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oxide degradation of acrylonitrile
wastewater by ordered mesoporous Ag/CeO2:
synthesis, performance and kinetics

Guozheng Zhao, Hui Liang, Hongzhu Xu, Changbo Li, * Qingwei Tan
and Daihang Zhang

Ordered mesoporous Ag/CeO2 catalysts have been successfully synthesized by a microwave assisted soft

template method. The morphology, structure and chemical composition of the catalyst were characterized

by XRD, N2 adsorption–desorption, SEM, EDS, TEM and XPS. The study of catalytic performance and

reaction kinetics of organic matter degradation in acrylonitrile wastewater was performed in a catalytic

wet peroxide (CWPO) system. The degradation pathways of organic matter in acrylonitrile wastewater

were elucidated by temporal evolution of intermediates and final products detected by GC/MS analysis

along with a continuous flow experiment study. The results show that the Ag/CeO2 has an ordered

mesoporous structure, the specific surface area is 91.4–118.2 m2 g�1 and the average pore size is 12.63–

16.86 nm. 0.4-Ag/CeO2 showed the best catalytic performance, the COD removal rate reached 94.6%,

which was 30% higher than that of CeO2. The degradation is in accordance with the second-order

reaction kinetics of the Arrhenius empirical model and Langmuir–Hinshelwood kinetic model. However

the latter fits better, and the linear correlation coefficient R2 is more than 0.98, which describes the

adsorption catalytic mechanism of Ag/CeO2. According to the analysis by GC/MS, the organic

compounds in acrylonitrile wastewater oxidized into intermediate compounds and other small

compounds, then are further oxidized into carbon dioxide and water. The catalytic activity of Ag/CeO2

was the result of the combination of Lewis acid–base position of CeO2 and redox cycle of Ce3+/Ce4+.
Introduction

Acrylonitrile is an important chemical raw material, and its
production wastewater is toxic and harmful due to high organic
compound concentrations such as those of acrylonitrile, acetoni-
trile and N-heterocyclic compounds.1,2 At present, the treatment
methods of acrylonitrile wastewater include biological methods,
distillation methods, incinerationmethods and catalytic oxidation
methods, etc3–5. The effluent COD aer biological treatment is very
high due to the low biodegradability of the –CN group. The
distillation method has a poor effect on the separation of
components with similar boiling points. The cost of incineration is
high and the equipment is corroded seriously. The catalytic
oxidation method has low catalytic efficiency and serious disso-
lution of metal ions. Catalytic wet peroxide (CWPO) which uses
H2O2 as an oxidant, can effectively degrade organic matter at
ambient temperature.6 The design and development of catalysts
become the key to improve the removal of pollutants.

Due to the unique valence electron conguration, CeO2 is
reduced from Ce4+ to Ce3+, resulting in the formation of oxygen
vacancies on the surface of CeO2, which promote the number of
ring, Liaoning Petrochemical University,
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the Royal Society of Chemistry
active centers. The ability of store and release oxygen improves the
catalytic activity of CeO2.7–9 The redox cycle between Ce3+ and Ce4+

is similar to that of Fe2+/Fe3+ in Fenton catalytic oxidation.10–12 In
addition to redox, CeO2 also has unique acid–base properties.
CeO2 is a metal oxide with Lewis acid and base sites, which is
a typical acid–base catalyst.13 In the past two decades, many
nanocomposites containing CeO2 have been prepared, it can be
divided into the following categories, metal/CeO2, metal oxide/
CeO2, CeO2/support, such as Co/CeO2,14 Ni/CeO2,15 AuCu/CeO2,16

MnO2/CeO2,17 CuO/CeO2,18 CeO2/SiO2,19 CeO2/g-C3N4,20 CeO2/
Al2O3,21 Ni–La2O3–CeO2/SBA-15,22 Ni–CeO2/graphene,23 and so on.
Metal or metal oxide supported on CeO2 carrier by impregnation
method, or doped in the lattice of CeO2 in the form ofmetal cation
to form metal–Ce solid solution, which can improve the catalytic
performance of the catalyst.24–26 Compared with platinum, palla-
dium, gold and other preciousmetals, silver is stable and relatively
cheaper, which makes silver more practical in industrial applica-
tions.25,27 In particular, silver nanoparticles have been proved to be
promising catalysts, and many excellent catalysts based on silver
nanoparticles have been reported, such as Ag/TiO2,28,29 Ag/SBA-
15,30,31 Ag/Al2O3,32,33 Ag/g-C3N4 (ref. 34 and 35) and so on. Also some
scholars have successfully synthesized Ag/CeO2 catalysts.36–38 Most
of them were prepared by hydrothermal or coprecipitation
methods, and the Ag/CeO2 prepared was used for catalytic
RSC Adv., 2021, 11, 15959–15968 | 15959
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Fig. 1 XRD patterns: (a) wide-angle diffraction pattern of CeO2, 0.4-
Ag/CeO2, 0.8-Ag/CeO2 and 1.0-Ag/CeO2; (b) small-angle diffraction
pattern of CeO2 and 0.4-Ag/CeO2.
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degradation of p-nitrophenol,36 naphthalene,39 formaldehyde,40

propene,41 etc. Therefore, it is necessary to further study the
application potential of Ag/CeO2 in catalytic degradation of organic
compounds.42

In this study, we report a so template method assisted by
microwave for preparing of orderedmesoporous Ag/CeO2 catalyst by
a combination of the block copolymer and the redox reaction
between Ag+ and Ce3+. And its catalytic performance in CWPO
system, reaction kinetics and degradation mechanism of organic
compounds in acrylonitrile wastewater were systematically studied.

Materials and methods
Materials

All reagents used were of analytical grade without further puri-
cation as follows: triblock copolymer F127 (EO106PO70EO106,Mav¼
12 600, Sigma-Aldrich); cerium nitrate (Ce(NO3)3$6H2O, Aladdin),
hydrogen peroxide solution (H2O2, 30 wt%, Sinopharm Chemical
Reagent Co., Ltd), silver nitrate (AgNO3, Sinopharm Chemical
Reagent Co., Ltd), sodium hydroxide (NaOH, SinopharmChemical
ReagentCo., Ltd). Test wastewater sample was taken from a acry-
lonitrile chemical plant in Fushun, the initial COD value was
1500 mg L�1. The concentration of organic matter in wastewater
was expressed by COD index.

Catalysts preparation

5 mmol Ce (NO3)3$6H2O and 2 mmol AgNO3 were added into
amixture of 20mL ethanol and 2 g F127, the pH value was adjusted
to 10 by NaOH solution, the mixture was stirred for 60 min at room
temperature, then themixture was reacted in amicrowave reactor at
100 �C for 60 min, the gel was dried in oven at 120 �C for 10 hours,
then calcined in muffle furnace at 550 �C for 5 h and nally mes-
oporous Ag/CeO2 was obtained. During different AgNO3 dosage, the
molar ratio of Ag to Ce is 0.4 : 1, 0.8 : 1 and 1.0 : 1, respectively,
which recorded as 0.4-Ag/CeO2, 0.8-Ag/CeO2, 1.0-Ag/CeO2.

In the same way, 5 mmol Ce (NO3)3$6H2O was added into the
mixed solution of ethanol and F127, the mesoporous CeO2 was
obtained.

Characterization

The D8 advance X-ray diffractometer of Brooke spectroscopic
instrument company, Germany, using a radiation source Cu (Ka
¼ 1.54178 nm, 40 kV and 15 mA) with a scanning rate of 10
(�) min�1, continuous scanning mode, wide-angle scanning
range is 5–90� and small-angle scanning range is 0.5–8.0�.
Autosorb-IQ2-MP automatic physical static analyzer of Cantor
instrument company, the liquid nitrogen temperature is 77 K.
SU8010 eld emission scanning electron microscope of Hitachi
company, Japan, with accelerating voltage of 15 kV and working
distance of WD ¼ 4 mm. JEM-2100F high resolution trans-
mission electron microscope of Japan Electronics Co., Ltd.,
accelerating voltage 200 kV. ESCALAB 250Xi photoelectron
spectrometer of Thermo Scientic company, USA, uses mono-
chromatic Al target as X-ray source. Agilent 7890a/5975c GC/MS
instrument of Agilent Technology Co., Ltd. of the United States,
the carrier gas is high-purity nitrogen, HP-5MS column.
15960 | RSC Adv., 2021, 11, 15959–15968
Catalytic wet peroxidation experiments

(1) Catalytic performance test. A certain amount of prepared
catalyst and H2O2 (30 wt%) were added into 50 mL of acrylo-
nitrile wastewater sample which COD was diluted to
500 mg L�1. Aer stirring for 60 min, put the solution into the
polytetrauoroethylene reaction tank, react at a certain
temperature for a period of time. Aer centrifugation, the COD
concentration of degraded acrylonitrile wastewater was deter-
mined by rapid digestion spectrophotometry.

(2) Reaction kinetics test. A customized catalyst evaluation
system was used as the reaction device. 1 g 0.4-Ag/CeO2 was
added into the reactor to form a xed bed reactor. At the same
time, the dosage of H2O2 and acrylonitrile wastewater was 10–30
mL min�1 controlled by pump and owmeter. Adjust the reac-
tion temperature from 80 �C to 120 �C, the wastewater owed
out of the reactor and was determined by rapid digestion
spectrophotometry and GC/MS.
Results and discussion
X-ray difraction analysis

The phase and crystal structure of the catalyst was investigated
by the X-ray diffraction (XRD). The typical XRD patterns of pure
CeO2 and Ag/CeO2 catalysts is shown in Fig. 1a, the peaks
located at angles (2q) of 28.6�, 33.2�, 47.6�, 56.6�, 59.4�, 69.8�,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The type IV N2 adsorption–desorption isotherms H2 hysteresis
loops for CeO2, 0.4-Ag/CeO2, 0.8-Ag/CeO2 and 1.0-Ag/CeO2.
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76.9� and 79.3� are corresponding to plane (111), (200), (220)
and (311) of CeO2 with face-centered cubic (FCC) structure.
While 38.2�, 44.1�, 64.4� and 77.4� are corresponding to plane
(111), (200), (220) and (311) of Ag structure. All the peaks in the
pattern are indexed for face-centered cubic structure, and the
lattice constant calculated from XRD data is closely agreement
with Joint Committee of Powder Difraction Data (JCPDS) (card
no: 34-0394 and 65-2871).43,44 The small angle diffraction
pattern of the samples are shown in Fig. 1b. The sharp peak
near 0.5� indicates that the sample has good crystallinity and
ordered mesoporous structure. The CeO2 meso-structure avoids
a severe breakdown throughout the Ag nanoparticles support-
ing step.
N2 adsorption–desorption analysis

The N2 adsorption–desorption isotherms of the prepared
samples is shown in Fig. 2. According to the IUPAC classica-
tion,45 the isotherms belong to IV isotherms, which are typical
cage structure characteristics, indicating that the loaded
samples have mesoporous structure. There is an obvious H2
type hysteresis in the range of P/P0 between 0.6 and 0.9, which
indicating that Ag was successfully loaded on CeO2 without
changing the original mesoporous structure of CeO2. The pore
size is calculated by BJH model, specic surface area and pore
volume are calculated by BET method. The structural parame-
ters of the samples are listed in Table 1. The noticeable change
of the porous structure of such Ag/CeO2 samples as compared to
Table 1 Textural and porosity parameters obtained through BET and
BJH methods applied on the N2 adsorption–desorption isotherms
data

Samples
Ag : Ce
(molar ratio) Dp (nm) Vp (cm3 g�1) SBET (m2 g�1)

CeO2 — 12.72 0.06 46.51
0.4-Ag/CeO2 0.4 : 1 16.86 0.13 118.2
0.8-Ag/CeO2 0.8 : 1 14.19 0.18 104.2
1.0-Ag/CeO2 1.0 : 1 12.63 0.14 91.4

© 2021 The Author(s). Published by the Royal Society of Chemistry
CeO2 may be due to the Ag+–Ce3+ redox reaction during the
microwave assisted hydrothermal reaction.38 The comparison of
the porous structure of these catalysts allows the conclusion
that Ag is predominantly localized in the pores. With the
increase of Ag doping, Ag is accumulated and blocked in the
pores, which leading to a considerable decrease of both SBET
and Vp values. The specic surface area of 0.4-Ag/CeO2 is larger
than that of 0.8-Ag/CeO2. Moreover, low Ag loading can reduce
the cost of catalyst. In general, Ag/CeO2 synthesized by
microwave-assisted synthesis has large specic surface area and
relatively large pore size.

Microstructural analysis

The morphology and element mapping analysis of 0.4-Ag/CeO2

by SEM and EDS are shown in Fig. 3. The Fig. 3a reveals that the
mesoporous Ag/CeO2 consists of spheres with diameter of 10–
20 nm. The Ag nanoparticles are encapsulated by CeO2 meso-
structure and randomly distributed throughout the entire
mesoporous CeO2 framework. Fig. 3b–d shows that Ce, O and
Ag are uniformly distributed in the samples.

The TEM characterization results of 0.4-Ag/CeO2 is shown in
Fig. 4. Fig. 4a clearly reveals that the prepared Ag/CeO2 is
composed of nanospheres with 10–20 nm, and the dark parts
are Ag particles. Many different lattice fringes can be seen from
Fig. 4b, the lattice spacing of CeO2 and Ag can be identied. The
fringes with d ¼ 0.31 nm matches the CeO2(111) facet, and the
fringes with d ¼ 0.24 nm matches the Ag(111) facet. In the
channel of mesoporous CeO2, Ag

+ precursors are reduced to
silver atoms, which nucleate and grow into silver nano-
structures. Ag nanoparticles are encapsulated by CeO2 meso-
porous structure and distributed in the wholemesoporous CeO2

framework randomly. The mesoscopic structure of CeO2 avoids
the destruction of the framework during the doping process of
Ag nanoparticles.

XPS spectra analysis

The XPS analysis results are shown in Fig. 5. As shown in Fig. 5a,
Ce, O and Ag are contained in the 0.4-Ag/CeO2, which is
consistent with the scanning results of EDS. From Fig. 5b, the
two characteristic peaks of Ag 3d3/2 and Ag 3d5/2 are symmet-
rically distributed at the binding energies of 374.1 eV and
368.3 eV, respectively.46,47 This is due to the shi of the peak
caused by the charge transfer of Ag, which proves that the
formation of metallic Ag NPs (Ag0). From Fig. 5c, the charac-
teristic peaks of Ce4+ 3d3/2 and Ce4+ 3d5/2 appeared at 916.3 eV
and 897.8 eV, and the characteristic peaks of Ce3+ 3d3/2 and Ce3+

3d5/2 appeared at 901.3 eV and 882.6 eV, respectively.48 Since the
oxygen defect structure of cerium compounds is dynamic and
may change spontaneously with changes in physical parameters
such as oxygen partial pressure, temperature and the presence
of other ions, it is reasonable that Ce3+ and Ce4+ exist in Ag/CeO2

at the same time.49,50 Fig. 5d shows the O1s spectrum of the
sample with a wide spectrum. The characteristic O1s peaks
caused by Ce–O bond and H–O bond are located at 529.6 eV and
531.9 eV, respectively. The binding energy of 529.6 eV is lattice
oxygen O2� – Ce4+ in Ag/CeO2 sample. With the reduction of
RSC Adv., 2021, 11, 15959–15968 | 15961
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Fig. 3 SEM image and EDS elemental mapping of 0.4-Ag/CeO2: (a)
SEM; (b) Ce LA; (c) O KA; (d) Ag LA.

Fig. 4 TEM image of 0.4-Ag/CeO2: (a) TEM; (b) HRTEM.
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CeO2, the binding energy of lattice oxygen moves to higher
position. The binding energy of 531.9 eV is caused by the
adsorption of H2O. The interaction between Ag and CeO2 is that
15962 | RSC Adv., 2021, 11, 15959–15968
Ag species contribute valence electrons to CeO2 as electron
donors, and CeO2 is reduced by electron acceptor, and oxygen
on CeO2 surface will also reverse ow to Ag nanoparticles. Ag
doping increases the oxygen defects in CeO2 lattice and
increases the concentration of adsorbed oxygen on the
surface.51 The oxygen defect of CeO2 can stabilize the oxidation
state of Ag species and improve the redox ability of Ag/CeO2.

Catalytic wet peroxide performance

0.4-Ag/CeO2, 0.8-Ag/CeO2, 1.0-Ag/CeO2 and CeO2 were selected
as catalyst to compare their catalytic performance. The dosage
of catalyst was 0.25 g, acrylonitrile wastewater was diluted to
COD concentration of 500 mg L�1, pH value was 6, H2O2

(30 wt%) dosage was 8 mL, reaction temperature was 100 �C,
reaction time was 20, 40, 60, 80, 100 and 120 min respectively.
The COD removal rate is shown in Fig. 6.

It can be seen from Fig. 6 that CeO2 based catalysts exhibit
good catalytic performance, among which 0.4-Ag/CeO2 has the
best performance. The COD removal rate reaches 94.6%, which
is about 30% higher than that of CeO2 alone. With the increase
of Ag doping, the COD removal rate decreases. This is because
too much Ag will lead to the reduction of Ag/CeO2 particle size
and the formation of aggregates. The aggregates are heavy and
dense, which leads to the reduction of active sites on catalyst
surface. This is consistent with the N2 adsorption–desorption
characterization results.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectra of 0.4-Ag/CeO2: (a) survey; (b) Ag 3d; (c) Ce 3d; (d)
O1s.

Fig. 6 Catalytic performance of CeO2, 0.4-Ag/CeO2, 0.8-Ag/CeO2

and 1.0-Ag/CeO2 in CWPO system.
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The circulation of Ce3+/Ce4+ in CeO2/H2O2 system promotes
H2O2 to decompostion of cOH and O2

� active species to degrade
organic compounds.52,53 The doping of noble metal Agmakes Ag
© 2021 The Author(s). Published by the Royal Society of Chemistry
ions enter the lattice of CeO2 and replace the original cerium
atom, resulting in new oxygen vacancies or local lattice distor-
tion.54 These effects will cause the transformation of crystal
form, which is consistent with the results of XPS analysis. The
oxygen vacancy and Ce4+ reduction center can be used as the
active sites of the reaction, and the increase of oxygen vacancy
improves the catalytic activity of the catalyst.

Catalyst reusability study

It is very necessary to evalutate the activity and stability of the
catalyst for practical application. The reusability of the catalyst
was studied under optimized operating conditions (i.e., dosage
of 0.4-Ag/CeO2 was 0.25 g, pH ¼ 6, H2O2 (30 wt%) dosage was 8
mL, temperature was 100 �C, reaction time 120 min and acry-
lonitrile wastewater was diluted to COD concentration of
500 mg L�1). The results are shown in Fig. 7. In the rst cycle,
maximum removal of COD was reached 94.3%. Herein, aer
each cycle used catalyst was separated by centrifugation and
then washed with deionized water subsequently, catalyst was
dried at 120 �C for 6 h, and then the catalyst was calcined inmuffle
furnace for 2 h in order to remove the adsorbed refractory organic
matter. The obtained catalyst was further reused in the next
experiment. So as compared with 1st cycle removal efficiency of
COD dropped gradually, i.e.,91.5%, 87.2%, 84.8%, 82.3% and
80.1% in 2nd to 6th cycle, respectively. Then, the removal rate
dropped further, only 53.6% for the tenth time. Kumar A's team
reported perovskite-like catalyst La0.5Ce0.5FeO3 synthesized by sol–
gel method and peroxide acrylonitrile from aqueous solution
showed the acrylonitrile removal efficiency gradually dropped
from 90.11% to 69.92% during four cycles.55 The drop of COD
removal efficiency in each cycle could be attributed to various
reasons: such as leaching of active metal ions (Ag or Ce) from the
catalyst surface leads to suppress the active sites,36 carbon depo-
sition on the catalyst surface that causes inhibited cOH radicals
production46 and the collapse of mesoporous structure reduces the
active sites.24

Reaction kinetics

Due to the complex composition of acrylonitrile wastewater and
a variety of intermediate products during the degradation
RSC Adv., 2021, 11, 15959–15968 | 15963
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Fig. 7 Catalyst stability test diagram of 0.4-Ag/CeO2 degradation
organics.

Fig. 8 COD removal rate of acrylonitrile wastewater at 333 K, 353 K
and 373 K respectively.
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process, it is impossible to analyze the degradation kinetics of
each organic matter separately. Therefore, the degradation
kinetics of organic matter was studied by the monitoring the
change of COD concentration of acrylonitrile wastewater. The
Arrhenius empirical model and Langmuir–Hinshelwood model
were used to analyze the degradation process of organic
compounds.
Fig. 9 Effect of temperature on the reaction kinetics of acrylonitrile
wastewater.
Arrhenius empirical model

According to the relevant literature,56 Arrhenius empirical
model was adopt, which was assumed that the degradation
process of acrylonitrile wastewater by 0.4-Ag/CeO2 conforms to
the second-order kinetic equation, then the reaction rate
equation is as follow (1):

�dC

dt
¼ A exp

�
� Ea

RT

�
½C�a½O�b (1)

where: A is the pre-exponential factor; [C] is the concentration of
COD, mg L; Ea is the activation energy of the reaction, kJ mol; R
is the gas constant; [O] is the concentration of oxidant, mol L; t
is the reaction time, s; a and b are the reaction order.

The oxidation process is only controlled by the concentration
of reactants and reaction temperature. It is assumed that the
oxidant H2O2 is excessive and can be approximately regarded as
a constant. Then eqn (1) can be simplied as follow (2):

�d½COD�
dt

¼ k½COD�2 (2)

For a continuous reactor, the two sides of the equation can
be integrated between t1 ¼ 0, t2 ¼ t, then eqn (3) obtained.

1

½COD� �
1

½COD�0
¼ kt (3)

where: [COD] is the COD concentration of solution aer reac-
tion tmin, mg L�1; [COD]0 is the initial concentration of organic
matter, mg L�1.

The relationship between COD removal rate and reaction
time is shown in Fig. 8, Which the experimental were taken at
333, 353 and 373 K, pH ¼ 6, H2O2 dosage was 30 mL L�1.
15964 | RSC Adv., 2021, 11, 15959–15968
According to the test data, plot T with (1/[COD]� 1/[COD]0), and
the results are shown in Fig. 9. The reaction time was controlled
by adjusting the wastewater ow rate, when the ow rate of 10,
15, 20, 25, 30 and 35 mL min�1 corresponding to the reaction
time of 43, 26, 21, 17, 14 and 12 min respectively.

The relevant parameters aer linear tting at different
temperatures are shown in Table 2.

It can be seen from Table 2 that the linear correlation coeffi-
cient R2 of the reaction kinetic equation at different temperatures
is more than 0.92, which indicates that the process of CWPO
degradation of organic matters in acrylonitrile wastewater by
mesoporous Ag/CeO2 conforms to the second-order reaction
kinetics of empirical model. The reaction rate constants increase
with the increase of temperature, which is consistent with the
change of COD removal rate under the same conditions.
Langmuir–Hinshelwood model

The reaction kinetics analysis was also carried out through
Langmuir–Hinshelwood mechanism of heterogeneous catalytic
oxidation, which assumes that the reaction between organic
matter and hydrogen peroxide is initiated on the surface of
catalyst.3 Many researchers have performed Langmuir–
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01258d


Table 2 Fitting parameter of dynamic equation

Model Temperature/K R2 Linear equation

Arrhenius empirical model 373 0.9326 y ¼ 7.221 � 10�6x � 2.530 � 10�4

353 0.9279 y ¼ 7.053 � 10�6x � 2.127 � 10�4

333 0.938 y ¼ 6.745 � 10�6x � 1.832 � 10�4

Langmuir–Hinshelwood model 373 0.9859 y ¼ 0.2367x � 138.96
353 0.9861 y ¼ 0.2525x � 155.49
333 0.9921 y ¼ 0.2719x � 176.57

Fig. 10 Fitting results of organics adsorption in Langmuir–Hinshel-
wood model.
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Hinshelwood, Freundlich and Temkin isotherms for heteroge-
neous catalytic oxidation.57–61

According to the Langmuir–Hinshelwood mechanism, the
heterogeneous catalytic reaction process can be divided into three
steps: rst, organics and H2O2 molecules are adsorbed on the
surface of the catalyst; second, the reaction between reactants to
form products; third, the product desorbed from the catalyst
surface.62 Based on the Langmuir–Hinshelwood reaction kinetic
model, it is assumed that the organic matter in acrylonitrile
wastewater reacted with H2O2 on the surface of the catalyst.

As shown in formula (4), the rate R of heterogeneous catalytic
reaction is directly proportional to the surface fraction covered by
organic matter and H2O2 molecule in acrylonitrile wastewater.

R ¼ KrS½COD�S½H2O2 � (4)

The competitive and noncompetitive adsorption rates of
organics in acrylonitrile wastewater and H2O2 on the catalyst
surface can be expressed as formula (5).

R ¼ KrKACN½COD�KH2O2
½H2O2�

ð1þ KACN½COD� þ KH2O2
½H2O2� þ KP½P�Þ2

(5)

where: KACN, KH2O2
, Kp are adsorption equilibrium constants of

acrylonitrile, H2O2 and product respectively. [COD] is the equilib-
rium concentration of organic matter in acrylonitrile wastewater.

In heterogeneous catalytic reactions, adsorption and
desorption occur faster at equilibrium. Therefore, the concen-
tration of product formation [P] in formula (5) is ignored, and
the above equation is simplied to obtain formula (6):

R ¼ KrKACN½COD�KH2O2
½H2O2�

ð1þ KACN½COD� þ KH2O2
½H2O2�Þ2

(6)

Because of the H2O2 is excessive, it can be considered as
a constant. Eqn (6) can be simplied by arranging the constant
terms together to obtain eqn (7).

R ¼ ab½COD�
ðcþ b½COD�Þ2 (7)

where a, b and c are KrKH2O2
[H2O2], KACN and (1 + KH2O2

[H2O2]),
respectively.

For the non competitive adsorption process of organics and
H2O2, the expression of reaction rate can be written as formula (8).

R ¼ KrKACN½COD�KH2O2
½H2O2�

ð1þ KACN½COD�Þð1þ KH2O2
½H2O2�Þ (8)
© 2021 The Author(s). Published by the Royal Society of Chemistry
For a constant concentration of H2O2, expression (8) can be
written as a linear Langmuir isotherm as formula (9).

RðQeÞ ¼ ab½COD�
ðcþ b½COD�Þ2 (9)

where: Qe is the equilibrium amount of adsorbate in the
adsorbent (mg g�1). Eqn (9) is simplied to linear equation to
form formula (10).

½COD�
Qe

¼ ½COD�
a

þ 1

ab
(10)

The Langmuir equilibrium constant KACN is derived from the
curves of [COD]/Qe and [COD] at 333 K, 353 K and 373 K, as
shown in Fig. 10. The isotherm constants and R2 values are
listed in Table 2. It can be seen from Table 2 that the linear
correlation coefficient R2 is above 0.98. By comparing the linear
correlation coefficient R2 between Langmuir–Hinshelwood
model and Arrhenius model, it is concluded that Langmuir–
Hinshelwood model is more consistent with the CWPO reaction
process. In the Ag/CeO2/H2O2 system, Ce3+ reacts with H2O2 to
produce cOH and peroxide species, which degrade the organic
compounds adsorbed on the surface of CeO2.
Degradation pathway and mechanism

Under the premise of catalyst adsorption equilibrium, the water
samples with reaction time of 0 (raw water), 17, 21, 28 and
RSC Adv., 2021, 11, 15959–15968 | 15965
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Table 3 Cluster analysis degraded organics

Reaction time/min Organics Nitriles Phenols
N-containing
heterocycles Amino compounds

Alcohol ketone
ethers Alkanes

Organic acids
and esters Sulfur compounds

0 Number 13 3 6 4 2 5 4 3
Content/% 47.57 33.01 4.51 5.04 1.33 0.9 0.57 7.07

17 Number 12 2 3 2 4 10 1 0
Content/% 41.52 40.83 4.97 0.84 4.71 6.9 0.24 0

21 Number 7 4 2 3 1 6 3 0
Content/% 23.76 15.80 4.48 10.64 8.37 26.96 9.98 0

28 Number 9 1 8 3 0 8 3 0
Content/% 22.29 1.51 28.01 13.19 0 27.01 7.97 0

43 Number 4 2 4 4 2 6 6 0
Content/% 6.23 1.90 7.51 19.91 1.12 35.26 28.07 0
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43 min weretaken for GC/MS determination respectively. The
cluster analysis of the determination results is shown in Table 3.

According to the GC/MS analysis results, 40 kinds of organic
matter were detected, themain organic compounds in acrylonitrile
wastewater are nitriles, such as 3-cyanopyridine, cis-1,2-dicyanitrile
cyclobutane and succinonitrile; phenolic compounds, such as 4-
methylphenol, 4-methoxyphenol, 4-(1,1,3,3-tetramethylbutyl)
phenol, etc. Nitriles and phenols accounted for about 80% of the
organic matter content in the raw wastewater. According to the
changes of the number and content of various kinds of organic
matter in Table 3, the degradation trend diagram of organicmatter
is shown in Fig. 11 and transformation paths of various organic
matter is shown in Fig. 12.

According to Fig. 11, the content of nitriles and phenolic
compounds decreased signicantly, the degradation rate of
nitrile compounds is 86.9%, and the degradation rate of
phenolic compounds is 94.2%. The results show that Ag/CeO2

catalyst can effectively degrade nitriles and phenols in CWPO
system. The degradation trends of amino compounds, alkanes,
organic acids and esters are generally opposite to that of nitriles
and phenols. It is possible that phenol may be converted to
alkanes and organic esters, while nitrile may be converted to
amino compounds during CWPO degradation. Combined with
the data in Table 3, it can be seen that aer 43 minutes of
reaction, the content of alkanes gradually increased to 39 times
Fig. 11 Trend diagram of organic degradation.

15966 | RSC Adv., 2021, 11, 15959–15968
of raw water, and the content of organic acids and esters
reached 49 times of raw water. The content of N-containing
heterocycles increased sharply at 28 min, while the content of
nitriles is very low at this time, indicating that N-containing
heterocycles are transformed from nitriles. The low content of
alcohols, ketones and ethers may be due to the fact that they are
converted from phenols and then oxidized to acids by cOH. A
small amount of sulfur compounds in raw water were oxidized
to thioether. It can be inferred that, under the catalysis of Ag/
CeO2, the organic matter undergoes a chemical reaction in the
CWPO system.63 These organic compounds oxidized into
intermediate compounds and other small compounds, then
these intermediate compounds get further oxidized into carbon
Fig. 12 Diagram of organic matter organic transformation path.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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dioxide and water, which is consistent with the conclusion of
Kumar A's study.55

The Ag/CeO2 exhibits strong catalytic activity, which is due to
the activation of electrophilic and nucleophilic by Lewis acid
center (Ce4+) and acid–base pair (Ce–O), respectively. However,
3-cyanopyridine and 4-cyanopyridine did not transform during
the degradation and transformation of nitriles, indicating that
Ag/CeO2 has no activity against these two compounds. The
above analysis shows that Ag/CeO2 catalyst not only promotes
H2O2 to produce more cOH, but also promotes the chemical
conversion between organic compounds in acrylonitrile waste-
water. The catalytic activity of Ag/CeO2 is the result of weak
Lewis acid, strong basicity and unique redox properties of CeO2.
Conclusions

In summary, the ordered mesoporous Ag/CeO2 with specic
surface area of 91.4–118.2 m2 g�1 and pore diameter of 12.63–
16.86 nm was successfully prepared by microwave-assisted so
template method. The CWPO degradation test was carried out
with 0.4-Ag/CeO2 as the catalyst, and the COD removal rate
reached 94.6%. Ag doping improved the catalytic activity of
CeO2 and achieved good stability. The degradation process of
organic matter with Ag/CeO2 as catalyst conformed to the
Langmuir–Hinshelwood kinetic model, which describes the
adsorption catalytic mechanism of Ag/CeO2 in detail. The
catalytic activity of Ag/CeO2 is the result of the interaction of
weak Lewis acid, strong alkalinity and unique redox properties
of CeO2, which provides theoretical basis for the application of
CeO2 based catalyst in CWPO system of other complex organic
industrial wastewater.
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