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KEYWORDS Abstract The quality of dairy farming wastewater in different regions is particular and different.
Mn-Fe-Ce/y-Al,Os; In Southern China, the Chemical Oxygen Demand (CODc;) and colourity of effluent from conven-
Refractory organics; tional dairy farming wastewater treatment processes are similar. Catalytic ozonation is a very
Dairy farming wastewater; promising technical method. In this paper, the Mn-Fe-Ce/y-Al,O5 catalyst was prepared via the
Catalytic ozonation; optimized preparation method of impregnation roasting using y-Al,Oj3 as the carrier, and this cat-
HO alyst was used in the ozonation of actual dairy farming wastewater from treatment facilities. The

performance of the Mn-Fe-Ce/y-Al,O5 catalyst on dairy farming wastewater was investigated using
a simulated dynamic test. The effects of the reaction time, pH and catalyst dosage on COD¢, and
the colourity removal ratio were investigated. The results show that the optimum treatment condi-
tions were a reaction time of 20 min, pH 9, and catalyst dosage of 15 g/L. The COD(, removal ratio
reached 48.9% and the colourity was 95% under the optimum conditions. BODs/CODc,; increased
from 0.21 to 0.54 after catalytic ozonation, indicating that the biodegradability of wastewater was
significantly improved. This research provides a new method and theoretical guidance for dairy
farming wastewater treatment.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Livestock and poultry farming have been developed rapidly as an
important part of agricultural production. Large-scale farming has
become the major method of livestock and poultry breeding in recent
decades in southern China. In recent years, increasing focus has been
given to the treatment of livestock and poultry wastewater (Kuang
et al., 2019; Santos et al., 2019). The traditional methods for treating
livestock and poultry wastewater mainly include returning to field, eco-
logical restoration and biochemical treatment technologies (Khin and
Annachhatre, 2004; Li and Zhang, 2002), but the removal of polycyclic
organic substances from wastewater is not effective due to its complex
molecular structure, stable chemical properties, and the inability of
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traditional methods. The effluent COD¢, and colourity remain high.
Dairy farming wastewater contains high concentrations of organics,
ammonia nitrogen and suspended solids and a considerable number
of pathogens and toxic substances of specific structure (Juteau et al.,
2004; Yang et al., 2003). After aerobic treatment, which is the main
source of pollution of surface water and groundwater, the colourity
also sharply increases (Ferreira et al., 2003). Refractory organics in
dairy farming wastewater, which is the key factor of dairy farming
wastewater treatment in southern China, has not been reported to
date.

Oxidation by ozone has been widely used to improve the
biodegradability of organic wastewater and the decolorization of chro-
mogenic wastewater given its high efficiency, cost, easy operation and
obvious decolorization effect (Huang et al., 2019; Wang et al., 2019).
The sole ozonation process has the disadvantages of low ozone utiliza-
tion efficiency, poor pollutant removal efficiency, and high cost (Faria
et al., 2008). Under heterogeneous catalysis conditions, studies have
shown it can promote the conversion of ozone to hydroxyl radicals
(HO") and improve ozone utilization and organic mineralization effi-
ciency (Ikhlaq et al., 2013; Nie et al., 2014; Nie et al., 2015). In addi-
tion, the catalyst exists in solid form, and the metal elements are not
dissolved in weak acid to weak alkali conditions (Feng et al., 2018;
Wu et al., 2011). Therefore, heterogeneous catalytic ozonation technol-
ogy has the advantages of simple process flow, reusability, easy sepa-
ration and high catalytic efficiency (Armenta et al., 2018; Maleki
et al., 2016a; Rodriguez et al., 2012; Ziylan-Yavas and Ince, 2018).
The recovery and reusability of heterogeneous catalysts is an impor-
tant factor in green chemistry (Maleki, 2018; Maleki et al., 2018;
Maleki et al., 2016b; Najafian et al., 2015). Heterogeneous catalytic
ozonation has been employed in many studies, which have been con-
firmed that treatment effect is significantly better than that of sole
ozonation (Aihua et al., 2010; Ncanana and Rajasekhar Pullabhotla,
2019; Sun et al., 2019). However, the preparation of Mn-Fe-Ce/y-
Al,O;5 catalysts and its catalytic performance in ozonation remain
unknown, especially in the treatment of dairy farming wastewater.
The catalytic performance of Mn-Fe-Ce/y-Al,O5 ternary catalyst and
degradation mechanisms of refractory organics in the system are wor-
thy of further investigation.

In this work, supported Mn-Fe-Ce/y-Al,O5 catalysts were prepared
by an incipient wetness impregnation procedure followed by drying
and calcination in muffle furnace. The preparation conditions and pro-
cess conditions were optimized. The structure and physicochemical
properties of the catalysts were characterized using SEM, XRF,
XRD and BET methods. Microbubble ozone constitutes a heteroge-
neous catalytic ozonation system in the experiment.

2. Materials and methods

2.1. Preparation of catalysts

The y-Al,O5 pellets were washed with deionized water, placed
in an oven, and dried at 65 °C. The ternary catalyst was pre-
pared using the immersion roasting method, and the 1%a
queous solution of manganese nitrate, 1% aqueous solution
of ferric nitrate and 1.5% aqueous solution of cerous nitrate
were dissolved in distilled water and thoroughly stirred. The
volume was brought to 100 mL. For precursor impregnating
solution, 20 g y-Al,O3 pellets were immersed in the precursor
impregnation liquid and subjected to shaking impregnation
and static impregnation. Shaking was performed for 12 h.
The shaking conditions were as follows: shaking temperature
was 30 °C, shaking speed was 180 rpm; and static immersion
12 h. The static conditions involved incubation of the sample
at 30 °C. Thus, the metal was supported on the surface of
the y-Al,O5 pellet. The catalyst was removed from the mother

solution and placed in an oven at 65 °C for 12 h. The dried cat-
alyst was placed in a crucible and heated up to 600 °C. The
sample was roasted in a muffle furnace for 4 h. After calcina-
tion, a ternary supported Mn-Fe-Ce/y-Al,O; catalyst was
obtained.

2.2. Wastewater and reagents

The wastewater used in the experiment is actual wastewater
obtained from the first-stage aerobic tank of a dairy farming
based in Guangzhou. The average CODc; is 460 mg/L, and
the biodegradability is low. The CODc; of the secondary bio-
chemical pool is minimally reduced, and the organics are diffi-
cult to obtain.

The y-AlO3 carrier was purchased from Jiangsu Sanji
Industrial Co., Ltd, Taizhou, Jiangsu, China. Manganese
nitrate solution, ferric nitrate nonahydrate, and cerous nitrate
hexahydrate were purchased from Shanghai Aladdin Biochem-
ical Technology Co., Ltd, Shanghai, China. TBA was pur-
chased from Tianjin Damao Chemical Reagent Co., Ltd,
Tianjin, China. The ozone generator was purchased from
Guangzhou Chuanghuan Ozone Electric Equipment Co.,
Ltd, Guangzhou, Guangdong, China (model CH-ZTWS5G).

2.3. Characterization of catalysts

The microscopic morphology of the catalyst was observed
using a field emission scanning electron microscope (SEM,
SU8220, Hitachi, Japan). The content of the element in the
catalyst was measured using an energy dispersive X-ray fluo-
rescence spectrometer (XRF, EDX-7000, Shimadzu Corpora-
tion, Japan). The specific surface area of the catalyst was
measured using a fully automated rapid surface to porosity
analyzer (BET, model ASAP2460, Micromeritics, USA). The
crystal structure of the catalyst was analyzed using an X-ray
diffractometer (XRD, model D8 ADVANCE, Bruker,
Germany).

2.4. Experimental methods

The equipment used in the experiment is shown in Fig. 1. The
ozone reactor is composed of two homemade plexiglass reac-
tors. The left reactor has a height of 300 mm, a diameter of
120 mm, and an effective volume of 4 L. At a height of
80 mm, a stainless steel porous dispersion network with a
diameter of 2 mm is installed, and the gas distribution device
is a micro-scale aeration head at the bottom of the reactor.
The right reactor has a height of 200 mm and a diameter of
100 mm. A submersible pump (model HJ-611) is installed
inside.

All experiments were performed at room temperature in a
semi-continuous manner. Approximately 3.6 L of wastewater
was poured into the right reactor, and the submersible pump
was turned on to allow the wastewater from the right container
to enter the left reactor until the desired water level was
attained. At the location of the nozzle, the wastewater flows
into the right container again, and the wastewater forms a cir-
culating flow state, which is conducive to the mixing of ozone
and wastewater. The effects of different reaction conditions on
the catalytic effect were studied by controlling different reac-
tion times, pH and catalyst dosages. During the reaction, the
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Fig.1  Schematic diagram of microbubble ozone catalytic oxidation (1:99.99% pure oxygen, 2: Ozone generator, 3: Catalyst, 4: Reactor,
5: Water distribution device, 6: Micron aeration head, 7: Submersible pump, 8: Reflux container, 9: KI).

pH will change slightly during the experiment for the reason
that ozone will consumes the hydroxide. Therefore, we use
the 5% NaOH and 5 mol/L H,SO, to control the pH value
during the experiment of different pH conditions. Samples
were obtained at 5, 10, 15 and 20 min to measure CODc,
and colourity.

3. Results and discussion

3.1. Characterization of catalysts

Fig. 2(a)—(d) present the SEM photographs of the Mn-Fe-Ce/
v-Al,Oj5 catalyst and y-Al,O3 at 5 pm and 1 um, respectively.
The surface of the two materials exhibits different morpholog-
ical features.

Fig. 2(a)-(b) demonstrate that the surface of the Mn-Fe-
Ce/y-Al,O3 catalyst exhibits elliptical fine particles that are
baked by impregnation. The resulting active component is
obviously attached to the surface of the carrier. This indicated
that the catalyst have undergone a physicochemical reaction
during the preparation procedures to form a metal oxide
(Feng et al., 2000). The selected area in Fig. 2(b) is scanned
by SEM-EDX spectrum, and the element content is shown
in Fig. 2(e). In Fig. 2(c)—(d), the surface of the y-Al,O3 carrier
is obviously smooth, and some irregular small particles are
sparsely distributed. In summary, the results of Fig. 2(a)-(d)
demonstrated successful active component loading.

The elemental composition of the Mn-Fe-Ce/y-Al,O3 cata-
lyst and y-Al,O; was analyzed by XRF spectroscopy. The
results are shown in Fig. 3.

In addition to the main element Al in the Mn-Fe-Ce/y-
Al,O5 catalyst, the percentage composition of Fe, Mn, and
Ce were detected to be 17.6%, 11.7%, and 10.2%. In v-
Al,O3, only more than 90% of Al and other elements were
detected, while Fe, Mn, and Ce were not found. The results

indicating that Fe, Mn, and Ce can be effectively supported
on the surface of y-Al,O3. These results are consistent with
SEM results.

The XRD patterns of Mn-Fe-Ce/y-Al,O3 catalyst and y-
Al,O5 are shown in Fig. 4. In Fig. 4(b), the diffraction peaks
at 20 = 37.441°, 39.672°, 42.823°, 45.788°, 60.457°, 67.306°,
and 85.005° coincide with the characteristic peaks of Al,O;
in the JCPDS standard card and exhibit the same intensity.
In Fig. 4(a), it can be clearly seen that the diffraction angle
is 28°-30°, and some diffraction peaks appear at 32°. The char-
acteristic peak of Al,O5 is also observed. As seen from the
standard card, the diffraction angle is 28.68°. The characteris-
tic peak belongs to amorphous MnO,, the characteristic peak
of 31.0° belongs to Fe,03, and the characteristic peak of 28.7°
belongs to Ce,O;. However, the intensity of the detected
diffraction peaks is weak, which may be related to the loading
amount and the crystallization effect.

As shown in Table 1, the BET test was performed on the
Mn-Fe-Ce/y-Al,O5 catalyst and y-Al,O3;. Compared with y-
Al,O3, the y-Al,O3 catalyst loaded with Mn, Fe and Ce exhi-
bits a reduction in specific surface area and total pore volume
because some of the pores and gaps on the carrier were occu-
pied after the loading of the active component (He et al., 2018).
This finding is also confirmed by SEM analysis.

3.2. Effects of reaction time on catalytic ozonation using Mn-Fe-
C(’/'})-A1203

When the gas flow ratio and ozone concentration of the ozone
generator are kept constant, different reaction times represent
different amounts of ozone, and the effect of heterogeneously
catalytic ozonation on dairy farming wastewater is also differ-
ent. Mn-Fe-Ce/y-Al,05; was used to catalyze the ozonation of
dairy farming wastewater. COD¢, and colourity were deter-
mined at the reaction time points of 0, 5, 10, 15, 20, 25 and
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Fig. 2 SEM images of Mn-Fe-Ce/y-Al,Oj3 catalyst (a)—(b); y-AlLO3 (c)—(d); SEM-EDX spectrum (e) of the area indicated in (b).

30 min, and the COD¢, removal ratio and colourity removal
ratio were calculated. These values can be used to investigate
the optimum reaction time of Mn-Fe-Ce/y-Al,O3 for ozona-
tion of dairy farming wastewater.

The duration of the reaction determines the cost input in
the process and the hydraulic retention time of the treatment
process. Therefore, it is concluded that the optimal reaction
time for catalytic ozonation of dairy farming wastewater is
of great significance in engineering applications of heteroge-
neous catalytic ozonation technology. During the experiment,
the inlet flow ratio of the ozone generator was adjusted to
0.6 L/min, and the ozone concentration was 75 mg/L. The
whole reaction process remained unchanged to ensure the opti-
mal reaction time under the condition of certain ozone concen-
trations. The experimental results are shown in Fig. 5.

The COD¢; removal ratio and colourity removal ratio
increased with the reaction time. When the reaction time was
30 min, the COD¢, value of dairy farming wastewater
decreased to 229 mg/L, the COD¢, removal ratio reached
50.1%, and the colourity removal ratio reached 95%. At
20 min and 25 min, the COD¢, removal ratio was 48.9%
and 49.4%, and the colourity removal ratio was 95%. During
the reaction period of 20 to 30 min, the CODc, removal ratio
only increased by 1.2%, and the colourity removal ratio did
not change. Thus, in the process of heterogeneously catalytic
ozonation treatment of dairy farming wastewater, a longer oxi-
dation reaction time increases the ozone dosage and enhances
the ozonization effect. However, as time increases, CODc,
decreases less and less per unit time because the ozone utiliza-
tion efficiency decreases. This finding is attributed to the fact
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Fig.3 XRF analysis of Mn-Fe-Ce/y-Al,O3 catalyst and y-Al,Os.

that the oxidant is in close contact with the pollutants, leading
some of the pollutants are mineralized to form CO,. Mean-
while, carbonate and bicarbonate are formed in the water.
These molecules are effective HO" inhibitors that reduce the
amount of HO" in the Mn-Fe-Ce/y-Al,O; + O3 system. How-
ever, due to the limited concentration, it is impossible to fully
capture all the HO" produced by the system. In addition, dur-
ing the heterogeneously catalytic ozonation process, the
macromolecular organic matter is oxidized to a ring-opened
state and is cleaved into aliphatic small molecule organic com-
pounds, such as carboxylic acid and alcohol. In the initial stage
of the reaction, the catalyst has more active surface sites, and
the ozone is decomposed into HO". The reduction of CODc, is
also relatively large. As the reaction time increases, the surface
active sites of the catalyst are reduced because they were
attached by the small molecules that are not mineralized in
the early stage. These features cause the slower ozone decom-
position ratio, and the ratio of the increase in the CODc,
removal ratio and the colourity removal ratio decreased. Based
on the cost and removal ratio, the optimum reaction time of
Mn-Fe-Ce/y-Al,O; catalytic ozonation of dairy farming
wastewater was 20 min.

20 30 40 50 60 70 8 90 100
20 (degree)

3.3. Effects of pH on catalytic ozonation using Mn-Fe-Ce/y-
A1203

The difference in pH in the system directly altered the total
concentration of HO", which affects the catalytic activity of
heterogeneously catalytic ozonation on dairy farming wastew-
ater. The effect of catalytic ozonation at pH 3, 5, 7, 9, and 11
was examined under the reaction time of 20 min. Fig. 6 demon-
strates that the COD¢, removal ratio of dairy farming wastew-
ater at pH 3, 5, 7, 9, and 11 after reaction for 20 min were
14.9%, 22.5%, 25.3%, 48.9%, and 18.1%, respectively. The
highest value was noted at pH 9. The colourity removal ratio
was also highest at pH 9.

There are two main methods in which ozone reacts with
pollutants in water, namely direct reaction of ozone and indi-
rect reaction of ozone decomposition to produce HO". The
experimental results at pH 3 and 5 demonstrated that under
acidic conditions, ozone is relatively stable, and most ozone
exists in water in a molecular form. Therefore, the reaction is
mainly a direct reaction. The color-developing organics in
water were not destroyed, so the COD(, removal ratio and col-
ourity removal ratio exhibited low levels. Under alkaline con-
ditions, ozone is unstable and easily decomposes to form HO",
which mainly occurs via an indirect reaction. The indirect reac-
tion of ozone belongs to the radical reaction, and the decom-
position produces free radicals at a rapid ratio, which can
initiate a chain reaction and allow many organic substances
to be mineralized. The reaction equation is reported below
(Salla et al., 2018; Sehested et al., 1984).

03 + OH™ — HOZ_ + 02

03 + HOzi — HO + 027' +02

It can be seen from the above formula that ozone reacts
with OH™ in aqueous solution to form HO;5 ions, and HO5
further induces a chain reaction of ozone decomposition. This
process produces more HO", which is beneficial to CODc,
removal. This finding can also be confirmed from the above
experimental results obtained at a pH of 9. However, at a
pH of 11, the excessive OH™ in the system causes the HO" con-
centration in the Mn-Fe-Ce/y-Al,O3 + Oj system to increase

20 30 40 50 60 70 80 90 100
20 (degree)

Fig. 4 XRD patterns of Mn-Fe-Ce/y-Al,O3 (a) and y-Al,Oj3 (b).
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Table 1 Analysis of specific surface area and total pore volume of the catalyst.
Catalysts BET Surface Area (m?/g) BJH Surface Area (m?/g) Total pore volume (cm’/g) Pore Size (nm)
Mn-Fe-Ce/y-Al,O3 159.97 87.49 0.046 1.052
v-Al,O3 200.21 112.86 0.060 1.056
60 and 25 g/L, respectively. The effects of different catalyst
L 100 dosages on catalytic ozonation to remove COD¢, and colour-
50 /%:%:g %ty were investigated, and the experimental results were shown
/g/ in Fig. 7. When the dosage of the catalyst was 0-15 g/L, the
s — = I 80 removal ratio of CODc, increased with the increasing of cata-
S 407 g lyst dosage, increases of 17.9%, 24.3% and 35.1% compared
g Lo with ozone oxidation alone (0 g/L). The colourity removal
S 30 2 ratio achieved remarkable results when using the Mn-Fe-Ce/
& = v-AlL,O5 catalyst, and both values reached 95%. This finding
8 20 4 I 40 ‘gb indicated that the COD¢, removal ratio increased with as the
© 3 catalyst increased under a certain dose. The increase in catalyst
L2 dosage provided a larger specific surface area and more active
10 sites in the Mn-Fe-Ce/y-Al,O3 + O; system, which enhanced
the catalyst’s catalytic effect on ozone and produced more
0 . . . . . . 0 HO'. These effects also increased the COD¢, removal ratio
0 5 10 15 20 25 30 (Shahamat et al., 2014).
t (min) Under a catalyst dosage of 25 g/L and a reaction time of
Fig. 5 COD¢, removal ratio and colority removal ratio under 15 min, the CODc; removal ratio of the Mn-Fe-Ce/y-

different reaction times.

rapidly in a short period of time. Excessive HO" results in a
quenching reaction that decreases the total amount of HO",
which causes the COD, removal ratio to decrease.

3.4. Effects of catalyst dosage on catalytic ozonation using Mn-
Fe-Ce[y-AL,03

Optimal conditions were obtained by selecting the above two
single factors. Specifically, the reaction time was 20 min; thus,
the dosage of ozone was 12.5 mg-L™"min~". In addition, the
pH was 9. The catalyst dosages were selected as 0, 5, 10, 15,

Colority removal (%)

601 —=—pH=3 —v pH=9 (a)
—e— pH=5 —&— pH=11
so4 A PHTT 7
= 40
>
2 ¥
2 30+
S
a
o
O 204
10
0 T T T T
0 5 10 15 20

t (min)

Fig. 6

Al,O3; + O; reaction system decreased to 19.8%. It is possible
that an excessively large specific surface area and an excessive
amount of active sites causing a quenching reaction to occur in
the reaction system and significantly reduced HO" in the sys-
tem. This result in the quantity and concentration of the
HO" become very limited (Basturk and Karatas, 2015; Tabai
et al., 2017). In this case, the reaction between HO" and refrac-
tory organics becomes slower. In the first 10 min, the refrac-
tory organics in the wastewater has not undergone major
changes in the molecular structure under the oxidation of
HOr, such as ring-opening reaction; thus, the organics cannot
be oxidized by potassium dichromate. When the reaction pro-
ceeds for 15 min, the molecular structure of these refractory
organics has undergone major changes under the sustained

100

—=—pH=3 —v— pH=9 24 (b)
—e— pH=5 —&— pH=11 ¥
go4 —+—pH=7 ¥
60
40
20
0 T T T T
0 5 10 15 20

t (min)

COD removal ratio (a) and colority removal ratio (b) under different pH values.
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Fig. 7 CODc; removal ratio (a) and colority removal ratio (b) under different catalyst dosages.

action of HO". The intermediate products can also be oxidized
by potassium dichromate. Therefore, the COD, removal ratio
decreases. The above hypothesis must be confirmed by further
investigation. In the setting gradient, the optimum value for
the catalyst dosage is 15 g/L.

3.5. Improved biodegradability on catalytic ozonation using Mn-
Fe-Cely-AL,O;

To verify the effect of the Mn-Fe-Ce/y-Al,0; + Oj3 system on
the biodegradability of dairy farming wastewater, the Bio-
chemical Oxygen Demand (BODs), COD¢,;, Ammonia nitro-
gen content index (NH;-N), Total Phosphorus (TP) and
colourity of pre-reaction wastewater and post-reaction
wastewater were determined. The results are shown in Table 2.
As noted in the above table, after treatment with the Mn-
Fe-Ce/y-Al,03 + O3 system, the change in NH3-N and TP
concentration is small. In addition, CODg, is greatly reduced,
and BODs/CODc, is increased from 0.21 to 0.54. Biodegrad-
ability was significantly improved. These findings indicate that
the HO" produced in the Mn-Fe-Ce/y-Al,O; + O3 system has
converted some of the refractory organics in dairy farming
wastewater into biodegradable organics (Chen et al., 2015).

3.6. Stability of catalyst

The stability of the catalyst was studied in 10 consecutive
cycles under the following optimal conditions: ozone dosage
was 12.5 mg-L™"min~', catalyst dosage was 15 g/L, pH was
9, and the reaction time was 20 min. The catalyst was reused
to determine the CODc, removal ratio of the dairy farming

wastewater and the leaching of Mn?", Fe’", Ce**/Ce*”
and AP".

As shown in Fig. 8, the COD(, removal ratio was not chan-
ged as the number of catalysts used increased. Under a 20-
minute reaction time, COD¢, removal ratio was 48.0% for
the 10th recycled catalyst, and this value was only 0.9% lower
than the initial COD¢, removal ratio of the catalyst. The
CODc, removal ratio curve clearly showed that the activity
of the catalyst was significantly maintained in 10 cycles,

60

50

N
(=}
1

COD, removal (%)
S z
1 1

consecutive cycles (n)

Fig. 8 CODc, removal ratio using Mn-Fe-Ce/y-Al,O5 catalyst
in 10 consecutive cycles.

Table 2 Effect of heterogeneous catalytic oxidation of microbubble ozone on biodegradability of dairy farming wastewater.

Water quality index CODc; (mg/L) BODs (mg/L) BOD;5/CODc, NH;3-N (mg/L) TP (mg/L) Colourity (multiple)
Before treatment 460 98.4 0.21 59.09 7.52 160
After treatment 235 126.9 0.54 56.30 7.25 8
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Table 3 Elemental contents of the first, fifth, and tenth reused Mn-Fe-Ce/y-Al,O5 catalyst.

Consecutive cycles (n) Mn (%) Fe (%) Ce (%) Al (%)

0 11.7 17.6 10.2 56.5

1 11.6 17.3 10.0 56.5

5 11.5 17.0 10.0 56.4

10 11.0 16.9 9.5 56.3

Table 4 Catalytic ozonation results of different wastewater onto different catalysts from literature reports.

Catalysts Type of Reaction condition Catalytic performance Ref.
Ve CODg, TOC Colourity ~ BODs/

removal removal removal CODc,
ratio (%)  ratio (%) ratio (%)

B-FeOOH/AL,O4 2,4-D t = 40 min, 2 mg/L gaseous ozone - 95 - - Nie
(10 mg/L) concentration, pH = 6, 0.25 g/L catalyst et al.

Mn/y-Al,O5 Phenol t = 90 min, 8 mg/min gaseous ozone - 82.7 - - Wang
wastewater concentration, pH = 6.5, 1 g/L catalyst et al.
(100 mg/L)

Mn-Cu-O/AL, O3 Refinery t = 25 min, 50 mg/L gaseous ozone 90 - - - Deng
wastewater concentration, pH = 6.8, 3 g/L catalyst, et al.

T=17

Cu-Ce/Al,O3 Pulp and t = 60 min, 0.3 g/h gaseous ozone - 61.5 95.3 0.17— He
paper mill concentration, pH = 7.9, 5 g/L catalyst 0.37 et al.
wastewaters

Mn-Fe-Cu/Al,O4 Petroleum t = 60 min, 2.19 g/h gaseous ozone 69.4 - - 0.098—  Chen
refinery concentration, pH = 8.2, 20 g catalyst, 0.4- 0.330 et al.
wastewater MPa reaction pressure

ZSM-5 zeolites NBD-Cl1 t = 30 min, 0.6 mg/min gaseous ozone 60 - - - Ikhlaq
(20 ppm) concentration, pH = 13, 2 g catalyst et al.

Cobalt and 2,4-D t = 40 min, 30 mg/L gaseous ozone - 95 - - Aihua

manganese co- (20 mg/L) concentration, pH = 6, 1 g/L catalyst et al.

doped y-Fe,O3

(FCM)

Mn-Fe-Ce/y-Al,O;  Dairy t = 20 min, 12.5 mg-L~"min~! gaseous 48.9 - 95 0.21- Present
farming ozone concentration, pH = 9, 15 g/L 0.54 study
wastewater catalyst

indicating that the catalyst has a long usage life in the Mn-Fe-

Ce/y-AlL,O; + Oj system. In addition, Mn*", Fe**, Ce**/ 50

Ce** and AI’" in the reaction system undergo a certain degree .

of leaching during the reaction. The elemental contents of the 451 . omin
first, fifth, and tenth reused Mn-Fe-Ce/y-Al, O3 catalysts are as 4.0 - 5 min
shown in Table 3. The leaching amount of Mn?", Fe**, and R — 10 min
Ce*"/Ce*™ in the catalyst increases as the number of times = 357 ———15 min
the catalyst was used increases, while AP does not exhibit % 3.0 1 —20 min
substantial leaching. The possible reason is that the purchased % 25

v-Al,O5 carrier is a small ball prepared by a special process 'g

after long high-temperature calcination, and Al,Oj3 is stable 2 201

and does not easily undergo leaching. Secondly, the active < 1.5

component is loaded on y-Al,O;. The surface of the carrier 10

is equivalent to the Al element surrounded by the active com- ol

ponent, and the Mn>*, Fe**, and Ce*"/Ce** supported on 0.5 4

the surface gradually leach over time during the reaction. 00 ]

Thus, the Mn-Fe-Ce/y-Al,Oj3 catalyst exhibits strong stability,
ensures the catalytic effect of heterogeneous catalytic ozona-
tion reaction, and provides the necessary foundation for its
application in practical engineering. In addition, we have tab-
ulated some examples about catalytic ozonation of wastewater

T T T T T T
200 250 300 350 400 450 500

wavelength (nm)

Fig. 9 Ultraviolet spectrum of wastewater before and after
microbubble ozone heterogeneous catalytic oxidation.
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with different catalysts to discuss the differences between our
research and existing research. The results are shown in
Table 4.

3.7. Catalytic mechanism

The color-developing refractory organics in wastewater may
be derived from the metabolites of feed, dairy cows or anaer-
obic microorganisms. Since the feed is mainly obtained locally,
the water quality also exhibits certain regional and special
characteristics. Ultraviolet spectroscopy was used to scan
water samples with different reaction times. It can be seen from
the results that the dairy farming wastewater has UV absorp-
tion at approximately 300 nm in Fig. 9. In addition, the
absorption peak is obvious, and the absorbance is large. These
findings indicate that most of the materials are complex
organics containing a benzene ring structure and a phenolic

80

707 | 0,420 mg/LTBA

60 4 Mn-Fe-Ce/y-Al,0,+0,

50 z
T el

40 4

COD, removal (%)

t (min)

Fig. 10 Effect of TBA on degradation of dairy farming
wastewater.

Color-developing
refractory organics

Directreaction

hydroxyl group. As the reaction progresses from 0 to
20 min, the absorption peak at 300 nm gradually becomes flat,
indicating that the structure of the organic compound contain-
ing the benzene ring changes and transforms into the small
molecule organics, which are gradually biodegraded.

HO plays an important role in the heterogeneous catalytic
oxidation of ozone. The reaction of most ozone involves
heterogeneously catalytic oxidation that follows the HO" medi-
ated oxidation mechanism (Chen et al., 2018; Deng et al., 2015;
Ikhlaq et al., 2012). The use of Mn-Fe-Ce/y-Al,Oj3 as a catalyst
improves the oxidation effect of the refractory organics in
dairy farming wastewater. The main reason is that the metal
oxide-loaded catalyst provides a large number of active sites
on the surface of the carrier, promoting the generation of
HOr(Salla et al., 2018; Yesiller et al., 2013; Ziylan-Yavas and
Ince, 2018). When the pH value of the wastewater is close to
the pHp,. value of the catalyst, the surface hydroxyl group in
the neutral state is favorable for generating more HO"(Roshani
et al., 2014; Wang Xu, 2012; Ye et al., 2016). As shown in
Fig. 10, the effect of adding TBA on the COD¢, removal
ratio shows that the hydroxyl group on the surface of
Mn-Fe-Ce/y-Al,O; promotes the formation of HO*(Sui et al.,
2010; Vittenet et al., 2015; Wang et al., 2016). Compared with
the sole ozone reaction, by loading the oxides of manganese,
iron and ceria onto y-Al,O;, the surface distribution of
MnOOH, FeOOH and CeOOH on the catalyst is increased,
which provides more active sites for the catalytic decomposi-
tion of ozone into HO'(Gongalves et al., 2014; Laisheng
et al., 2009; Restivo et al., 2016). Thus, the catalyst offers
stronger oxidative capacity. In the Mn-Fe-Ce/y-Al,03 + O;
system, the surface hydroxyl group of Mn-Fe-Ce/y-Al,O5 ini-
tiates the decomposition of ozone and generates a large
amount of HO". The highly active HO" oxidized the organic
pollutants in the water, causing the ring-opening reaction of
the color-developing refractory organics to be converted into
small molecule organics that are biodegraded (Bing et al.,
2017; Wu et al., 2017). These small molecules of biodegradable
organics can be further decomposed by the strong oxidant
HO" and ozone in the aqueous phase to achieve mineralization.

Biodegradable organics

H,0 @

%‘"ﬂ( rea l;uiy

(o
Y5 (5, Combination @@

\ II.Catalytic ’
I .Adsorption . ozonation

_ .l

Mn-Fe-Ce/y-Al, O,

Indirect rcucliun@
X @ @ Attack

@ @(—\ TBA

N

Dairy farming wastewater

Fig. 11

Quenchin;g reaction

©00 €00 ©00

© Mn

@ Fe

@ Ce
Q v-ALO;

Catalytic mechanisms in dairy farming wastewater using Mn-Fe-Ce/y-Al,O;.
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In addition, ozone in bulk can directly attack organic pollu-
tants in wastewater to form intermediates instead of mineral-
ization. Therefore, catalytic ozonation of dairy farming
wastewater can achieve better treatment results using Mn-Fe-
Ce/v-Al,O5 (see Fig. 11).

4. Conclusions

The Mn-Fe-Ce/y-Al,O5 catalyst is obtained by impregnation and cal-
cination of a precursor solution containing manganese, iron and cer-
ium compounds. The SEM images showed that the active
component was obviously attached to the surface of the y-Al,Os.
XRF analysis showed that the three elements Fe, Mn and Ce could
be effectively supported on the surface of the y-Al,0;. XRD analysis
showed that the active component is formed on the surface of the cat-
alyst, and the formation of a weak diffraction peak is related to the
loading amount and the crystallization effect. Based on the catalytic
activity and stability of Mn-Fe-Ce/y-Al,Oj3 catalyst, this study was first
applied to the catalytic ozonation of dairy farming wastewater.

The catalytic performance of the Mn-Fe-Ce/y-Al,O; catalyst for
dairy farming wastewater was investigated using the simulated
dynamic test. The optimum treatment conditions were as follows: reac-
tion time was 20 min, ozone dosage was 12.5 mg-L™"-min~", pH value
was 9, and the catalyst dosage was 15 g/L. The CODc, removal ratio
of dairy farming wastewater can reach 48.9%, while colourity removal
ratio can reach 95%. The BODs/CODc; increased from 0.21 to 0.54,
which effectively improves the biodegradability and creates conditions
for the continued use of biochemical methods for oxidized water.

The numerous hydroxyl groups on the surface of Mn-Fe-Ce/y-
Al,O5 provide a rich active site for HO", which causes the decomposi-
tion of ozone and generates a large amount of HO". These effects sig-
nificantly promote the conversion of the color-developing refractory
organics into small molecule organics that can be biodegraded. The
results showed that Mn-Fe-Ce/y-Al,O3 can be used as a catalyst for
catalytic ozonation of dairy farming wastewater, which can provide
better treatment efficiency and a new technical method for practical
engineering applications.
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