 
break non-biodegradable organic matter into molecules 
of low- to non-toxicity, and may deal with CBs 
effectively. Currently, advanced oxidation technologies 
need to be further studied to push through bottlenecks 
of engineering applications and promote use more 
widely. Photocatalysis in AOPs and combined processes 
are becoming popular in water treatment. Highly 
efficient and environmentally benign photocatalysts 
play a critical role in the whole process. As a traditional 
photocatalyst, TiO2 has been widely used in the fields 
of energy and the environment [16-18], but yields a low 
photocatalytic effect due to its reaction under UV light 
and recombination of photo-induced electron holes 
[19]. Therefore, extending the photocatalytic activity 
of photocatalysts into the visible range becomes an 
important topic of photocatalysis-related research.

Other metal oxides with low cost and high catalytic 
activity, good thermal stability, large specific surface 
area, and a facile preparation method are essential 
drivers for the successful application of a catalyst [20-
22]. As a transition metal oxide, Co3O4 is formally a 
spinel-type structure, with the lattice being composed 
of regular tetrahedrons (oxygen ions covering Co2+) 
and regular octahedrons (oxygen ions covering Co3+) 
[23]. With empty electron orbitals, Co3O4 may accept 
and transfer electrons, forming stable complexes and 
accelerating reactions, so Co3O4 has risen in significance 
in terms of catalyst applications [24].

In this study, Co3O4 was synthesized using the sol-
gel method and served as a photocatalyst in visible 
light-driven photocatalytic degradation of 1,2,4-TCB. 
The degradation performance was evaluated under a 
range of experimental variables and the photocatalytic 
mechanism was discussed preliminarily.

Materials and Methods

Chemicals

1,2,4-TCB was purchased from Dongguan Qiaosun 
Fine Chemicals Co., Ltd. Cobalt-nitrate hexahydrates 
were purchased from Xilong Scientific Co., Ltd. 
Hydrogen peroxides (30%), ethyl acetate, and n-hexanes 
were purchased from Guangdong Guanghua Sci-Tech 
Co., Ltd. All chemicals were analytical grade reagents 
and were used directly without further purification. The 
reaction medium was deionized water.

Preparation of Co3O4 Photocatalyst

The Co3O4 used in our research was synthesized 
according to the following process: 11.06 g cobalt 
nitrate hexahydrate was dissolved with 80 ml absolute 
ethyl alcohol in a 250 ml beaker and the solution was 
stirred slowly for 2.0 hours at 50ºC. Then 80 ml ethyl 
acetate was added slowly with stirring until a uniform 
mixture was obtained. The mixture was heated with a 
heating jacket to boiling and cooled. Then the mixture 
was transferred to a 250 ml conical flask for 16 hours 
of reflux and condensation at 50ºC to reduce solution 
volume to 1/3 of the initial volume. The refluxed mixture 
was evaporated for 12 hours at 80ºC, then calcined at 
450ºC for 2.0 hours. Finally, the calcined sample was 
cooled and stored in a desiccator prior to use.

Experimental Procedures

Visible-light-driven photocatalytic degradation 
of 1,2,4-TCB was conducted in a 300 mL cylindrical 
glass reactor. A spherical xenon lamp with adjustable 
power was used as a simulated visible light source 
(maximum power of 350 W). A UV cut-off filter allowed 
for the passage of light within the wavelength range 
between 400 nm to 800 nm, in which the visible light 
transmittance exceeded 97%, eliminating the effect 
of UV light on photocatalysis. The glass beaker was 
covered with plastic wrap to prevent water evaporation 
and was wrapped with silver papers to eliminate the 
disturbance from external visible light around the 
reaction vessel.

Portions of Co3O4 were added into the 300 mL 
beaker, followed by 250 mL of water containing 
appropriate concentrations of 1,2,4-TCB. The beaker 
was covered with the UV cut-off filter and stirred with a 
magnetic stirrer under illumination with the xenon lamp. 
Samples were withdrawn at pre-selected time intervals 
(0.5 h) filtered with 0.45 μm filter paper and stored at 4ºC 
for further analysis.

Analytical Methods

1,2,4-TCB concentration was measured by GC 
(GC2010-plus) equipped with EDC (RTX-1). Samples 
were pretreated with filtration and extraction before 



2287Visible Light-Driven Photocatalytic Degradation...

the injection to GC. Chromatographic conditions were: 
detector temperature 260ºC; injection port temperature 
240ºC; procedure for rise of chromatographic column 
temperature – keep at 90ºC for 1.0 min, increase  
to 140ºC at 10ºC/min, and then increase to 200ºC at 
20ºC/min and maintain for 1.0 min; carrier gas was 
nitrogen; split ratio 5:1; and column flow 2.0 mL/min. 
The crystal structures of Co3O4 were examined with 
an x-ray diffractometer (XRD, Bruker AXS GmbH). 
Surface morphology was characterized on a field-
emission scanning electron microscope (SEM, JSM-
6380LV).

All the experiments were repeated in triplicate, and 
the results given were the average for three replicates 
with a relative standard deviation of less than 5%.

Results and Discussion

Catalyst Characterization

XRD was used to characterize the crystal 
structures of the synthesized Co3O4 catalyst (Fig. 1). 
The diffraction peaks at 18.99°, 31.25°, 36.84°, 38.53°, 
44.79°, 55.63°, 59.35°, 65.22°, and 77.39° are respectively 
assigned to the (111), (220), (311), (222), (400), (422), 
(511), (440), and (533) planes of the cubic-phase Co3O4 
structure, according to the standard card of Co3O4 
(JCPDS card NO. 42-1467) [25-26]. The XRD patterns 
of Co3O4 before reaction has sharp peaks, and the main 
diffraction angles consistent with interfacial diffraction 
peaks and without unassigned impurity peaks, show 
that the Co3O4 samples were of high purity and fully 
crystallized cubic crystals. By comparison, between 
the XRD patterns of Co3O4 before and after reaction, 
no obvious difference is observed, consistent with  
cubic-phase Co3O4 crystal characteristic peaks 
(JCPDS card No. 42-1467). The results show that the 
synthesized Co3O4 is of high stability, and may be 
effectively recycled as a good catalyst with potential 
applications.

Fig. 1. XRD pattern of Co3O4 before and after catalytic reaction.

Fig. 2. SEM images of the synthesized Co3O4: a) ×2000 before reaction, b) ×5000 before reaction, c) ×2000 after reaction, and d) ×5000 
after reaction.
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The surface morphology of the synthesized Co3O4 
was analyzed via SEM (Fig. 2). The cubic Co3O4 crystals 
with the average grain diameter of 2.0 μm are observed 
and visually are distributed in a uniform manner. There 
are changes in the particle distribution of the Co3O4 
before and after reaction. After reaction, the particles 
show fewer large pore spaces and no changes in the 
visual size and shape with no new structural substances 
formed. The stability of Co3O4 displayed by SEM was 
consistent with the analysis of XRD.

Blank Experiment for 1,2,4-TCB Degradation

To exclude the effect of self-degradation and 
adsorption on the apparent removal of 1,2,4-TCB in 
the photocatalytic reaction, blank experiments were 
conducted to investigate the contributions of self-
degradation and adsorption on the removal of 1,2,4-TCB 

during the experiments. The results are illustrated in 
Fig. 3. In addition, the blank experiment was also used 
to verify the feasibility of the use of a spherical xenon 
lamp as a simulated visible light source in subsequent 
experiments. A trial with a natural light source was 
conducted at 10-16:00 at 23-28ºC on a sunny day.

In the absence of light, 1,2,4-TCB removal efficiency 
was less than 4% after 6.0 hours reaction, indicating 
that Co3O4 has a minimal effect on 1,2,4-TCB removal. 
Under the action of unassisted photodegradation with 
simulated visible light or natural light, 1,2,4-TCB 
removal efficiencies were both less than 13% after  
6 hours of illumination, with simulated light showing a 
slightly higher effect. Within the scope of our survey, 
a negligible difference in 1,2,4-TCB removal was 
obtained under simulated visible light and natural light, 
demonstrating that it is feasible to use the spherical 
xenon lamp as simulated visible light.

Photocatalytic Degradation Performance 
of 1,2,4-TCB

Effect of Co3O4 Dosage

The dosage of Co3O4 has a significant effect on 
1,2,4-TCB degradation (Fig. 4). 1,2,4-TCB removal 
efficiency improves dramatically after the addition of 
Co3O4. The degradation rate of 1,2,4-TCB degradation 
initially rapidly increased before peaking into a more 
gentle decline. The optimal dosage was 2.0 g/L, with 
1,2,4-TCB removal efficiency of ~86% after 6.0 hours of 
photocatalysis. When the Co3O4 dosage increased to 4.0, 
6.0, and 8.0 g/L, 1,2,4-TCB removal efficiency decreased 
to ~80%, 77%, and 74%, respectively. The explanation 
is that the number of photo-induced electron-hole pairs 
are relatively low at the initial Co3O4 dosage, resulting 
in lower 1,2,4-TCB removal efficiency. Increasing the 
photocatalyst dosage resulted in an increase in the 
probability of catalyst exposure to 1,2,4-TCB, therefore 

Fig. 3. Blank experiments (experimental conditions: initial 
1,2,4-TCB concentration 7.59 mg/L, Co3O4 dosage 2.0 g/L, 
temperature 25ºC, illumination intensity 350 W).

Fig. 4. Effect of Co3O4 dosage on the degradation of 1,2,4-TCB 
(experimental conditions: illumination intensity 350 W, initial 
concentration 7.5 mg/L, temperature 25ºC).

Fig. 5. Effect of initial concentration on 1,2,4-TCB degradation 
(experimental conditions: illumination intensity 350 W, Co3O4 
dosage 2.0 g/L, temperature 25ºC).
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improving photocatalytic efficiency. Beyond the 
optimal dosage, the presence of an increased amount 
of photocatalyst obstructed the transmittance of visible 
light in liquid solution and reduced the generation of 
electron-hole pairs and a reduction in photocatalytic 
degradation of 1,2,4-TCB [27-28].

Effect of Initial 1,2,4-TCB Concentration

1,2,4-TCB removal efficiency gradually decreased 
from 86% to 84% for 6.0 hours of photocatalysis time 
when the initial concentration increased from 7.5 to  
30 mg/L (Fig. 5). The results showed that the 
synthesized Co3O4 produced a good effect in 1,2,4-TCB 
removal when the initial concentration was less than 
15 mg/L, with removal efficiency higher than 84%. 
When the starting concentration continued to increase, 

removal efficiency greatly descreased. This may be due 
to degradation intermediates competing with 1,2,4-TCB 
for the fixed photo-induced electron-hole pairs and when 
initial starting concentration is high. Moreover, with a 
higher contaminant concentration, higher turbidity may 
have affected the transmission of light and thus reduced 
the degradation rate.

Effect of Illumination Intensity

Illumination is the power for photocatalysis.  
The effect of illumination intensity on the visible  
light-driven photocatalytic degradation of 1,2,4-TCB 
was conducted and illustrated in Fig. 6.

Illumination intensity had a significant effect on 
1,2,4-TCB removal (Fig. 8). The 1,2,4-TCB removal 
efficiencies were 66%, 81%, and 86%, respectively, when 
illumination intensities were 250 W, 300 W, and 350 W.

As the energy source for driving the photocatalytic 
reaction, the reduction of illumination intensity  
certainly affected photon density and the irradiance in 
reaction vessels and reduced the probability of photon 
exposure to activate sites on the Co3O4, thus lowering 
1,2,4-TCB removal efficiency [29-30].

Effect of Reaction Temperature

The 1,2,4-TCB removal efficiencies were 82%, 87%, 
and 90%, respectively, when the reaction temperature 
was maintained at 20º°C, 25ºC, and 30ºC (Fig. 7). 
The degradation of 1,2,4-TCB was enhanced with the 
increase of reaction temperature of only a few degrees. 
With the rise of reaction temperature and acceleration 
of reaction, the desorption of water by active sites on the 
Co3O4 intensified, increasing the probability of exposure 
to 1,2,4-TCB and thus enhancing the degradation of 
1,2,4-TCB [31-32].

Fig. 6. Effect of illumination intensity on 1,2,4-TCB degradation 
(experimental conditions: Co3O4 dosage 2.0 g/L, initial 
concentration 7.5 mg/L, temperature 25ºC).

Fig. 7. Effect of reaction temperature on 1,2,4-TCB degradation 
(experimental conditions: illumination intensity 350 W, Co3O4 
dosage 2.0 g/L, initial concentration 7.5 mg/L).

Fig. 8. Effect of pH on 1,2,4-TCB degradation (experimental 
conditions: illumination intensity 350 W, Co3O4 dosage 2.0 g/L, 
initial concentration 7.5 mg/L, temperature 25ºC).
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Effect of pH

The pH of reaction medium affected the state of the 
compound in solution. The effect of pH on 1,2,4-TCB 
degradation is shown in Fig. 8.

As the pH was adjusted between 2.0 and 12.0, the 
removal efficiency for 1,2,4-TCB decreased, reaching 
a minimum of around pH 6.0 before increasing to 
levels similar at the start. Stronger acid conditions  
are conducive to the photocatalytic degradation of 
1,2,4-TCB. The pHPZC of the synthesized Co3O4 was 
close to neutral, where the electrostatic force of Co3O4 
surface was greater than the neutral water, resulting in 
the clustering of Co3O4 particles and a reduction of the 
specific surface area and active sites. When pH was 
less than or more than the pHPZC, the Co3O4 surface was 
positively or negatively charged, inducing dispersion 
of the Co3O4 increasing the specific surface area and 
active sites enhancing the photocatalytic degradation of 
1,2,4-TCB. In addition, pH affected the photocatalytic 
reactions (Eq. (1-4)) and the redox activity of radicals.

2 2H O HO+ + → g
                       (1)

2 2 2 2HO O HO O− −+ → +g
                (2)

2 2 2HO H H O− ++ →                     (3)

2 2 22 2O e H H O− ++ + →               (4)

Photocatalytic Mechanism

It is generally accepted that degradation and/or 
mineralization of organic molecules is ascribed to the 
free radicals produced in the photocatalytic reactions. 
H+, ·OH-, and ·O2

-, etc. are suspected of being involved 
in this visible light-driven photocatalytic degradation of 
1,2,4-TCB with the synthesized Co3O4 photocatalyst [23, 
29].

Dechlorination process of 1,2,4-TCB was expected  
to be stepwise. Dichlorobenzene (DCB, o-DCB, 
m-DCB, p-DCB), monochlorobenzene (MCB), 
chlorophenol, and several aliphatic acids were detected 
during the degradation of 1,2,4-TCB. For 1,2,4-TCB the 
theoretical bond dissociation energies corresponding 
to C-Cl(1), C-Cl(2), and C-Cl(4) are 373.71 kJ/mol, 
370.98 kJ/mol, and 378.33 kJ/mol, respectively [24]. In 
the molecule structure of 1,2,4-TCB, the Cl(2) is easier 
to be dissociated since the bond dissociation energy of 
C–Cl(2) is the lowest according to density functional 
theory (DFT) analysis of the 1,2,4-TCB molecule. The 
dechlorination of Cl(2) of 1,2,4-TCB resulted in the 
formation of p-DCB. Then another Cl in p-DCB was 
dissociated, forming MCB. MCB was degraded to be 
aliphatic acids, Cl-, and CO2 by the radicals such as h+, 
·OH, and ·O2

-. The possible photocatalytic mechanism 
and the degradation pathway of 1,2,4-TCB in the 
photocatalytic reactions with the synthesized Co3O4 
photocatalyst were proposed and are depicted in Fig. 9.

Fig. 9. Possible mechanism of visible light-driven photocatalytic degradation of 1,2,4-TCB with synthesized Co3O4 photocatalyst.
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Conclusions

Cubic Co3O4 was synthesized with high purity 
and uniform size distribution. The synthesized 
Co3O4 exhibited excellent catalytic activity in the 
photocatalytic degradation of 1,2,4-TCB under visible 
light. Co3O4 dosage, 1,2,4-TCB initial concentration, 
illumination intensity, and reaction temperature 
affected the photocatalytic degradation of 1,2,4-
TCB dramatically, while pH exerted a slight effect 
on 1,2,4-TCB degradation. Strong acidic and basic 
conditions were conducive to the photocatalytic 
degradation of 1,2,4-TCB. The optimal parameters 
for the photocatalytic degradation of 1,2,4-TCB were  
2.0 g/L of Co3O4 dosage, 350 W of illumination 
intensity, 7.5 mg/L of initial 1,2,4-TCB concentration 
at 30ºC, with 1,2,4-TCB removal efficiency of 
90.13% after 6.0 hours of photocatalytic degradation. 
Moreover, the synthesized Co3O4 showed high stability 
in the photocatalytic reaction, which is beneficial to its 
practical application.
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