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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Core-shell MnFe2O4-C@Al2O3 was syn-
thesized with superior mechanical 
stability. 

• MnFe2O4-C@Al2O3 showed excellent 
catalytic performance and brilliant O3- 
utilization. 

• Abundant catalytic active sites were 
beneficial to the generation of various 
ROS. 

• High removal on TNi, COD and TOC of 
ENPE by MnFe2O4-C@Al2O3/O3-MDCR 
system. 

• Novel FPE was constructed and firstly 
applied to assess the toxicity of ENPE.  
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A B S T R A C T   

Heterogeneous catalytic ozonation (HCO) has been widely applied for the treatment of wastewater. In order to 
maintain the structural stability and surface catalytic activity of heterogeneous catalysts during the HCO 
treatment of electroless nickel plating effluent (ENPE), a MnFe2O4-C@Al2O3 catalyst with a core-shell structure 
was synthesized. MnFe2O4-C@Al2O3 was characterized and applied in the removal of total nickel (TNi) and 
organic contaminants from actual ENPE, using a coupled system of HCO combined with a magnetic dithiocar-
bamate chelating resin (MnFe2O4-C@Al2O3/O3-MDCR). Results show that embedding Al2O3 with C and MnFe2O4 
significantly increased the TNi removal efficiency (99.3%), enhanced the O3-utilization efficiency and improved 
the generation of reactive oxygen species (ROS). The reaction rate (k = 0.7641 min− 1) and O3-utilization effi-
ciency established for TNi removal (ΔTNi/ΔO3 =0.221) by the MnFe2O4-C@Al2O3/O3-MDCR system, were 220% 
and 140% higher than the Al2O3/O3-MDCR system, respectively. Catalytic mechanism analysis demonstrated 
that surface hydroxyl groups, oxygen vacancy, metals, the carbon surface and its functional groups, can all 
potentially serve as catalytic active sites, with 1O2 and •OH considered to the predominant ROS. Overall, these 
findings verify that the synthesized MnFe2O4-C@Al2O3 catalyst possesses excellent catalytic capabilities and 
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outstanding structural stability, making it suitable for practical application in the treatment of wastewater 
effluent.   

1. Introduction 

Electroless nickel plating effluent (ENPE) contains extremely haz-
ardous organic-nickel (Ni) complexes, such as ethylene diamine tetra- 
acetic acid-Ni (EDTA-Ni) and various other recalcitrant compounds 
(Du et al., 2020), which are not effectively removed from wastewater 
using conventional physicochemical treatment combinations (Raja-
lakshmi et al., 2009; Lee, 2013). Regulations in China state that the 
concentrations of total Ni (TNi) and chemical oxygen demand (COD) in 
ENPE must be less than 0.1 and 50 mg L− 1, respectively (China EPA, 
2008). Ozonation is a highly efficient advanced oxidation process (AOP) 
technology, which has been widely applied in the treatment of various 
industrial wastewater types (Malik et al., 2019), due to its strong oxi-
dization capability and convenience of use. However, the low dis-
solubility and utilization of ozone (O3) in aqueous solution, decreases 
the oxidation treatment efficiency of this method (Kasprzyk-Hordern 
et al., 2003). In order to enhance the oxidization efficiency and per-
formance of O3, catalysts have been introduced into treatment systems, 
with catalytic ozonation shown to promote the advanced treatment of 
recalcitrant organic contaminants (Yao et al., 2020). Compared with 
homogeneous processes, heterogeneous catalytic ozonation (HCO) fol-
lows a simple operational procedure, without the need to add reagents 
that generate secondary pollutants, such as metal cations (Yu et al., 
2020). 

The catalytic active sites and the ozone adsorption performance of 
heterogeneous catalyst surfaces, are considered to be crucial factors for 
the initiation of catalytic ozonation processes, generating reactive oxy-
gen species (ROS) and therefore, degrading organic pollutants. 
Aluminum oxide (Al2O3) provides a solid support frame and stable 
mechanical properties, making it suitable for used as a catalyst for HCO 
and the removal of organic contaminants from wastewater (Ikhlaq et al., 
2015). However, previous studies have shown that pure Al2O3 cannot 
effectively decompose O3 in aqueous environments (Nawrocki and 
Fijołek, 2013). Al2O3 only weakly adsorbs O3 and H2O to form metal 
surface-bound hydroxyl groups (M-OH), due to the lack of sufficient 
electro-holes in its crystal structure, leading to a limited contribution to 
HCO (Oyama, 2000). In addition, the weak affinity of Al2O3 for aromatic 
hydrocarbons may result in insufficient and unsuccessful mass transfer 
between O3 and the catalyst, significantly restricting the efficiency of 
electron transfer and subsequently the generation of ROS on the cata-
lysts surface (Kasprzyk-Hordern et al., 2006). As identified above, Al2O3 
exhibit the high rigidity, rigid construction and stable chemical prop-
erties (Ikhlaq et al., 2015), however, the efficiency of HCO and oxidation 
degradation by using single Al2O3 is unsatisfactory. Furthermore, if 
transition metals (such as Fe, Cu, Mo and Co) directly adsorb onto the 
pure Al2O3 spherules, they are easily released in solution, further 
increasing the toxicity of wastewater during the HCO process (Peng 
et al., 2018). Therefore, it is essential to establish a scalable and reliable 
method to synthesize and optimize catalysts using Al2O3 as a support. 
Activated carbon (AC) possesses a large specific surface area and an 
abundance of surface functional groups, with a wide range of studies 
verifying its suitability as a catalyst support for catalytic ozonation (Wei 
et al., 2019). For instance, crystal violet dye was effectively degraded by 
HCO using Fe/AC (Wu et al., 2015); p-toluenesulfonic acid can be 
rapidly removed and the efficiency of COD elimination was simulta-
neously increased following HCO with Ce/AC (Dai et al., 2014). Previ-
ous research shows that activated carbon surface groups increase the 
generation of ROS, improving HCO performance and accelerating the 
efficiency of mass transfer due to the increase in activation and 
adsorption sites (Alvarez et al., 2008). However, surface metals are 
readily released into solution due to the loose structure of carbon (C), 

gas-liquid friction and collisions during the HCO process, reducing the 
system catalytic capability (Oulton et al., 2015). 

As aforementioned above, Al2O3 exhibits stable mechanical proper-
ties, with a relatively small specific surface area and low catalytic 
ozonation activity. In contrast, carbon supported catalysts possess large 
specific surface areas and an abundance of active groups, with less stable 
structures. Both the structural stability and active surface characteristics 
of catalysts are essential for HCO process efficiency. Therefore, in order 
to maintain high surface activity, structural stability and relieve the 
release of metals on the surface of Al2O3 spherules, the MnFe2O4- 
C@Al2O3 catalyst was synthesized using a C@Al2O3 framework as the 
core, coated with a crystal MnFe2O4 compound shell. The catalytic 
performance of MnFe2O4-C@Al2O3 was characterized based on its 
structural and morphological properties, with the mechanism of ROS 
generation by the MnFe2O4-C@Al2O3/O3 system established. Mean-
while, ENPE toxicity and the removal of TNi and refractory organic 
compounds from ENPE requires thorough evaluation. Therefore, in this 
study, an efficient and operable treatment system was established for 
ENPE treatment, using HCO by MnFe2O4-C@Al2O3 coupled with heavy 
metal chelation and precipitation, comprehensively assessing the sta-
bility and catalytic performance of synthesized MnFe2O4-C@Al2O3. 
Overall, in addition to establishing a novel high-efficiency catalytic 
treatment system, the findings of this study are intended to provide 
valuable theoretical support for HCO optimization. 

2. Materials and Methods 

2.1. Chemicals and reagents 

The ENPE sample was taken from the second sedimentation tank of 
an electroplating wastewater treatment plant in the Electroplating In-
dustrial Park, Dongguan (China). The ENPE had been pretreated using 
physicochemical treatment methods. The characteristics and quality 
parameters of the actual ENPE sample are presented in Table 1. 

The commercial heterogeneous catalyst SAO3II was purchased from 
Sangni Environmental Protection Technology Co. Ltd. (Guangzhou, 
China) and has been reported to be composed of Fe, Al and Si (Guan 
et al., 2020). The heavy metal trapping agent, magnetic dithiocarbamate 
chelating resin (MDCR), was previously synthesized to contain a thiol 
group (Yan et al., 2019). Furthermore, fluorescent protein Escherichia 
coli (FPE) was also devised and modified according to the reported 
synthesis method (Li et al., 2017). A detailed description of the FPE 
construction process is provided in Text S1. All chemical reagents were 
of analytical grade purity, with detailed information provided in Text 
S2. 

2.2. Synthesis and characterization of the MnFe2O4-C@Al2O3 catalyst 

The MnFe2O4-C@Al2O3 catalyst was synthesized using a two-step 
impregnation and roasting method (Li et al., 2020). Firstly, 50 g of 
pretreated spherule Al2O3 particles were added to a cylindrical beaker 

Table 1 
Quality indices of electroless nickel plating effluent (ENPE) (mg L− 1).  

COD pH Nia Fe NO3–N NH4–N+ CN−

422.8( 
± 0.5) 

9.3( 
± 0.3) 

7.465( 
± 0.02) 

0.76( 
± 0.2) 

19.3( ±
0.3) 

42.6( ±
1.5) 

0.12( ±
0.01) 

a: Ni mainly presents in form of complex state (Ethylene Diamine Tetraacetic 
Acid-Ni, EDTA-Ni) after physicochemical precondition treatment, thus the 
concentration of Ni is approximately regarded as concentration of total Ni (TNi). 
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and combined with 100 mL (0.2 mol L− 1) sucrose solution for 12 h to 
ensure adequate impregnation with Al2O3. Subsequently, the impreg-
nated material was air dried under ambient conditions (20–25 ℃) for 4 
h, with the dried impregnated Al2O3 then transferred to a tube furnace 
and subjected to anaerobic pyrolysis for 2 h at 600 ◦C under a nitrogen 
atmosphere. Thus, the C@Al2O3 catalyst was obtained. Secondly, 
FeCl3∙6 H2O and MnCl2∙4 H2O were combined at a Fe(III): Mn(II) molar 
ratio of 2:1 in a conical flask, then dissolved in 200 mL ultrapure water 
by ultrasonication for 20 min. Next, 50 g of the prepared C@Al2O3 was 
added to the flask and impregnated under continual agitation (150 rpm 
min− 1 at 25 ℃) for 12 h, followed by static impregnation (22–25 ℃)for 
10 h. Subsequently, the impregnated substance was air dried for 4 h and 
then transferred to the tube furnace and subjected to anaerobic pyrolysis 
for 2.5 h at 600 ◦C under a nitrogen atmosphere. After cooling to room 
temperature, the MnFe2O4-C@Al2O3 catalyst was collected and washed 
several times with ultrapure water. In addition, individual FeCl3∙6 H2O 
solution and MnCl2∙4 H2O solution modifications were performed, with 
all other conditions remaining unchanged, generating FeOX-C@Al2O3 
and MnOX-C@Al2O3 products. 

The catalyst chemical composition, surface morphology, elemental 
composition, crystal structure, oxygen vacancy (OV), surface functional 
groups and the valency state of surface metals were investigated by 
energy dispersive X-ray fluorescence spectrometry (ED-XRF, EDX-7000, 
Shimadzu, Japan), scanning electron microscopy- energy dispersive X- 
ray spectrometry (SEM-EDS, Sigma 300, Zeiss, Germany), X-ray 
diffractometry (XRD, Rigaku, SmartLab, Japan), electron paramagnetic 
resonance analysis (EPR, EMXplus-10/12, Bruker, Germany), X-ray 
photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo Fisher, UK) 
and other systems (Text S3). 

2.3. Experimental procedures and processes 

HCO experiments using the MnFe2O4-C@Al2O3 system with MDCR 
chelation (MnFe2O4-C@Al2O3/O3-MDCR) were conducted in a custom- 
made ozonation reactor. The experimental procedure is depicted in 
Fig. S1 and specific description of the process can be found in Text S4. 
Firstly, ENPE was subjected to HCO and the degradation of complexes 
formed from organic-Ni and other organic contaminants by controlling 
the reaction time, while MDCR simultaneously and competitively che-
lates Ni, ultimately achieving Ni removal and the elimination of chem-
ical oxygen demand (COD) and total organic carbon (TOC). 
Furthermore, descriptions of the operational procedures used for elec-
trochemical analysis of catalysts and ENPE toxicity experiments, are 
provided in Text S5 and S6, respectively. 

2.4. Analytical methods 

The in-situ concentration of gaseous O3 ([O3]) was determined using 
an on-line ultraviolet ozone detector (PGD3-H, SZXHR, China), allowing 
the ozone dosage to be controlled within a range of 20–480 mg L− 1 (20 
mg L− 1 min− 1). Thus, the required ozonation dosage was calculated 
according to Eq. (1) as follows: 

Ozonation dosage =
(
[O3]in − [O3]out

)
∗ VO3 (1)  

where, [O3]in and [O3]out refer to the concentration of ozone (mg L− 1) in 
the HCO system influent and effluent gas, respectively. Owing to [O3] 
beyond the limitation detection of in-situ ozone detector, [O3]out would 
be difficulty detected if it was less than 0.1 mg L− 1 and therefore, [O3]out 
was considered to be ~0; VO3 refers to the O3 gas flow velocity, which 
was adjusted to optimal conditions. 

The ozone-utilization efficiency of the catalyst/O3-MDCR system for 
the removal of TNi (ΔTNi/ΔO3), COD (ΔCOD/ΔO3) and TOC (ΔTOC/ 
ΔO3), was calculated according to Eq. (2) as follows: 

△TNi

△O3
=

(
(
[TNi]in

)
− [TNi]out)) ∗ VL

Ozonation dosage
(2)  

where, [TNi]in and [TNi]out refer to the TNi content of the ENPE influent 
and effluent, respectively. VL refer to the volume of ENPE. The same 
equation was used for the ozone-utilization efficiency of COD and TOC 
removal, replacing [TNi] with [COD] or [TOC] accordingly. Therefore, 
the ozone-utilization efficiency of the system was estimated based on the 
removal of TNi and the elimination of COD per ozonation dosage. 

The content of hydroxyl (•OH), superoxide (•O2
− ) and singlet oxy-

gen (1O2) radicals was analyzed using EPR, with quenching via tert- 
butanol (TBA), p-Benzoquinone (BQ) and Furfuryl alcohol (FFA), 
respectively. A description of all other analytical methods is provided in 
Text S7. 

3. Results and discussions 

3.1. Characterization of MnFe2O4-C@Al2O3 

Firstly, the chemical composition of the synthesized catalyst was 
determined by ED-XRF, the results of which are shown in Fig. S2, 
demonstrating that the associated metals were successfully embedded 
and loaded onto the Al2O3 spherule. Furthermore, the morphology and 
elemental composition of all catalyst samples were observed via SEM- 
EDS analysis (Fig. 1, Table 2 and Table S1). A layer of Au was sprayed 
on the surface of all samples to improve their electrical conductivity 
before the detection of EDS. Accordingly, Au was existed in EDS results 
of all samples. Results show that the initial Al2O3 catalyst exhibited a 
relatively smooth and lamellar structure without significant gaps (Fig. 1 
(a) and (d)), with only Al and O detected by EDS (Fig. 1(d)), with their 
relative abundances shown in Table 2. However, C@Al2O3 appeared as a 
large regular structure (Fig. 1(b)), indicating that C effectively accu-
mulated on the surface of Al2O3, forming a new C-layer structure. A 
characteristic C peak appeared in the EDS spectra (Fig. 1(e)), accounting 
for 5.68–10.93% of the surface elements for C@Al2O3-supported cata-
lysts (Table 2). Furthermore, MnFe2O4-C@Al2O3 exhibited sheet objects 
with irregular and globular structures (Fig. 1(c)) (average diameter of 
120–200 nm), with its surface becoming rough and uneven due to 
loading with a significant amount of fine aggregates and particles which 
are considered to be composed of Fe and Mn (Fig. 1(f)). Further details 
on the morphology and element composition of FeOX-C@Al2O3 and 
MnOX-C@Al2O3 are provided in Fig. S3 and Text S8. 

The Mn 2p spectra possess the spin-orbit doublet of Mn 2p1/2 
(653.5 eV) and Mn 2p3/2 (642.4 eV) (Fig. 1(g)). The deconvoluted Mn 
2p spectra were fitted, including the main Mn(II) peaks in Mn 2p1/2 
(655.3 eV), Mn 2p3/2 (641.5 eV) and the satellite peak (646.2 eV). The 
main Mn(III) peak in Mn 2p1/2 occurred at 654.1 eV, while in Mn 2p3/2 
it occurred at 643.2 eV (Tan et al., 2017; Fu et al., 2019), suggesting that 
Mn(II) and Mn(III) were simultaneously detected on the initial 
MnFe2O4-C@Al2O3 catalyst, with Mn(II) occupying the dominant role. 
Furthermore, two central peaks at 724.6 and 711.4 eV on MnFe2O4--
C@Al2O3 were ascribed to Fe 2p1/2 and Fe 2p3/2, respectively (Fig. 1 
(h)), while Fe 2p1/2 and 2p3/2 regions could be deconvoluted into two 
peaks for Fe(III) (712.1 and 725.7 eV), as well as for Fe(II) (710.2 eV and 
723.8 eV) (Qin et al., 2018; Qin et al., 2018), respectively. The energy 
difference between the two Fe 2p spin-orbital levels was over 13 eV, 
indicating the presence of Fe(III) (Meng et al., 2017). Furthermore, two 
satellite Fe(III) peaks and one satellite Fe(II) peak were deconvoluted at 
717.4 eV, 729.7 eV (Liang et al., 2012) and 714.6 eV, respectively. 
These results indicate that Fe(III) and Fe(II) were simultaneously present 
on the initial MnFe2O4-C@Al2O3 surface, with Fe(III) being predomi-
nant. Moreover, diffraction peaks were detected at 2θ of 18.5◦, 31.0◦, 
37.3◦, 46.3◦ and 67.0◦, which were indexed to the lattice planes of Al2O3 
(JCPDS 13–0373). Furthermore, the diffraction peaks at 2θ of 29.7◦, 
34.9◦, 42.5◦, 52.7◦, 56.2◦, 67.7◦, 73.1,◦ and 88.3◦ corresponded to the 
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cubic spinel-type planes of MnFe2O4 (JCPDS 10–0319) (Yang et al., 
2022) (Fig. 1(I)), demonstrating that MnFe2O4 was successfully syn-
thesized with a lattice structure and loaded onto the surface of C@Al2O3 
(Yang et al., 2017). The mapping patterns presented in Fig. S4 show the 
elemental distribution on the surface of the MnFe2O4-C@Al2O3 catalyst. 
It is of note, that based on the results of EDS analysis (Table 2), the Fe: 
Mn ratio was calculated to be in the range of 1:2, which is consistent 
with the stoichiometric ratio calculated for MnFe2O4 (Chen et al., 2021). 
Overall, analysis of catalyst characteristics showed that the pure 
MnFe2O4-C@Al2O3 catalyst was successfully synthesized. 

The specific physical properties of catalysts (Table 3) influences their 
surface adsorption capacity and catalytic ozonation efficiency (Ma et al., 
2019). The specific surface area, pore volume and average pore size of 
C@Al2O3 were measured to be 156.88 m2 g− 1, 0.37 cm3 g− 1 and 

9.30 nm, which were at least two-fold greater than that of Al2O3 
(82.28 m2 g− 1, 0.14 cm3 g− 1, 3.50 nm) and are exceedingly higher than 
that of SAO3II (89.42 m2 g− 1, 0.18 cm3 g− 1, 4.37 nm). It could be 
speculated the larger specific surface area of C@Al2O3 could embed 
more heavy metals, improving the adsorption of O3 and pollutants than 
that of Al2O3. Although the specific surface area of MnFe2O4-C@Al2O3 
slightly decreased compared to C@Al2O3, it remained larger than that of 
MnFe2O4 @SBC (Xiao et al., 2021). The pore volume and average pore 
size of C@Al2O3 and MnFe2O4-C@Al2O3 were similar, both of which 
were significantly larger than that of Al2O3. Meanwhile, MnFe2O4 par-
ticles were well distributed and dispersed on the C@Al2O3 surface, 
prohibiting agglomeration, maintaining the microporous structure and 
improving the catalytic ability of MnFe2O4-C@Al2O3 (Fuat and Cumali, 
2021). Furthermore, the average pore size of all synthetic catalysts 

Fig. 1. Characteristic analysis of SEM-EDS about Al2O3 (a) and (d), C@Al2O3 (b) and (e), MnFe2O4-C@Al2O3 (c) and (f); and high resolution XPS spectra of Mn 2p 
(g), Fe 2p (h) and XRD spectrum (i) of initial and synthesized MnFe2O4-C@Al2O3. 

Table 2 
Surface element percentage of different catalysts by EDS analysis.  

Catalyst Percentage (%) 

C O Al Fe Mn 

Al2O3 —  53.19  46.81 — — 
SAO3II —  55.72  37.91 6.37 — 
C@Al2O3 10.93  49.56  39.51 — — 
FeOX-C@Al2O3 6.39  41.40  31.61 20.60 — 
MnOX-C@Al2O3 7.59  33.66  46.53 — 12.22 
MnFe2O4-C@Al2O3 5.68  29.71  24.61 26.62 13.38  

Table 3 
Summary of physicochemical properties of different catalysts.  

Samples Surface Area (m2 

g− 1) 
Pore volume (cm3 

g− 1) 
Average Pore Size 
(nm) 

Al2O3  82.28  0.14  3.50 
SAO3II  89.42  0.18  4.37 
C@Al2O3  156.88  0.37  9.30 
FeOX-C@Al2O3  150.63  0.40  8.97 
MnOX-C@Al2O3  160.92  0.41  8.78 
MnFe2O4- 

C@Al2O3  

137.41  0.38  8.85  
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ranged between 3.5 and 9.3 nm, with these distribution characteristics 
indicating mesoporous size surface pore structures, possessing the con-
duction potential to adsorb O3 on their surfaces (Xiao et al., 2021). 

Oxygen vacancy (OV) was found to be closely related to catalytic 
performance in the HCO (Ren et al., 2012; Song et al., 2019). The EPR 
signal for different samples (G= 2.002) provides strong evidence for the 
need to explore the variation in OV (Li et al., 2019). The high EPR signal 
intensity indicates a large OV concentration. The OV signal was not 
detected in Al2O3 or SAO3II, however, although it dramatically 
increased following embedding of C into the Al2O3 surface (Fig. 2(a)), 
illustrating that compared to Al2O3, a number of new catalytic active 
sites were added to the surface of C@Al2O3, enhancing the catalytic 
ozonation performance. Nevertheless, the intensity of OV reduced in 
MnFe2O4-C@Al2O3 (Fig. 2(a)), which may be attributed to the formation 
of metal-O bonds between Fe, Mn and O. Furthermore, the OV signal 
intensity declined distinctly in FeOX-C@Al2O3 and could not be 
observed in MnOX-C@Al2O3 (Fig. 2(a)), due to the valence state of the 
metal and its compound structures. N2 adsorption-desorption measure-
ments were performed using the different catalysts, to further assess 
their porous structures (Chen et al., 2021). As shown in Fig. 2(b), the N2 
adsorption-desorption isotherm of Al2O3 was attributed to a type II 
isotherm, with the characteristics of a H3 hysteresis loop according to 
IUPAC classification, indicating a non-porous or macroporous structure 
(Sing, 2013). However, C@Al2O3 and MnFe2O4-C@Al2O3 changed to 
type IV isotherms, with their H4 hysteresis loops demonstrating that 
both C@Al2O3 and MnFe2O4-C@Al2O3 exhibited mesoporous structures 
(Muttakin et al., 2018). Moreover, the mesoporous features of C@Al2O3 
and MnFe2O4-C@Al2O3 were shown by the rapid increase in N2 
adsorption under high relative pressure conditions (P P0

− 1 > 0.7), which 
was considered to improve the catalytic O3 performance. 

The optimal conditions for ENPE treatment by the MnFe2O4- 
C@Al2O3/O3-MDCR system included an initial pH of 7.0–10.0, a ratio of 
MnFe2O4-C@Al2O3 to ENPE of 1:2.5, an O3 flow velocity (VO3) of 
1 L min− 1 and a MDCR dosage of 10 mg L− 1, with 99.3% removal of TNi 
and elimination of COD and TOC by 88.2% and 74.5%, respectively 
(Text S9 and Fig. S5-S6). These findings indicate that organic-nickel (Ni) 
complexes and various recalcitrant organic compounds can be effi-
ciently and rapidly removed using the MnFe2O4-C@Al2O3/O3-MDCR 
catalytic system. 

3.2. Catalytic activity of the MnFe2O4-C@Al2O3/O3-MDCR system for 
TNi removal and the elimination of COD and TOC 

3.2.1. Comparison of different catalyst effects in the HCO process 
In order to investigate the catalytic performance of MnFe2O4- 

C@Al2O3, the capacity of various catalysts to remove TNi, while also 
eliminating COD and TOC in the catalyst/O3-MDCR system, were 
compared under optimal treatment condition. The TNi removal rate and 
efficiency were highest in the MnFe2O4-C@Al2O3/O3-MDCR system, as 
reflected in Fig. 3(a). Furthermore, it was found that the removal of TNi 
occurred in accordance with the pseudo-first-order kinetic model, as 
shown by the analysis of effluent Ni concentrations (Fig. 3(b)). The re-
action rate constant (k) and goodness of fit (R2) values for various cat-
alytic ozonation systems are presented in Table S2. The TNi removal 
efficiency of the C@Al2O3/O3-MDCR system (k = 0.4434 min− 1) was 
1.2- to 1.4-fold greater than that of single O3 and Al2O3/O3-MDCR or 
SAO3II/O3-MDCR systems, indicating that the catalytic activity of Al2O3 
might be similar to that of SAO3II, while C@Al2O3 exhibits higher O3 
catalytic activity. Moreover, the MnFe2O4-C@Al2O3/O3-MDCR system 
was found to have a superior k of 0.7461 min− 1, which was 1.7- and 2.2- 
fold greater than that of C@Al2O3/O3-MDCR or the Al2O3/O3-MDCR 
system (Fig. 3(a) inset) and considerably higher than that of O3-alkaline 
precipitation (k = 0.1139) (Xu et al., 2020) or O3/Fe2+-hydroxide pre-
cipitation (k = 0.1076–0.1783) (Zhao et al., 2018). The MnFe2O4--
C@Al2O3/O3 system exhibited rapid and high efficiency elimination of 
COD (88.2%) and TOC (74.5%) (Fig. 3(c)-(d)). In particular, the elimi-
nation of COD from the MnFe2O4-C@Al2O3/O3 system could exceed 
88%, which was significantly higher than that of the single O3 (48.3%) 
or the Al2O3/O3 system (51.41%). 

It may be speculated that in aqueous conditions, HCO involves a 
reaction between the gas-liquid-solid phases (Yuan et al., 2012), with 
target contaminants and O3 simultaneously adsorbed onto the modified 
catalyst surface (Kruanak and Jarusutthirak, 2019), initiating a series of 
reactions resulting in O3 decomposition and the generation of ROS 
(Moussavi and Mahmoudi, 2009), with contaminants gradually 
decomposed by the catalysts/O3-MDCR system. Furthermore, C 
embedding increased the specific surface area of C@Al2O3, which may 
increase the quantity of metals loaded on its surface and subsequently, 
allow the surface adsorption of more contaminants and O3. However, 
the level of adsorption established for TNi removal and COD elimination 
was below 10% (Fig. S7), which can therefore be ignored and considered 
as negligible compared to the HCO process. Moreover, C@Al2O3 pro-
vided a high number of OV sites, which could be considered as one of the 
Lewis acid sites, possessing an empty orbital and being capable of 

Fig. 2. Oxygen vacancy (OV) (a) and N2 adsorption-desorption isotherms (b) of catalyst samples.  
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accepting an electron pair (Henry, 1923). MnFe2O4 was found to be 
covered by hydroxyl groups from the hydroxylation process that occurs 
when C@Al2O3 was submerged in the aqueous reaction solution, 
forming surface hydroxyl groups which act as catalytic active sites and 
exhibit efficient catalytic performance (Sui et al., 2010; Yuan et al., 
2016). Moreover, it could be seen that the OV signal was dramatically 
decrease on sample of MnOX-C@Al2O3, however, the efficiency removal 
of TNi and elimination of COD and TOC in MnOX-C@Al2O3/O3-MDCR 
system is higher than that of C@Al2O3/O3-MDCR system, inferring that 
surface hydroxyl groups played a more dominant role during process of 
HCO compared to OV. Therefore, MnFe2O4-C@Al2O3 provides a 
significantly increased number of surface active sites (Yuan et al., 2012), 
facilitating the production of ROS in HCO. 

3.2.2. Effect of O3 dosage on TNi removal and the degradation of organic 
pollutions 

With increasing O3 dosage from 20 to 200 mg L− 1(20 mg L− 1 

min− 1), the effluent TNi concentration for the single O3 system decreased 
from 7.465 to 1.551 mg L− 1. In contrast, under Al2O3/O3-MDCR, 
C@Al2O3/O3-MDCR and MnFe2O4-C@Al2O3/O3-MDCR system condi-
tions the effluent TNi concentration was decreased further to 0.745, 
0.392 and 0.062 mg L− 1, respectively (Fig. 4(a)). Meanwhile, the O3- 
utilization efficiency for the removal of TNi (ΔTNi/ΔO3) (Eqs. (1)–(2)), 
was found to increase in the MnFe2O4-C@Al2O3 system, with a 

maximum increase by 1.4-fold observed with a ΔTNi/ΔO3 ratio of 0.221 
for the MnFe2O4-C@Al2O3/O3-MDCR system and of 0.158 for the single 
O3 system (Fig. 4(b)). As such, COD and TOC effluent concentrations 
reduced with increasing O3 dosage, exhibiting the lowest effluent con-
centrations in the MnFe2O4-C@Al2O3/O3 system as compared to other 
HCO systems (Fig. 4(c) and (e)). The maximum ozone-utilization effi-
ciency for the elimination of COD (ΔCOD/ΔO3) and TOC (ΔTOC/ΔO3) 
using the MnFe2O4-C@Al2O3/O3-MDCR system were 1.955 and 0.641, 
respectively, which were 2.4- and 2.2-fold higher than that of the single 
O3 system (Fig. 4(d) and (f)). Therefore, MnFe2O4-C@Al2O3 achieved a 
high O3 utilization efficiency by coupling the MnFe2O4-C@Al2O3 and 
O3-MDCR systems, achieving significant catalytic activity and high 
removal efficiencies for TNi, COD and TOC, with the values reported in 
this study being least 18% higher than that of other previous studies 
(Tables 4 to 6). 

3.3. Catalytic performance of MnFe2O4-C@Al2O3 in successive runs 

In order to explore the stability and recyclability of MnFe2O4- 
C@Al2O3, successive experiments were performed on the removal of 
contaminants and ion dissolution (Fig. 5). The catalytic performance of 
MnFe2O4-C@Al2O3 remained obviously high after six successive cycles 
of reuse, as reflected by the high level of TNi removal achieved 
(98.9–99.3%) (Fig. 5(a)), as well as the elimination of COD 86.9–88.2% 

Fig. 3. Removal of TNi (a), pseudo-first-order kinetic model of the removal of TNi (b), elimination of COD (c) and TOC (d) in different catalytic ozonation assisted 
with MDCR. Conditions: initial pH at 9.3, ratio of catalyst to ENPE (RCE): 1:2.5, O3 gas flow velocity (VO3): 1.0 L min− 1, Dosage of MDCR: 10 mg L− 1, initial 
concentrations of TNi: 7.465 mg L− 1

, initial concentrations of COD: 422.8 mg L− 1, initial concentrations of TOC: 127.5 mg L− 1. 
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Fig. 4. Effluent concentration of TNi (a), COD (c) and TOC (e); and O3-utilization efficiency for removal of TNi (ΔTNi/ΔO3, (b)), elimination of COD (ΔCOD/ΔO3, (d)) 
and TOC (ΔTOC/ΔO3, (f)) during the treatment of ENPE. Conditions: initial pH at 9.3, ratio of catalyst to ENPE (RCE): 1:2.5, O3 gas flow velocity (VO3): 1.0 L min− 1, 
Dosage of MDCR: 10 mg L− 1, initial concentrations of TNi: 7.465 mg L− 1, initial concentrations of COD: 422.8 mg L− 1, initial concentrations of TOC: 127.5 mg L− 1. 
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(Fig. 5(c)) and TOC (69.7–74.5%) (Fig. 5(d)). Importantly, TNi removal 
reached 99% and the elimination of COD remained relatively stable at 
87%, resulting in effluent concentrations of TNi < 0.1 mg L− 1 and COD 
< 50 mg L− 1, which effectively meet the Chinese discharge standard 
requirements (China EPA, 2008). It is of note, that MnFe2O4-C@Al2O3 
exhibited lower levels of Fe and Mn ions dissolution compared to syn-
thesized FeOOH (3.5 mg L− 1) (Sable et al., 2015) and β-FeOOH@MnO2 
catalysts (0.216 mg L− 1) (Lyu et al., 2019) (Fig. 5(b)), with no turbid 
liquid or shed particles observed in the effluent during HCO within six 
successive cycles of reuse. Moreover, MnFe2O4-C@Al2O3 can be reused 
without requiring separation from the treated wastewater, indicating 
that it possesses strong mechanical properties, outstanding stability, 
excellent reusability and a low environmental impact, making it suitable 
for successive batch processes and practical application in treatment 
systems. 

3.4. Mechanism of TNi removal in the MnFe2O4-C@Al2O3/O3-MDCR 
system and the elimination of COD and TOC 

3.4.1. Synergistic effects between MnFe2O4-C@Al2O3 and O3 on HCO 
In order to understand the behavior and structure of various cata-

lysts, their electrochemical properties were assessed based on their 
catalytic performance in oxidation and redox reactions (Fig. 6). Cyclic 
voltammetry (CV) has widely been used to establish the redox potential 

of catalysts, to evaluate the reversibility of an electrode reaction and the 
transfer efficiency of electrons (Ren et al., 2019). Compared to Al2O3 
and C@Al2O3, a wider potential window and higher current were 
observed for MnFe2O4-C@Al2O3 (Fig. 6(a)). Furthermore, FeOX--
C@Al2O3 and MnOX-C@Al2O3 exhibited higher currents than Al2O3 and 
SAO3II, but lower than MnFe2O4-C@Al2O3 (Fig. S9(a)). This indicates 
that Al2O3 loaded with C not only increased the OV number, but also 
accelerated the efficiency of electron transfer on the material surface, 
strengthening the current flow. Furthermore, the electron transfer effi-
ciency and current flux were further enhanced by the loading of 
MnFe2SO4 onto C@Al2O3, promoting the catalytic oxidation perfor-
mance (Guo et al., 2020) and resulting in a higher redox capability in the 
HCO process (Lyu et al., 2019). To provide further comparison, the mass 
activities (MA) (Fig. S8(a)) and area-specific activities (SA) (Fig. S8(b)) 
of catalysts were calculated (Chen et al., 2021), with the corresponding 
results shown in Fig. 6(b). It can be concluded that MnFe2O4-C@Al2O3 
exhibited the highest electrochemical performance in terms of MA 
(4.03 mA mg− 1) and SA (0.51 mA cm− 2), compared to other catalysts 
(Fig. 6(b)). The outstanding performance of MnFe2O4-C@Al2O3 dem-
onstrates that its porous morphology, high OV and abundance of 
metal-based surface hydroxyl groups resulted in superior catalytic per-
formance, potentially due to the greater number of available active sites, 
increasing the velocity and efficiency of electron transfer between O3 
and catalysts, effectively strengthening electrical conductivity and 
electrolyte penetration (Yao et al., 2021). In addition, linear sweep 
voltammogram (LSV) data demonstrated that MnFe2O4-C@Al2O3 had a 
smaller potential (~0.76 mV) than C@Al2O3 (~0.78 mV), Al2O3 
(~0.85 mV) and other catalysts (Fig. S9(b) and Fig. 6(c)), demonstrating 
the high electrocatalytic response and rapid electron transfer of 
MnFe2O4-C@Al2O3 in the HCO process and accelerating the oxidation 
reaction. Furthermore, to explore the durability of the catalysts, their 
chronoamperogram curves were measured (Fig. 6(d)). The current 
density retention rate for MnFe2O4-C@Al2O3 was about 41%, which was 
higher than FeOX-C@Al2O3 (34%), MnOX-C@Al2O3 (30%) (Fig. S9(c)), 
C@Al2O3 (25%), Al2O3 and SAO3II (3–5%). Therefore, MnFe2O4--
C@Al2O3, metal-C@Al2O3 and C@Al2O3 may possess superior dura-
bility in HCO due to the existence of abundant OV. Furthermore, these 

Table 4 
A comparison of O3-utilization efficiencies of the removal of TNi (ΔTNi/ΔO3) for 
ozonation-based treatment.  

System Influent of TNi 

(mg L− 1) 
Dosage of O3 

(mg L− 1) 
ΔTNi/ 
ΔO3 

Ref. 

O3-alkaline 
precipitation  

5.0  619.75  0.015 (Xu et al., 
2020) 

O3/Fe2+- hydroxide 
precipitation  

10.0  252  0.039 (Zhao 
et al., 
2018) 

MnFe2O4-C@Al2O3/ 
O3-MDCR  

7.465  120  0.062 This study  

Table 5 
A comparison of O3-utilization efficiencies of the elimination of COD (ΔCOD/ΔO3) for ozonation-based treatment.  

Target contaminant Influent COD (mg 
L− 1) 

Elimination rate 
(%) 

catalyst Dosage of O3 (mg 
L− 1) 

ΔCOD/ 
ΔO3 

Ref. 

Biochemical tail water of coal chemical 
wastewater  

230.0  65.3 Fe-Mn@Bt  666 0.226 (Sun et al., 2020) 

Crystal violet  400.0  57.0 Fe-activated 
carbon  

399.6 0.571 (Wu et al., 2015) 

Bio-treated coking wastewater  150.0  48.0 MnxCe1-xO2/g- 
Al2O3  

120 ~0.374 (He et al., 2020) 

Cork boiling wastewater  480  61.9 H2O2  1100 0.270 (De Torres-Socías et al., 
2013) 

Dyeing and finishing wastewater  165  31.0 ZVI shavings  80 0.639 (Ma et al., 2018) 
ENPE  422.8  88.1 MnFe2O4- 

C@Al2O3  

480 0.776 This study  

Table 6 
A comparison of O3-utilization efficiencies of the elimination of TOC (ΔTOC/ΔO3) for ozonation-based treatment.  

Target contaminant Influent TOC (mg 
L− 1) 

Elimination rat 
% 

Catalyst Dosage of O3 (mg 
L− 1) 

ΔTOC/ 
ΔO3 

Ref. 

Biochemical tail water of coal chemical 
wastewater  

89.52  53.5 Fe-Mn@Bt  666  0.072 (Sun et al., 2020) 

salicylic acid  12.17  88 Fe-Cu@SiO2  552  0.019 (Chen et al., 
2019) 

sulfamethoxazole  6.00  79.8 Fe-Mn of silicate 
oxide  

217.2  0.022 (Gao et al., 2016) 

p-chloronitrobenzene  0.046  31.4 Pumice  0.6  0.023 (Yuan et al., 
2012) 

ENPE  127.5  69.6 MnFe2O4-C@Al2O3  360  0.227 This study  
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results show that OV can not only enhance the electrical conductivity of 
MnFe2O4-C@Al2O3 crystals, but also optimizes the adsorption energy 
required to bind water molecules onto its active surface (Bao et al., 
2015), enhancing the efficiency and stability of the catalyst for HCO. 

In order to confirm the surface chemical composition and state of 
MnFe2O4-C@Al2O3, while also clarifying the mechanism of ozone 
catalysis, XPS analysis was repeated post-HCO (Fig. 7). Full scan XPS 
spectrum analysis showed that MnFe2O4-C@Al2O3 consisted of Al, Fe, 
Mn, C and O elements (Fig. 7(a)), matching well with the results of EDS 
(Fig. 1(f)). The presence of Al-O bonds was confirmed by the binding 
energies of Al 2p at 74.5 eV (Fig. 7(b)), which corresponds to Al–OH on 
the surface of Al2O3 (Iatsunskyi et al., 2015) and may catalyze O3 to 
yield ROS (Nawrocki and Fijołek, 2013). The cycling of variable valency 
metal ions during catalysis is considered to be crucial for the production 
of ROS (Lai et al., 2019). The two central peaks at 724.5 eV, 711.3 eV 
and 653.7 eV, 642.1 eV were assigned to Fe 2p1/2, Fe 2p3/2 and Mn 
2p1/2, Mn 2p3/2, respectively (Fig. 7(c)-(d)). Compared to the initial 
MnFe2O4-C@Al2O3 material, two Fe(II) satellite peaks were detected in 
both the Fe 2p1/2 and Fe 2p3/2 spectra after deconvolution of the Fe 2p 
curve. The intensity of Fe(II) peaks increased, suggesting that Fe(III) 
favorably converted to Fe(II) (Yao et al., 2014). Furthermore, it could be 
deduced that Mn(IV) (main peaks in Mn 2p1/2 (653.9 eV) and Mn 
2p3/2 (642.8 eV) (Liu et al., 2021)) was formed, becoming predominant 
on the surface of MnFe2O4-C@Al2O3 along with Mn(III), indicating that 
Mn(II) on surface of MnFe2O4-C@Al2O3 was partially transformed into 

Mn(III) and Mn(IV) (Ren et al., 2018). Overall, these results indicate that 
Fe and Mn (or their compounds) are the primary redox active sites 
involved in the HCO reaction. The single peak situated at 284.9 eV 
corresponded to C 1 s and was deconvoluted into four sub-peaks at 
284.7, 285.3, 286.4, 288.9 eV, indicating the presence of sp2 with ox-
ygen containing C-C/C––C, C-O-C/C-OH, C––O and HO-C––O, respec-
tively (Fig. 7(e)) (Chella et al., 2015). The formation of C− OH or C––O 
structures on surface carbon may provide catalytic sites (especially 
carbonyl groups) to swiftly covert O3 into free hydroxyl radicals (•OH) 
(Faria et al., 2008). Therefore, the C embedding not only increases the 
surface area of the catalyst, but also forms active sites for the decom-
position of O3 into ROS. The high-resolution O 1 s spectra of 
MnFe2O4-C@Al2O3 were fitted into three peaks at 530.4, 531.5 and 
533.8 eV (Fig. 7(f)), corresponding to metal hydroxide (M-OH) (Lyu 
et al., 2019) and/or lattice oxygen (Olo) (Saáedi et al., 2016), surface 
adsorbed oxygen (Oao) (Lyu et al., 2019) and/or vacancy oxygen (Ovo) 
(Peng et al., 2018), and surface hydroxyl oxygen (Oso), respectively. It is 
of note, that although the peak intensities of Oao (and/or Ovo) were 
higher than that of Olo (and/or M-OH) and Oso, Olo (and/or M-OH) 
exhibited ion exchange properties and was rapidly converted to an Oao 
structure during catalysis, which indicates that an Olo structure bearing 
a majority of metal hydroxyl groups was critical for the conversion of 
ozone to ROS (Cheng et al., 2018). Furthermore, Oao can easily increase 
the electron density of adjacent Olo, improving the performance of HCO. 
Meanwhile, O2 and O3 molecules were easily adsorbed by Ovo to form 

Fig. 5. Removal of TNi (a) and dissolution of Fe and Mn ions (b); elimination of COD (c) and TOC (d) from ENPE in six successive and recycling runs under MnFe2O4- 
C@Al2O3/O3-MDCR system. 
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Oso (Ma et al., 2017). In conclusion, various forms of C and O partici-
pated in the reduction of Mn4+/Mn2+ and Fe3+/Fe2+, with the redox 
couples Mn4+/Mn2+ and Fe3+/Fe2+ being important in the HCO process. 

Moreover, a previous study indicated that surface hydroxyl groups 
(both metal-OH and inorganic-OH) on the catalyst surface might play a 
dominant role in the HCO reaction (He et al., 2020; Liu et al., 2013). 
FTIR analysis was preliminarily evaluated the density of surface hy-
droxyl groups on catalysts, showing that more surface hydroxyl groups 
may exist on surface of MnFe2O4-C@Al2O3 compared to other catalysts. 
Further details are provided in Fig. S10 and Text S10. 

3.4.2. Identification of reactive oxygen species in the MnFe2O4-C@Al2O3/ 
O3 system 

Furthermore, EPR trapping experiments were conducted for the 
determination of ROS in the MnFe2O4-C@Al2O3/O3 system. Signals for 
•OH, •O2

- and 1O2 were clearly detected in the MnFe2O4-C@Al2O3/O3 
system (Fig. 8(a)-(c)), confirming that these ROS coexisted in the HCO 
system. Moreover, the peroxyalkyl radical (•OOR) was only observed in 
the HCO system containing MnFe2O4-C@Al2O3/O3 (Fig. S11), illus-
trating that the addition of MnFe2O4-C@Al2O3 enriches the ROS in the 
HCO system. In order to further understand the catalytic performance of 
MnFe2O4-C@Al2O3, TNi removal and the intensity of radicals were 
compared in various catalytic systems (Fig. S12). Results showed that 
the intensity of •OH, •O2

– and 1O2 radicals were significantly higher in 
the MnFe2O4-C@Al2O3/O3 system, than other catalytic systems 

(Fig. S12(a), (d), (g)). Furthermore, 1O2 can be yielded from the inter-
action between •O2

– and •OH, or from •O2
– itself (Li et al., 2015). 

Moreover, the removal of TNi by the MnFe2O4-C@Al2O3/O3-MDCR 
system was also higher than that of other systems with equivalent 
scavenger dosages (Fig. S12(b), (e), (h)), confirming the TNi removal 
efficiency (Fig. S12(c), (f), (i) and Table S3). Higher concentrations of 
surface loading with metal and hydroxyl groups could generate more 
radicals and enhance the electron transfer efficiency between the C, Mn, 
Fe and O3 on the surface of MnFe2O4-C@Al2O3, which confirmed the 
results of CV analysis. Furthermore, radical chain reactions were initi-
ated not only on the catalyst surface but also in the aqueous phase 
through synergistic effects of the HCO process (Zhao et al., 2009), 
indicating that both surface and free radicals are produced in the 
MnFe2O4-C@Al2O3/O3 system. More discussion of this can be found in 
Text S11. 

To further investigate the dominant ROS in the MnFe2O4-C@Al2O3/ 
O3-MDCR system during the removal of TNi and the elimination of COD 
and TOC, a series of quenching experiments were conducted (Fig. 8(d)). 
Compared to the original MnFe2O4-C@Al2O3/O3-MDCR system 
(without scavengers), the removal of TNi was reduced from 99.3% to 
75.2%, 60.2% and 10.0% with quenching by 0.5 mM L− 1 p-BQ, TBA and 
FFA, respectively. Furthermore, the TNi (k) removal efficiency estab-
lished using pseudo-first-order kinetic models, was dramatically 
decreased with the addition of quenchers, especially FFA (Fig. S13(a)). 
This indicates that TBA and p-BQ could selectively react with •OH and 

Fig. 6. The CV curses of Al2O3, C@Al2O3, and MnFe2O4-C@Al2O3 (a); maximum of mass activities (MA) and area-specific activities (SA) of all catalysts for the HCO 
(b); LSV curses of Al2O3, C@Al2O3, and MnFe2O4-C@Al2O3 (c); the chronoamperograms (i~t curses) of Al2O3, C@Al2O3, and MnFe2O4-C@Al2O3 (d). 
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•O2
-, respectively, while FFA could scavenge both •OH and 1O2 in the 

HCO system (Table S4). Results showed that k0 > kp-BQ> kTBA > > kFFA 
(Fig. S13(b)) and therefore, 1O2 and •OH were considered to be the 
dominant ROS in the system, while •O2

− was involved in the oxidation 
of organic-Ni complexes. 

3.4.3. Mechanistic analysis of catalytic ozonation using MnFe2O4- 
C@Al2O3 and EDTA-Ni removal 

The possible mechanism of direct or indirect enhancement of 
MnFe2O4-C@Al2O3 catalytic performance, might be due to the diversi-
fication and augmentation of active sites on its surface (Fig. 9). Both the 
OV and surface hydroxyl groups (non-metal and/or metal-based) can be 
regarded as Lewis acidic sites and the predominant catalytic active sites, 

Fig. 7. Full scan XPS spectrum of MnFe2O4-C@Al2O3 catalyst (a); High resolution XPS spectra of Al 2p (b); Fe 2p (c); Mn 2p (d); C 1 s (e), and O 1 s (f) of MnFe2O4- 
C@Al2O3 after heterogeneous catalytic ozonation. 
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enhancing the HCO reaction (Wang et al., 2019). Specifically, the gen-
eration of radicals was found to occur on the surface of MnFe2O4--
C@Al2O3 rather than in the bulk solution (Xiong et al., 2016) (Text S12 
and Eqs. S1-S22 (Zhao et al., 2009)). Electron enrichment was enhanced 
by OV by effectively modulating the electron structure and density on 
the surface of the catalyst, promoting the adsorption of O3 and 
improving the electron transfer capability of the catalyst. Metals were 
also considered as Lewis acid points (Mn+) for the adsorption of O3 on 

the surface of MnFe2O4-C@Al2O3. The valence state transitions of Fe 
(from Fe(III) to Fe(II)) and Mn (from Mn(II) to Mn(IV)) could be ach-
ieved due to electron transfer and donation, as well as redox reactions 
between the two metals and/or the metals individually (Xiao et al., 
2021). Therefore, O3 is converted to radicals in solution due to the 
synergistic interactions between Fe and Mn, as well as their individual 
behavior (Eqs. S23-S34). The formation of C-O (and C-OH) structures on 
the carbon surface, provides additional active sites for the catalysis and 
decomposition of O3 into free radicals (He et al., 2020; Wei et al., 2019). 
This pathway was intended to produce hydrogen peroxide (H2O2) on 
carbon surface groups, subsequently yielding free radicals (predomi-
nantly •OH) from the interactions between H2O2 and O3 (Eqs. S35-S39) 
(Liu et al., 2009). Therefore, the carbon-mediated catalytic performance 
appears to rely on the formation of H2O2 and the interactions between 
H2O2 and O3 in the bulk solution. 

It has previously been reported that EDTA-Ni is the dominant 
organic-Ni complex in ENPE (Guan et al., 2022). In order to study the 
degradation mechanism of EDTA-Ni, the qualitatively analysis of 
EDTA-Ni and its potential degradation intermediates was conducted. 
Results showed that EDTA-Ni and four types of potential its degradation 
intermediates were detected (Table 7 and Fig. S15). Based on analysis of 
identified intermediates, degradation pathways of EDTA-Ni may estab-
lish. Firstly, EDTA-Ni was oxidized to remove a carboxyl group and form 
to ED3A-Ni. Subsequently, C-N bonds connected with amino and 
carboxyl groups was further attacked and ED3A-Ni was translated in 

Fig. 8. EPR spectrum intensity of •OH (a), •O2
- (b), 1O2 (c) adduct signals and their spin curses in the MnFe2O4-C@Al2O3/O3-MDCR system; Effect of various 

quenchers on the removal of TNi in the MnFe2O4-C@Al2O3/O3-MDCR system (d). Conditions: initial pH at 7.0, ratio of catalyst to ENPE (RCE): 1:1.25, [TNi]0 
= 7.465 mg L− 1, VO3: 1.0 L min− 1, [MDCR]: 10 mg L− 1, dosage of different quenchers: [TBA] = [p-BQ] = [FFA] = 0.5 mM L− 1, Temperature= 26 ± 1.5 ◦C. 

Fig. 9. Generation of oxidizing radicals in heterogeneous catalytic ozonation 
using MnFe2O4-C@Al2O3 catalyst. 
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ED2A-Ni. Then, ED2A-Ni were attacked and decarboxylated to form 
EMDA-Ni, which was further decarboxylated to form EDA-Ni (Xie et al., 
2019). As aforementioned above, it could be deduced that the reactive 
oxygen species were inclined to attack the C-N bonds connected with 
amino and carboxyl groups, resulting in decarboxylation was tended to 
happen during the degradation of EDTA-Ni. Therefore, it could be 

inferred that decarboxylation is the main process of EDTA-Ni decom-
plexation and ROS are more likely to attack the C-N bonds which jointed 
with amino and carboxyl groups, with EDA-Ni being the predominant 
degradation product after HCO treatment. In addition, MDCR is a 
bidentate ligand containing –SH groups (Yan et al., 2019), which can 
competitively chelate coordination complexes of Ni (or free Ni(II)) and 
form an insoluble chelate (Guan et al., 2020), achieving Ni removal and 
the elimination of COD from ENPE. 

3.5. ENPE toxicity evaluation 

In order to assess the toxicity of the complicated and resistant in-
dustrial wastewater, luminescent bacteria method has been developed 
for several years (Serat et al., 1965) and was widely applied (Bulich and 
Isenberg, 1981; Mirjani et al., 2021). In addition, Escherichia coli is a 
bacterium that is commonly used to study antibiotic resistance 
(Schmiege et al., 2021) and evaluate fecal pollution levels in environ-
mental waters (Bojar et al., 2021). In order to enhance the expression 
fluorescent protein in Escherichia coli, previous study has construct the 
fluorescent protein Escherichia coli (FPE) with receptor green, which was 

Table 7 
Analyst of EDTA-Ni and their potential degradation intermediates by UPLC-MS.  

Intermediates Molecular formula RT (min) Am/z Tm/z 

EDTA-Ni C10H12N2O8-Ni  0.74  345.99516  345.99471 
ED3A-Ni [M+H+] C8H11N2O6-Ni  5.82  290.00623  290.00434 
ED2A-Ni [M-H+] C6H10N2O4-Ni  8.83  230.99174  230.99213 
EDMA-Ni C4H9N2O2-Ni  1.53  175.00191  175.00175 
EDA-Ni [M-H+] C2H8N2-Ni  0.84  116.99675  116.99682 

RT: Reaction Time; Am/z: actual value of mass-to-charge ratio; Tm/z: theoret-
ical value of mass-to-charge ratio; EDTA-Ni: ethylenediamine tetraacetic acid- 
Ni; ED3A-Ni: ethylenediaminetriacetic-Ni; ED2A-Ni: ethylenediamine-N,N′- 
diacetic acid-Ni; EDMA-Ni: aminoethyleneglycine-Ni; EDA-Ni: ethylenediamine- 
Ni 

Fig. 10. 3D-EEM fluorescence spectra result of mixture solution: pure FPE and initial ENPE (a), pure FPE integrate with ENPE after treatment by MnFe2O4-C@Al2O3/ 
O3 system (b), pure FPE integrate with ENPE after treatment by MnFe2O4-C@Al2O3/O3-MDCR system (c) for 12 h culture; pure FPE integrate with ENPE after 
treatment by MnFe2O4-C@Al2O3/O3-MDCR system and cultured for 3 day (d). 
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uniquely expressed at the specific wavelength Ex/Em 
= 488–498/507–516 nm in 3D-EEM fluorescence spectra (Li et al., 
2017). Therefore, FPE, as the luminescent bacteria, was firstly tried to 
assess the toxicity of wastewater in this study. Pure FPE exhibits a strong 
fluorescent response in 3D-EEM fluorescence spectra (Fig. S14). How-
ever, it was dramatically weakened following mixing with the initial 
ENPE (Fig. 10(a)), indicating that the quantity of FPE sharply decreased 
due to the high toxicity of the initial ENPE. The fluorescence response 
intensity after HCO and MnFe2O4-C@Al2O3/O3-MDCR treatment was 
higher than in the initial ENPE (Fig. 10(b)-(c)), indicating that FPE was 
more abundant in the treated ENPE environment. Moreover, it can be 
seen that the fluorescence response intensity was prominently enhanced 
after culturing for 3 days (Fig. 10(d)), demonstrating that FPE grew well 
in the treated wastewater and that the toxicity of wastewater was 
reduced effectively. Meanwhile, the BOD5/CODCr was increased from 
0.005 in the initial ENPE to 0.32 after treatment, indicating that the 
biodegradability of EPNE was significantly improved (Li et al., 2008). 
Overall, the results of this analysis confirm that the toxicity of waste-
water was significantly decreased by treatment using the MnFe2O4--
C@Al2O3/O3-MDCR system (Mainardis et al., 2020). A detailed 
discussion on Peak I and II in Fig. 10 is provided in Text S13. 

3.6. Potential industrial application 

To support the commercial application of O3-utilization in the 
advanced treatment of ENPE, the MnFe2O4-C@Al2O3 catalyst was suc-
cessfully synthesized in a core− shell structure with a high specific sur-
face area, excellent catalytic ozonation performance and superior 
mechanical stability, establishing the MnFe2O4-C@Al2O3/O3-MDCR 
system. These results demonstrate that this novel catalyst effectively 
enhanced O3-utilization and improved the efficiency of removal of TNi, 
COD and TOC in actual ENPE. Meanwhile, the mechanism of generation 
of various radicals has also been discussed in detail. According to the 
results of luminescent bacteria method using FPE, it could be prelimi-
narily deduced that the toxicity of ENPE was significantly weakened and 
biodegradability was markedly improved during the integrated process 
of MnFe2O4-C@Al2O3/O3-MDCR treatment. Notably, the effluent con-
centration of TNi and COD after treatment by the MnFe2O4-C@Al2O3/ 
O3-MDCR system was consistently less than 0.1 and 50 mg L− 1, 
respectively, meeting the Chinese discharge standard requirements 
(China EPA, 2008). 

In order to evaluate the applicability, structural stability and feasi-
bility of the MnFe2O4-C@Al2O3 catalyst and the integrated MnFe2O4- 
C@Al2O3/O3-MDCR system, energy efficiency was investigated (Guan 
et al., 2022; Xiao et al., 2015). In the present study, the removal of TNi, 
COD and TOC reached 99.3%, 88.2% and 74.5% with corresponding 
energy efficiencies of 0.375, 5.18 and 1.23 g kWh− 1, respectively, which 
are all higher than that of other ozonation-basic technologies (Table. 
S5-S7). These results illustrate the high structural stability and surface 
catalytic activity of MnFe2O4-C@Al2O3 and therefore, the integrated 
MnFe2O4-C@Al2O3/O3-MDCR system is an efficient and feasible tech-
nology for the advanced treatment of ENPE with outstanding energy 
efficiency, facilitating the potential for industrial application of the 
proposed process. 

Although the present system can successfully remove TNi and elim-
inate COD and TOC, several problems still need to be resolved. The 
toxicity of substances in the initial ENPE should be specifically identified 
and investigated. Moreover, the composition of organics in the initial 
ENPE should be further studied. Furthermore, in order to assess the 
potential practical application of ENPE treatment, scaled-up and pilot- 
scale experiments are required. In addition to heavy metals and 
organic substances, large numbers of nitrogen and phosphorus com-
pounds are retained in the effluent. Therefore, in order for the final 
effluent to be reused in industrial scenarios, further purification and 
treatment of other contaminants (such as total nitrogen and phosphorus) 
will be required. 

4. Conclusions 

By integrating the mechanical stability of Al2O3 and the surface ac-
tivity of C into the same framework, the MnFe2O4-C@Al2O3 catalyst was 
synthesized with a core− shell structure. The TNi removal efficiency 
(99.3%, k = 0.7461) of the MnFe2O4-C@Al2O3/O3-MDCR system was 
significantly higher than that of other systems. Similarly, the elimination 
of COD and TOC reached to 88% and 74% using the above system under 
optimized conditions, respectively. TNi removal and the elimination of 
COD and TOC remained high after successive runs in the MnFe2O4- 
C@Al2O3/O3-MDCR system, reflecting the stability of MnFe2O4- 
C@Al2O3. Furthermore, the predominant ROS and their special gener-
ation pathways have been identified, along with the potential active 
sites for catalytic ozonation on the surface of MnFe2O4-C@Al2O3. 
Moreover, the O3-utilization efficiency for removal of TNi (ΔTNi/ΔO3 
=0.221), COD (ΔCOD/ΔO3 =1.955) and TOC (ΔTOC/ΔO3 =0.641) 
remained at a high level with relatively low energy efficiencies, 
demonstrating that the MnFe2O4-C@Al2O3/O3-MDCR system can be 
practically used in long-term continuous applications. 
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Iatsunskyi, I., Kempiński, M., Jancelewicz, M., Załęski, K., Jurga, S., Smyntyna, V., 2015. 
Structural and XPS characterization of ALD Al2O3 coated porous silicon. Vacuum 
113, 52–58. 

Ikhlaq, A., Brown, D.R., Kasprzyk-Hordern, B., 2015. Catalytic ozonation for the removal 
of organic contaminants in water on alumina. Appl. Catal. B 165, 408–418. 
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