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The printing and dyeing wastewater produced by different dyes, as well as different printing
and dyeing processes, have different components. These wastewater have high toxicity,
high organic concentration, and deep chromaticity. Ozone catalytic oxidation is a very
promising technical method for wastewater treatment. In this paper, Mn/Mg/Ce ternary
catalyst was prepared, and the ozone catalytic oxidation treatment of actual and simulated
printing and dyeing wastewater was performed to study the performance of four different
carrier catalysts, namely, molecular sieve (MS), silica gel (SG), attapulgite (ATP), and nano
alumina (Al2O3), by simulated dynamic test. The effects of reaction time, pH, and catalyst
dosage on methyl orange degradation were studied. The results showed that under the
optimum treatment conditions (120 min, pH 11, and 12.5 g/L catalyst dosage), the
degradation rate of methyl orange reached 96% and the removal rate of the chemical
oxygen demand of printing and dyeing wastewater reached 48.7%. This study shows that
the treatment effect of ozone catalytic oxidation on printing and dyeing wastewater is
remarkably improved after catalyst addition. This study provides a new choice of ozone
catalyst for the degradation of printing and dyeing wastewaters in the future.
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INTRODUCTION

Printing and dyeing wastewater often have high toxicity, high chromaticity, many organic pollutants,
and difficult degradation. High chromaticity affects light transmission in water, and organic
pollutants consume dissolved oxygen in water, which results in water body destruction and
affects the living environment of aquatic organisms. Printing and dyeing wastewater are difficult
to treat, and general physical and chemical treatments have difficulty in achieving good results
(Kawasaki et al., 2012; Hayat et al., 2021; Lun et al., 2021).

As an efficient and clean advanced oxidation technology, ozone uses the large number of strong
oxidizing free radicals produced in the reaction process to oxidize organic matter in water to achieve
water purification. The application of ozone catalytic oxidation technology in printing and dyeing
wastewater has gradually matured (Takahashi et al., 2012; Mirilă et al., 2020; Tabrizi et al., 2011). The
problems of this technology include low oxygen oxidation efficiency and low utilization rate. Ozone
catalyst can improve the mass transfer efficiency and utilization of ozone and shorten the reaction
time (Zhang et al., 2021; Mansouri et al., 2013). Under optimum conditions, the chemical oxygen
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demand (COD) removal efficiency can reach 96.3% in the
catalytic ozonation of oil refining wastewater with alumina-
supported manganese and copper oxides (Deng et al., 2015;
He et al., 2021; Jiang et al., 2021). The COD removal rate
reached 96% after 120 min when iron and nickel foam was
used as the catalyst to catalyze the ozonation of organic
pollutants in actual petrochemical wastewater. The contents of
total phosphorous, total nitrogen, NO3–N, Cl

−, and some heavy
metals in petrochemical wastewater were also eliminated to a
certain extent (Huang et al., 2018). Iron-based catalysts
remarkably improve the mineralization of organic pollutants
in coking wastewater. The removal rate of total organic carbon
is very high and can reach 78.7% (Li et al., 2017; Feng et al., 2021).
Research on rare Earth elements as ozone catalyst on actual
industrial wastewater has become increasingly mature (Jeirani
and Soltan 2016). Cerium ions can be transformed between
trivalent and tetravalent states to achieve electron transfer
because of its special 4f orbit and high catalytic activity
(Akhtar et al., 2011; Martins and Quinta-Ferreira 2009).
Under heterogeneous catalytic conditions, CE/AC can promote
the conversion of ozone to hydroxyl radical, which can greatly
improve the degradation rate of TSA and the efficiency of ozone
oxidation to remove COD (Dai et al., 2014; Zuo et al., 2021).
Ozone catalyst is increasingly used in the treatment of printing
and dyeing wastewater, but it still has limitations in actual
application. The mass transfer efficiency of ozone can be
improved by increasing microbubble generation in the reactor
to reduce the volume of ozone bubbles and increase hydraulic
retention time.

ATP is a cheap and resource-rich natural hydratedmagnesium
aluminum silicate clay mineral. Owing to its desirable properties-
such as a large specific surface area and micro- and mesoporous
structure, ATP is widely used as an adsorbent in various
industries (Cui et al., 2013; Liu and Guo 2006). Al2O3 has
been widely used as a catalyst carrier due to its large specific
surface area, decent stability, uncomplex preparation process and
low-cost ingredients, Al2O3 as a carrier has a good ability for
catalytic dehydrogenation and ozone catalysis (Chen et al., 2021;
Bataklieva et al., 2015). MSmaterial can absorb most of the visible
light through its unique surface acidity and anionic framework
structure, which can be used as the eligible support for
photocatalyst, MS as desiccant can better absorb the
impregnation solution and improve the load of impregnation
elements (Bian et al., 2020). SG may be a better carrier for the
following qualities: it is an amorphous inorganic polymer
composed of siloxane groups (Si-O-Si) in the framework and
silanol groups (Si-OH) on the surface which can be easily
functionalized by chemical modification; moreover, it is
biocompatible and biologically inert (Zhang et al., 2007). To
sum up, this paper selects the above four different carriers to load
the target elements to make catalysts. Through experimental
characterization and results, observe the removal effect of
different catalyst carriers on printing and dyeing wastewater
and explore its influence mechanism.

In this work, supported Mn/Mg/Ce catalysts were prepared by
an incipient wetness impregnation procedure followed by drying
and calcination in a muffle furnace. The preparation conditions

and process conditions were optimized. The structure and
physicochemical properties of the catalysts were characterized
by scanning electron microscopy (SEM), Fourier transform
infrared (FTIR) spectroscopy, and Brunauer–Emmett–Teller
(BET) surface area analysis. The heterogeneous catalytic
ozonation system used in the experiment consists of
microbubble ozone.

MATERIALS AND METHODS

Catalyst Preparation
The ternary catalyst was prepared by impregnation and
calcination. Manganese nitrate solution (10%), magnesium
nitrate solution (5%), and cerium nitrate solution (5%) were
dissolved and mixed to the volume ratio of 2:5:1. Attapulgite
(17 g), alumina (17 g), molecular sieve (17 g) and silica gel (17 g)
were added to independent 250 ml impregnation solution
respectively and placed on a shaking table for 12 h at 25°C.
Afterward, the conical flask was taken out and soaked for 12 h
to load metal elements on the attapulgite surface. The catalyst was
poured out from the mother liquor and dried in an oven at 80°C.
The dried precursor was calcined in the muffle furnace at 500°C
for 6.5 h, and the Mg/Mn/Ce catalyst supported on attapulgite
was obtained.

Wastewater and Reagents
Two kinds of wastewater were used in the experiment. One is the
printing and dyeing wastewater actually produced by Penglai
Jiaxin dye Co., Ltd., with COD of 39,000 mg/L, pH � 7.2, NH4-N
� 46 mg/L, BOD � 11523 mg/L. The other is methyl orange
wastewater configured in the laboratory, with a concentration of
100 mg/L.

Methyl orange was purchased from Tianjin Hengxing
Chemical Reagent Manufacturing Co., Ltd. Manganese
nitrate solution (50%), anhydrous magnesium sulfate, and
cerium carbonate were purchased from Shanghai McLean
Chemical Reagent Manufacturing Co., Ltd. Tertiary butyl
alcohol (TBA), MS, Al2O3, ATP, and SG were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.
The ozone generator was purchased from Qingdao Meister
Purification Equipment Co., Ltd. Except for the marked
concentration, the purity of the above reagents are
analytical grade.

Characterization of Catalysts
Themicroscopic morphology of the catalysts were observed using
a field-emission scanning electron microscope (JSM-7610F Plus,
Jeol, Japan).The loading content of target elements was detected
by EDS (GENESIS XM, United States) energy spectrum in SEM.
The specific surface areas of the catalysts were measured using a
fully automated rapid surface to porosity analyzer (Autosorb iQ,
Quantachrome, United States). The functional groups and
molecular structure of the catalyst were analyzed using a FTIR
spectrometer (TENSOR II, Bruker, Germany). The concentration
of liquid-phase ozone in the reactor was measured by a dissolved
ozone tester (DOZ30, United States). The molecular packing of
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the catalysts was analyzed with an XRD-BRUKER D8
ADVANCE powder diffractometer using Cu Kα X-ray
radiation. XRD analysis was performed on a rotating X-ray
diffractometer in the 2θ range of 5–90°C.

Experimental Methods
The ozone reactor consists of a self-made plexiglass reactor.
The right reactor has a height of 300 mm and a diameter of
100 mm. A 2 mm-diameter stainless steel porous dispersion
network was installed at the height of 80 mm. The gas
distribution device is the aeration plate at the bottom of
the reactor. The reactor has a height of 400 mm and a
diameter of 100 mm. All experiments were carried out at
room temperature. Two liters of reaction wastewater was
poured into the right reactor. The cooling water pump, air
pump switch, and ozone switch were turned on consecutively
in that order. The ozone switch was turned on 1–2min after the air
pump switch was turned on. The effects of different conditions
(i.e., reaction time, pH, and catalyst dosage) on the catalytic effect
were studied. pH changed slightly during the experiment because
hydroxide was consumed in the ozone-catalyzed oxidation reaction.
NaOH and H2SO4 (1 mol/L) were used to control the pH. Samples
were obtained at 30, 60, 90, and 120min tomeasure the degradation
rate of methyl orange wastewater and the COD of the printing and
dyeing wastewater.

RESULTS AND DISCUSSION

Characterization of Catalysts
Figure 1A shows the FTIR spectra of the four catalysts. The
characteristic peak at 550 cm−1 belongs to MnO2; the
characteristic peaks at 467, 799, 1,093, and 3,449 cm−1

belong to SiO2; and the characteristic peaks at 1,399 and
1,528 cm−1 belong to Al2O3. Figure 1B shows the FTIR
spectra of the four catalysts. The characteristic peak at
550 cm−1 belongs to MnO2; the characteristic peaks at
3,712, 1,465, and 435 cm−1 belong to MgO; and the
characteristic peaks at 1,464, 723, and 441 cm−1 belong to
CeO2. Changes in peak value (weakened or shifted) may be
related to load and crystallization effects. These characteristic
peaks appear in the spectrum, but the intensity and position of
the characteristic peaks fluctuate, which may be related to the
load and crystallization effect. In Figure 2C, it can be seen that
the load of Mg, Mn and Ce is less than 10%, and the element
load is small, which makes the intensity of the characteristic
peaks in the diagram weak. Poor crystallization effect after
roasting will make the position of the characteristic peaks
fluctuate. This provides a reference for subsequent XRD
analysis. The FTIR images of the carriers and catalysts
showed that the target element was successfully loaded on
the carrier. The FTIR images of the carrier and catalyst showed

FIGURE 1 | (A) FTIR spectra of the four carriers. (B) FTIR spectra of the four catalysts. (C) Mass fractions of the target elements loaded by the four carriers. SEM
images of (D) Al2O3, (E) MS, (F) SG, and (G) ATP. (H) Mn/Mg/Ce@Al2O3, (I) Mn/Mg/Ce@MS, (J) Mn/Mg/Ce@SG, (K) Mn/Mg/Ce@ATP.
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that the target element was successfully loaded on the carrier
(Prabaharan et al., 2016; Madzokere and Karthigeyan, 2017).

The SEM images of the four carriers catalysts with a
magnification of ×10,000 is shown in Figure 1. The surfaces
of the four materials show different morphological
characteristics. It can be seen from Figures 1D,H that the
surface of alumina is irregular small particles, and the calcined
alumina catalyst shows ellipsoid, and the particles are more
compact. As shown in the Figures 1E,I that after MS roasting,
it is a more regular cube, and the small cube is composed of
flake structure and has the characteristics of layered structure.
In contrast, Figures 1F,J show a different type of
microstructure, that the surface of SG is smooth and there
are obvious load marks on the surface after roasting; The SEM
of ATP carrier before and after loading active elements are

more characteristic, as shown in the Figures 1G,K that the
surface of ATP is covered with rod-shaped particles and
presents fine fibrous shape after roasting. In particular,
when these microstructures are combined with BET results,
it can be clearly obtained that the specific surface area and
surface properties of the four calcined catalysts were improved.

In addition to the main elements of the catalysts
(i.e., aluminum and calcium), the contents of the target
elements are shown in Figure 1C. The element mass fractions
of Mg, Mn, and Ce are 5.20, 7.83, and 2.63%, respectively, in the
molecular sieve support; 0.93, 1.90, and 1.22%, respectively, in the
attapulgite support; 0.99, 2.28, and 0.34%, respectively, in the
alumina support; and 1.07, 1.96, and 0.25%, respectively, in the
silica gel support. The results proved that the three load elements
were successfully loaded into the carrier.

FIGURE 2 | (A) XRD spectrum of four catalysts. Effects of (B) impregnation solution, (C) carrier, (D) pH, and (E) catalyst dosage on catalytic performance. (F) COD
degradation rate of the four catalysts with different supports for red powder wastewater treatment.
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The XRD patterns of Mn/Mg/Ce catalyst are shown in
Figure 2A. The diffraction peaks at 2θ � 46.149° and 66.881°

are consistent with the characteristic peaks of MgO in the JCPDS
standard card, and there are obvious peak patterns in the figures of
ATP and MS carriers. According to the reference (Li et al., 2020),
when the diffraction Angle is 28.68° and 28.7°, the characteristic
peaks correspond to the amorphous pair of MnO2 and crystalline
Ce2O3, respectively. The characteristic peaks of MnO2 and Ce2O3

are reflected in the XRD patterns of the four carriers, but the
intensity of MgO diffraction peaks detected in Al2O3 and SG is
weak and the peak values are offset, which may be related to the
loading amount and crystallization effect. It can be seen from
Figure 1C that the loading of each element of ATP andMS is larger
than that of alumina and SG, and the target element loading is too
small, which leads to the weak intensity of target characteristic peak
of Al2O3 and SG, and there is no obvious characteristic peak in the
XRD characterization diagram.

As shown in Table 1, Except attapulgite, the specific surface
area of the catalyst decreased after calcination, which indicates
that the target elements are loaded on the carrier surface, and
high-temperature calcination makes the micropores on the
carrier surface collapse, particles agglomerate and the specific
surface area decrease. Among the four catalysts, the maximum
specific surface area of Mn/Mg/Ce@ATP reached 1836.143 m2/g,
and the specific surface area of Mn/Mg/Ce@ATP increased three
times than that of ATP. This finding is consistent with the
complexity of surface features shown in the SEM results.

Effect of Different Element Doping on
Ozone Catalytic Oxidation
The optimum experimental conditions were determined by the
degradation of methyl orange wastewater. The treatment effects
of the different carriers are shown in Figure 2B. The degradation
efficiency of the ozone-catalyzed oxidation of methyl orange
wastewater was 31.2%. The addition of silica gel carrier
increased the degradation rate of methyl orange by 10.4%
compared with that of pure ozone oxidation, whereas the
impregnation and loading of Mg and Mn increased the
degradation rate of methyl orange by 19.6% compared with
that of pure ozone oxidation. The addition of Mg and Mn
improved the mass transfer efficiency of ozone-catalyzed
oxidation. The Mg and Mn concentrations in the
impregnation solution remained unchanged. In comparison,
the degradation rate of methyl orange reached 96% and the

efficiency of ozone catalytic oxidation greatly improved after
the addition of 5% Ce(NO3)3 solution. The experiments
showed that the carrier and impregnation elements improve
the degradation rate of methyl orange wastewater, and the
performance of the catalyst greatly improved after cerium
impregnation. This may be in the process of ozone catalytic
oxidation, the valence changes of Mn and Ce accelerate the
electron transfer in the reaction, so as to improve the ozone
catalytic efficiency (Gopi et al., 2016).

Effect of Different Carriers on Catalytic
Ozone Oxidation
The treatment effects of catalysts with different carriers are shown
in Figure 2C. Molecular sieve, attapulgite, nano alumina, and
silica gel were impregnated into the same impregnation solution
with the same volume. Figure 2C illustrates that the degradation
rate of methyl orange increased with the increase in cerium doped
into the four carriers, which proves that cerium plays a synergistic
role in ozone catalytic oxidation. The reason for the difference of
treatment effect is that on the one hand, as shown in Figure 1C,
the target element loading of each catalyst is different. The target
element loading of MS is three times that of SG. As a result, the
number of reactive active sites on the catalyst surface is different.
When the target element content is higher, the more reactive
active sites, the better the sewage treatment effect. On the other
hand, the BET results of the four catalysts show that the specific
surface areas of the catalysts are different. When the specific
surface area is larger, it is easier to adsorb organic pollutants in
water, so as to improve the efficiency of ozone catalytic oxidation.

Effect of pH on Catalytic Oxidation of Ozone
The pH value of the experimental system directly changes the total
concentration of OH, which affects the catalytic activity for the
heterogeneous catalytic ozonation of printing and dyeing
wastewater. The effects of catalytic ozonation at pH 3, 5, 7, 9,
and 11 were investigated in the reaction time of 120min. Figure 2D
shows that when the pH values were 3, 5, 7, 9, and 11, the
degradation rates of methyl orange wastewater after 120 min of
reaction were 78.3, 88, 86, 84.9, and 90.5%, respectively. The highest
degradation rate was attained at pH 11. It can be seen from the
results that the catalytic oxidation effect of ozone is better under
alkaline conditions, because OH plays themain oxidation role at this
stage. When the wastewater is acidic, H+ in the water will consume
OH, resulting in the decline of catalytic efficiency. Under alkaline
conditions, it will promote the release of OH and enhance the
catalytic oxidation of ozone (Salla et al., 2018).

Effect of Catalyst Dosage on Ozone
Catalytic Oxidation
The relationship between the catalyst amount and methyl orange
degradation rate is shown in Figure 2E. The effect of the catalyst
concentrations of 1, 2, 3, 4, and 5 g/L on catalytic ozonation
within the reaction time of 120 min were determined. When the
catalyst dosage was 1, 2, 3, 4, and 5 g/L, the degradation rates of
methyl orange wastewater after 120 min were 70.8, 82.3, 87.5,

TABLE 1 | BET data of different catalyst and carriers.

Carrier material BET surface area (m2/g) Pore volume (cm3/g)

Mn/Mg/Ce@ATP 1,836.143 0.496
Mn/Mg/Ce@MS 388.998 0.952
Mn/Mg/Ce@Al2O3 175.111 0.732
Mn/Mg/Ce@SG 95.000 0.277
ATP 408.952 0.471
MS 920.561 0.750
Al2O3 516.285 1.96
SG 348.235 0.643
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93.8, and 96%, respectively. The highest value was obtained at the
catalyst dosage of 5 g/L (Shahamat et al., 2014).

Catalytic Ozonation of Printing and Dyeing
Wastewater
Under the optimum conditions (reaction time, 120 min; ozone
dose, 36 ppm; pH, 11; and catalyst dose, 5 g/L), the Mn/Mg/Ce
catalysts prepared with four different carriers were used in the
ozone catalytic oxidation of red powder wastewater. As shown in
Figure 2F, the COD degradation rate of red powder wastewater
was the highest (48.7%) when ATP was used as the carrier,
followed by molecular sieve (39.6%), alumina (37.1%), and silica
gel (32.5%). According to the results, the catalysts have strong
degradation ability for single dye substances in ozone catalytic
oxidation and have a certain treatment effect for red powder
wastewater with complex components, high COD, and toxicity.
Low levels of ozonation raised the BOD7-concentration of the
wastewater plant treated water. However, larger ozone dosages
caused the BOD7 levels to decrease (Sallanko and Okkanen, 2009).

Discussion on the Mechanism of Ozone
Catalytic Oxidation
Hydroxyl radical plays an important role in the heterogeneous
catalytic oxidation of ozone. Ozone catalysis involves OH

oxidation (Ikhlaq et al., 2012). A Mn/Mg/Ce ternary ozone
catalyst was adopted in the present study to improve methyl
orange degradation rate and COD removal rate in printing and
dyeing wastewater. Metal oxide-supported catalyst provides a
large number of active centers on the support surface and
promotes OH generation (Salla et al., 2018; Unal Yesiller
et al., 2012; Ziylan-Yavaş and Ichikawa, 2017). When the pH
value of the wastewater is close to the pH value of the catalyst, the
surface hydroxyl in neutral state is conducive to produce more
OH (Roshani et al., 2014; Wang et al., 2011). Figure 3A shows the
influence of hydroxyl radical quenching after TBA addition on
COD removal rate. Compared with single ozonation, Mn/Mg/Ce
ternary ozonation catalyst promotes the formation of hydroxyl
radicals and plays a leading role in ozonation. In catalytic
ozonation system, the active center on the catalyst surface
promotes the decomposition of ozone and produces a large
number of highly active hydroxyl radicals to oxidize organic
pollutants. (Sui et al., 2010; Vittenet et al., 2015; Wang et al.,
2016).

The activation energies of the four catalysts were calculated
according to the Arrhenius formula to elucidate the specific
catalytic mechanism of the catalyst:

K � Ae−
Ea
RT, (1)

lnK � lnA − Ea
RT

. (2)

FIGURE 3 | (A) Histogram experiment data of radical quenching experiment in red powder wastewater. (B)Graph of activation energy of four supported catalysts.
(C) Mechanism diagram of ozone catalytic oxidation.
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The reaction activation energies of the four catalysts shown in
Figure 3B were calculated according to Arrhenius formula. The
activation energy of the four carrier’s catalysts is in the order: Mn/
Mg/Ce@SG > Mn/Mg/Ce@MS > Mn/Mg/Ce@Al2O3 > Mn/Mg/
Ce@ATP. The catalysts effectively reduced the activation energy of
the reaction. The catalyst with lower activation energy can more
easily decompose the ozone and has better effect in ozone catalytic
oxidation. Among the four catalysts, Mn/Mg/Ce@ATP had the
best effect on the ozone catalytic oxidation of dye wastewater.

In this experiment, different carrier catalysts show different
ozone catalytic oxidation performance. On the one hand, due to
the different properties and specific surface area of the carrier
itself, the load of different carriers for target elements is different,
which affects the number of overall reaction active sites and the
adsorption effect of organic compounds in wastewater. On the
other hand, different carriers also promote the catalytic oxidation
of ozone, and the synergy intensity after loading target elements is
different. For example, Al2O3 can be used as a catalyst for ozone
catalytic oxidation.

CONCLUSION

The Mn/Mg/Ce catalyst was obtained by the impregnation and
calcination of the precursor solution containing Mn, Mg, and Ce
compounds. The SEM images show that the active components
were obviously attached to the surface of the carrier. The BET
surface area data show that a carrier with a larger specific surface
area can better load the target elements under the same
impregnation conditions. In this study, the catalyst was
applied to the catalytic ozonation of printing and dyeing
wastewater for the first time.

The catalytic performance of the Mn/Mg/Ce catalyst was
studied by simulated dynamic test. The optimum treatment
conditions were as follows: reaction time, 120 min; ozone dose,
36 ppm; pH, 11; catalyst dose, 5 g/L; and carrier, attapulgite.
Under these conditions, the removal rate of methyl orange
reached 96%, and the COD degradation rate of actual printing
and dyeing wastewater reached 48.7%. According to the
calculation of activation energy, catalyst addition reduced the

activation energy of the reaction. Among the four catalysts, the
lowest activation energy (Ea � 19.770 kJ/mol) and the best
treatment effect on printing and dyeing wastewater were
obtained by attapulgite.

The large number of hydroxyl radicals on the surface of the
Mn/Mg/Ce ternary ozone oxidation catalyst provides rich active
centers for the reaction, which led to ozone decomposition and
greatly promoted the transformation of color-developing
macromolecular refractory organics to small molecular
organics. The results show that the Mn/Mg/Ce ternary ozone
oxidation catalyst can be used as a catalyst for the ozonation of
printing and dyeing wastewater with good treatment effect. This
method provides a new technical method for practical
engineering application.
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