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A B S T R A C T   

In order to efficiently degrade ibuprofen (IBU) by peroxymonosulfate (PMS) activation, manganese cobalt oxide 
nanoparticles-decorated functionalized multi-walled carbon nanotubes (MnCo2O4/FCNTs) were prepared using a 
facile hydrothermal method. Comprehensive characterization of this PMS activator in multi-scale suggested that 
MnCo2O4 nanoparticles were uniformly decorated on FCNTs. The catalytic performance was systematical eval-
uated under various environmental conditions, including temperature, pH, and the presence of different common 
water matrix species (e.g., Cl-, HCO3

- , and natural organic matter). The as-synthesized MnCo2O4/FCNTs 
demonstrated excellent catalytic activity with kapp ranging 0.285–0.327 min− 1 under a wide pH range of 3–9 
within 10 min, which achieved a complete removal of IBU and a mineralization rate higher than 90%. During 
oxidation process for stability and reusability test, recycled MnCo2O4/FCNTs was found durable with negligible 
leaching of metal ions from spent catalyst, exhibiting its high stability for PMS activation with merely slight 
decrease of kapp from 0.285 to 0.201 min− 1 in the fourth cycle. Electron paramagnetic resonance analysis further 
confirmed that •OH, SO4

•- and 1O2 were generated in the robust MnCo2O4/FCNTs-PMS system. Both radical and 
nonradical reactions were found to be responsible for the enhanced IBU degradation. Overall, this study sheds 
light on practical knowledge of IBU removal using MnCo2O4/FCNTs for PMS activation.   

1. Introduction 

Pharmaceutical and personal care products (PPCPs) are currently 
released into the aquatic environment through multiple pathways, 
including domestic wastewater, hospital discharge, improper 
manufacturing disposal, effluents from water treatment plants (WTPs) 
and sewage treatment plants (STPs) [1,2]. PPCPs could cause endocrine 
disruption and chronic toxicity to human health and aquatic microor-
ganisms [3]. Because of their resistance to biodegradation during con-
ventional activated sludge process in STPs, the occurrence of PPCPs in 
receiving waterbody becomes an emerging concern [4,5]. Thus, it is 
imperative to develop a more effective technique for degradation of 
PPCPs. 

Advanced oxidation processes (AOPs) have been widely regarded as 
an efficient technique for degradation of recalcitrant organic contami-
nants in water environment. Especially, sulfate radical (SO4

•-) based 
AOPs have attracted great interest in the abatement of micro-pollutants 

in water treatment [6,7]. SO4
•- has become an alternative to hydroxyl 

radical (•OH) due to a relatively higher redox potential of 2.5–3.1 V. As a 
strong one-electron oxidant, SO4

•- can readily react by addition to C-C 
double bonds and by H-abstraction [8]. Besides, SO4

•- exhibits other 
obvious advantages over •OH in terms of wider application pH range of 
2–8 and longer lifespan of 30–40 µs [9–11]. In particular, PMS is a 
cost-effective and environmentally friendly oxidant with lower energy 
input and alkaline dosing [12]. Currently, cobalt (Co) is considered the 
most effective transition metal catalyst for PMS activation [13]. How-
ever, Co2+ in aqueous solution leads to further environmental pollution 
and health issues. Recently, Mn oxide [14–16] and supported Mn oxide 
catalysts [17,18] have demonstrated excellent catalytic activity as PMS 
activator for degradation of organic pollutants. Thus, it is of great in-
terest to develop novel and efficient Mn oxide catalysts with less envi-
ronmental toxicity to activate PMS for the decomposition of emerging 
PPCPs. 

In the last decade, spinel ferrite nanoparticles with a general 
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formula, MCo2O4 (M = Mn, Fe, Co, Ni or Cu), have been used in several 
applications such as catalysis, environmental remediation, and super-
capacitor, due to their outstanding properties in terms of nanometer 
size, large surface area to volume ratio, and superparamagnetic behavior 
[11,19,20]. As PMS activator, CoxMn3− xO4 [21] and MnFe2O4 [22] were 
found to be active for oxidation of organic pollutants. Despite high 
catalytic activity of MnCo2O4 nanoparticles (NPs), NPs materials could 
result in lower catalytic efficiency as a result of aggregation, lower 
electrical conductivity, poor electron transfer rate, and limited active 
sites. To solve these issues, carbonaceous materials with high electrical 
conductivity and buffer matrix can br employed as matrices for 
MnFe2O4-based materials to provide a larger surface area for the diffu-
sion of reactants onto the active sites, thereby enhancing their catalytic 
performance. 

As compared to other carbon materials (e.g., graphene, activated 
carbon, or graphite), carbon nanotubes (CNTs) possess unique proper-
ties, such as large surface area, high stability and mechanical strength, 
making CNTs suitable as support materials of various catalysts [23–25]. 
The advantages of spontaneous redox reactions between CNTs and metal 
oxides have been recognized earlier [26]. The excellent electrical con-
ductivity of CNTs could not only help to stabilize the active in-
termediates but also facilitate the catalytic processes involving electron 
transfer. Meanwhile, CNT-CoFe2O4 @PPy has been used as adsorbent 
and catalyst to remove anionic and cationic dyes [23]. Meanwhile, the 
stability of the PMS activator is also of critical importance in order to 
prepare eco-friendly nanoparticles or catalysts for practical application, 
thus the leaching of metal ions from the PMS activator should be sub-
stantially hindered. However, to the best of our knowledge, there is no 
literature on the exploration of robust and stable MnCo2O4 supported on 
functionalized CNTs (MnCo2O4/FCNTs) for PMS activation in degrada-
tion of organic contaminants. 

In the present work, we report a facile approach to prepare 
MnCo2O4/FCNTs and its catalytic activation in PMS oxidation of 
ibuprofen (IBU). The properties of MnCo2O4/FCNTs and its catalytic 
performance were investigated in terms of effects of various reaction 
parameters (e.g., pH, temperature, Cl-, HCO3

- and natural organic matter 
(NOM)) on IBU removal. Furthermore, PMS activation mechanism and 
the dominant reactive oxygen species (ROS) were evaluated. 

2. Experimental 

2.1. Chemicals and materials 

Commercial multi-walled CNTs (> 97%) were obtained from 
Shenzhen Nanotech Port Co., Ltd. Ibuprofen (IBU, ≥98%), oxone 
(2KHSO5⋅KHSO4⋅K2SO4, PMS), cobalt nitrate hexahydrate (Co(NO3)2.6 
H2O, AR, 99%), manganese nitrate solution (Mn(NO3)2.6 H2O, AR, 50 
wt%), sodium bicarbonate，sodium chloride，humic acid, 5,5- 
dimethyl-1-pyrroline N-oxide (DMPO, >99.0%), and 4-oxo-2,2,6,6-tet-
ramethyl-4-piperidone (TEMP, >99.0%) were purchased from Aladdin 
Chemistry Co., Ltd. (Shanghai, China). Sodium hydroxide, sulfuric acid 
and ethyl alcohol were obtained from Chemical Reagents (Guangzhou, 
China). All these reagents were used without any further purification. 
Deionized water (18.25 MΩ⋅cm) used in all the experiments was pre-
pared by an ultrapure water purification system (Ulupure, China). 

2.2. Preparation of catalysts 

CNTs were employed as support materials for bimetallic catalysts 
preparation. Pristine CNTs were refluxed in concentrated nitric acid at 
120 ◦C for 4 h under stirring to remove metallic impurities and introduce 
oxygen-containing functional groups onto the surface of CNTs, thereby 
facilitating uniform precipitation of metal precursors [27]. The func-
tionalized CNTs were washed and prepared following the procedure 
described by Nassr et al. [28], which were denoted as FCNTs thereafter. 
All monometallic and bimetallic nanomaterials were prepared using a 

hydrothermal method. Specifically, 0.218 g Co(NO3)2.6 H2O, 0.0134 g 
Mn(NO3)2.6 H2O and 25 mg FCNTs were added into a round bottomed 
flask with 37.5 mL ethyl alcohol. The mixture was vigorously mixed in a 
rotary vibrator at 300 rpm for 12 h under room temperature. The sus-
pension was then dispersed by ultrasound for 1 h followed by filtration 
and washing with deionized water and acetone. This composite was 
subsequently transferred into a 100 mL Teflon-lined stainless-steel 
autoclave for hydrothermal reaction at 140 ◦C for 12 h. The autoclave 
was naturally cooled down to room temperature afterwards. The formed 
composite was vacuum dried at 60 ◦C for 12 h and was then calcined at 
500 ◦C for 2 h under vacuum. The as-synthesized catalyst was denoted as 
MnCo2O4/FCNTs. 

2.3. Catalyst characterizations 

X-ray diffraction (XRD) patterns were obtained on a Bruker D8 
diffractometer (Bruker-AXS, Karlsruhe, Germany) using Cu-Kα radiation 
X-ray source (λ = 1.5418 Å) operated at 40 kV and 26 mA. The data were 
collected with a 2θ ranging from 10◦ to 90◦ at a step width of 0.02◦. 
Specific surface area and pore size distribution were determined through 
nitrogen adsorption/desorption at − 196 ◦C on a Micromeritics Tristar II 
3020 system using multi-point Brunauer-Emmett-Teller (BET) method. 
Prior to measurements, the catalysts were degassed at 150 ◦C for 12 h 
under vacuum. Surface morphology of as-synthesized MnCo2O4/FCNTs 
was examined by scanning electron microscopy (SEM) (ZEISS Gemini 
500) with an acceleration voltage of 10 kV. Nanoscale structure was 
observed using high resolution transmission electron microcopy 
(HRTEM) (JEOL JEM-2100 F) with an acceleration voltage of 200 kV. X- 
ray photoelectron spectroscopy (XPS) spectra analysis was carried out 
on a Thermo Fisher Scientific ESCALAB 250 electron spectrometer with 
a monochromatic Al Kα X-ray radiation source (hν = 1486.6 eV). 

2.4. Catalytic oxidation of IBU 

Pharmaceutical wastewater containing high concentration of IBU 
has been simulated. Catalytic oxidation experiments were conducted in 
a 250 mL batch reactor at 25.0 ± 0.2 ◦C and 300 rpm in a water bath 
shaker. According to previous study system [29], initial IBU concen-
tration of 10 mg/L was applied and solution pH was adjusted by 0.1 M 
HNO3 and 0.1 M NaOH. The dosage of PMS and MnCo2O4/FCNTs was 
1.0 g/L and 0.01 g/L, respectively. During the oxidation process, 1 mL of 
IBU solution was sampled at a pre-determined interval and quenched 
quickly with 0.1 mL methanol followed by filtration using 0.22 µm 
cellulose acetate membrane for further analysis. Meanwhile, 
non-catalytic control experiments were carried out under identical 
conditions. Catalytic stability of MnCo2O4/FCNTs was examined 
through recycling test. Specifically, solid catalysts were filtered and 
recycled using 0.22 µm Millipore filter and washed with deionized water 
followed by vacuum drying at 60 ◦C for 12 h before reuse. 

2.5. Analytical and evaluation methodologies 

The concentration of IBU with an injection volume of 10 µl was 
determined at 223 nm by a high performance liquid chromatography 
(HPLC) (Shimadzu Essentia LC-16) system equipped with a UV-Vis de-
tector (SPD-16). The separation was performed on a WondaSil C18-WR 
column (150 × 4.6 mm, 5 µm) using a pH of 2.1 mobile phase consisting 
of 80/20 (v/v) MeOH-H2O binary solution at a flow rate of 1.0 mL/min 
and 30 ◦C. Electron paramagnetic resonance (EPR) spectra were 
measured on a Bruker A300–10/12 spectrometer using 5,5-dimethyl-1- 
pyrroline N-oxide (DMPO) and 4-oxo-2,2,6,6-tetramethyl-4-piperidone 
(TEMP) as spin-trapping agents. Total organic carbon (TOC) concen-
tration in the reaction solution was analyzed using a TOC analyzer 
(Shimadzu TOC-VCPH) after filtration through 0.22 µm polytetra-
fluoroethylene (PTFE) syringe filter. Leaching of Mn and Co ions into 
reaction solution was detected using inductively coupled plasma optical 
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emission spectrometry (ICP-OES) (PerkinElmer Optima 5300DV). 

3. Results and discussion 

3.1. Structural and physicochemical properties of catalysts 

The XRD patterns of pristine CNTs, FCNTs, Mn3O4/FCNT, Co3O4/ 
FCNT and MnCo2O4/FCNTs are depicted in Fig. 1A. A higher intensity of 
the diffraction peak at 25.9◦ for FCNTs implied the removal of impurities 
from pristine CNTs. The presence of a sharp XRD diffraction peak (002) 
of hexagonal graphite at 25.9◦ in all the catalysts indicated that the CNTs 
graphitic structure was retained after sequential HNO3 oxidation, 
bimetallic impregnation, and high temperature reduction processes. 
Meanwhile, several well-defined peaks at 19.3◦, 26.5◦, 30.9◦, 33.6◦, 

Fig. 1. (A) X-ray diffraction patterns of CNTs, FCNTs, and as-synthesized catalysts, and XPS spectra of the fresh and spent MnCo2O4/FCNTs: (B) O 1 s; (C) and (D) for 
Mn 2p; (E) and (F) for Co 2p. 

Table 1 
XPS analysis of surface elements of CNTs, FCNTs, MnCo2O4/FCNTs, and spent 
MnCo2O4/FCNTs.  

Catalysts C 1 s (wt 
%) 

O 1 s (wt 
%) 

N 1 s 
(wt%) 

Co 2p3 
(wt%) 

Mn 2p3 
(wt%) 

CNTs  89.27  9.21 1.52 – – 
FCNTs  87.75  12.25 – – – 
MnCo2O4/FCNTs  89.27  10.01 0.11 0.38 0.23 
Spent MnCo2O4/ 

FCNTs  
90.21  9.10 0.13 0.36 0.20  
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Fig. 2. SEM images of (A) pristine CNTs; (B) FCNTs; (C) MnCo2O4/FCNTs; HRTEM images (D, E, F and G) of MnCo2O4/FCNTs.  
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36.4◦, 43.1◦, 57.9◦, 62.1◦ and 74.8◦ can be indexed to (220), (311), 
(222), (400), (422), (511), (440), (622) and (553) reflection planes, 
respectively, for cubic-phase MnCo2O4 structure (JCPDS No. 75–1090). 
These peaks were also observed for MnCo2O4/FCNTs, indicating that 
crystalline MnCo2O4 nanoparticles were successfully immobilized onto 
FCNTs structure. 

Chemical elements in the catalyst were analyzed using XPS tech-
nique and presented in Table 1 and Fig. 1B-F. As compared with the 
pristine CNTs, the high-resolution O 1 s spectra of FCNTs in Fig. 1B 
suggested that the oxygen content increased significantly from 9% to 
12% after nitric acid reflux. The nitric acid oxidation of carbon materials 
induced formation of oxygen-containing groups (Fig. S1), including 
carboxylic acid, lactone, anhydride, quinone and hydroxyl groups, 
which are mainly attached to the defective edges of CNTs [28,30]. These 
functional groups could (i) facilitate the formation of the conduct 
network for increased electron transfer process during catalysis [31,32], 
(ii) anchor MnCo2O4 to increase the stability of the catalyst through 
stronger support-MnCo2O4 interaction [27], (iii) improve the dispersion 
of catalyst on CNTs, and (iv) enhance the mechanical properties of 
catalyst. 

The EDS analysis was then performed to analyze the elemental dis-
tribution on the surface of MnCo2O4/FCNTs and the results indicated the 
presence of C, N, O, Mn, and Co. The morphology and structure of 
pristine CNTs, FCNTs and MnCo2O4/FCNTs were further investigated by 
SEM and HR-TEM. Fig. 2 shows that the diameter of MnCo2O4 particle 
was ranging from 100 to 200 nm with an average particle size of 
63.5 nm. The relatively small particle size promoted higher specific 
surface area which was beneficial to improve the catalytic activity of 
MnCo2O4/FCNTs. Fig. 2G clearly shows a lattice distance of 0.238 nm 
that could be assigned to the dominant and exposed (311), (511), (553) 

and (555) planes of MnCo2O4 in the MnCo2O4/FCNTs catalyst, which is 
in good agreement with the XRD results. In Table S1, the specific surface 
area (SBET) of CNTs and FCNTs was 178.0 and 204.5 m2/g, respectively. 
After loading MnCo2O4, the SBET was decreased to 112.3 m2/g due to the 
formation of MnCo2O4 nanoparticles on FCNTs surface. This also shows 
the successful incorporation of MnCo2O4 onto the FCNTs framework. 
These physicochemical properties may contribute to different catalytic 
activities of these catalysts as discussed below. 

3.2. Catalytic oxidation of IBU with PMS on MnCo2O4/FCNTs 

Fig. 3 depicts the catalytic oxidation efficiencies of different catalysts 
for IBU removal under identical experimental condition. The results are 
fitted using a first-order kinetics[IBU] = [IBU]0e− kappt , where kapp is the 
apparent first-order rate constant. Specifically, all fittings were con-
ducted using Microsoft Excel and gave a correlation coefficient (R2) 
ranging from 0.9434 to 0.9987. In the control experiment with the 
absence of PMS, FCNTs alone showed no significant IBU adsorption (less 
than 2% of IBU removal efficiency) within 40 min in spite of a relatively 
large SBET and porosity. On the other hand, in the absence of catalyst, 
PMS alone could hardly degrade IBU in the aqueous solution. In PMS 
system, MnCo2O4/FCNTs exhibited a high catalytic performance and a 
complete IBU removal was achieved within 10 min with kapp of 
0.285 min− 1. The degradation rate of MnCo2O4/FCNTs was 2.62 and 
1.53-fold of that for Mn3O4/FCNTs and Co3O4/FCNTs, respectively. In 
the first 5 min of the reaction, the rate constant of FCNTs, Mn3O4/FCNTs 
and Co3O4/FCNTs was 0.078, 0.067 and 0.192 min− 1, respectively. 
Apparently, synergy of FCNTs and MnCo2O4 could increase the catalytic 
activity through enhanced electron transfer efficiency and improved 
MnCo2O4 stability and dispersion. Thus, more effective PMS activation 

Fig. 3. (A – B) IBU degradation performance using different catalytic oxidation systems (B: All reactions are conducted in the PMS system), and (C) residual TOC in 
MnCo2O4/FCNTs-PMS system. Experimental conditions: [IBU]0 = 10 mg/L; catalyst dosage = 0.1 g/L; [PMS]0 = 0.01 g/L; [pH]0 = 4.7; T = 25 ◦C. 
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process could generate reactive oxygen species (ROS) with superior ef-
ficiency for IBU degradation. Comparison of the kapp of MnCo2O4/FCNTs 
(0.285 min− 1) [33] with other catalysts, such as Co3O4-rGO 
(0.117 min− 1) and C-ZnFe LDH (0.0184 min− 1) [34], for IBU degrada-
tion suggested that the as-synthesized MnCo2O4/FCNTs was more ad-
vantageous as it exhibited higher catalytic efficiency. Fig. 3C depicts the 
residual TOC after catalytic IBU degradation in the 
MnCo2O4/FCNTs-PMS system. The TOC gradually decreased to 
0.9 mg/L, suggesting that IBU was almost completely mineralized with a 
mineralization rate higher than 90%. These results further confirm that 
MnCo2O4/FCNTs can effectively activate PMS to produce active species 
with high oxidation potential for IBU removal. 

3.3. Influences of various reaction parameters 

3.3.1. Effect of pH 
The IBU degradation at different pH values in the MnCo2O4/FCNTs- 

PMS system is shown in Fig. 4A. On the whole, the IBU degradation in 
the MnCo2O4/FCNTs-PMS system under a wide pH range of 2.96–9.24 
was generally lower than that within a relatively narrower pH range of 
4.67–7.02. Considering the pKa value for IBU and PMS are 4.91 [35] and 
9.4 [36], respectively, the point of zero charge of MnCo2O4/FCNTs is 
within the range of 4.9 ± 1.8 [37]. Thus, at pH 9.4, the electrostatic 
repulsion between the negatively charged PMS, IBU and 
MnCo2O4/FCNTs-PMS could be prominent, thereby inhibiting the 
overall IBU degradation rate. Similarly, at pH 2.96, the IBU degradation 

Fig. 4. Effects of different reaction conditions (A: pH; B: Temperature; C: Cl-; D: HCO3
- ; E: NOM; F: Reusability) on the IBU degradation in MnCo2O4/FCNTs-PMS 

system. Experimental conditions: [IBU]0 = 10 mg/L; catalyst dosage = 0.1 g/L; [PMS]0 = 0.01 g/L; [pH]0 = 4.7; T = 25 ◦C. 
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rate was also inhibited, which could be ascribed to the scavenging effect 
of H+ ion on the generated ROS [38]. Nevertheless, under pH 3–9, kapp 
ranged from 0.285 to 0.327 min− 1. This reveals that MnCo2O4/FCNTs 
may activate PMS at a satisfactory level within a wide pH range without 
distinctly losing its catalytic activity, which is in accordance with pre-
vious research results [32]. 

3.3.2. Effect of temperature 
The degradation reaction of IBU was also significantly influenced by 

the reaction temperature. Generally, IBU removal would be promoted 
under increased reaction temperature. As shown in Fig. 4B, the degra-
dation rate constant increased proportionally with increasing tempera-
ture from 25 to 45 ◦C. The kapp values were fitted with the Arrhenius 
equation (i.e., lnkapp versus 1/T) and the calculated activation energy 
was 2.6 kJ mol− 1. This activation energy was relatively lower than those 
in previous research using Mn-based catalysts [39,40], indicating that 
this as-synthesized catalyst could efficiently activate PMS. Previous 
research showed that elevating the reaction temperature may not only 
enhance the chemisorption of organic/PMS but also facilitate the 
electron-transfer process between pollutants and PMS via the carbon 
catalyst [41]. Therefore, the enhanced contribution of radicals in the 
MnCo2O4/FCNTs-PMS system could be attributed to generation of SO4

•- 

and •OH via the activation of PMS [32,41,42]. 

3.3.3. Effect of Cl- 

The effect of the presence of typical ions (e.g., Cl-, HCO3
- ) on IBU 

oxidation in the MnCo2O4/FCNTs-PMS system has also been investi-
gated. Fig. 4C shows the IBU degradation efficiency at different Cl- 

concentrations. Different concentration levels of Cl- from 1 to 10 mM 
were selected to simulate the actual wastewater concentration [29]. It 
can be noted that Cl- performed a dual effect in the 
MnCo2O4/FCNTs-PMS system. With the increase of Cl- concentration 
from 1 to 5 mM, the degradation efficiency of IBU decreased to 94.4% 
within 15 min. However, when the Cl- concentration was further 
increased to 10 mM, IBU was degraded completely within less than 
10 min. In the first 10 min, the kapp value for IBU removal gradually 
decreased from 0.285 to 0.135 min− 1 with elevated Cl- concentration 
from 0 to 2 mM, while it increased from 0.135 to 0.808 min− 1 with 
further increased Cl- concentration from 5 to 10 mM. The initial inhi-
bition effect of Cl- may result from the scavenging reaction between SO4

•- 

and Cl-. In the presence of Cl-, secondary chlorine radicals (e.g., Cl•) with 
lower oxidation potentials were generated at the cost of undesired 
consumption of SO4

•- in Eq. (4) [43]. When Cl- concentration was higher 
than 5 mM, excessive Cl• was generated along with the formation of Cl2 
and HOCl with Cl• in the solution. The generated Cl2 and HOCl were 
active to react with HSO5

− via electron transfer to improve the catalytic 
activity of MnCo2O4/FCNTs-PMS system (Eqs. (1) - (4)), contributing to 
the IBU degradation [44,45].  

Cl- + HSO5
- → SO4

2- + HOCl                                                            (1)  

Cl- + •OH → Cl• + OH-                                                                  (2)  

2Cl- + H+ + HSO5
- → SO5

- + Cl2 + H2O                                           (3)  

SO4
•- + Cl- → Cl• + SO4

2-                                                                 (4)  

3.3.4. Effect of HCO3
- 

The degradation of IBU by the MnCo2O4/FCNTs-PMS system in the 
presence of HCO3

- has been examined and presented in Fig. 4D. Because 
higher concentration of HCO3

- above 5 mM was reported to significantly 
inhibit the degradation of IBU [29], lower HCO3

- concentration ranging 
1–3 mM was investigated. It was observed that the kapp value for IBU 
decreased remarkably from 0.285 to 0.125 min− 1 with the increasing 
HCO3

- concentration from 1 m to 3 mM, indicating that HCO3
- could 

inhibit IBU degradation. The presence of HCO3
- could act as SO4

•- and 
•OH scavengers via Eqs. (5) and (6) [46] and the resulting carbonate 
radicals (i.e., HCO3

• and CO3
•-) possessed lower redox potentials than 

either SO4
•- or •OH.  

SO4
•- + HCO3

- → SO4
2- + HCO3

• (5)  

•OH + HCO3
- → OH- + HCO3

• (6)  

3.3.5. Effect of NOM 
Fig. 4E presents the effect of NOM on IBU removal in the MnCo2O4/ 

FCNTs-PMS system. NOM can undergo competitive reaction with the 
generated ROS, leading to the decreasing decomposition efficiency to-
wards IBU [9]. As shown in Fig. 4E, the presence of NOM significantly 
inhibited the degradation of IBU. For instance, the values of kapp for IBU 
was decreased from 0.285 to 0.092 min− 1 as the NOM concentration 
was increased from 1 to 5 mg/L. Previous studies have also reported that 
reactions of target compounds with SO4

•- and •OH were slowed down by 
NOM, which was primarily due to its competitive consumption for ox-
idants as well as the low reactivity of resulting organic radicals [47–49]. 
Latest studies have revealed that NOM could undergo competitive re-
actions with SO4

•- and •OH and thus minimize the decomposition effi-
ciency towards target components in AOPs, and its steric and 
electrostatic effects [32,50]. 

3.4. Stability and reusability of MnCo2O4/FCNTs 

The stability and reusability of the catalyst is crucial for practical 
application. To evaluate the catalytic stability of MnCo2O4/FCNTs in the 
PMS oxidation system, the IBU removal study was conducted by using 
recycled catalyst over four cycles under identical reaction condition, and 
the results are shown in Fig. 4F. Apparently, it was found that IBU was 
still completely removed within 40 min after four cycles despite a slight 
decrease of kapp from 0.285 min− 1 in the first cycle to 0.201 min− 1 in the 
fourth cycle due to the loss of catalyst during catalyst recovery process. 
Moreover, the leaching concentrations of metal ions (i.e., Mn and Co) 
were below the detection limit of ICP-OES (1 µg/L), which were far 
lower than those reported in previous studies (i.e., 0.07–0.12 mg/L [51] 
up to 0.54–0.61 mg/L [52]). This indicates that the MnCo2O4/FCNTs 
was stable and its high activity could be maintained for at least four 
cycles. 

The surface characteristics of MnCo2O4/FCNTs before and after 
catalytic reaction were measured by XPS. According to the high- 
resolution XPS spectra of Mn 2p depicted in Fig. 1, the Mn 2p profile 
of spent MnCo2O4 catalyst showed two main peaks at 642.2 eV and 
643.2 eV which corresponded to Mn 2p3/2 and Mn 2p1/2, respectively. 
This implies that the Mn2+ chemical state on the sample surface [53,54] 
and the valence of Mn on the surface of spent catalyst had a noticeable 
change. Co 2p spectra exhibited two main peaks at binding energy of 
781.2 and 796.1 eV which could be assigned to Co 2p3/2 and Co 2p1/2, 
respectively [55]. In addition, two satellite peaks confirmed the pres-
ence of Co3+ cation. These values were slightly shifted, and the area of 
peaks was decreased after the reaction with PMS and IBU, which sug-
gested that Mn and Co species on the spent catalyst surface were in a 
mixed valence state. This suggests that Mn(II) and Co(III) on surface of 
the spent catalyst were partially transformed to Mn(III) and Co(II), 
respectively, during catalysis. Thus, it is proved that activation of PMS 
by MnCo2O4/FCNTs involved both redox pairs of Mn(II)/Mn(III) and Co 
(III)/Co(II) species therein, resulting in a higher catalytic activity. 

3.5. Identification of ROS 

In general, various highly reactive ROS, namely sulfate radical 
(SO4

•-), hydroxy radical (•OH), superoxide radical (O2
•-) and singlet ox-

ygen (1O2) can be generated through radical and nonradical pathways to 
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degrade target pollutants. The radical pathway can be induced by redox 
reaction between PMS with both MnCo2O4 and FCNTs while the non-
radical pathway can occur over FCNTs through the formation of surface 
activated PMS, direct electron transfer, formation of surface bound 
radicals, and singlet oxygen generation. To further confirm the domi-
nant ROS for IBU degradation, quenching studies were carried out using 
MeOH and NaN3 for radicals (e.g., SO4

•-, •OH and O2
•-) and 1O2, respec-

tively. MeOH can quench both SO4
•- and •OH with high reaction rates 

(kSO•−
4 +MeOH= (1.6–7.7)× 107 M− 1s− 1, kHO•+MeOH= (1.2–2.8)× 109 

M− 1s− 1) [56], while it moderately reacts with O2
•- at kO•−

2 +MeOH of 
1.5 × 108 M− 1 s− 1. As shown in Fig. 5A, MeOH significantly affected the 
IBU removal in the MnCo2O4/FCNTs-PMS system. Upon addition of 
200 mM MeOH, the IBU removal rate was partially inhibited by 84%. 
When the MeOH was increased to 1000 mM, the IBU removal was 
completely inhibited (>95%), indicating that MeOH had quenched most 
of the generated ROS, particularly SO4

•-, •OH and O2
•-. Similarly, the 

addition of NaN3 also resulted in a partial inhibition of IBU removal rate 
in Fig. 5B with a drastically decreased kapp of 0.035 min− 1, implying that 
1O2 could also be involved in the reaction system. These results indicate 
that both radical and nonradical pathways were involved in the catalytic 
degradation of IBU. 

To further confirm the generation and effect of ROS in MnCo2O4/ 
FCNTs-PMS system, EPR analysis was conducted using DMPO and TEMP 
as the spin trapping agents for radicals and 1O2, respectively. For com-
parison, the FCNTs-PMS system was also studied using EPR. As illus-
trated in Fig. 5C and D, in the presence of PMS and DMPO, the signals of 
DMPO-SO4

•- and DMPO-•OH were clearly observed. Similarly, the signal 
corresponding to TEMP-1O2 was also observed when TEMP was used as 
the spin trapping agent. The peak intensities for the DMPO- SO4

•- and 
DMPO-•OH adducts in the MnCo2O4/FCNTs-PMS system were signifi-
cantly higher than those for FCNTs-PMS, implying that the system had 
higher SO4

•- and •OH concentrations. Meanwhile, the intensity of 

Fig. 5. (A – B) Effects of selected chemical scavengers on the IBU degradation, and EPR spectra of (C) and (D) for MnCo2O4/FCNTs-PMS system; (E) and (F) for 
FCNTs-PMS system) with DMPO or TEMP as the spin trapping agents. 
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TEMP-1O2 for MnCo2O4/FCNTs-PMS and FCNTs-PMS was comparable. 
This confirms the existence of SO4

•-, •OH and 1O2, and providing 
conclusive evidence that the SO4

•- and •OH were generated at the 
MnCo2O4 active sites while the 1O2 generation was produced at the 
FCNTs active sites. 

3.6. Reaction mechanism 

Based on acquired data and aforementioned discussion, a rational 
heterogeneous PMS activation mechanism by MnCo2O4/FCNTs is pro-
posed in Fig. 6. It is speculated that the MnCo2O4 and FCNTs contributed 
to the production of SO4

•- and •OH (radical pathway), and 1O2 (non-
radical pathway), respectively. In general, transition metal-based cata-
lysts are prone to activate PMS via the radical pathway while carbon- 
based catalysts can activate PMS through both radical and nonradical 
pathways. In the radical pathway, –––Mn and –––Co would react with 
surface hydroxyl groups (-OH) through dissociative adsorption of water 
molecules on CoxMn3− xO4 surface to form –––Mn(II)－-OH and –––Co(II) 
－-OH, which could alter the oxidation state of the surface metal and 
offer active sites for further PMS activation [21]. Subsequently, the 
–––Mn(II)－-OH species on MnCo2O4 surface can activate PMS to produce 
highly diffusible SO4

•- in Eq. (7) and some more –––Mn(II)－-OH species 
can be generated from the reaction of formed –––Mn(III)－-OH species 
with PMS in Eq. (8). Similarly, –––Co(II)－-OH species on the catalyst 
surface can also react with PMS to produce SO4

•- in Eq. (9) and then more 
species are generated by the reactions between the formed –––Co(III) 
－-OH species and PMS in Eq. (10). Since the reduction of –––Co(III) by 
–––Mn(II) in Eq. (11) was thermodynamically favorable [21], the formed 
–––Mn(II) in Eq. (8) could further regenerate more –––Co(II) species on the 
surface of MnCo2O4 to form more SO4

•- via Eq. (9). Besides, as evidenced 
by XPS, –––Mn(II)/–––Mn(III) and –––Co(II)/–––Co(III) are redox couples 
that can react with PMS to generate SO4

•- for oxidative degradation of 
IBU. Hence, there are more active sites on the catalyst, which further 
contributed to the catalytic activity of MnCo2O4/FCNTs. The cyclical 
regeneration of the catalyst occurred until PMS was completely 
consumed. 

In the nonradical pathway, either the formation of surface activated 
complex or 1O2 generation via PMS activation could occur. Regardless of 
either route, the PMS is firstly bonded with the sp2-hybridized active 
sites of FCNTs. In the first scenario, the highly covalent π electrons could 
activate the O− O bond in PMS, leading to the production of 1O2 for IBU 
degradation via Eq. (12) similar as SO4

•- and •OH. In the second scenario, 
the adsorbed PMS is activated on the catalyst surface through forming 
outer-sphere complexes between FCNTs and PMS to facilitate the 
degradation of adsorbed IBU in Eq. (13). Nevertheless, the quantitative 
contribution of IBU degradation by radical and non-free radical 

pathways requires further investigations.  

–––Mn(II)－-OH + HSO5
- → –––Mn(III)－-OH + SO4

•- + OH-                  (7)  

–––Mn(III)－-OH + HSO5
- → –––Mn(II)－-OH + SO5

•- + H+ (8)  

–––Co(II)－-OH + HSO5
- → –––Co(III)－-OH + SO4

•- + OH-                    (9)  

–––Co(III)－-OH + HSO5
- → –––Co(II)－-OH + SO5

•- + H+ (10)  

–––Mn(II) + Co(III) → –––Mn(III) + Co(II), ΔE = 0.30 V                     (11)  

SO4
•- / •OH / 1O2 + IBU → […many steps…] → CO2 + H2O              (12)  

IBU + surface activated PMS → intermediates → CO2 + H2O (nonradical)    
(13)  

4. Conclusions 

This study has investigated the application of as-synthesized 
MnCo2O4/FCNTs as PMS activator for IBU degradation. Specifically, 
MnCo2O4 was uniformly decorated on FCNTs via a facile hydrothermal 
method and MnCo2O4/FCNTs was characterized using multi-scale 
techniques. In PMS system, MnCo2O4/FCNTs demonstrated excellent 
catalytic activity with kapp ranging 0.285–0.327 min− 1 under a wide pH 
range of 3–9 within 10 min, achieving a complete removal of IBU and a 
mineralization rate higher than 90%. Moreover, MnCo2O4/FCNTs can 
be recycled for stable PMS activation with slight decrease of kapp from 
0.285 to 0.201 min− 1 after four cycles during the stability and reus-
ability test. In addition, this catalyst was durable with negligible 
leaching of metal ions in the solution and could be promising eco- 
friendly PMS activator for highly efficient catalytic removal of organic 
pollutants. Furthermore, both radical and nonradical reactions are 
responsible for enhanced IBU degradation. MnCo2O4 and FCNTs 
contributed to the production of SO4

•- and •OH (radical pathway), and 
1O2 (nonradical pathway), respectively. 
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