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Abstract 

Transforming waste into catalysts for wastewater treatment embodies the circular economy concept and provides a sustainable 

approach to eliminate recalcitrant azo dyes. In this study, carbon nanotubes (CNTs) and biochar (BC) co-doped with Mn and 

N (i.e., Mn-N-CNT-1 and Mn-N-BC-1, respectively), along with their control forms (i.e., X, N-X, and Mn-X-1, X = CNT or 

BC), were synthesized via the pyrolysis method and systematically compared in terms of peroxymonosulfate (PMS) activation 

performance for alizarin yellow R (AYR) degradation, underlying mechanisms, stability, and phytotoxicity. X-ray diffraction 

(XRD) analysis revealed that Mn-N-CNT-1 exhibited a higher degree of graphitization than Mn-N-BC-1, while no crystalline 

Mn or Mn oxide phases were detected. Catalytic performance studies revealed that CNT co-doped with Mn and N possesses 

superior ability to degrade AYR (pseudo first-order rate constant (kapp) = 0.042 min-1, 84.6 % removal) compared to controls 

and BC-based catalysts. Quenching experiments identified SO4
•−, 1O2, and nonradical electron transfer as the dominant 

pathways for AYR degradation. Phytotoxicity assays confirmed that catalytic treatment reduced AYR toxicity, enabling normal 

seed germination and growth. In short, these findings in this study highlight CNT co-doped with Mn and N as efficient, 

reusable, and environmentally safe PMS activators for sustainable wastewater remediation. 
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Introduction 

Paper, food, leather goods, plastics, and textile 

industries are industrial wastewater sources, 

generating significant quantities of dyestuff each year 

(approximately 2.8 × 105) [1]. Among the dyestuffs, 

azo dyes represent the most commonly used class of 

synthetic colorants, with more than three thousand 

different types applied in textile production and 

printing [2]. 5-[(p-Nitrophenyl)azo]salicylic acid 

sodium salt, commonly known as alizarin yellow R 

(AYR), is a water-soluble anionic azo dye 

characterized by the presence of polycyclic aromatic 

hydrocarbons in its molecular structure. In addition to 

its widespread application in textile dyeing, AYR is 

also employed as an acid-base indicator [3]. Due to 

their complex aromatic structures, azo dyes have poor 

biodegradability, contributing to their long-term 

persistence in aquatic environments [4]. In addition to 

their environmental persistence, these dyes are 

associated with high toxicity levels and potential 

carcinogenic effects [5]. As a result, it is essential to 

eliminate them from wastewater before it is 

discharged into natural water bodies. Advanced 

oxidation processes (AOPs) remain the most widely 

applied method among the various treatment 

approaches due to their effectiveness in degrading 

recalcitrant pollutants and continue to be a major focus 

of current research. 

 

In recent years, peroxymonosulfate-based AOPs 

(PMS-AOPs) have garnered attention from 

researchers due to their ability to be activated via both 

radical and nonradical pathways, such as sulfate 

radicals (SO4
•−, 2.5 – 3.1 V NHE), hydroxyl radicals 

(•OH, 2.8 V NHE), singlet oxygen (1O2, 1.52 V NHE), 

high-valent metal species, electron transfer processes, 

and surface-activated complexes, enabling the 

effective degradation of recalcitrant pollutants [7,6]. 

However, PMS requires activation to generate 

radicals, which can be achieved through both 

homogeneous and heterogeneous catalytic processes. 

Homogeneous activation typically involves transition 

metal ions such as Con+, Mnn+, and Fen+, while 

heterogeneous activation employs solid-phase 

catalysts, including carbon-based materials, metal-

organic frameworks (MOFs), single or mixed 

transition metals, etc [8]. Heterogeneous catalysts are 

often chosen over homogeneous ones because the 
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latter come with several challenges in real 

applications, such as (a) formation of metal-containing 

sludge, which requires additional steps for removal 

and proper disposal, (b) high sensitivity to changes in 

pH, which leads to the hydrolysis of metal ions or 

formation of precipitates, and (c) the use of metal salts 

introduces additional anion ions (e.g., SO4
2- and Cl-) 

into the reaction solution and reduces the effectiveness 

of catalytic performance [9]. In contrast, 

heterogeneous catalysts offer several key advantages 

for the activation of PMS, such as (a) oxidants can be 

effectively without the need for external energy input, 

(b) reduce the risk of secondary contamination, (c) 

capable of functioning under a broad range of 

operating conditions, (d) catalysts can be readily 

separated from the reaction medium, and (e) 

reusability [10]. Carbon-based catalysts have gained 

attention due to their tunable physicochemical 

properties and environmental friendliness [11]. 

Nevertheless, the limited availability of active sites for 

PMS activation on pristine carbon-based catalysts 

significantly constrains their practical application in 

environmental remediation [12]. The co-doping 

strategy involving metals and heteroatoms has proven 

effective in creating active sites by modifying the 

internal chemical structure of carbon-based catalysts. 

 

Several heteroatoms have been reported for co-doped 

carbon-based catalysts, including N [13], B [14], P 

[15], S [16], and O [17]. Among these, N doping is 

particularly attractive because it can induce the 

formation of various N moieties, such as pyridinic N, 

graphitic N, pyrrolic N, and N oxide. The 

incorporation of these N species not only generates 

abundant structural defects but also enhances the 

electronic conductivity of the carbon matrix [18]. 

Notably, pyridinic N, graphitic N, and pyrrolic N have 

been reported to effectively activate PMS, thereby 

significantly improving the catalytic activity of 

carbon-based catalysts [19]. Mn is selected for co-

doping with N due to its rich redox chemistry and 

multiple oxidation states, which enable it to participate 

in diverse and continuous redox reactions, promoting 

the generation of reactive oxygen species [20]. In our 

previous study, we evaluated the catalytic 

performance of char-type (biochar (BC) and 

hydrochar (HC)) carbon-based catalysts co-doped 

with metal and heteroatom for the degradation of 

norfloxacin. The results revealed that BC-based 

catalysts exhibited superior performance compared to 

HC-based catalysts, primarily due to their higher 

electrical conductivity and larger specific surface area 

[21]. Although biochar-based catalysts have proven 

effective, there remains a need to explore other carbon 

materials with distinct structural and electronic 

characteristics. In particular, carbon nanotubes (CNTs) 

can be a suitable carbon allotrope selection due to their 

unique stacking morphology and well-defined tubular 

structure, which can markedly increase the surface 

area and facilitate the uniform dispersion of active 

sites [22]. Additionally, the surface electronic 

properties of CNTs can significantly influence the 

configuration and activity of metal-heteroatom 

coordination sites, thereby enhancing the PMS 

activation efficiency [23].  

 

Herein, this study aims to synthesize Mn, N co-doped 

CNT (Mn-N-CNT) along with corresponding control 

samples, including non-doped CNT, N-doped CNT, 

and Mn-doped CNT. The synthesis was performed 

using a two-step pyrolysis method. In the first step, 

CNT was synthesized, followed by a second step 

involving the co-doping of Mn and N onto the CNT 

framework. Subsequently, the catalytic performance 

of the synthesized materials is assessed through their 

ability to activate PMS for the degradation of AYR and 

physicochemical properties associated with superior 

catalytic performance are discussed. The influence of 

various operational parameters, including initial pH, 

catalyst loading, and PMS dosage, on the degradation 

rate of AYR through PMS activation was 

systematically evaluated. Thereafter, quenching 

experiments were conducted using the as-prepared 

catalyst to elucidate the underlying activation 

mechanism. To evaluate the practical applicability of 

the catalyst, its stability was assessed through a 

reusability test. Lastly, a phytotoxicity study was 

performed to examine the toxicity of the treated AYR 

solution. 

 

Materials and Methods 

Chemicals 

Sawdust was obtained from a factory located in Ipoh, 

Perak. AYR (C13H9N3O5, Bendosen), polyethylene 

glycol 6000 (PEG6000, H(OCH2CH2)nOH, BDH), 

calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, 

Chemiz), ammonium molybdate tetrahydrate 

((NH4)6Mo7O24·4H2O, ChemAR), nickel(II) nitrate 

hexahydrate (Ni(NO3)2·6H2O, Fisher Scientific), 

manganese nitrate tetrahydrate (Mn(NO3)2·4H2O, 

Sigma-Aldrich), potassium peroxymonosulfate 

(2KHSO5⋅KHSO4⋅K2SO4, ACRÕS), hydrochloric 

acid (HCl, QRëC), sodium hydroxide (NaOH, 

Systerm®), tert-butanol (TBA, (CH3)3COH, 

EMSURE®), ethanol (EtOH, C2H5OH,  Chemiz), 

sodium azide (NaN3, RandM Chemicals), and sodium 

perchlorate monohydrate (NaClO4, Sigma-Aldrich). 

Deionized (DI) water was used to conduct all the 

experiments.  

 

Synthesis of carbon nanotubes  

CNTs were synthesized using a NiMoCa catalyst [24]. 

Briefly, 0.2 g of PEG600, 0.33 g of Ca salt, 0.13 g of 

Mo salt, and 1.54 g of Ni salt were dissolved in 40 mL 

of DI water and the resulting mixture solution was 

calcined in a muffle furnace (Carbolite Gero Ltd.) at 

650 °C for 10 min and with a ramping rate of 10 °C 

min-1. The calcined product was then collected, 

thoroughly washed with DI water, and dried at 60 °C 

before use. Subsequently, 0.05 g of NiMoCa catalyst 
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was mixed with 1.62 g of sawdust in a porcelain 

crucible and wrapped with several layers of aluminum 

foil to create an inert atmosphere. The mixture was 

then pyrolyzed at 600 °C for 10 min with a heating rate 

of 10 °C min-1. The black powder was subjected to 

acid digestion using 3 N hydrochloric acid and then 

washed with DI water. The resultant catalyst was 

designated as CNT. The schematic illustration of the 

preparation process is shown in Figure 1. 

 

Synthesis of Mn, N co-doped carbon nanotubes 

Co-doped CNT was prepared by mixing 0.1 g of CNT, 

1.0 g of urea, and 1.0 wt% of Mn in a porcelain 

crucible and wrapped with several layers of 

aluminium foil.  The mixture was then pyrolyzed at 

800 °C for 1 h with a heating rate of 10 °C min-1. The 

resultant catalyst was washed with DI and designated 

as Mn-N-CNT-1. The same catalyst was prepared with 

different wt% of Mn (i.e., 0.5, 2.0, and 3.0) and 

designated as Mn-N-CNT-0.5, Mn-N-CNT-2, and Mn-

N-CNT-3. Control catalysts doped individually with 

either Mn or N were synthesized under similar 

conditions and designated as Mn-CNT-1 and N-CNT, 

respectively.  

 

Synthesis of Mn, N co-doped biochar 

Co-doped BC was prepared by mixing 0.1 g of 

sawdust, 1.0 g of urea, and 1.0 wt% of Mn in an 

alumina crucible and wrapped with 10 layers of 

aluminium foil. The mixture was then pyrolyzed at 

800 °C for 1 h with a heating rate of 10 °C min-1. The 

resultant catalyst was washed with DI and designated 

as Mn-N-BC-1. Control catalysts doped individually 

with either Mn or N were synthesized under similar 

conditions and designated as Mn-BC-1 and N-BC, 

respectively. The non-doped biochar was designated 

as BC.  

 

Characterizations 

The surface morphology of the catalyst was 

investigated using FESEM (Field emission scanning 

electron microscopy, FEI Quanta 650 FEG), while the 

elemental composition was determined using Energy 

dispersive X-ray spectroscopy (EDX, Oxford 

Instruments). The surface chemistry of the catalyst 

was studied using Fourier transform infrared 

spectroscopy (FTIR, Shimadzu). The crystal phase of 

the catalyst was investigated using the X-ray 

diffractometer (XRD, Bruker AXS D8 ADVANCE) 

with Cu-Kα radiation (λ = 1.5418 Å). The degree of 

graphitization and defects was determined using 

Raman spectrometer (Renishaw inVia, United 

Kingdom). Thermal properties of the catalyst were 

investigated using thermogravimetric analysis (TGA, 

PerkinElmer thermal analyzer). The point of zero 

charge of the catalyst was determined using the pH 

drift method. 

 

 

 
 

Figure 1. Schematic representation of the preparation process for BC and CNT co-doped with Mn and N 
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Evaluation of catalytic performance 

AYR was used as a model pollutant to determine the 

catalytic performance of as-prepared catalysts. 

Briefly, a beaker containing 10 mg L-1 of AYR, 0.30 g 

L-1 of PMS, and 0.30 g L-1 of catalyst was prepared 

and the degradation of AYR was monitored for a 

duration of 45 min with an interval of 5 min. The 

changes in the concentration of AYR were determined 

at λmax = 318 nm using UV–Vis spectrophotometer 

(Shimadzu 2600 UV–Vis). Besides, the catalytic 

performance of the optimal catalyst was determined in 

different operation conditions, such as pH (3 – 9), 

PMS dosage (0.15 – 0.60 g L-1), and catalyst loading 

(0.15 – 0.60 g L-1). Quenching experiment was 

performed using four different quenchers (i.e., TBA, 

EtOH, NaN3, and NaClO4) to determine the 

contribution of radical and nonradical pathways in the 

AYR degradation mechanism. The reusability test of 

the optimal catalyst was determined for five 

consecutive cycles. The spent catalyst from each cycle 

was filtered, washed, and dried prior to use in the 

subsequent cycle. As for the fifth cycle, the spent 

catalyst from the fourth cycle was regenerated at 

450 °C for 2 h at a heating rate of 10 °C min-1 under 

an oxygen-limited atmosphere. The total organic 

carbon (TOC) of untreated and treated water was 

determined using a TOC analyzer (Shimadzu). Mn 

leaching was investigated using an atomic absorption 

spectrometer (AAS 400). The toxicity effect of the 

control, untreated, and treated water was evaluated 

using a phytotoxicity assessment.  

 

Results and Discussion 

Characterizations 

FESEM-EDX analysis was employed to verify the 

successful synthesis of CNT and the effective 

incorporation of Mn and N dopants. As shown in 

Figure 2, FESEM images confirm that Mn-N-CNT-1 

maintains a characteristic nanotubular morphology. 

Elemental mapping of the catalyst demonstrates a 

uniform dispersion of both Mn and N, confirming their 

successful co-doping within the framework. 

Quantitative analysis further indicated that the Mn and 

N contents in Mn-N-CNT-1 were 0.21 and 3.28 wt%, 

respectively.  

 

The crystal phase of the catalysts was studied using 

XRD. The XRD pattern of Mn-N-CNT-1 and Mn-N-

BC-1 in Figure 3a shows that both catalysts have 

major peaks at 20-26° and 43-46° corresponding to the 

(002) and (101) planes of the carbon structure [25], 

respectively. However, these peaks are generally 

broader in Mn-N-BC-1 and sharper in Mn-N-CNT-1. 

This trend signifies that Mn-N-CNT-1 possesses a 

higher extent of carbon structure graphitization than 

Mn-N-BC-1 [26]. Also, no significant peaks attributed 

to the metallic Mn or oxide forms of Mn (e.g., MnO, 

MnO2, and Mn3O4) were observed [27]. 

 
 

Figure 2. (a) FESEM of Mn-N-CNT-1 (at magnification of 150065×), (b) elemental mapping of C, O, N, and Mn 

in Mn-N-CNT-1, and (c) EDX spectrum of Mn-N-CNT-1 
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Figure 3. (a) XRD pattern, (b) Raman spectrum, (c) TGA pattern, and (d) FTIR spectra of as-prepared catalysts 

The degree of graphitization and defects of the catalyst 

were studied using Raman analysis. Figure 3b 

represents the Raman spectrum of Mn-N-CNT-1. The 

D-band at ~1340 cm-1 represents disordered carbon 

arising from defective structure, while G-band at 

~1580 cm-1 represents graphitized carbon [12]. The 

ID/IG ratio of >1.0 signifies that the catalyst is 

composed of a high degree of structural defects. The 

doping process with external dopants can reconstruct 

the carbon structure and result in high structural 

defects [12]. Defective structures are usually in an 

electron-loss state and have great potential in 

absorbing PMS and obtaining electrons from the PMS 

via the electron transfer process [12].  

 

The thermal stability of the as-catalyst was studied 

using TGA and the TGA pattern of Mn-N-CNT-1 is 

illustrated in Figure 3c. The weight loss of ~8% at 

<130 °C is attributed to the removal of moisture 

content and adsorbed water [28]. The ~4% weight loss 

at <400 °C is due to the removal of volatile matter. The 

drastic weight loss was observed at >500 °C only 

because the incorporation of Mn and N into the CNT 

framework enhances thermal tolerance by stabilizing 

the carbon lattice and improving its resistance to 

combustion reactions. The drastic weight loss is 

attributed to the decomposition of the carbon structure 

of CNT into COx.  Also, the results indicate that the as-

prepared catalyst can be regenerated at <500 °C 

without undergoing significant structural 

decomposition and weight loss. 

 

The surface chemistry of the as-prepared catalysts was 

examined by FTIR spectroscopy and the 

corresponding spectra are presented in Figure 3d. 
Overall, only minor differences in surface 

functionalities were detected among the samples, yet 

some distinct features are noteworthy. The broad 

absorption band at ~3400 cm−1 is particularly 

noticeable in Mn-N-BC-1, which can be ascribed to -

OH stretching vibrations [29]. The prominence of this 

band suggests that the BC-based catalyst contains a 

relatively high density of oxygenated functional 

groups, such as hydroxyls (-OH), carboxyls (-COOH), 

and adsorbed water molecules. This observation is 

consistent with the predominantly amorphous nature 

of biochar [30]. Besides, the peak at ~1700 cm−1 is 

attributed to C=O stretching [23]. The C=C stretching 

at ~1580 cm-1 and C-O stretching at ~1132 cm-1 were 

observed for both catalysts [31,32]. Oxygen-

containing functional groups play a crucial role in 

enhancing the catalytic potential of carbon materials 

by promoting PMS activation and strengthening the 

interactions between metal, heteroatom, and the 

carbon framework [33]. Previously, oxygen-

containing groups, such as -COOH, -C=O, and -C-

OH, have been reported to have a role in 

heterogeneous catalysis processes for the degradation 

of pollutants [34].  

 

Performance studies 

Catalytic performance comparison of different 

catalysts 

The performance of two different carbon allotropes 

co-doped with Mn and N as PMS activators for the 

degradation of AYR was investigated. To analyze the 

kinetics of AYR degradation during the catalysis, the 

reaction data were fitted using the pseudo-first-order 

kinetic model (Eq 1).  

 

[P]t = [P]0e−𝑘appt       (1) 

 

where [P]0 represents the initial pollutant 

concentration (t = 0 min), [P]t represents pollutant 

concentration at time t, kapp represents pseudo first-

order rate constant, and t is the total reaction time. 
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Initially, the degradation of AYR through direct PMS 

oxidation was examined and ~ 6% of AYR was 

degraded. This limited degradation highlights the 

weak oxidizing ability of PMS without activation and 

emphasizes the need for a suitable catalyst to enhance 

the generation of reactive oxygen species and achieve 

higher removal efficiencies. As shown in Figure 4a, 

the AYR degradation rate by CNT follows the order of 

CNT (22.6 %, 0.006 min-1) < N-CNT (33.0 %, 0.009 

min-1) < Mn-CNT-1 (40.9 %, 0.012 min-1) < Mn-N-

CNT-1 (71.3 %, 0.028 min-1). Similarly, the AYR 

degradation rate by BC (Figure 4b) follows the order 

of BC (10.0 %, 0.002 min-1) < N-BC (22.6 %, 0.006 

min-1) < Mn-BC-1 (37.4 %, 0.010 min-1) < Mn-N-BC-

1 (53.0 %, 0.017 min-1). The pristine CNT and BC 

exhibited very limited activity, which can be ascribed 

to the lack of abundant active sites and the activation 

mainly depends on electron-deficient carbon, surface 

functional groups, and the electron-transfer regime 

[35].  

 

On the other hand, the enhancement by N-doped 

catalysts is due to the higher degree of nitrogen 

incorporation. N atoms in carbon materials can exist 

in several configurations, including pyrrolic N, 

pyridinic N, graphitic N, and N-oxide. When the 

synthesis temperature exceeds 700 °C, graphitic N 

typically becomes the predominant form. This type of 

nitrogen is particularly important, as it offers 

thermally stable sites with strong catalytic activity, 

thereby playing a key role in promoting PMS 

activation [36]. However, excessively high 

temperatures (> 900 °C) should be avoided, since they 

may lead to a severe loss of nitrogen dopants and even 

partial collapse of the carbon framework, thereby 

reducing the overall catalytic performance [37]. The 

incorporation of Mn further boosted the degradation 

efficiency, as Mn species are well known to act as 

redox-active centers capable of accelerating PMS 

decomposition into reactive oxygen species [38]. 

Subsequently, the dual modification achieved through 

Mn and N co-doping in Mn-N-CNT-1 and Mn-N-BC-

1 led to a further improvement in the degradation rate. 

This enhancement is likely associated with the 

synergistic interaction between Mn and N and Mn-N 

coordination structures, which appears pivotal in 

facilitating PMS activation and a more efficient 

generation of reactive oxygen species ROS. For 

example, biochar co-doped with Fe and N was 

observed to have a higher removal efficiency of 

sulfamethoxazole than Fe-doped, N-doped, and non-

doped catalysts [39].  

 

When comparing Mn-N-CNT-1 with Mn-N-BC-1, 

Mn-N-CNT-1 exhibited superior performance in 

degrading AYR. To ensure that this improvement 

originated from PMS activation rather than simple 

adsorption, the activity of Mn-N-CNT-1 was further 

examined in the absence of PMS. Under these 

conditions, only ~16.0% of AYR was removed, 

confirming that adsorption alone could not account for 

its high degradation efficiency. The superior catalytic 

performance of Mn-N-CNT-1 compared to Mn-N-BC-

1 can likely be attributed to its more favorable textural 

and electronic properties. The enhanced performance 

of Mn-N-CNT-1 can be attributed to its nanotubular 

framework, which possesses lower amorphous content 

and a higher degree of graphitization compared to 

biochar [40], which translates into a greater density of 

stable active sites and reduced susceptibility to self-

oxidation.

 

 
 

Figure 4. Catalytic performance of (a) CNT and (b) BC in AYR degradation 
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Influence of operation parameters 

Following the identification of the most efficient 

catalyst, the influence of Mn loading, catalyst dosage, 

PMS concentration, and initial pH on AYR 

degradation was examined. An increase in Mn loading 

from 0.5 wt.% to 3.0 wt.% enhanced the AYR 

degradation from 0.021 min-1 (61.9%) to 0.042 min-1 

(84.6%) (Figure 5a). This enhancement could be 

attributed to two main factors. Firstly, it is because 

higher transition metal loading promotes interfacial 

electron transfer and generates additional structural 

defects. For example, the increase in Mo content from 

0.2 g to 0.4 g in synthesizing Fe/Mo-NC resulted in an 

enhancement of bisphenol A degradation due to 

increasing material defects (increase in ID/IG ratio 

from 1.13 to 1.36) and interfacial electron transfer 

(smaller arc radius of the EIS Nyquist curve) [41]. 

Besides, an increase in dopant concentration in Fe-

NS@C has been reported to increase the defect density 

and disordered degree of the catalyst, which can 

enhance the degradation rate of bisphenol A [42]. 

Secondly, a higher metal loading can result in the 

formation of more metal-heteroatom coordination 

sites, which provide stable and efficient centers for 

PMS activation. For example, in the Cu-N-BC/PMS 

system used for paracetamol degradation, increasing 

the Cu loading from 5 mg L-1 to 10 mg L-1 enhanced 

the degradation rate [43]. The enhancement was 

reported due to the synergistic interaction between Cu 

and N, which is crucial for the formation of the Cu-N 

structures.  

 

As shown in Figure 5b, AYR degradation was 

strongly influenced by the catalyst loading. Increasing 

the catalyst loading from 0.15 mg L-1 to 0.60 mg L-1 

led to a noticeable improvement in the degradation 

rate from 0.020 min-1 (58.6 %) to 0.050 min-1 (96.6 %). 

This trend suggests that higher catalyst loading 

provides more accessible active sites for PMS 

activation. However, a continuous increase in catalyst 

loading does not necessarily improve catalytic 

performance. At higher loadings, the larger number of 

active sites can promote the generation of more 

reactive oxygen species [44]. Nevertheless, these 

species may undergo radical quenching by reacting 

with other reactive oxygen species or with PMS, 

thereby reducing their effective contribution to 

pollutant degradation. For example, increasing the N-

doped biochar aerogel loading for PMS activation 

from 0.3 g L-1 to 0.4 g L-1 resulted in a declining trend 

in the degradation rate of bisphenol A [45]. In addition, 

excessive catalyst loading introduces a greater number 

of adsorption sites, where pollutants may 

preferentially accumulate and block the active centers 

[46]. This blockage further limits PMS activation and 

decreases the availability of reactive oxygen species, 

thereby suppressing the overall catalytic efficiency.  

 

Besides, the degradation of AYR is also highly 

dependent on PMS concentration. When the PMS 

dosage was increased from 0.15 mg L-1 to 0.60 mg L-

1 (Figure 5c), the degradation rate improved from 

0.018 min-1 (55.5 %) to 0.020 min-1 0.058 min-1 

(92.8 %), indicating that additional PMS molecules 

promoted the generation of reactive oxygen species. 

However, PMS dosage must be carefully monitored, 

since excessive amounts may quench reactive radicals 

and increase costs [47].  

 

The effect of the initial pH of the solution on AYR 

degradation is shown in Figure 5d. The degradation 

of AYR is higher in neutral (pH 7: 0.033 min-1 and 

77.7%) and basic (pH 9: 0.038 min-1and 81.6%) 

mediums than acidic mediums (pH 3: 0.028 min-1 and 

71.3% and pH 5: 0.019 min-1 and 57.5%). In all tested 

pH values, no change occurred in the charge of PMS 

(pKa = 9.4 [48]) and AYR (pKa = 11 [49]), indicating 

that both species remained positively charged. In 

contrast, Mn-N-CNT-3 with a point of zero charge 

(pHPZC) of 6.9 (Figure 6), exhibited different surface 

charges depending on the solution pH. At pH 7 and 9, 

the catalyst surface was negatively charged, favoring 

electrostatic attraction with PMS. This facilitated PMS 

adsorption onto the active sites, thereby enhancing its 

activation into reactive oxygen species generation. 

Conversely, the catalyst surface at pH 3 and 5 carried 

a positive charge, leading to electrostatic repulsion 

with PMS. Under these conditions, PMS adsorption 

and activation were less efficient, reducing reactive 

oxygen species generation and consequently lowering 

AYR degradation.
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Figure 5. Effect of (a) Mn loading, (b) catalyst loading, (c) PMS dosage, and (d) initial pH on the degradation of 

AYR 

 

 
Figure 6. Point of zero charge of Mn-N-CNT-3 
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Identification of reactive oxygen species and 

catalytic mechanism 

PMS can be activated through different mechanistic 

routes, including radical and nonradical pathways. As 

shown in Figure 7, quenching studies were performed 

using a series of quenchers, including EtOH, TBA, 

NaN3, and NaClO4, to probe the underlying 

mechanism and identify the key reactive oxygen 

species. Precisely, EtOH used to scavenge both SO4
•− 

(𝑘𝐸𝑡𝑂𝐻 +𝑆𝑂4
•− = 1.6 − 7.8 × 107𝑀−1𝑠−1 [37]) and 

•OH (𝑘𝐻𝑂•+𝐸𝑡𝑂𝐻 = 1.2 − 1.8 ×  109  𝑀−1𝑠−1 [37]), 

while TBA used to scavenge •OH (𝑘𝐻𝑂•+𝑇𝐵𝐴 =
6.0 ×  108  𝑀−1𝑠−1 [50]) selectively. When EtOH 

and TBA were separately introduced into the Mn-N-

CNT-3/PMS system, a noticeable decline in AYR 

degradation efficiency was observed. The rate 

constant decreased from 0.042 min-1 in the absence of 

scavengers to 0.027 min-1 with EtOH and 0.039 min-1 

with TBA. The inhibitory effect suggests that both 

radicals play a role in AYR degradation. Subsequently, 

NaN3 employed to quench 1O2 (𝑘𝑁𝑎𝑁3 + 𝑂2
1 = 2.2 ×

109𝑀−1𝑠−1 [51]) and NaClO4 employed to quench 

nonradical electron transfer. When NaN3 and NaClO4 

were separately introduced into the Mn-N-CNT-

3/PMS system, AYR degradation rate reduced to 0.015 

min-1 and 0.013 min-1, respectively. The significant 

inhibitory effects observed with both scavengers 

imply that nonradical pathway, involving 1O2 and 

nonradical electron transfer, also contributes to the 

overall degradation of AYR. Thus, the relative 

contributions of •OH, SO4
•−, 1O2, and electron transfer 

in Mn-N-CNT-3/PMS system were quantified based 

on the stepwise reduction in the first-order degradation 

rate constants [52] and were determined to be 7.86 %, 

31.83 %, 31.83 %, and 28.38 %, respectively. Based 

on the contribution percentage, it can be deduced that 

SO4
•−, 1O2, and nonradical electron transfer are the 

major pathways for the degradation of AYR. The 

formation of metal-heteroatom coordination sites 

(e.g., Mn-pyridinic N) can modulate the local 

electronic structure by facilitating charge 

redistribution between the metal center and adjacent 

carbon atoms because they are electron-withdrawing 

groups [53]. This interaction promotes the adsorption 

and activation of PMS, thereby favoring the 

generation of nonradical reactive oxygen species such 

as 1O2, which is consistent with the observed 

mechanistic trends. The generation of SO4
•− can 

proceed through multiple pathways, including the 

cleavage of the O–O bond in PMS facilitated by 

delocalized π-electrons from sp2-hybridized carbon, 

as well as direct reactions between PMS and metal 

species (Eqs 2 – 3) [44]. These concurrent 

mechanisms contribute to its relatively higher 

abundance, thereby enabling SO4
•− to play a dominant 

role in AYR degradation. In addition, the observed 

nonradical electron transfer pathway may be attributed 

to the formation of a metastable reactive complex 

between PMS and the catalyst surface (PMS*, which 

is an electron acceptor), a process that is facilitated by 

the electron-rich sp2-hybridized curved carbon 

framework [26]. These electron acceptor complexes 

will react with adsorbed AYR (electron donor) and 

result in the PMS consumption and AYR degradation. 

The relatively low contribution of •OH in the Mn-N-

CNT-3/PMS system can be attributed to its generation 

primarily through the electron-donating role of 

pyridinic N, which transfers lone-pair electrons to 

activate PMS (Eq 4) [54]. This indicates that •OH 

formation is governed by the intrinsic activity of 

isolated pyridinic N sites, rather than arising from the 

synergistic interaction between Mn and N or the Mn-

N coordination sites. Subsequently, AYR will undergo 

oxidation by reacting with the reactive oxygen species 

and form intermediates, CO2, and H2O (Eq 5).

 
Figure 7. Effect of quenchers on the degradation of AYR 
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HSO5
− + π − electron → SO4

•− + OH−                   (2) 

HSO5
− + Mn2+ → SO4

•− + OH− + Mn3+                   (3) 

HSO5
− +  e− → SO4

2− + OH•                   (4) 

AYR + OH•/SO4
•−/ O2

1 /PMS∗ → intermediates + H2O + CO2                   (5) 

Reusability and toxicity assessments of Mn-N-

CNT-3 

As shown in Figure 8, the reusability of Mn-N-CNT 

in PMS to degrade AYR was evaluated through four 

consecutive cycles. AYR degradation rate reduced 

from 0.042 min-1 (84.6%) in the first cycle, to 0.025 

min-1 (68.0%), 0.018 min-1 (56.5%), and 0.012 min-1 

(41.6%) in the second, third, and fourth cycles, 

respectively. The decreasing trend of the removal rate 

could be due to (a) blockage of active sites by AYR 

and their intermediates and (b) loss of active sites for 

PMS activation via Mn leaching and N decomposition 

[55]. The blockage of active sites was found to be 

reversible and regeneration was achieved by thermally 

treating the catalyst (from the fourth cycle) at 450 °C 

under an oxygen-limited atmosphere. After 

regeneration, the catalyst was able to restore its 

performance, reaching a removal rate of 0.017 min-1 

(53.5 %). Depending on national guidelines, the 

allowable concentration of Mn in drinking water 

typically ranges from 0.05 to 0.1 mg L-1 [56]. The 

amount of Mn leached (i.e., 0.02 mg L-1) during the 

catalytic treatment was found to be below these 

regulatory limits, indicating that the process does not 

pose a risk of Mn contamination. When mineralization 

was examined, TOC removal was found to be much 

higher than anticipated. After 1 h of catalytic reaction, 

a mineralization efficiency of 52.1 % was obtained, 

showing that a large portion of AYR was broken down 

into smaller and more stable compounds (e.g., carbon 

dioxide, water, and inorganic ions). This result 

highlights that the Mn-N-CNT/PMS system is 

effective for decolourization and capable of driving 

substantial mineralization of AYR through the 

oxidative pathway. 

 

Besides, the present study investigated the toxicity of 

catalytically treated AYR solution on the germinative 

and early growth responses (allelopathic impact) of 

Vigna radiata over a seven-day assay period (Figure 

9). Three media were used for comparison, including 

distilled water, untreated AYR solution (10 mg L-1), 

and catalytically treated AYR solution (after 1 h). 

After seven days, root and shoot lengths were 

measured and statistically evaluated. Seedlings grown 

in distilled water showed the highest root growth (4.17 

± 0.58 cm), followed closely by those in the treated 

AYR solution (3.68 ± 0.50 cm), while roots exposed 

to untreated AYR were considerably shorter (2.17 ± 

1.00 cm). A similar pattern for shoots was observed, 

for example, 4.22 ± 1.00 cm in distilled water, 4.05 ± 

0.65 cm in treated AYR, and only 1.22 ± 0.49 cm in 

untreated AYR. Statistical analysis confirmed that 

there was no significant difference (p > 0.05) between 

seedlings in distilled water and those in treated AYR, 

whereas untreated AYR caused a clear inhibition in 

both root and shoot development (p < 0.05). These 

findings indicate that catalytic treatment substantially 

lowers the toxicity of AYR and seedlings were able to 

grow almost normally in the treated solution. 

 
Figure 8. Reusability of Mn-N-CNT-3 in AYR degradation 
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Figure 9. Phytotoxicity evaluation of the treated water using Vigna radiata seeds 

Conclusion 

This work demonstrated that Mn and N co-doping is 

an effective strategy to enhance the catalytic 

properties of carbon materials for PMS activation. 

Comparative evaluation of CNT and BC revealed that 

CNT co-doped with M and N exhibited superior 

catalytic activity, structural stability, and reusability, 

mainly due to their higher degree of graphitization, 

favorable nanotubular framework, and abundant Mn-

N coordination sites. Mechanistic analysis confirmed 

that multiple reactive oxygen species contributed to 

AYR degradation, with SO4
•− (31.8%), 1O2 (31.8%), 

and electron transfer (28.4%) as the major pathways, 

while •OH (7.9 %) played only a minor role. Despite a 

gradual decline in degradation over multiple cycles, 

the Mn-N-CNT-3 catalyst retained activity after 

regeneration, with Mn leaching levels below the 

regulatory limit. In addition to high decolorization, the 

system achieved substantial mineralization of AYR 

(i.e., 52.1% TOC removal), and phytotoxicity tests 

verified that the treated effluent was safe for seed 

germination and growth. Overall, this study not only 

underscores the advantages of tailoring carbon 

structures via Mn and N co-doping but also highlights 

the potential of CNT-based catalysts as sustainable and 

efficient PMS activators for wastewater treatment.  
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