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a b s t r a c t

This research aimed to degrade quinoline wastewater using CWPO (short for catalytic wet peroxide 
oxidation). Following the complexation method Cu-Ce composite oxide catalysts were prepared. The 
properties of catalysts were characterized by probed into by employing XRD (short for X-ray diffrac-
tion), SEM (short for scanning electron microscopy), H2-TPR (short for temperature programmed 
reduction) and XPS (short for X-ray photoelectron spectroscopy). Also, the degradation properties of 
varying Cu/Ce molar ratios, catalysts and H2O2 dosages and the initial pH of solution were investi-
gated in the degrading of simulated quinoline wastewater. As the research results suggested, CeO2 
and CuO for the prepared Cu-Ce composite oxide catalyst will become a Cu-Ce-O solid solution 
under calcination at high temperature, taking on a loose and porous structure on the surface. A 
little surface Cu2O will often appear as well though CeO2 and CuO are the main substances on the 
surface. The lattice oxygen on the surface is greater than the adsorbed oxygen and hydroxyl oxygen 
in amount; thus, the phase structure of this oxygen is greatly impacted by the Cu/Ce molar ratio. 
Besides, its reducibility decreases as Cu content increases. The Cu-Ce composite oxide catalyst takes 
on a potent performance of catalytic wet peroxide oxidation for simulated quinoline wastewater. The 
catalyst degradation performance turns the optimal under initial quinoline concentration of 100 mg 
L–1, Cu/Ce molar ratio of 1.0, dosage of catalyst and H2O2 of 0.16 g L–1 and 196 mmol L–1, respectively. 
Under these conditions, the TOC removal can reach 91.1%. The catalyst is highly adapted to pH. The 
removal efficiency of quinoline can be actually high under the pH value ranging from 5.1 and 10.5, 
and its reaction follows the first-order reaction kinetics equation.

Keywords: �Catalytic wet peroxide oxidation (CWPO); Quinoline wastewater; Cu-Ce mixed oxide 
catalyst; TOC removal 

1. Introduction

Quinoline counts as a typical nitrogen-containing het-
erocyclic compound, applied in several industries, inclu-
sive of processing food, rubber, pharmaceuticals, synthetic 
dyes, pesticides and refined oil [1,2]. Quinoline and its 
derivatives are high in water solubility and able to trans-

fer the surface water to the water environment. Because of 
its volatile properties, it can also be found in urban air and 
tobacco smoke. This type of compound is a comparatively 
stable in ring structure, and difficult to biodegrade. It accu-
mulates rapidly in natural water sources, restraining the 
growth of animals and plants and exerting carcinogenic, 
teratogenic and mutagenic effects [3,4]. Such substances fail 
to be readily degraded following the traditional activated 
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sludge method. Some researches [5,6] have degraded quin-
oline wastewater using efficient bacteria, whereas it was 
comparatively time-consuming. Besides, 2-hydroxyquino-
line, the primary degradation products of Quinoline, can 
also overall inhibit degradation [7]. The amount of quino-
line in oily wastewater and cooking wastewater has been 
reported as nearly 0.1% [8] and 5% [9], respectively, of the 
total mass fraction of detected contaminants after biochem-
ical treatment. Accordingly, it is crucial to find the best way 
to treat Quinoline-contaminated wastewater for the waste-
water remediation industries.

Advanced oxidation techniques focused on producing 
free oxyradicals have been developed in recent years, pri-
marily targeting at the treatment of degradation-resistant 
organic wastewater, e.g. quinoline. Supercritical water 
oxidation  [10], ozone oxidation  [11], ultraviolet radia-
tion [12], photocatalytic oxidation [13], electrocatalytic oxi-
dation [14], wet oxidation [15] and others are provided by 
the mentioned advanced oxidation techniques. Advanced 
oxidation technique is advantaged in potent oxidation 
capacity for quinoline and other refractory organic matters. 
Such technique has become highly used in the field of water 
treatment as able to oxidize the refractory organic matter 
into carbon dioxide and water at a fast reaction rate.

CWPO serves as a wastewater treatment technique 
developed on CWO (short for catalytic wet oxidation). Het-
erogeneous catalysts can catalyze and decompose H2O2 into 
highly oxidant ·OH under CWPO technique [16]. This tech-
nique has tackled down corrosion of equipment, safety in 
operation, and high operating costs caused by the high pres-
sure in wet oxidation by virtue of the low reaction tempera-
ture and pressure. Besides, H2O2 other than gas oxidants is 
employed, avoiding the gas-liquid mass transfer resistance, 
thus accelerating the reaction. As a result, the loss of active 
components in catalysts, failure in their repeated use, sec-
ondary pollution and etc. are addressed [17]. 

The stability of the catalyst counts as one of the key fac-
tors affecting CWPO technique. Numerous researches have 
been performed in recent years, incorporating rare earth 
elements to increase the stability of catalysts, especially 
the rare earth element cerium (Ce) [18,19], which is a good 
electronic additive capable of promoting the oxygen trans-
fer [20]. Cerium oxide takes on potent oxygen storage per-
formance and can increase catalyst activity and selectivity 
[21], thus providing a stable crystal structure and endow-
ing with the ability to prevent volume shrinkage [22]. This 
can facilitate the dispersion of the active components of the 
catalyst in the course of the reaction, as well as improving 
mechanical strength and acid resistance, so as to increase 
the stability of catalysts [23]. Cu-based catalysts are highly 
active in CWPO [24], whereas there will be a leaching of 
the Cu species in the reaction [25,26]. Accordingly, by com-
bining Ce oxide and CuO, Cu-Ce solid-melt catalyst was 
prepared, which might address the leaching problem of 
copper species. The fields of CO oxidation [27], N2O cat-
alytic decomposition [28], and toluene catalytic oxidation 
[29] etc. have reported Cu-Ce-O oxide catalysts. Yet no stud-
ies have been done on the use of Cu-Ce-O oxide catalysts 
for treatment of quinoline wastewater.

Following the complexation method, composite oxide 
catalysts with varying Cu/Ce molar ratios were prepared 
in this study. The catalyst prepared by the complexation 

method has high dispersion, and small particle size as 
compared with that prepared by other catalyst preparation 
methods [30]. Besides, the method makes Ce and Cu mix 
fully and form Cu-Ce oxide solid solution, thus increasing 
the catalytic performance. Given this, CWPO technology 
is adopted to degrade quinoline wastewater. The study of 
physical and chemical properties of different Cu/Ce molar 
catalysts has employed several characterization techniques, 
e.g. XRD, SEM, H2-TPR and XPS to probe into the effects of 
different factors of the catalytic oxidation degradation per-
formance of quinoline.

2. Experimental

2.1. Preparation of Ce-Cu mixed oxide catalysts

The complexation method was used to prepare Cu-Ce 
mixed oxide catalysts with CA (short for citric acid) serving 
as complexing agent. Cu(NO3)2·3H2O and Ce(NO3)3·6H2O 
with the Cu/Ce molar ratio of 1.0 were dissolved in dis-
tilled water in a typical preparation. A certain amount of 
CA was added into the solution to reach a 1.8 molar ratio 
of CA to (Ce + Cu). The mixture was then stirred to form a 
transparent solution. On that basis, the attained transpar-
ent solution was then evaporated to obtain solid powder, 
which was then treated at 80°C for 20 h. Afterwards, the 
dry powder was calcined at 650°C in a muffle furnace for 
3.0 h to fabricate Cu1Ce1 mixed catalysts. The ramping rate 
of the muffle furnace reached 10°C min–1. The Cu-Ce mixed 
oxide catalysts were marked as Cu2Ce1, Cu1Ce1, Cu1Ce2 and 
Cu1Ce3, respectively, following the corresponding Cu/Ce 
molar ratio of 2:1, 1:1, 1:2 and 1:3.The foregoing analytical 
reagents were purchased from Chengdu Kelong Chemical 
Reagent Factory.

2.2. Characterizations of Ce-Cu mixed oxide catalysts

The XRD studies of Cu-Ce mixed oxide catalysts were 
performed in the range of 2θ from 20 to 80°on a Rigaku 
XRD-6100 X-ray diffractometer, in which Cu Kα was line 
filtered by Ni. The tube voltage reached 40 kV, the tube cur-
rent 30 mA, and the scanning rate 5° min–1. The SEM images 
of Cu-Ce mixed oxide catalysts were captured using a Hita-
chi’s S-4800 instrument. 30 mg of sample was placed in a 
U-shape quartz tube in each H2-TPR test of Cu-Ce mixed 
oxide catalysts. The flow (25 mL min–1) of 5.0% H2-Ar mix-
ture gas was controlled by a mass flow controller. The 
ramping rate reached 10°C min–1. The chemical states of Ce, 
Cu and O catalysts were certified in the studied CeCu oxide 
using the XPS measurements. The signals were collected 
by employing a KRATOS X-ray sources (model XSAM800) 
with an aluminium crystal to generate the required Al Kα 
radiation, operating at 12 kV anode voltage and 12 mA 
emission current. The concentration of metal ions leached 
from Cu-Ce mixed oxide catalysts were tested by the AAS 
(short for atomic absorption spectrophotometer) on a Hita-
chi Z-5000 atomic absorption spectrophotometer. This study 
employed an ICP2060T inductively coupled plasma-optical 
emission spectroscopy (Jiangsu Skyray Instrument Co., 
Ltd.) to detect the initial copper and cerium content of the 
prepared catalytic materials, and the initial mole ratio of the 
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Cu2Ce1, Cu1Ce1, Cu1Ce2, and Cu1Ce3 catalysts are 1.98, 1.12, 
0.49 and 0.28, respectively.

2.3. Catalytic tests of Ce-Cu mixed oxide catalysts

The CWPO reaction of quinoline containing wastewater 
was performed in a flask in a water bath. A certain amount 
of catalyst was added into the flask in a typical run, followed 
by the addition of quinoline containing wastewater (with 
initial pH value of 7.3) and hydrogen peroxide solution 
(30%). The reaction mixture was maintained in a water bath 
shaker at a constant temperature for a certain time. The cen-
trifugal separation was then performed. For the detection 
of TOC value and catalytic activity, the supernatant fraction 
was extracted. The quinoline removal and H2O2 concentra-
tion (Titanium oxalate Spectrophotometric) in the CWPO of 
simulated quinoline containing wastewater were calculated 
with a Shimadzu UV-2550 UV-Vis (short for ultraviolet-visi-
ble spectrophotometer).The wavelength at 312.4 and 430 nm 
were established to respectively measure the absorbance of 
quinoline and H2O2 concentration. The catalytic activity 
was assessed by TOC (short for total organic carbon) with a 
TOC-VCPN Shimadzu TOC analyzer.

The catalytic activity was characterized by quinoline 
TOC removal “η” calculated with equation below:

η =
−

×
c c

c
i0

0

100% �

where η denotes the TOC removal; C0 represents the TOC 
concentration of initial solution; Ci refers to the TOC con-
centration of the solution after reaction; the removal of 
quinoline oxidation and H2O2 conversion also refer to the 
foregoing formula.

3. Results and discussion

3.1. XRD Characterization

The XRD patterns of Cu-Ce-O composite oxide catalysts 
prepared with various Cu/Ce molar ratios after calcina-
tions at 650°C are presented in Fig. 1. As shown in Fig. 1, the 
diffraction peaks of the crystallographic cubic CeO2 crystal-
line phase [31] are identified at 2θ = 28.5° (111), 33.1° (200), 
47.5° (220), 56.4° (311), 59.2° (222), 69.5° (400), 76.7 (331) and 
79.1° (420), and crystalline phases of CuO are also observ-
able through XRD at 2θ = 35.6° and 38.7°, respectively [32]. 
Some attained parameters are listed in Table 1 were ana-
lyzed and calculated after XRD data.

As the XRD in Fig. 1 suggests, the catalysts prepared at 
varying Cu/Ce molar ratios take on higher intensity CeO2 
crystal diffraction peaks and different intensities of CuO 
crystal diffraction peaks simultaneously. Besides, no split-
ting is to occur in the diffraction peaks. This suggests that 
Ce(NO3)3·6H2O and Cu(NO3)2·3H2O were decomposed at 
high temperature, and the Cu-Ce-O solid solution and CuO 
crystal phase were formed by the catalyst.

As Fig. 1 XRD presents, variations of CuO diffraction 
peak are obvious in the peak shape and peak intensity under 
varying molar ratios of Cu/Ce. When the molar ratio of 
Cu/Ce varies from small to large, the peak shape and peak 
intensity of CuO diffraction peak turn out to be narrower 

and stronger. As Table 1 lists, the grain size and crystallin-
ity of CuO progressively enlarged. This means the phase 
structure of Cu-Ce-O composite oxide catalyst was largely 
impacted by the Cu/Ce molar ratio. This may consequently 
vary the content and structure of the active component Cu 
in the catalyst, thus decreasing the catalytic capacity.

As Table 1 also lists, the Cu-Ce-O composite oxide cata-
lyst is less than the pure phase CeO2 unit in the a cell param-
eter (5.4103 Å). This suggests that Cu2+ with a small ionic 
radius is incorporated into the CeO2 lattice under high tem-
perature calcination, which makes CuO and CeO2 interact 
with each other to produce a Cu-Ce-O solid solution. The 
formation of solid solution makes CuO and CeO2 strongly 
interacted, which effectively weakens the Cu-O and Ce-O 
bond energy, making it easier to break in the reaction and 
generate a highly active oxygen species. Besides, the charge 
conversion effect of Cu+/Cu2+ and Ce3+/Ce4+ generated 
between CuO and CeO2 can ensure transferring of electrons 
and oxygen ions and rapid regeneration [33] of the activity 
site in the catalytic system.

3.2. SEM analysis 

Fig. 2 gives a SEM image of Cu-Ce-O composite oxide 
catalysts at varying Cu/Ce molar ratios prepared at high 
temperature calcination of 650°C. Fig. 2 illustrates the vari-
ation of pore size, particle size and uniformity on the sur-
face of the catalyst at various Cu/Ce molar ratios, whereas 
numerous rough, loose and porous flocculent structures are 
formed, which is associated with the catalyst preparation 
method and high dispersibility of CeO2. When the catalyst 
is being prepared, Cu2+ and Ce4+ are highly mixed under the 
complexation of citric acid. The volume is expanded after 
drying to form fluffy gel precursor in considerable amount, 
which is calcined at high temperature. Besides, CO2, CO, 
H2O and NOx gases are produced in considerable amount 
as the citric acid and nitrate go through thermal decomposi-
tion. These gases are primarily attributed to the roughness, 
looseness and pore structure of the catalyst.

Fig. 1. XRD patterns of Cu-Ce-O composite oxide catalysts pre-
pared under varying Cu/Ce molar ratios.



Z. Jiao et al. / Desalination and Water Treatment 124 (2018) 256–266 259

As Fig. 2 presents, the Cu2Ce1 catalyst is evidently 
smalle than the Cu1Ce3 catalyst in pore structure and bulk-
iness, even though its surface is comparatively rough with 
plenty of bubbles and a porous structure. This is attributed 
to the incorporation of Ce, which effectively facilitates the 
dispersion of other metals on the carrier surface; when the 
Ce content is higher, it contributes more to the formation of 
pore structure and the improvement of its bulkiness. In this 
regard, it is conducive to increasing the full contact between 
the organic matter and the active component in the reac-
tion and accelerating the oxidation and degradation of the 
organic matter.

3.3. H2-TPR analysis 

Fig. 3 presents the H2-TPR spectra of the catalyst. As 
this figure presents, there were primarily two hydrogen 
consumption peaks. The α hydrogen consumption peak 
in Fig. 3 at the low temperature corresponding to 146, 153, 
159 and 145 °C is formed by highly dispersed CuO on 
the catalyst surface and amorphous CuO with hydrogen 
consumption. The β hydrogen consumption peak at high 
temperatures corresponding to 231, 228, 220 and 206°C is 
formed by CuO in the catalyst body phase which strongly 
interacted with CeO2 or CuO of larger particle formed after 

Table 1
Parameters of the catalysts prepared at different Cu/Ce molar ratios

Cu-Ce 
catalyst

Crystallinity 
(%)

Average crystallite 
size (nm)

Lattice parameters  
(a, α = 90°, Å)

Lattice parameters 
(b, β = 90°, Å)

Lattice parameters  
(c, γ = 90°, Å)

Cu2Ce1 63.81 20.7 5.3988 5.4100 5.4003
Cu1Ce1 59.48 17.1 5.3996 5.4155 5.4088
Cu1Ce2 56.57 15.8 5.4031 5.4167 5.4085
Cu1Ce3 52.58 12.5 5.4097 5.4133 5.4081

 

 

Fig. 2. SEM image of Cu-Ce-O composite oxide catalyst prepared at different Cu/Ce molar ratios.
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agglomeration with hydrogen consumption [29,34]. Table 2 
lists the results of the catalyst preparation under varying 
Cu/Ce molar ratios. The initial reaction temperature and 
the hydrogen consumption peak position are also different 
as this table presents. Yet the β hydrogen consumption peak 
moves obviously toward the high temperature direction as 
the Cu content increases, and the peak shape turns broad-
ened, it will lead to the reducibility decreases. It is suggested 
that the content of CuO in the crystal phase of the catalyst 
surface or CuO of larger particle may increase as the cop-
per content increases. As presented in XRD characterization 
data, the crystallite size and crystallinity increased, which 
moved the position of the hydrogen consumption peak to 
the high temperature direction.

Pure phase CeO2 forms two H2 hydrogen consumption 
peaks [35] at 500  and 800°C, respectively, as reported in 
the literature. The pure phase CuO forms a hydrogen con-
sumption peak at approximately 300°C. As Fig. 3 suggests, 
the reduction temperature of the Cu-Ce-O composite oxide 
catalyst is apparently lower than the pure phase CeO2 and 
CuO. This shows that the dispersion and self-properties of 
the CeO2 and CuO species are varied in the Cu-Ce-O com-
posite oxide catalyst. As the SEM analysis result suggests, 
the Cu-Ce-O composite oxide catalyst surface is a floccu-
lent structure being rough and porous, which lays a solid 
foundation for the adsorption and reaction of H2 molecules, 
thus promotes the reduction of surface reducible species. As 
XRD results indicate, Cu2+ with a smaller ion radius forms 
a Cu-Ce-O solid solution as dissolved in the CeO2 lattice, 
which consequently shrinks the CeO2 lattice, reduces the 
lattice constant and generates the lattice defects. Then, this 
Cu-Ce-O solid solution dissolution decreases the oxygen 
flow and notably increases its redox capacity, taking on 
potent low temperature reducibility.

3.4. XPS analysis 

Fig. 4 gives the XPS spectra of the Cu-Ce-O composite 
oxide catalyst prepared under varying Cu/Ce molar ratios. 
As Fig. 4a presents, six intensive XPS peaks can be identified 

at 916.6, 907.1, 900.5, 898.9, 888.9 and 882.3 eV, respectively, 
in the Ce 3d XPS spectra of the Cu-Ce-O composite oxide 
catalysts. The peaks at 900.5 and 882.3 eV are attributed to 
the major peaks of Ce 3d3/2 and Ce 3d5/2, respectively. The 
peaks at 916.6, 907.1 and 898.9, 888.9 eV are satellite peaks 
of Ce 3d3/2 and Ce 3d5/2, respectively. As accordingly sug-
gested, the Ce species in the catalysts primarily exist in 
four of the valence states, be speaking that the Ce species 
on the surface of the prepared catalyst primarily exist as a 
CeO2 species [36,37]. This complies with the characteriza-
tion result of XRD. As Fig. 4a presents, the electron binding 
energy values of the XPS peaks are consistent, suggesting 
that the valence and morphology of Ce species on the cata-
lyst surface are basically the same, and not varied with Ce 
content variation.

As observed in Fig. 4b, the Cu 2p XPS spectra of the 
Cu-Ce-O composite oxide catalysts have four obvious XPS 
peaks at 961.6, 953.6, 941.8 and 933.6 eV, respectively. The 
peaks at 953.6 and 933.6 eV arise from the major peaks of 
Cu 2p1/2 and Cu 2p3/2, respectively. The peaks at 961.6 and 
941.8 eV refer to the satellite peaks of Cu 2p1/2 and Cu 2p3/2, 
respectively. These four XPS peaks count as the character-
istic peaks for Cu2+ species [38], which suggests that the Cu 
species on the surface of Cu-Ce-O composite oxide catalysts 
primarily exist as CuO. This complies with results of XRD 
characterization. The Cu/Ce molar ratio is different, and 
the intensity and peak area of Cu 2p XPS spectra notably 
differ from each other. The peak intensity and peak area 
of Cu 2p XPS increase progressively as the Cu/Ce molar 
ratio rises, which suggests the increase in the catalyst at the 
surface Cu2+ content. As Table 3 lists, the Cu content on the 
surface of the catalyst reaches the peak, and the content of 
Ce species is very low under the Cu/Ce molar ratio of 2. 
The Ce species content increased sharply, yet the content of 
Ce species decreased moderately as the Cu/Ce molar ratio 
decreased from 2 to 1. This suggests that the addition of Ce 
species would greatly impact the content of the Cu species 
at the catalyst surface.

A weak peak of Cu 2p3/2 at 932.4 eV is observable, which 
is attributed to the characteristic peak of Cu+ characteristic 
peak after the peak-splitting of Cu 2p XPS spectra from Fig. 
4b [40]. While catalyst is under preparation, CO and other 
reducing gases generated through citric acid or thermal 
decomposition restore CuO species at high temperature; 
then, Cu2O species are likely to occur in a small amount at 
the catalyst surface. 

Fig. 4c gives the O 1s XPS spectra of the prepared Cu-Ce 
composite oxide catalyst. Three XPS peaks were acquired 

Fig. 3. Cu-Ce-O composite oxide catalysts before and after the 
reaction H2 temperature reduction map.

Table 2
Catalyst baseline deviation and hydrogen consumption peak 
position data

CeCu 
catalysts

Initial reaction 
temperature 
(°C)

Hydrogen 
consumption 
peaks, α (°C)

Hydrogen 
consumption 
peaks, β (°C)

Cu2Ce1 129 146 231
Cu1Ce1 138 153 228
Cu1Ce2 136 159 220
Cu1Ce3 123 145 206
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with an electron binding energy of 531.6, 530.3 and 529.2 
eV, respectively,as peak separation of O 1s XPS spectrum 
was made. The electron binding energy of 529–530 eV arises 
from the surface of the catalyst lattice oxygen O2−,and the 
electron binding energy of 529.8-531 eV is attributed to the 
adsorption of oxygen O2

2− or O− on the surface of the cat-
alyst; thus, the electron binding energy of 531.6 eV peak 
is hydroxyl OH− [40,41] with surface water adsorption. As 

Fig. 4c presents, the catalyst lattice oxygen is greater than 
the adsorbed oxygen and hydroxyl oxygen in the XPS peak 
intensity and peak area. Table 3 lists that the content of lat-
tice oxygen surmounts 62%, suggesting the surface is pri-
marily encompassed by dispersed CuO, CeO2 or Cu-Ce-O 
solid solution, which may be attributed to more oxygen 
vacancies formed by the interaction between CuO and 
CeO2. Accordingly, the mobility and availability of lattice 
oxygen increased [42], and the doping of Ce contributes to 
the increase in the lattice oxygen content of the catalyst [43]. 
The lattice oxygen content is different as the Cu/Ce molar 
ratio is varying. As Table 3 lists, the lattice oxygen content is 
the highest under the molar ratio of Cu/Ce as 1, which may 
contribute to the catalytic reaction.

3.5. Effect of Cu/Ce molar ratio on catalytic activity

1 g L–1of different Cu/Ce molar ratios catalyst,100 mg 
L–1 of simulated quinoline wastewater, and 196 mmol L–1 
of 30% H2O2 were mixed in a reaction flask in each cata-
lytic reaction test. The study measured the TOC removal 
at 75°C after 85 min of reaction. The results are presented 
in Fig. 5. As this figure presents, the TOC removal rapidly 
increases with the increase of molar ratio as the molar 
ratio of Cu/Ce is below 1.0. The TOC removal decreases 
with the increase of the molar ratio as the molar ratio of 
Cu/Ce surmounts 1.0. The Cu-Ce-O composite oxide cat-
alyst takes on the optimal catalytic activity, and the TOC 
removal reaches 88.4% under the molar ratio of Cu/Ce 
as 1.0.

As the experimental results present, the adsorption, 
volatilization and H2O2 oxidation of catalyst contribute less 
to the TOC removal under the identical reaction conditions 
with merely 6.3%, 6.6% and 5.9% removed 85 min after the 
reaction. As accordingly indicated, catalytic oxidation is 
dominated in the removal of quinoline.

The catalytic performance of the catalyst has a certain 
relationship with its active components and structure in 
the quinoline CWPO reaction. The catalyst, as incorpo-
rated by XRD and XPS characterization, primarily forms 
a Cu-Ce-O solid, presenting Ce4+, Cu2+ and rich O Species 
on the surface. In Cu-Ce-O solid solution, Cu2+ substituted 
CeO2 lattice in the part of Ce4+ and destroyed the coordi-
nation of CeO2 lattice balance, in which gave rise to the 
oxygen vacancies. Such vacancies better increase the cata-
lyst adsorption of oxygen molecules and activation ability, 
and also contribute to the oxygen species in the catalyst 
diffusion and migration. As a result, this makes the active 
oxygen species more convenient to move to the catalyst 
surface and increases the catalyst surface oxidation per-
formance. Also, a strong interaction force is established 
between CuO and CeO2 arising from the formation of the 
solidified solution, which drops the reaction temperature, 
and increases the reactivity and the structural stability of 
the catalyst. The relative content of Cu species in the cat-
alyst decreases under the low molar ratio of Cu/Ce. As 
XPS results suggest, Cu1Ce3 catalyst merely has 8.92% Cu, 
and the lowest content of lattice oxygen reaches 62.71%. 
This suggests that such catalyst does not contribute to the 
formation of solid solution. 

When the molar ratio of Cu/Ce is high, a large amount 
of Cu species cannot be well dissolved in the CeO2 lattice, 

Fig. 4. Ce 3d, Cu 2p and O 1s XPS spectra of Cu-Ce-O composite 
oxide catalysts.
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while the CuO is formed on the surface of the catalyst, 
e.g. Cu2Ce1, the surface Cu content is the highest, which 
is 18.90%, whereas the lattice oxygen content is merely 
64.10%. This is probably because the CuO content in the cat-
alyst surmounts the saturated capacity of the CeO2 lattice, 
and numerous CuO fails to be fully dissolved in the CeO2 
lattice or well interacted with CeO2. This readily loses the 
active Cu components. Thus, the interaction between the 
Cu species and the Ce species will be weakened by either 
too high or too low Cu/Ce molar ratios, taking on poor cat-
alytic activity. The TOC removal reaches the peak under the 
molar ratio of Cu/Ce as 1.0. This is probably because the 
Cu species can be well dissolved in the CeO2 lattice to form 
a solidified solution at this molar ratio, and have numerous 
active sites, making it easier to activate H2O2 molecules in 
the catalytic reaction.

3.6. Effect of catalyst dosage on catalytic activity

In each catalytic reaction test, different mass of Cu/
Ce at molar ratio of 1.0, 100 mg L–1 of simulated quinoline 
wastewater, 196 mmol L–1 of 30% H2O2 were mixed in a 
reaction flask. The reaction was conducted at 75°C for 85 
min. The results are shown in Fig. 6. As presented in Fig. 
6, when the amount of catalyst increased from 0.04 g L–1 to 
0.16 g L–1, the TOC removal increased rapidly from 16.6% 

to 91.1%. When the amount of catalyst is more than 0.16 g 
L–1, the TOC removal curve of quinoline reaches a plateau.

When the catalyst is small in dosage, the catalyst active 
centers are small in amount under the identical conditions; 
in the meantime, ·OH species taking on potent oxidizing 
properties generated by activating H2O2 molecules is less, 
which consequently decreases the TOC removal of Quino-
line. The amount of active centers provided by the catalyst 
to the reaction system increases greatly as the amount of 
catalyst is increased. This greatly rises the content of ·OH 
species in the solution and degrades quinoline rapidly. As 
catalysts are excessively used, the decomposition of H2O2 
molecules will be accelerated, and the effective utilization 
ratio of H2O2 will decrease, thus decreasing the removal of 
TOC.

3.7. The effect of H2O2 dosage on the catalytic activity

1 g L–1 of Cu/Ce at molar ratio of 1.0,100 mg L–1of simu-
lated quinoline wastewater, and different mmol L–1 of 30% 
H2O2 were mixed in a reaction flask in each catalytic reaction 
test. At 75°C reaction temperature, the TOC removal was 
measured in different reaction times. The impact of H2O2 
dosage on the catalytic activity of quinoline was ascertained 
by 2 (39 mmol L–1), 6 (118 mmol L–1) and 10 (196 mmol L–1) 
times the stoichiometric value, respectively. The results are 
presented in Fig. 7.

As Fig. 7 suggests, the TOC removal increased notably 
as H2O2 dosage increased. TheTOC removal increased from 
8.8 to 90.6% at 35 min when the dosage of H2O2 increased 
from 2 times (39 mmol L–1) to 10 times (196 mmol L–1). When 
the dosage of H2O2continued to increase, the TOC removal 
curve of quinoline tended to be straight. The TOC removal 
was lower with the reaction time under the H2O2 dosage 
of 2 times. This is because the active oxidizing species 
·OH provided by H2O2 in the reaction system was low in 
amount, which means the quinoline could not be effectively 
oxidized and degraded. The TOC removal after reaction 35 
min was 86.6 and 90.6%, respectively, as the H2O2 dosage 
was 6 and 10 times. The amount of ·OH oxidizing species 

Fig. 5. Effect of Cu/Ce molar ratio on catalytic activity with: 100 
mg L–1 wastewater, 1 g L–1 catalyst, 196 mmol L–1 H2O2, 85 min, 
75°C and pH 7.3.

Fig. 6. Effect of catalyst dosage on catalytic activity with: 100 
mg L–1 wastewater, 196 mmol L–1 H2O2, 85 min, 75°C and pH 7.3.

Table 3 
Results of XPS analysis of Cu-Ce-O composite oxide catalyst

CeCu 
catalysts

Lattice 
oxygen 
(%)

Adsorbed 
oxygen 
(%)

Hydroxyl 
oxygen 
(%)

Ce 
(at%)

Cu 
(at%)

O 
(at%)

Cu2Ce1 64.10 22.75 13.14 2.44 18.90 78.67
Cu1Ce1 71.67 17.09 11.24 21.43 13.06 65.51
Cu1Ce2 69.16 18.07 12.77 25.22 8.49 66.30
Cu1Ce3 62.71 28.04 9.25 23.68 8.92 67.39
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formed in the reaction system greatly increased, and the 
sufficient reaction of ·OH with quinoline facilitated the oxi-
dative degradation of quinoline as H2O2 dosage increased. 
Accordingly, the excessive dosage of H2O2 is conducive to 
the rapid oxidative degradation of quinoline.

The consumption of H2O2 accelerated as H2O2 dos-
age increased. This may be attributed to the formation of 
numerous ·OH involved in the reaction or to the side effects 
of H2O2, e.g. H2O2 thermal decomposition. Besides, the ·OH 
generated will produce their own consumption reaction, 
which will produce weak oxidation species (inclusive of 
HO2 and O2) [44].

3.8. Effect of initial pH value on the quinoline catalytic activity 
and the stability of catalyst

1 g L–1 of Cu/Ce at molar ratio of 1.0, 100 mg L–1 of simu-
lated quinoline wastewater, 196 mmol L–1 of 30% H2O2 were 
mixed in a reaction flask in each catalytic reaction test. The 
reaction was performed at 75°C for 85 min. The results are 
presented in Fig. 8.

As Fig. 8 presents, the TOC removal is 30.4%under the 
pH value of the reaction system as 3.8; the TOC removal 
sharply increases to 93.0%under the pH value of the reac-
tion system as 5.1; the TOC removal is more than 84.1%, 
and the change range is not significant under the pH value 
of the system as 5.1–10.5; the TOC removal declines sharply 
to 26.2% under the pH value of the reaction system as 11.9. 
This suggests that the pH value of the reaction system 
notably impacts the TOC removal. The Cu-Ce-O oxide cat-
alyst is also observed with good pH adaptability in quin-
oline CWPO reaction. As Fig. 8 presents, the stability of 
the catalyst, namely the leaching concentration of Cu2+, is 
largely associated with the pH value, and its tendency is to 
decrease as pH value increases; thus, the leaching of Cu2+ 
reaches 77.32 mg L–1, under the reaction system pH of 3.8, 
and the minimum of leaching of Cu2+reaches14.16 mg L–1 at 
pH 8.19. Accordingly, the stability of the catalyst is revealed 
here as strongly associated with the pH value of the solu-
tion in quinoline CWPO.

The TOC removal is comparatively low under the rela-
tively low pH value of the reaction system. This is probably 

because: on the one hand, the catalyst part of the Cu-Ce-O 
solid solution structure is destroyed as the CuO species in 
the catalyst are dissolved under acidic conditions, making 
the number of catalyst center surface activities decline. This 
is not conducive to activating H2O2 molecules. On the other 
hand, the slow decomposition of H2O2 under acidic condi-
tions may decrease the level of H2O2 decomposition rate to 
generate ·OH. The TOC removal decreases sharply when the 
pH value of the reaction system is above 11.9. This is because 
H2O2 reacts with ·OH and produces HO2· and O2 at higher 
pH, resulting in sharp decline in the amount of ·OH, which 
is not conducive to oxidizing quinoline transformation.

The Cu-Ce-O oxide catalyst is highly adaptable to pH, 
which is probably attributed to the addition of rare earth 
element Ce. The addition of Ce can disperse and stabilize 
the active components in the catalyst. The formation of 
Cu-Ce-O solid solution in this catalyst system will produce 
a strong interaction between CuO and CeO2, which is con-
ducive to reducing the precipitation of Cu2+.

3.9. Kinetics study

This study started with four steps: 1), Add 1 g L–1 of cat-
alyst, with a Cu/Ce molar ratio of 1.0, to 100 mL of quino-
line simulated wastewater with a concentration of 100 mg 
L–1; 2), add 196 mmol L–1 of H2O2 to the reaction flask, and 3), 
test the quinoline oxidation conversion at different tempera-
tures of 55, 65, 75 and 85°C and 4), and study its kinetics. 
Since the experiment was performed under the condition 
that the reaction conditions remained consistent, and the 
oxidation transformation of quinoline was assumed consis-
tent with the quasi-first order kinetic model equation. The 
results are presented in Figs. 9 and 10. The specific kinetic 
parameters are listed in Table 4.

As Fig. 9 presents, the reaction temperatures were 55, 
65, 75 and 85°C, and the reaction rates were 0.015, 0.031, 
0.054 and 0.131 min–1, respectively. As this figure also pres-
ents, the reaction rate varied slightly at 55 and 65°C but 
significantly at 55 and 85°C. This suggests that the removal 
of quinoline at a certain temperature increased as the reac-
tion temperature rose. This may be attributed to the natural 
ability of higher temperatures to expedite the activation of 

Fig. 7. Effect of H2O2 dosages on the catalytic activity with: 100 
mg L–1 wastewater, 1 g L–1 catalyst, 75°C and pH 7.3. Solid line 
stands for TOC removal while dashed for H2O2 conversion.

Fig. 8. Effect of initial pH on catalytic activity with: 100 mg L–1 
wastewater, 1 g L–1 catalyst, 196 mmol L–1 H2O2, 85 min and 75°C.
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H2O2 into ·OH in the reaction system. The catalytic induc-
tion period can be shortened simultaneously, and the high 
temperature also offers higher external energy to the reac-
tion,enabling it to rapidly reach the energy activation state 
for quinoline catalytic degradation.

As shown in Table 4, the correlation coefficient R2 at 
the reaction temperature of 55, 65, 75 and 85°C is 0.981, 
0.986, 0.986 and 0.981, respectively, under the wavelength 
of 312.4 nm, showing a potent linear relationship. This sug-
gests the CWPO reaction to oxidation of quinoline complies 
with the quasi-first order reaction kinetics equation. As 
shown in Fig. 10, the relationship between –lnK and 1/T is 
linear. Its linear correlation coefficient (R2) is 0.9892, indicat-
ing a good linear relationship. In the equation: –lnK = –lnA 
+ E/RT, which was drawn in Fig. 10, its slope is E/R and 
intercept-lnA. The activation energy calculated in this study 
using the slope is 68.766 kJ/mol.

4. Conclusions

Following a citric acid-aided complexation method, the 
Cu-Ce composite oxide catalysts were prepared. By dissolv-
ing Cu species into the CeO2 lattice at high temperatures, 
a Cu-Ce-O solid solution was formed. As citric acid and 
nitric acid were decomposed, gas was produced in consid-
erable amount, and the surface of catalyst took on a loose 

and porous structure. As the XPS characterization suggests, 
CeO2 and CuO species are mainly present on the surface 
of the catalyst, which might also involve Cu2O in a small 
amount. The surface lattice oxygen content is greater than 
the adsorbed oxygen and hydroxyl oxygen. The phase struc-
ture of the Cu-Ce composite oxide catalysts were largely 
impacted by the molar ratio of Cu/Ce. The peak shape and 
peak intensity of the CuO diffraction peak turn stronger, 
and the reducibility decreases as Cu content increases.

The prepared Cu-Ce composite oxide catalyst takes 
on potent CWPO performance for simulated quinoline 
wastewater. The catalyst takes on the optimal catalytic 
activity under the catalyst Cu/Ce molar ratio of 1.0. As the 
amount of catalyst and H2O2 increases, the TOC removal 
increases rapidly. Yet when it increases to a certain extent, 
the removal curve turns out to be gentle. The TOC removal 
is comparatively low, under the lower or higher initial pH 
of the solution. And the TOC removal is comparatively high 
at pH 5.1–10.5. The stability of the catalyst, i.e. the concen-
tration of Cu2+, will decrease as pH increases. The catalyst 
complies with the quasi-first order reaction kinetics equa-
tion in the CWPO reaction degradation of Quinoline. The 
removal of TOC is up to 91.1%under the molar ratio of Cu/
Ce as 1.0 and the amount of the catalyst and H2O2 as 0.16 g 
L–1 and 196 mmol L–1, respectively. The preparation of the 
catalyst and adopting CWPO technology in the degradation 
of quinoline provides a reference solution for the treatment 
of refractory wastewater.
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