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A B S T R A C T   

Designing catalysts that are both efficient and resistant to interference poses a significant challenge in the field of 
catalytic ozone oxidation. In this study, four composite nanomaterials with different crystalline phase structures 
of MnO2 and its loading onto activated carbon were synthesized by hydrothermal synthesis-calcination method 
and successfully used to catalyze the degradation of BAA by ozonation. The synthesized α-MnO2/AC showed 
excellent performance and stability, and the degradation rate of 100 mg/L BAA could reach 96.27 % within 40 
min under optimal conditions. Compared with MnO2 alone, α-MnO2/AC possessed lower polarization resistance, 
faster charge transfer rate, and higher Mn3+ and oxygen vacancy contents. Through the mechanistic study of 
Heterogeneous catalytic ozonation (HCO), it was confirmed that Mn(III) and oxygen vacancies together acted as 
active sites to enable O3 adsorption and activation to generate ROS, and •OH and 1O2 reacted with BAA as the 
main ROS in this system. In addition, a potential pathway for the degradation of BAA by HCO was proposed and 
evaluated for its toxicity. This study provides a new strategy and understanding for designing manganese dioxide 
composite catalysts with different crystalline phases and the mechanistic exploration of the HCO pathway.   

Introduction 

Rapid urbanization has led to the widespread use of synthetic dyes in 
various industries, including textiles, printing and dyeing, cosmetics, 
and many others [1]. The annual global dye production exceeds 600,000 
tons, with over 50 % dedicated to textile dyeing. In the textile printing 
and dyeing processes, approximately 10 % to 20 % of dyes are dis
charged into water [2]. Anthraquinone dyes, known for their cost- 
effectiveness, ready availability, and excellent dyeing properties, are 
extensively employed as primary or secondary dyes in commercial tri
colour dye formulations for cellulose textiles, wool, and polyamide 
fibies. This application enhances the dyeing outcomes, making anthra
quinone dyes the second most utilized dyes, following closely behind 
azo dyes [3]. Bromamine Acid (1-Amino-4-bromoanthraquinone-2-sul
fonic acid, BAA) is a crucial dye intermediate in synthesising 
anthraquinone-type dyes. It is water-soluble and commonly encountered 
in industrial wastewater, representing a class of recalcitrant, non- 
biodegradable organic pollutants. Due to the inefficient processes in 
dye production, substantial quantities of BAA are discharged into 
aquatic environments, posing significant environmental and health risks 

[4]. Due to the special anthraquinone structure of BAA, which contains 
− Br, –NH2, and − SO3H functional groups, and thus its biotoxicity, 
structural stability, and non-biodegradability, traditional biological 
methods cannot effectively treat this type of wastewater, and the search 
for an appropriate method for treating BAA wastewater is an urgent 
research need. 

Advanced oxidation processes (AOPs) represent an effective tech
nology for degrading recalcitrant organic pollutants in water. Among 
AOPs, ozone oxidation is a common process due to its powerful 
oxidizing ability and the absence of secondary pollution and many other 
advantages [5,6]. Among them, heterogeneous catalytic ozonation 
(HCO) has garnered significant attention due to its efficient minerali
zation of organic pollutants, wide pH applicability, and catalyst recy
clability [7–9]. The nature of catalysts plays a pivotal role in 
determining the efficiency of heterogeneous catalytic ozonation (HCO). 
To enhance HCO efficiency, extensive research has been conducted to 
develop novel catalysts, such as metal oxides (e.g., manganese dioxide 
(MnO2), iron oxide (FeOOH), and magnesium oxide (MgO)) [10–12]、 
Metal-free carbon materials, such as graphitic carbon nitride (g-C3N4), 
biochar, and graphene oxide [13–15]. Moreover, metal/metal oxide 
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catalysts loaded onto carriers, such as Co-N@CNTs, are commonly 
employed [16], it is a commonly used catalyst. Among these, manganese 
oxides have been extensively investigated due to their high catalytic 
activity, ecological friendliness, and widespread natural dispersion. 
MnO2 is widely employed for catalytic ozonation in manganese oxides, 
benefiting from its diverse oxidation states, varied structures, high sta
bility, and cost-effectiveness. To date, various crystal forms of MnO2, 
including α-, β-, γ-, and δ-MnO2, as well as diverse morphologies such as 
linear, tubular, rod-shaped, and flower-shaped MnO2, have been 
designed to achieve efficient catalytic ozonation [10,17–20]. The 
various crystal structures of MnO2 have a profound effect on ozone 
catalyzed reactions. The special tunneling structure of MnO2 has been 
reported to have a significant effect on the catalytic activity [21]. In 
addition, the prominent catalytic activity of MnO2 may be related to its 
abundant oxygen vacancies [22]. The oxidizing activity of MnO2 may 
also be related to the surface Mn(III) content [23]. Therefore, it is 
important to study and compare the characteristics of different crys
talline phases of MnO2 and their differences in performance for ozone- 
catalyzed degradation of pollutant. 

However, using pure manganese oxides may lead to issues such as 
metal leaching and the aggregation of metal oxide nanoparticles in the 
solution, consequently affecting the efficiency of heterogeneous cata
lytic ozonation (HCO). The combination of manganese oxides with non- 
metallic materials could significantly improve the efficiency of HCO by 
suppressing the metal leaching problem, overcoming the high energy 
barrier from the reduction of M(n+m)+ to Mn+ (M, metal species) and 
preventing the agglomeration of ultrafine metal oxide nanoparticles in 
solution. For instance, Tian and colleagues reported the outstanding 
heterogeneous catalytic ozonation (HCO) activity of manganese-loaded 
biochar (MnOx/biochar) [24]. Xu et al. achieved the amino- 
functionalization hybridization of MnO2 and graphene oxide (GO) and 
synthesized a heterogeneous solid catalyst, MnO2-NH2-GO, through a 
hydrothermal method. This catalyst was employed to degrade cefadroxil 
efficiently [25].Therefore, combining manganese oxides with non- 
metallic materials is be a promising approach for achieving excellent 
heterogeneous catalytic ozonation (HCO) performance. Against the 
backdrop of emphasizing carbon emissions and carbon sequestration, 
activated carbon emerges as an ideal non-metallic material due to its 
potential for solid waste recycling, carbon sequestration, and compre
hensive greenhouse gas reduction, all at a low cost. Acknowledging the 
positive impacts arising from the interactions between heterogeneous 
Mn-based catalysts and carbonaceous materials, we suggest that the 
amalgamation of manganese oxide (MnO2), known for its effective 
heterogeneous catalytic ozonation (HCO) capabilities, with carbona
ceous materials like activated carbon, represents a viable strategy. 

This study successfully loaded novel composite nanomaterials onto 
activated carbon with different crystalline phases of MnO2 by a simple 
hydrothermal synthesis-calcination method. The composites were 
characterized by XRD, SEM, HRTEM, XPS and BET, and the perfor
mances of the different materials as catalysts for the degradation of BAA 
in HCO system were systematically compared. In addition, the reasons 
for the enhanced performance of α-MnO2/AC as a catalyst in the HCO 
system and the effects of ozone concentration, pollutant concentration, 
experimental temperature and initial pH on the degradation efficiency 
of BAA were investigated, and the reactive oxygen species (ROS) gen
eration and HCO mechanism were explored. Finally, the possible 
degradation intermediates of BAA and their acute toxicity were 
determined. 

Materials and methods 

Chemicals and reagents 

The reagents and materials used are listed in Text S1. 

Preparation of the catalyst 

The α-, β-, γ- and δ-MnO2 syntheses were adapted from previous 
reports [26,27] and their composites were prepared using an innovative 
approach. Details of catalyst preparation are presented in Supplemen
tary Data Text.S2, and schematic diagram of the catalyst preparation is 
shown in Fig. S1. 

Experimental methods 

Using different crystalline phases of MnO2 and MnO2/AC as catalysts 
and Bromamine Acid (BAA) as a model pollutant, non-homogeneous 
ozone catalytic oxidation treatment was conducted on simulated 
wastewater in a glass gas-washing bottle with an effective volume of 
500 mL. In the reactor, 200 mL of BAA solution was added, followed by 
an appropriate amount of catalyst. The system was placed in a 25℃- 
water bath and stirred continuously. Ozone, generated by a 3S-T10 
laboratory ozone generator (Tonglin Technology, China), was bubbled 
into the bottom of the reactor at a flow rate of 500 mL/min through a 
diffuser. Subsequently, 2 mL of the reaction solution was extracted at 
predetermined intervals and filtered through a 0.45 µm nylon filter. 
Only the AC doping amount was varied when investigating the impact of 
AC doping on the catalytic performance of α-MnO2/AC. 

Ozone concentration was controlled by adjusting the voltage and 
measured using a 3S-J5000 desktop ozone concentration online 
analyzer (Tonglin Technology, China). The degradation efficiency of 
BAA was investigated under various conditions, including different 
catalysts, AC doping levels, catalyst dosages, ozone concentrations, 
initial pH values, different temperatures, and initial BAA concentrations. 
To assess the recyclability and stability of α-MnO2/AC, particles were 
filtered and collected after each cycle, washed multiple times with 
ethanol and distilled water to remove residual organic compounds from 
the liquid film, and reused after drying at 60℃ for 8 h. Synthetic solu
tions were prepared using tap water and surface water and applied to 
actual wastewater samples to further explore the degradative capabil
ities of heterogeneous catalytic ozonation. All experiments were con
ducted in triplicate, and error bars represent the standard deviation of 
the mean. 

Characterization 

The characterization of the prepared catalysts involved are listed in 
Text S3. 

Analytical method 

The analytical method employed are shown in Text S4. 

Results and discussion 

Structural and morphological characterizations 

The XRD spectra of α-, β-, γ- and δ-MnO2 are shown in Fig. 1(a). α-, β-, 
γ- and δ-MnO2 diffraction peaks match well with the diffraction peaks of 
α-MnO2 (JCPDS 29-1020), β-MnO2 (JCPDS 24-0735), γ-MnO2 (JCPDS 
14-0644) and δ-MnO2 (JCPDS 80-1098) have well-matched diffraction 
peaks, which are consistent with the results of previous studies 
[18,20,28,29]. In Fig. 1(b), different stages of catalyst synthesis after 
doping with activated carbon (AC) are depicted. MnOx/AC reveals new 
peaks corresponding to β-MnO2. Conversely, activated carbon-doped 
forms of other manganese oxides α-MnO2/AC, γ-MnO2/AC, and 
δ-MnO2/AC maintain identical diffraction peaks as their respective 
manganese dioxide phases. This observation is conclusive evidence for 
the successful synthesis of α-MnO2/AC, γ-MnO2/AC, and δ-MnO2/AC in 
the current experiment. 

According to scanning electron microscopy (SEM) shown in Fig. 2(a) 
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and Fig. S2 (a-c), each of the four crystal phases α-MnO2, β-MnO2, 
γ-MnO2, and δ-MnO2 displays distinct morphologies, characterized by 
needle-like, rod-like, sea urchin-like, and flower-like structures, 
respectively. As seen in Fig. 2(b) and Fig. S2 (d-f), needle-like α-MnO2 
was uniformly distributed on the surface of AC, sea urchin-like γ-MnO2 
was formed at the holes of AC, and spherical δ-MnO2 was aggregated 
and distributed on the surface of AC, this again illustrates the successful 
preparation of α-MnO2/AC, γ-MnO2/AC, and δ-MnO2/AC. In addition, 
the MnO2 loaded on AC was more dispersed and smaller particle size. 
Unfortunately, in contrast, MnOx manifests as fragmented rod-shaped 
particles adhering to the activated carbon (AC) surface, and in 

conjunction with the XRD analysis above, we believe that β-MnO2/AC 
has not yet been successfully synthesized, therefore, we named the 
material MnOx/AC. 

Energy-dispersive X-ray spectroscopy (EDS) mapping in Fig. S3 and 
Fig. 2(c1-c4) reveals a uniform distribution of Mn, O, and C elements on 
the surfaces of α-MnO2/AC, MnOx/AC, γ-MnO2/AC, and δ-MnO2/AC, 
According to high-resolution transmission electron microscopy 
(HRTEM), well-ordered lattice fringes are clearly visible in both α-MnO2 
and α-MnO2/AC (Fig. 2(d, e)). As confirmed by JCPDS29-1020 and 
consistent with XRD data, the lattice spacings of 0.24 nm, 0.49 nm, and 
0.69 nm in the point patterns correspond to the interplanar distances of 

Fig. 1. XRD patterns of (a) Different crystalline phases of MnO2, (b) Different composite nano materials.  

Fig. 2. SEM image of (a) α-MnO2, (b) α-MnO2/AC, EDS images of (c1-c4) α-MnO2/AC and HRTEM images of (d) α-MnO2 (e) α-MnO2/AC.  
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(211), (200), and (110) crystal planes of α-MnO2. 

Comparison of different materials 

The BAA removal efficiency of distinct crystal-phase manganese di
oxides is shown in Fig. 3(a). The application of ozone (O3) alone resulted 
in a 37.76 % removal rate of BAA within the first 40 min. the BAA 
degradation sequence by different crystal-phase MnO2/O3 follows the 
order α-MnO2 (54.55 %) > γ-MnO2 (51.39 %) > β-MnO2 (47.19 %) >
δ-MnO2 (42.47 %). Additionally, the pseudo-first-order reaction kinetics 
model proficiently fits the BAA degradation processes in α-, β-, γ-, and 
δ-MnO2/O3 mediated systems. The calculated pseudo-first-order rate 
constants of BAA degradation were 0.01897 min− 1, 0.01545 min− 1, 
0.01764 min− 1, and 0.01366 min− 1 for α-, β-, γ-, and δ-MnO2/O3, 
respectively. 

The removal of BAA by each composite nanomaterial after loading 
MnO2 onto activated carbon was significantly enhanced, and the 
degradation of BAA by catalytic ozone oxidation of four composite 
nanomaterials is shown in Fig. 3(b). Among these, α-MnO2/AC dem
onstrates the highest BAA degradation efficiency, reaching 84.2 %. For 
MnOx/AC, γ-MnO2/AC, and δ-MnO2/AC, the BAA degradation effi
ciencies are 65.8 %, 73.81 %, and 63.46 %, respectively, while AC alone 
achieves a degradation rate of only 47.7 % under identical experimental 
setups. Moreover, the pseudo-first-order reaction kinetics model fits 
BAA’s degradation processes catalyzed by α-MnO2/AC, MnOx/AC, 
γ-MnO2/AC, and δ-MnO2/AC. The calculated pseudo-first-order rate 
constants are 0.04535 min− 1, 0.02742 min− 1, 0.03382 min− 1, and 
0.0254 min− 1, respectively. Notably, α-MnO2 demonstrates the highest 
degradation rate for BAA among the different crystal phases. Further
more, α-MnO2/AC exhibits the highest enhancement in BAA removal 
rate, reaching 29.61 %. Consequently, α-MnO2/AC is selected for sub
sequent experimental investigations. 

Fig. 3(c) displays the Raman spectra of α-MnO2 and α-MnO2/AC. A 
distinct Raman peak at 647 cm− 1 is evident in both α-MnO2 and 
α-MnO2/AC, signifying the characteristic Mn-O vibrations and con
firming the presence of Mn-O in the substrates [30,31]. The peak at 
1384 cm− 1 corresponds to the typical D-band, indicating of disordered 
carbon or defective graphite structures. Further, the peak at 1603 cm− 1 

is attributed to the G-band, providing evidence of the presence of 
graphite layers [32]. The measured intensity ratio of the ID/IG bands in 
the α-MnO2/AC composite is 0.75, signifying a high defect density in 
composites. The Raman spectra of the remaining materials are shown in 
Fig. S4. β-MnO2, γ-MnO2, δ-MnO2, γ-MnO2/AC, and δ-MnO2/AC simi
larly showed distinct Mn-O peaks, however, MnOx/AC showed a sig
nificant peak shift, which is indicative of the fact that β-MnO2/AC has 
not been successfully synthesized. 

The IR band at 665 cm− 1, observed for both α-MnO2 and α-MnO2/ 
AC, is ascribed to Mn-O bending vibrations [33] (Fig. 3(d)). The 
broadband at 3400 cm− 1 indicates –OH stretching vibrations of surface 
hydroxyls or sorbed water [34]. Additionally, the IR band at approxi
mately 1600 cm− 1 is specific to the bending vibrations of surface hy
droxyls [35]. The FTIR spectra of the remaining materials are shown in 
Fig. S5. Crucially, the characteristic infrared bands of α-MnO2/AC do not 
show significant differences after use, indicating the excellent stability 
of α-MnO2/AC. 

The N2 adsorption isotherms and pore size distribution of different 
catalysts are shown in Fig. 3(e), Fig. 3(f), and Fig. S6. α-MnO2, α-MnO2/ 
AC, β-MnO2, MnOx/AC, γ-MnO2, γ-MnO2/AC, δ-MnO2 and δ-MnO2/AC 
all exhibit typical type IV isotherms and H3 hysteresis loops, suggesting 
that the catalysts have mesoporous structures [36]. Table S1 summarizes 
the specific surface area and pore size distribution of the different cat
alysts. The average pore diameters for α-MnO2 and α-MnO2/AC are 
12.348 nm and 3.816 nm, respectively, providing further confirmation 
of their mesoporous nature. The specific surface area (SBET) of α-MnO2/ 
AC was 47.205 m2/g, which was slightly lower than that of α-MnO2 
(83.056 m2/g). Although the reduced SBET of α-MnO2/AC may be 
considered detrimental to the catalytic process, specific interactions 
between MnO2 and AC may enhance the catalytic ability, such as by 
enhancing the dispersion of MnO2 and reducing the diameter of MnO2. 
This is also consistent with the results of the SEM analysis above. 
Moreover, both catalysts exhibit relatively small pore volumes, indi
cating that the catalytic reactions predominantly occur on the catalyst’s 
surface rather than within the pores or channels [37]. 

The interfacial electron transfer rates between α-MnO2 or α-MnO2/ 
AC and the solution phase were scrutinized using electrochemical 
impedance spectroscopy (EIS). In principle, the diameter of the Nyquist 

Fig. 3. (a) Degradation of BAA in α-, β-, γ-, and δ-MnO2/O3, (b) Degradation of BAA in α-MnO2/AC, MnOx/AC, γ-MnO2/AC and δ-MnO2/AC/O3, (c) Raman spectra of 
α-MnO2 and α-MnO2/AC, (d) FTIR spectra of α-MnO2、α-MnO2/AC and α-MnO2/AC used, and N2 adsorption–desorption isotherm of (e) α-MnO2 and (f) α-MnO2/AC. 
Experimental conditions: ([BAA] = 100 mg/L, [ozone] = 5 mg/L, [catalyst] = 0.5 g/L, T = 25℃, pH = 7.0.). 
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plots’ semicircle indicates the strength of polarization resistance [38]. 
An increase in electrode potential corresponds to an enlargement of the 
Nyquist semicircle diameter, signaling an elevation in charge transfer 
resistance [39]. As illustrated in Fig. 4(a), α-MnO2/AC exhibits a smaller 
semicircle in the Nyquist plot, suggesting lower polarization resistance 
and a faster charge transfer rate for α-MnO2/AC. The electrochemical 
impedance data of the modified electrode were further analyzed via the 
equivalent circuit simulation. Table S2 shows the circuit simulation 
parameters, and the resistances of α-MnO2 and α-MnO2/AC are 1119 Ω 
and 425.3 Ω, respectively. These results confirm that the electrical co
ordination between MnO and AC in α-MnO2/AC expedites interfacial 
electron tra and improves the charge transfer efficiency. 

The redox activity of α-MnO2 and α-MnO2/AC was characterized 
using cyclic voltammetry (CV). As shown in Fig. 4(b), the anodic current 
peaks align with the Mn2+ → Mn3+ to Mn3+ → Mn4+ oxidation, while 
the cathode current peaks correspond to the Mn4+ → Mn3+ and Mn3+→ 
Mn2+ reduction. Notably, both the reduction and oxidation curves of 
α-MnO2/AC exhibit significantly higher current intensities compared to 
bare α-MnO2. This disparity suggests that the Mn in the α-MnO2/AC 
carries a high surface charge [40]. Consequently, it can be inferred that 
α-MnO2/AC shows exceptional cyclic redox capability, a crucial aspect 
for restoring the substrate’s catalytic activity. The broad CV curves 
observed for α-MnO2/AC attributed to the enhanced redox processes 
facilitated by O3. 

The elements’ surface composition and chemical states play a crucial 
role in catalytic ozonation. The wide-scan XPS spectrum (Fig. 4(c)) 
observed peaks for C 1 s, O 1 s, Mn 2p, and Mn 3 s in the α-MnO2/AC 
catalyst; this shows the presence of Mn and O, corresponding to the 
previous eds results. 

In Fig. 4(d), the Mn 2p3/2 spectrum can be divided into two peaks 
located at 641.6 and 642.9 eV, respectively corresponding to the binding 
energies of Mn3+, and Mn4+ [19]. The Mn(III) content on the catalyst 
surface was α-MnO2/AC (67.52 %) > α-MnO2 (62.28 %).The molar ratio 
of Mn3+ and Mn4+ was quantified for α-MnO2/AC (2.08), surpassing that 
of α-MnO2 (1.70). The reactivity of the catalysts was positively corre
lated with the surface Mn(III) content, this suggests that Mn(III) may be 
the primary active site. 

Simultaneously, the average oxidation state (AOS) of Mn species was 
quantified using Formula 1 (ΔE as the difference in binding energy 

between the two peaks)[41]. The lower AOS value (3.30) for α-MnO2/ 
AC (Fig. 4(e)) suggests a higher content of low-valent Mn in α-MnO2/AC 
compared to its α-MnO2 counterpart. It is generally acknowledged that 
low-valent Mn induces Jahn − Teller distortion, thereby promoting the 
formation of oxygen vacancies to maintain the charge balance, based on 
the process shown in Formula 2 [8,42], Oxygen vacancies consistently 
serve as active sites during the catalytic ozonation.  

AOS = 8.956 − 1.126ΔE                                                                (1)  

4Mn4++O2− →4Mn4++2e− /V0 + 0.5O2 → 2Mn4++2Mn3++V0 +

0.5O2                                                                                            (2) 

Moreover, the O1s spectrum in Fig. 4(f) is divided into two peaks at 
529.8 and 531.5 eV, attributed to lattice oxygen (Olatt) and low- 
coordinated oxygen (Oads) adsorbed on oxygen vacancy sites, respec
tively [43,44]. Generally, the content of Oads represents the remaining 
oxygen vacancy sites on the material, as oxygen molecules can adsorb on 
oxygen vacancies and evolve into Oads on the catalyst surface. The molar 
ratio of Oads to Olatt is as follows: α-MnO2/AC (7.06) > α-MnO2 (0.50), 
indicating the formation of more oxygen vacancy sites on the surface of 
α-MnO2/AC, Oxygen vacancies always act as active sites in the catalytic 
ozonation process [20], therefore compared with α-MnO2, α-MnO2/AC 
is more favourable to catalyze ozone. 

Therefore, loading α-MnO2 on AC can improve its dispersion, reduce 
the particle size, lower the polarization resistance, and thus increase the 
charge transfer rate. The electrocoordination of MnO and AC in 
α-MnO2/AC accelerates the interfacial electron exchange, the manga
nese in α-MnO2/AC has a higher surface charge, which gives it a better 
redox cycling ability, and the higher Mn(III) and oxygen vacancy con
tent in α-MnO2/AC, which together contribute to the better ozone 
oxidation catalytic effect of α-MnO2/AC. 

The influence of experimental conditions on the degradation of BAA 

The oxidative degradation efficiency of BAA by the catalyst was 
optimized as a function of content of AC doping, catalyst dose, ozone 
concentration, solution pH, temperature, and initial BAA concentration. 
At a given experiment only one parameter was changed. Unless other
wise specified, the following conditions were kept fixed: 100 mg/L BAA, 

Fig. 4. (a) EIS Nyquist plots of α-MnO2 and α-MnO2/AC, (b)CV curves with α-MnO2、α-MnO2/AC and O3/α-MnO2/AC, (c)XPS survey scan of α-MnO2 and α-MnO2/ 
AC XPS high-resolution of (d) Mn 2p, (e) Mn 3 s, (f) O1s. 
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0.5 g/L catalyst, 5 mg/L ozone concentration, solution pH 7, and a 
temperature of 25 ◦C. As depicted in Fig. 5a, the BAA degradation rate 
steadily increased with AC doping in the range of 0–2 g AC and declined 
at an excess AC content beyond 2 g. Therefore, 2 g AC was chosen as the 
optimal amount in subsequent experiments. 

As shown in Fig. 5b, the influence of α-MnO2/AC dosage on BAA 
degradation was also investigated. With the catalyst content increasing 
from 0 g/L to 0.75 g/L, the degradation rate of BAA steadily increased as 
a function of catalyst dose from 37.8 % to 87.8 % within 40 min. 
However, increasing the dosage of α-MnO2/AC to 1 g/L did not signif
icantly enhance the BAA degradation efficiency, viz., a 1.01 % increase. 
Augmenting the catalyst dosage can provide additional active sites for 
ozone decomposition and reactive oxygen species (ROS) generation. 
However, excessive catalyst amounts can lead to an instantaneous sur
plus of ROS due to the fixed concentration of O3 in the solution. The 
surplus ROS may react with O3, itself, or the intermediates of BAA, 
severely diminishing the likelihood of reactions with BAA [45]. In the 
process of ozone catalytic oxidation, a dosage of 0.75 g/L for α-MnO2/ 
AC was identified as optimal. Excessive catalyst dosage not only in
creases operational costs but also impacts degradation efficiency. 
Therefore, maintaining the catalyst concentration at the optimum value 
is crucial for the effective degradation of BAA. 

The effect of O3 concentration on the degradation of BAA by O3/ 
α-MnO2/AC is shown in Fig. 5(c). At 2.5 mg/L ozone dosage, the 
degradation rate of BAA reached 59.7 % within 20 min. Subsequently, 
increasing the O3 concentration to 5 mg/L significantly enhanced the 
BAA degradation efficiency, reaching 87.8 %. However, further 
elevating the O3 concentration to 7.5 mg/L and 10 mg/L showed 
negligible additional improvement (viz., 1.01 %) in the degradation of 
BAA. Considering operational costs, a dosage of 5 mg/L ozone is deemed 
sufficient for the effective degradation of BAA in our system. 

As illustrated in Fig. 5(d), the solution pH significantly influences the 
degradation of BAA through catalytic ozonation. In the pH range of 3.00 
to 9.00, there is a noticeable increase in the BAA degradation rate. 
However, beyond pH 9.00, the degradation rate of BAA exhibits a mild 

increase, possibly attributed to the rapid decomposition of O3 and 
termination reactions activated between O3 and excess •OH radicals 
(Equations (3)–(5) [46]. [In the pH range of 9.00 to 11.0, BAA pre
dominantly exist in a deprotonated form, facilitating rapid reactions 
with O3 [47].  

•OH + O3 → HO•

4                                                                           (3)  

HO•

4 → O2 + HO•

2                                                                          (4)  

•OH + HO•

2 → O2 + H2O                                                                (5) 

Fig. 5(e) illustrates the degradation of BAA through ozone catalytic 
oxidation by α-MnO2/AC at different reaction temperatures. As the 
temperature increases from 5 ◦C to 25 ◦C, the degradation efficiency of 
BAA rises from 76.1 % to 96.3 % within 40 min. At 35 ◦C and 45 ◦C, 
there is a slight decrease in BAA degradation efficiency from 93.9 % to 
90.3 %. Hence, α-MnO2/AC, exhibits a wide adaptability window to 
reaction temperatures. In the final analysis, as shown in Fig. 8(f), we 
scrutinized the impact of the initial BAA concentration on its degrada
tion efficiency through the influence of α-MnO2/AC. As revealed in 
Fig. 5(f), the degradation of BAA initially experiences an upward trend 
but shows a distinct decline, reaching a threshold value at around BAA 
150 mg/L. The observed pattern in BAA degradation by α-MnO2/AC can 
be attributed to the limited availability of catalytic sites [7]. Based on 
the aforementioned experimental results, we have concluded the 
optimal conditions for the degradation of BAA by O3/α-MnO2/AC: initial 
[BAA] 100 mg/L, [ozone] 5 mg/L, catalyst AC doping amount 2 g, 
catalyst dose 0.75 g/L, pH 11, and a temperature 25 ◦C. Under these 
optimized conditions, the degradation rate of BAA reached 96.3 % and 
that of TOC reached 67.73 % (Fig. S7.) within 40 min. 

Degradation mechanism of α-MnO2/AC in the ozone catalytic oxidation 
system 

To ascertain the active oxygen species and their contribution to BAA 
degradation, we conducted radical quenching experiments. Traditional 

Fig. 5. The effect of operating factors on BAA degradation in the O3/α-MnO2/AC system. (a)AC doping amount, (b) The effect of catalyst dosage, (c) ozone dosage, 
(d) solution pH, (e) temperature, (f)the initial concentration of BAA. Except for the parameters studied, other parameters:([BAA] = 100 mg/L,[ozone] = 5 mg/L, 
[catalyst] = 0.5 g/L,T = 25℃,pH = 7.0.). 
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radical quenchers such as TBA (eliminating •OH) [48], p-BQ (elimi
nating •O2

− ) [49] and FFA (eliminating 1O2) [50]. The results are 
depicted in Fig. 6(a). TBA emerges as a potent scavenger for free •OH 
radicals. In the presence of 1 mM and 10 mM TBA, the degradation rates 
of BAA decreased to 90.1 % and 55.6 %, respectively, signifying the 
predominant role of •OH as the primary ROS. Interestingly, the addition 
of p-BQ and FFA also significantly suppressed the degradation of BAA. 
This suggests that in the α-MnO2/AC ozone catalytic oxidation system, 
both •O2

− and 1O2 may coexist. Additionally, FFA exhibited a much 
higher inhibitory effect on the reaction compared to TBA (42.4 %), with 
p-BQ showing the lowest inhibition of reactive oxygen species (ROS) 
(75.7 %). Therefore, it can be hypothesized that ozone is activated to 
generate ROS such as •OH and 1O2. However, due to the rapid con
sumption of •OH, ozone, and other ROS by p-BQ or FFA, adding a suf
ficient amount of p-BQ or FFA (with a concentration exceeding that of 
BAA) swiftly inhibits the degradation of BAA [37]. We can conclude that 
1O2 is also a primary reactive oxygen species (ROS), as evidenced by the 
fact that the removal rate and kinetic constants of BAA with the three 
quenching agents are all lower than those with single ozone oxidation. 
This observation might be attributed to the competition between excess 
quenching agents and intermediates for O3 and ROS. 

Further validation of the presence of •OH, •O2
− , and 1O2 in the cata

lytic ozonation was carried out using electron paramagnetic resonance 
(EPR). In this study, DMPO was employed as a spin-trapping agent for 
•OH and •O2

− , while TEMP was used as a trapping agent for 1O2. The 
DMPO-•OH complex (Fig. 6(b)) exhibited characteristic spectra with an 
intensity ratio of 1:2:2:1 in both the O3 and O3/α-MnO2/AC systems 
[51]. The characteristic spectra of the TEMP-1O2 complex (Fig. 6(d)) 
with an intensity ratio of 1:1:1 were observed in both the O3 and O3/ 
α-MnO2/AC systems [52]. The addition of α-MnO2/AC catalyst signifi
cantly increased the intensity of DMPO-•OH and TEMP-1O2, leading to 
the generation of •OH and 1O2. However, the signal intensity of DMPO- 
•O2

− (with an intensity ratio of 1:1:1:1) did not show a significant 
enhancement upon the addition of the α-MnO2/AC catalyst (Fig. 6(c)) 
[53], This is consistent with the previous quenching experiments. 

These results indicate that O3 adsorbs on Mn sites (either directly on 
Mn sites or indirectly on oxygen vacancies) and decomposes in situ into 
surface •OH and 1O2. In addition, •O2

− as a selective oxidant contributes 
relatively less to the degradation of BAA. Therefore, we believe that ⋅OH, 
•O2

− , and 1O2 coexist in the α-MnO2/AC ozone catalytic oxidation, with 
⋅OH and 1O2 being the main ROS in the reaction. 

To further examine the active site of the α-MnO2/AC HCO reaction, 
we explicitly compared the XPS characterization analysis of fresh and 
used α-MnO2/AC, as shown in Fig. S8 (a). The total spectrum of α-MnO2/ 
AC before and after HCO was essentially unchanged. As depicted in 
Fig. S8 (b), the C 1 s spectrum of α-MnO2/AC can be divided into three 
peaks, attributed to the formation of C–C/C = C (284.6 eV), C-O-C 
(286.7 eV), and C-O-Mn (288.6 eV) [54–56]. There is minimal change in 
the C 1 s peaks after the reaction. 

As shown in Fig. 6(e), after the α-MnO2/AC reaction, the catalyst 
surface Mn4+ content decreased from 32.48 % to 30.31 %, the surface 
Mn2+ content increased from 0 to 26.76 %, and the content of Mn3+

decreased from 67.52 % to 42.93 %, which, combined with the positive 
correlation between the catalyst reactivity and the surface MnIII (s) 
content before, suggests that the active site is electron-rich MnIII (s), 
which provides electrons to ozone and oxidizes to Mn(IV), which is 
reduced to Mn(III) via a free radical reaction chain as shown in Eq. ((6)- 
(8)). Furthermore, during this advanced oxidation process, electrons 
generated from degraded pollutants can be resupplied to the electron- 
rich Mn sites [57]. Therefore, the conversion of Mn(III) to Mn(IV) can 
effectively induce O3 decomposition and pollutant degradation, and the 
electrons supplied by degraded pollutants can also effectively promote 
the conversion of Mn(III) to Mn(II) (Eq.9). 

In addition, other active sites (e.g., oxygen vacancies) on the 
α-MnO2/AC surface may also promote the generation of HCO. According 
to previous studies, oxygen vacancies (Vo) are generated to maintain the 
electrostatic equilibrium once Mn(III) is present in MnO2[20]. Oads 
content represents the amount of oxygen vacancies remaining on the 
material, as oxygen molecules can adsorb at oxygen vacancies and 
evolve into Oads on the catalyst surface. As shown in Fig. 6(f), the molar 

Fig. 6. (a) Effect of TBA, p-BQ and FFA on BAA degradation in O3 alone and the O3/α-MnO2/AC system (b) EPR spectra of DMPO-•OH, (c) DMPO-•O2
− and (d) 

TEMP-1O2 in O3 alone and the O3/α-MnO2/AC system, and XPS high-resolution of (e) Mn 2p, (f) O 1 s. 
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ratio of Oads to Olatt decreased from 7.03 to 3.84 after the α-MnO2/AC 
reaction, which suggests that Vo acts as an active site for the reaction to 
promote the generation of HCO. In addition, appropriate concentrations 
of Vo on the MnO2 surface can promote interfacial charge transfer [58]. 
Thus, Vo may play a crucial role in generating ROS from MnO2-activated 
O3. Typically, when O3 flows over MnO2, the O3 molecule replenishes 
the O vacancy by providing O to bind to the catalyst [23]. Oxygen va
cancies have been reported to transfer two electrons to the oxygen atom 
of O3 as a two-electron donor, resulting in the desorption of an O2 
molecule into the environment and leaving a reactive oxygen species 
(O2− ) in the O vacancies (Eq.10)[59]. Another O3 molecule can then 
react with O2− to form O2 as well as a bridging O2 dimer (peroxide, O2

2− ) 
(Eq.11). In addition, the reaction between O2− /O2

2− actives and O3 can 
generate other oxygen-containing actives (•O2

− /1O2/ •OH) through 
charge transfer interactions. In these reactions, the oxygen-containing 
substances gradually accumulate on the α-MnO2/AC surface while 
converting to O2 molecules, releasing a certain amount of oxygen va
cancies and maintaining the electrostatic equilibrium.  

Mn(III) + O3 + H2O → Mn(IV) + OH− + •OH + O2                         (6)  

Mn(IV) + •O2
− → Mn(III) + O2                                                        (7)  

Mn(III) + HO2
− → Mn(II) + H+ + O2                                                (8)  

Mn(III) + e− (from BAA) → Mn(II)                                                 (9)  

O3 + Vo → O2− + O2                                                                   (10)  

O2− + O3 → O2
2− + O2                                                                 (11)  

O2− → O2 + Vo                                                                           (12)  

O2− /O2
2− + H2O → •O2

− / 1O2 / •OH                                             (13)  

BAA + 1O2 / •OH → intermediates + CO2 + H2O + e− (14) 

Based on the available data, a potential degradation mechanism for 
α-MnO2/AC catalyzed ozone oxidation of BAA was proposed (Fig. 7). 
Conversion of Mn(III) to Mn(IV) can effectively induce O3 catabolism 
into ROS for BAA degradation. At the same time, electrons provided by 
degraded pollutants can also effectively promote the conversion of Mn 
(IV) to Mn(III). At the same time, O3 can be trapped and decomposed by 
structural defects (Vo, mainly oxygen vacancies) on the MnO2 surface 
and then converted to reactive oxygen species (O2− / O2

2− ), which 

rapidly evolve via chain-cycle reactions to •O2
− /•OH/1O2(Eq.12–13). 

These defects can be regenerated by cycling, thus maintaining long-term 
removal efficiency. Overall, O3 is activated at the active sites Mn(III) and 
Vo to generate ROS; the reactive radical •OH and 1O2 reacts with the 
BAA molecule, leading to the mineralization of BAA into CO2, H2O and 
inorganic ions. 

Degradation pathway of BAA 

The LC-MS mass spectroscopic details of the BAA intermediates after 
O3/α-MnO2/AC induced catalytic degradation are shown in Fig. S9 and 
Table S3. Based on the mass spectroscopic data, We deduced two 
possible degradation pathways for BAA as shown in Fig. 8. 

Pathway 1: Generally, ⋅OH attacks organic compounds through 
processes such as electron transfer, hydrogen abstraction, and ⋅OH 
electrophilic addition to double bonds. Compound 1 is formed by the 
oxidation of the –NH2 group. The aromatic ring of Compound 1 un
dergoes initial cleavage to form Compounds 3 and 6. Subsequently, 
Compound 3 transforms into Compound 4, and Compound 4 further 
converts into Compound 5 [60]. 

Pathway 2: The formation of Compound 2 results from the cleavage 
of the C-Br bond and hydroxylation. Subsequently, free radicals attack 
Compound 2, leading to the generation of Compound 7, which is further 
oxidized to form Compounds 8, 10, and 11. Next, Compounds 10 and 11 
undergo oxidation to yield Compounds 12 and 13. Following this, 
benzene compounds such as phenol and hydroquinone continue to be 
attacked by free radicals, leading to ring-opening reactions and the 
generation of small organic acids, including Compound 9. Over an 
extended period, these organic carboxylic acids undergo further degra
dation, mineralizing into CO2 and H2O. 

Toxicity evaluation of BAA and its intermediates in the system 

There is considerable research on the computational analysis of in
termediates generated during the degradation of bromamine acid, yet 
investigations into its potential toxic risks are limited. This calls for our 
attention. Consequently, we employed the T.E.S.T. method to assess the 
mutagenicity and developmental toxicity of both BAA and its degrada
tion intermediates [61]. As shown in Fig. 9, developmental toxicity re
fers to the extrapolated toxicity of chemical substances on humans and 
animals, encompassing any impacts on normal development, both pre- 

Fig. 7. Schematic diagram of degradation mechanism.  
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and postnatally. The results indicate that, except for compound 1, the 
developmental toxicity of the remaining intermediates is lower than that 
of BAA. Compounds (5, 6, 9–13) are found to be non-toxic. The 
threshold between positive mutagenicity and negative is indicated by 

the coefficient of 0.5 [62]. Therefore, in terms of mutagenicity, except 
for compounds (1, 2, 7, 10), BAA and most of its intermediates are 
classified as negative mutagenic. In the O3/α-MnO2/AC system, the final 
products of BAA pose a lower environmental risk. 

Fig. 8. Degradation pathways and intermediates of BAA in the O3/α-MnO2/AC system.  

Fig. 9. (a) Developmental toxicity and (b) mutagenicity of BAA and its degradation intermediates in the O3/α-MnO2/AC system.  
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Applications and stability of α-MnO2/AC 

Various types of inorganic anions are present in water and waste
water; these anions can inhibit the degradation of pollutants in the 
ozone oxidation by competitively interacting with •OH [63,64]. Various 
common anions (CO3

2− , HCO3
− , Cl− , PO4

3− , NO3
− , and SO4

2− , each at a 
concentration of 10 mM) were individually introduced into the α-MnO2/ 
AC-catalyzed ozone oxidation of BAA. Fig. 10a illustrates the degrada
tion of BAA and the pseudo-first-order kinetics. It is observed that anions 
exhibit a slight inhibitory effect on the catalytic degradation of BAA, 
with the inhibitory effect ranking as follows: Cl− > NO3

− > PO4
3− >

HCO3
− ＞SO4

2− > CO3
2− and the degradation efficiency was reduced by 

22.2 %, 11.9 %, 8.3 %, 5.3 %, 1.7 %, and 1.3 %, respectively. 
To further assess the practical performance of the α-MnO2/AC sys

tem, we investigated the influence of different water matrices (deionized 
water, municipal water supply, Hubing Tang water (a lake within the 
city), and wastewater from 359) on the removal efficiency of BAA to 
simulate real-world application scenarios. The physicochemical pa
rameters of lake water and 359 wastewater were presented in Table S4. 
As shown in Fig. 10b, compared to pure water, the removal efficiency of 
BAA slightly decreased in 359 wastewater (72.4 %). However, this 
decline may be attributed to the complexity of the actual water matrix, 
where various oxidants preferentially oxidize other substances, resulting 
in a reduced degradation rate of BAA in the actual water sample [65]. 
The degradation efficiencies of BAA in municipal water supply and 
Hubing Tang water were 98.2 % and 93.3 %, respectively, closely 
resembling the degradation efficiency in deionized water (96.3 %), 
indicating minimal impact on the system. These results suggest that the 
α-MnO2/AC system is feasible for practical wastewater treatment 
applications. 

Table S5. summarizes the performance of some catalysts reported in 
recent years for the degradation of anthraquinone dyes. Compared with 

other studies, the α-MnO2/AC catalyst prepared in this study showed 
higher degradation efficiency and shorter degradation time. This in
dicates that our synthesized α-MnO2/AC catalyst is an efficient catalyst. 

Additionally, the reusability and stability of α-MnO2/AC were 
investigated. As depicted in Fig. 10 (c, d), α-MnO2/AC demonstrated 
effective degradation of BAA over five reuse cycles. Moreover, the 
leaching of Mn from α-MnO2/AC remained low, measuring only 0.2536 
mg/L. This result indicates the excellent stability of α-MnO2/AC. 

Conclusions 

Different novel composite nanomaterials were successfully prepared 
by loading different crystalline phases of manganese dioxide on acti
vated carbon using hydrothermal synthesis-calcination method. Among 
them, α-MnO2/AC degraded 100 mg/L BAA up to 96.27 % in 40 min 
under the optimal conditions of ozone concentration of 5 mg/L, catalyst 
AC doping of 2 g, catalyst dosage of 0.75 g/L, pH = 11, and temperature 
of 25 ◦C. The increase in the dispersion of MnO2 on α- MnO2/AC, the α- 
MnO2/AC decreased polarization resistance, and increased content of 
Mn3+ and oxygen vacancies were the main reasons for the better ozone 
oxidation catalytic effect of α- MnO2/AC. In addition, α- MnO2/AC 
exhibited excellent stability and recyclability. The degradation mecha
nism was also analyzed. Mn(III) and oxygen vacancies on α-MnO2/AC 
together acted as active sites to enable O3 adsorption and activation to 
produce ROS. •OH and 1O2, as the main active ROS of the α- MnO2/AC/ 
O3 system, reacted with the BAA molecules to degrade BAA and the 
intermediates produced by the reaction had a low The intermediates 
produced by the reaction have low environmental risks. This study 
provides a new idea for the design of a novel highly efficient catalytic 
ozone generator and a new insight into the catalytic mechanism of the 
HCO process. 

Fig. 10. Effects of (a) inorganic anion, (b) different water matrixes on BAA degradation in O3/α-MnO2/AC.(c) Catalytic property of α-MnO2/AC for repeated use, (d) 
the leaching of metal ions in the consecutive cycles. 
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