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H I G H L I G H T S   

• CoM/TNTs showed high ACE de
gradation efficiency after PMS activa
tion.  

• Efficient PMS activation was due to 
the synergic effect of Co(OH)2 and 
TNTs. 

• TNTs with abundant surface –OH fa
cilitated formation of CoOH+.  

• PES analysis well explained the higher 
feasibility of Co(OH)+ on PMS acti
vation.  

• ACE atoms with high Fukui index are 
active sites for electrophilic attack. 
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A B S T R A C T   

Pharmaceuticals and personal care products (PPCPs) are of great concern due to their increasing health effects, 
so advanced treatment technologies for PPCPs removal are urgently needed. In this study, titanate nanotubes 
decorated Co(OH)2 hollow microsphere (CoM/TNTs) composites were synthesized by a two-step solvothermal 
method, and used to activate peroxymonosulfate (PMS) through heterogenous catalysis for acetaminophen 
(ACE) degradation in water. The optimum material (CoM/TNTs0.5) activated PMS system exhibited high ACE 
removal efficiency and quick kinetic, as 93.0% ACE was degraded even within 10 min. The two components in 
CoM/TNTs showed a synergetic effect on PMS activation for radicals production: Co(OH)+ from CoM was the 
primary active species to active PMS, while TNTs could offer abundant –OH groups for Co(OH)+ formation. 
Density functional theory (DFT) calculation further interpreted the mechanism of Co(OH)+ for PMS activation 
by means of reaction potential energy surface (PES) analysis. Both the scavenger quenching tests and electron 
paramagnetic resonance analysis revealed that the sulfate radical (SO4

-·) played a dominant role in ACE de
gradation. Moreover, DFT calculation also suggested that the ACE atoms with high Fukui index (f -) represented 
the active sites for electrophilic attack by SO4

-·. The toxicity analysis based on quantitative structure-activity 
relationship (QSAR) verified the reduced toxicity of transformation products. Furthermore, CoM/TNTs also had 
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good reusability and stability over five cycles. This work provides deep insights into the reaction mechanisms of 
radical production and organics attack in cobalt-based PMS activation system.   

1. Introduction 

Pharmaceuticals and personal care products (PPCPs) have recently 
attracted increasing attention due to their potential threats to water 
environments and human health, including the persistence, hard de
gradation, biological accumulation and long-term toxicity [1]. Tradi
tional wastewater treatment techniques, such as the activated sludge 
process, cannot efficiently and steadily remove PPCPs [2,3], so new 
methods like advanced oxidation processes (AOPs) are urgently needed  
[4]. Material-enhanced AOPs generally lead to a high yield of reactive 
oxygen species (ROS) for PPCPs degradation [5,6], and researches in 
this area focus on key scientific issues including: (1) the efficient gen
eration of radicals in the material-involved heterogeneous system, (2) 
molecular level interaction mechanisms between radicals and organic 
pollutants, and (3) deep insights into the degradation pathways of 
pollutants by means of theoretical calculations. 

AOPs such as Fenton reaction, photocatalysis and catalytic ozona
tion can produce hydroxyl radicals (·OH, E0 =1.9–2.7 V) to degrade 
organic pollutants [7,8], including PPCPs [9]. Generally, AOPs show 
advantages such as a strong oxidation ability, high reaction rate and 
low disinfection byproducts (DBPs) formation [10]. Recently, AOPs 
based on the sulfate radical (SO4

-·, E0 =2.5–3.1 V) have attracted sig
nificant attention [11]. SO4

-· acts as an innovative substitute for ·OH in 
the water treatment area, which has a longer half-life time and higher 
selectivity [12,13]. SO4

-· is generally generated from perox
ymonosulfate (PMS, HSO5

-) and peroxydisulfate (PDS, S2O8
2-) through 

UV, heat, ultrasound or catalysts [14,15]. In addition, homogenous 
activation of PMS/PDS by transition metal ions (e.g., Co2+, Fe2+, and 
Ni2+) is an important method due to the high efficiency [16], but se
paration of the additional ions from treated water is a big challenge as 
they may cause secondary pollution [17]. Therefore, heterogeneous 
activation by transition metals-based catalysts has attracted intensive 
interests [18], which can achieve restriction of reaction at the interface 
of material and subsequent easy separation of the catalysts [19]. 
Transition metal oxides, metal hydroxide, metal-doped materials, bi
metal compounds, modified carbon materials, metal-organic frame
works (MOFs) and their derived materials are all reported to exhibit 
high PMS activation efficiency to degrade organic contaminants in
cluding PPCPs [3,20–27]. Compared with other transition metals such 
as Fe, Mn and Ni, cobalt-based materials have been identified as the 
most effective heterogeneous catalysts to activate PMS/PDS [7,11,28]. 
Moreover, hydroxylated metal species (M(OH)(n-1)+) are widely con
firmed as the key form to activate PMS/PDS, and a typical mechanism 
of transition metal activation process could be summarized as [29,30]: 

+ + ++ +M OH HSO M OH OH SO( ) ( )n n( 1)
5 4

· (1)  

+ + ++ + +M OH HSO M OH SO H( ) ( )n n
5

( 1)
5

· (2)  

where M represents transition metal (Cu, Fe, Co, Mn, Ni, etc.). In the 
process of activation, the metal species can activate PMS to generate 
sulfate radical by changer transfer, and then form an active cycle to 
continuously generate reactive species. 

The heterogeneous AOPs also suffer from some disadvantages in
cluding the catalyst inactivation, the metal ion toxicity and the diffi
culty in separating the spent catalyst of small size, impeding their field 
scale application [17]. Therefore, novel materials of high activity, good 
sedimentation property but less toxicity is of great significance in this 
area. Previously, transition metals, especially Co(II), have been de
monstrated to show a high reactivity for PMS/PDS activation [17]. 
However, environmental considerations, such as Co leaching, are easy 
to be ignored. To prevent the leaching of Co2+ and promote the 

catalytic activity, a variety of materials were modified onto cobalt 
materials, such as molecular sieve SBA-15 [31], carbon-based adsorbent 
rGO [32], and so on. In recent years, titanate nanotubes (TNTs) have 
been widely used to modify skeletal materials for catalysis [33]. 
Therefore, the efficient activation of PMS by TNT- decorated cobalt 
materials can be expected. First, the large specific surface area (up to 
240.20 m2/g) and hollow tubular structure are beneficial to the stabi
lization of active sites [34]; second, titanate is an excellent cation ad
sorbent which can easily adsorb transition metals in the interlayer; and 
third, the large number of hydroxyl groups (–OH) on TNTs facilitate the 
formation of Co(OH)+ [35], which is confirmed to be the key species 
for PMS activation [36]. 

Sulfate radical-based AOPs applied for water treatment have been 
greatly focused on, and numerous studies have reported heterogenous 
catalytic activation for SO4

-· using functional materials [26,27]. 
Therefore, the material design strategy is of great significance in this 
area. Not only a high catalytic activity but also a low toxicity should be 
considered. Previously, transition metals, especially Co(II), have been 
demonstrated to show a high reactivity for PMS/PS activation [17]. 
However, environmental considerations, such as Co leaching, are easy 
to be ignored. Thus, Co(OH)+ (or the ≡Co–OH complex) has been 
reported as the most effective species of cobalt for PMS/PS activation  
[37,38], and this work aims to provide solid theoretical evidence on the 
effectiveness of hydroxyl cobalt. 

In summary, although heterogenous activation of PMS/PDS by co
balt-based materials for environmental cleanup has been widely stu
died, there are still some scientific challenges: (1) green materials 
which can efficiently activate PMS/PDS, and can be easily separated 
from water after practical application need to be developed; (2) the 
efficiencies of different Co species on PMS activation and the under
lying mechanism of radicals production need to be revealed; (3) the 
electrophilic or nucleophilic properties of radicals on organic con
taminant attack need to be illustrated; (4) the reactive sites of specific 
organic compound, and the degradation pathway in the SO4

-·-induced 
AOP system need to be deeply elucidated by means of both experi
mental and theoretical methods; and (5) the toxicity evolution of the 
parent contaminant and its transformation products need to be re
vealed. Therefore, in this study, a new type of Co(OH)2 hollow micro
sphere decorated with surface-hydroxyl-group-rich titanate nanotubes 
(CoM/TNTs) composites was developed for PMS activation, and the 
degradation efficiency of acetaminophen (ACE, a model PPCP) was 
tested. The degradation mechanism, transformation/degradation 
pathways, and toxicity evolution of ACE in the CoM/TNTs activated 
PMS system were systematically studied. 

2. Materials and methods 

2.1. Synthesis of CoM/TNTs composites 

The chemicals used in this study are listed in Test S1 of  
Supplementary data, and the physiochemical properties of ACE are 
presented in Table S1. TNTs were fabricated by a conventional hydro
thermal method according to the previous studies [35,39]. To obtain 
the CoM/TNTs composite materials, alkoxy cobalt microspheres (s- 
CoA) were synthesized from a solvothermal reaction system firstly (Fig. 
S1) [40]. 10 mmol of Co(NO3)2∙6H2O was added into a mixed organic 
solvent solution (60 mL isopropanol + 16 mL glycerin). After 30 min’s 
stirring to complete dissolution, the solution was transferred into the 
Teflon in-lined reactor, which was heated at 180 °C for 6 h. The ob
tained green materials were then washed with ethanol for 3 times and 
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dried for 12 h at 60 °C. Afterwards, s-CoA (0.5 g) and TNTs in different 
weights (0.25, 0.5, 1.0 and 2.0 g) were ground, and then dissolved in 80 
mL deionized (DI) water and heated at 160 °C for another 3 h, where Co 
(OH)2 can form hollow structure with the self-template formation by 
the Kirkendall effect, grafted with tube structure of TNTs in the surface. 
After washed with deionized water for 3 times and dried, the final 
CoM/TNTs products were obtained and labeled as CoM/TNTs2, CoM/ 
TNTs1, CoM/TNTs0.5 and CoM/TNTs0.25 based on the s-CoA and 
TNTs weight ratio. The pristine Co(OH)2 was also synthesized by the 
aforementioned process but without the addition of TNTs. 

2.2. Material characterization methods 

The powder X-ray diffractometer (XRD) analysis was conducted 
using a D/max-2400 diffractometer (PANalytical, Netherlands) at 40 kV 
and 100 mA with Cu Kα radiation (λ = 1.542 Å), and a scanning rate of 
3.75°/min from 5° to 80° was set. Transmission electron microscopy 
(TEM) images and energy dispersive spectrometer (EDS) of the mate
rials were recorded on a Tecnai30 FEG (FEI, USA) operated at 300 kV. 

The morphological observation of the materials was characterized by a 
scanning electron microscope (SEM, FEI Quanta 200 FEG, OR, USA). 
The X-ray photoelectron spectroscopy (XPS) analysis was carried out on 
an AXIS-Ultra XPS apparatus (Kratos, England) operated at 15 kV and 
15 mA with Al Kα X-rays as the irradiation source. All the peaks were 
calibrated by the reference of the standard C 1s peak at a binding en
ergy (Eb) of 284.8 eV. The Brunauer-Emmett-Teller (BET) surface area 
of the sample was obtained on an ASAP 2010 surface area analyzer 
(Micromeritics, USA) in the relative pressure (P/P0) range of 0.06 – 
0.20, while the pore size distribution was obtained following the 
Barrett-Joyner-Halenda (BJH) method. The nitrogen adsorption at a 
relative pressure of 0.99 was used to determine the pore volumes and 
the average pore diameters. The Raman spectra was obtained on a 
Micro Raman imaging spectrometer (DXRxi, Thermo Fisher Scientific, 
USA) with an excitation wavelength at 532nm. The zeta potentials and 
hydrodynamic diameter (size) of the materials at different pH were 
measured using a Nano-ZS90 Zetasizer (Malvern Instruments, UK). 
Diffuse reflectance ultraviolet-visible-near infrared (UV-vis-NIR) ab
sorption spectra were obtained on a UV-3600 Plus spectrophotometer 

Fig. 1. (a, b) TEM images of TNTs, (c, d) Co(OH)2 hollow microsphere and (e, f) CoM/TNTs0.5; TEM element mapping of (h) all elements, (i) Co, (j) O, (k) Na and (l) 
Ti for the red square area in CoM/TNTs0.5 (g). 
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(Shimadzu, Japan), where BaSO4 powder was used as the reference at 
all energies (100% reflectance) and the reflectance measurements were 
converted to absorption spectra. 

2.3. Heterogeneous catalysis experiments on ACE degradation 

The heterogeneous catalytic degradation experiments were carried 
out in a 250 mL beaker. In a typical case, 50 μM ACE and 0.2 mM PMS 
were mixed and magnetically stirred at 400 rpm. Diluted HClO4 and 
NaOH (0.5 mM) were used to adjust the pH to 5. Then, the reaction was 
proceeded by the addition of 0.1 g/L CoM/TNTs. At predetermined 
time intervals, each 1 mL sample was taken and filtered through a 0.22 
μm nylon filter membrane immediately. The sample vials were prefilled 
with 0.1 mL of a 200 mM Na2SO3 (final concentration of 20 mM, 100 
times of PMS dosage) solution to quench the residual radicals. A control 
test in the absence of any catalysts was carried out, and an experiment 
on the adsorption of ACE by neat materials without the addition of PMS 
was also carried out. 

To evaluate the contributions of different reactive species to ACE 
degradation, 50 mM of tert-butyl alcohol (TBA) and ethanol were added 
to quench ·OH and all radicals, respectively, which is a commonly used 
method as previously reported [41,42]. The rate constants of TBA with  
·OH, ethanol with ·OH and ethanol with SO4

-· are 3.8–7.6 × 108 

M−1 s−1, 1.2–2.8 × 109 M−1 s−1 and 1.6–7.7 × 107 M−1 s−1, respec
tively [43]. The high rate constant and scavenger concentrations can 
ensure completely quench the reactions induced by the specific 

radicals. To investigate the effect of pH, the solution pH was set to be 
3.0–11.0. To test the effects of coexisting cations, 2 mM NaNO3, Ca 
(NO3)2 and Fe(NO3)3 were added to represent monovalent, divalent and 
trivalent cations, respectively. To explore the effect of organic matter, 
humic acid (HA) in concentrations of 1, 5 and 10 mg/L as total organic 
carbon (TOC) was added. For the experimental procedure on effects of 
coexisting ions and HA, ACE (50 μM) was mixed with ions/HA first, and 
then PMS (0.2 mM) was added. Afterwards, pH of the mixed solution 
was adjusted to 5.0 using diluted NaOH or HClO4, and finally CoM/ 
TNTs0.5 was added to start the reaction. 

ACE was analyzed on an Agilent 1260 II high-performance liquid 
chromatography (HPLC) system, and the intermediates and transfor
mation products after ACE degradation were captured on an ultrahigh- 
performance liquid chromatography-mass system (UHPLC, Dionex 
UltiMate 3000 Series; MS, Thermo Scientific, USA). Total nitrogen and 
nitrite were analyzed in a flow injection analysis instrument (Skalar 
San++, Netherlands), and ammonia nitrogen was determined by a UV- 
visible spectrophotometer (UV1800, Shimadzu, Japan). Concentrations 
of leached Co and Ti ions in solution were analyzed by an inductively 
coupled plasma-optical emission spectroscopy (ICP-OES, Prodigy, 
Leeman, USA). Electron paramagnetic resonance (EPR) spectra were 
obtained on a Bruker EMX/plus X-band EPR spectrometer (Bruker, 
Billerica, MA). 

Fig. 2. XPS spectra of TNTs, Co(OH) 2 and CoM/TNTs composites: (a) Survey spectra; high resolution spectra of (b) O 1s, (c) Co 2p and (d) Ti 2p.  
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2.4. DFT calculations 

For the reaction potential energy surface (PES) calculation, the 
geometry optimizations and vibrational frequencies of reactants, in
termediates (IMs), and transformation products (TPs) were all acquired 
by the B3LYP/6-31+G** computational methods on Gaussian 16 C.01 
software [44]. Then, the detailed energies of all optimized structures 
were corrected with higher-level single-point energies, i.e., the disper
sion-corrected theoretical method B3LYP-D3 (B3LYP with Grimme’s 
DFT-D3 correction) with the standard 6-311+G** basis set to perform a 
higher reliability of the energies. 

The Fukui function and electrostatic potential (ESP) based on DFT 
were calculated to predict the regioselectivity of radical attacking the 
ACE molecule, which were also operated on Gaussian 16 C.01 software  
[44]. The condensed Fukui index on electrophilic attack was considered 
in this work [45]: 

=f q qA N
A

N
A

1 (3)  

in which qA is the atom charge of atom A at the corresponding state, 
and N is the charge quantity number. The natural population analysis 
(NPA) charge was applied to describe the reactive sites. 

3. Results and discussion 

3.1. Morphology, crystal phase and composition of CoM/TNTs 

TNTs exhibited a tubular nanostructure with an outer diameter of 
∼9 nm and an inner diameter of ∼4.5 nm (Fig. 1a and 1b), which is 
consistent with our previous reports [46,47]. The synthesized Co(OH)2 

in this study exhibited a hollow microsphere structure with a diameter 
of 1–1.5 μm (Fig. 1c), and the spherical shell was composed of thin 
nanosheets (Fig. 1d) [40]. The CoM/TNTs0.5 composite maintained the 
skeleton structure of the Co(OH)2 hollow microspheres (Fig. 1e), In the 
second hydrothermal process for transformation of CoM from precursor 
s-CoA through hydrolysis, TNTs uniformly grew on the surface of Co 
(OH)2 (Fig. 1f), leading to successful compositing of TNTs and Co(OH)2. 
It is noteworthy that Co(OH)2 can support the growth of TNTs during 
the second alkaline-hydrothermal process due to the larger size of Co 
(OH)2, resulting in the blooming growth of TNTs. TEM elemental 
mapping suggests CoM/TNTs0.5 contained Co, O, Ti and Na 
(Fig. 1g–1l), and all the elements were well dispersed in the material 
(Fig. 1h). Therefore, TNTs were homogenously decorated on the shell of 
Co(OH)2 microspheres for CoM/TNTs0.5. SEM images also indicated Co 
(OH)2 displayed as microspheres with a shell consisting of nanoflakes 
(Fig. S2a and S2b), while CoM/TNTs0.5 exhibited a spherical structure 
with TNTs grafted onto the surface (Fig. S2c and 2d). 

Fig. S3 shows the XRD patterns of the various materials. In pristine 
TNTs, the diffractions at 2θ = 9.5°, 24.5°, 28.5° and 48.1° were as
signed to titanate [48,49]. Specifically, the synthesized TNTs are so
dium trititanate with a chemical formula of HxNa2-xTi3O7

·nH2O [50], 
which consists of end-sharing triple [TiO6] octahedrons and inter
layered H+/Na+. For Co(OH)2 microspheres, the peaks at 9.5°, 17.8°, 
33.7° and 59.5° were ascribed to α-Co(OH)2 [51,52]. The CoM/TNTs 
nanocomposites exhibited both crystal phases of titanate and α-Co 
(OH)2. In the pattern of CoM/TNTs0.5, the crystal planes of T(102), 
T(130), T(200) and Co(012) were clearly observed. In addition, the 
diffraction peaks of T(020) and Co(003) overlapped at 9.5°. The XRD 
results suggested the successful grafting of TNTs onto Co(OH)2. UV-vis- 
NIR diffuse reflectance spectra also confirmed that the synthesized CoM 
was α-Co(OH)2 (Fig. S4), as the strong peaks at 593 and 638 nm were 
assigned to typical spectroscopic features for α-Co(OH)2 [53]. 

Fig. 2 shows the XPS spectra of TNTs, α-Co(OH)2 and the CoM/TNTs 
composites, and Table S2 lists the elemental compositions. Co 2p, Na 1s, O 
1s and Ti 2p peaks emerged in the CoM/TNTs composite (Fig. 2a). Based 
on the atomic ratio of the elements and the basic structure of TNTs 

(HxNa2-xTi3O7
·nH2O), the synthesized CoM/TNTs0.5, CoM/TNTs1 and 

CoM/TNTs2 can be expressed as [Co(OH)2
·Na1.14H0.85Ti3O7

·0.14H2O], [Co 
(OH)2

·0.42Na0.7H1.3Ti3O7
·0.35H2O] and [Co(OH)2

·0.13H2Ti3O7
·6.5H2O], 

respectively. The high-resolution XPS spectra of O 1s displayed three 
oxygen forms (Fig. 2b). In the neat α-Co(OH)2, O at 531.1 eV belonged to 
Co–O [54]; while in the pristine TNTs, O with peaks centered at 530.2 and 
532.0 eV were attributed to the lattice oxygen (Ti–O) and surface hydroxyl 
group (H–O), respectively [35]. With the increase in the Co(OH)2 fraction 
in the composite, the proportion of Co–O gradually increased from 11.4% 
for CoM/TNTs0.5 to 61.5% for CoM/TNTs2. Fig. 2c shows the high-re
solution XPS spectrum of Co 2p in CoM/TNTs0.5, and the two peaks at 
781.3 (Co 2p3/2) and 797.8 eV (Co 2p1/2) are in good accordance with the 
Co(II) in Co(OH)2 [55]. In addition, the peaks at 786.3 (Co 2p3/2) and 
802.6 eV (Co 2p1/2) were satellite vibrations of Co(II) [51,56]. Fig. 2d 
shows the Ti 2p XPS spectrum of CoM/TNTs0.5, in which the two broad 
peaks located at 458.5 and 464.2 eV corresponded to the Ti 2p3/2 and Ti 
2p1/2 peaks of Ti(IV) [57]. Moreover, in the CoM/TNTs composites, the Eb 

of Ti–O shifted to a lower energy while that of Co–O shifted to a lower 
energy, owning to interaction of CoM with TNTs and electron cloud mi
gration to a positive state after compositing [25]. Therefore, in the CoM/ 
TNTs composite, TNTs with abundant –OH can bond with Co(II), thus, 
promoting the formation of Co(OH)+ and the activation of PMS. 

Fig. S5a presents the N2 adsorption-desorption isotherms of Co 
(OH)2, TNTs and CoM/TNTs0.5. All the materials exhibited standard 
type-IV isotherms, which had a rapid capillary condensation at a re
lative pressure (P/P0) of 0.45 to 1.0, which is a characteristic of me
soporous structures as defined by International Union of Pure and Ap
plied Chemistry (IUPAC). The existence of mesoporous structure 
resulted in a large Brunauer-Emmett-Teller (BET) surface area of 132.4 
m2/g for Co(OH)2 (Table S3). In addition, TNTs also possessed large 
BET surface area of 240.2 m2/g and pore volume of 1.26 cm3/g due to 
the tubular and hollow nanostructure. CoM/TNTs0.5 showed a larger 
BET surface area (246.4 m2/g) and pore volume (0.67 cm3/g). Grafting 
of TNTs onto CoM maintained the large BET surface area of TNTs, while 
some pores were blocked due to “penetration” of nanotubes into CoM.  
Fig. S5b shows that the mesoporous Co(OH)2 exhibited a pore size 
distribution centered at ∼3.5 nm, assigned to the average voids be
tween nanosheets (Fig. 1d). However, the primary pores of CoM/ 
TNTs0.5 was located at the central peaks of ∼3.8 and 8.0 nm, and the 
peaks at ∼8.0 nm belonged to gaps between titanate nanotubes and 
CoM nanosheets. The larger surface area of CoM/TNTs0.5 facilitated 
the interface reaction among material, organic molecules and radicals. 

3.2. Degradation kinetics of ACE and heterogenous catalytic activation 
mechanism 

Fig. 3 presents the ACE degradation by activated PMS using various 
materials. PMS could hardly degrade ACE with a low removal efficiency of 
4.2% at 10 min [58]. In addition, all the neat materials without the ad
dition of PMS also exhibited low adsorptive removal efficiencies of ACE 
(< 5%). However, the coexistence of functional materials and PMS led to 
the efficient removal of ACE, owing to radical production after PMS cat
alytic activation. Quick ACE degradation kinetics in all the CoM/TNTs 
activated PMS systems were observed, as a high ACE removal efficiency 
was obtained only within 10 min. A retarded first-order model was used to 
describe the reaction longer-term kinetics of ACE degradation [59], where 
the deviation of reaction rate can be adjusted by incorporating the para
meter of “sliding” into the reaction rate constant:  

Ct = C0 (1 + αt)-kα/α                                                               (4)  

where Ct and C0 are the real-time and initial concentrations of ACE 
(mM), respectively; t is reaction time (min); kα is the apparent rate 
constant (min-1), similarly to the initial pseudo-first order rate constant; 
and α is the retardation factor expressing the deviation level from the 
pseudo-first order behavior. 
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The degradation efficiency of ACE by neat TNTs activated PMS was 
35.6% at 10 min, with a kα value of 0.625 min-1 (Table S4). Previous 
studies have demonstrated that cobalt and its compounds are excellent 
activating reagents for PMS among the transition metal family [17]. 
Therefore, the removal efficiency of ACE in Co(OH)2 activated PMS 
system was 73.0%, while ACE was immediately degraded with a high kα 

value of 3.151 min-1. The degradation of ACE was obviously enhanced 
in the CoM/TNTs activated PMS systems. Specifically, the ACE removal 
efficiency at 10 min was 60.3% for CoM/TNTs0.25, 93.0% for CoM/ 
TNTs0.5, 86.5% for CoM/TNTs1 and 79.8% for CoM/TNTs2, respec
tively. When the proportion of Co(OH)2 fraction in the CoM/TNTs 
composite was very low such as CoM/TNTs0.25, there was not enough 
Co species to activate PMS, leading to both low kα value (1.711 min-1) 
and final ACE removal efficiency (60.3%). When Co content was en
ough for PMS activation in other three CoM/TNTs composites, a higher 
proportion of Co(OH)2 fraction led to quicker ACE degradation kinetics 
but to a lower final ACE removal efficiency. Specially, an extremely 
high kα (2.354 min-1) was observed for CoM/TNTs2, suggesting very 
quick reaction kinetics occurred at the start-up stage of reaction; 
however, the larger retardation factor (α=2.534) caused quick at
tenuation of the rate constant, finally leading to a low ACE removal 
efficiency of 79.8%. It was different for CoM/TNTs0.5, the reaction was 
not so dramatic in the early stage with a kα value of 0.745 min-1, and 
the low retardation factor (α=0.382) kept a continuous degradation of 
ACE, with a final removal efficiency of 93.0%. Thus, CoM/TNTs0.5 was 
used as the optimum material considering the high final ACE removal 
efficiency. Great improvement on ACE degradation using CoM/TNTs 
composites is attributed to the synergetic effect of Co(OH)2 and TNTs in 
the composite. An experiment on PMS activation and ACE degradation 
by simply mixed Co(OH)2 and TNTs was also conducted, and the Co 
(OH)2 to TNTs was set according to the composition of CoM/TNTs0.5 
got by XPS. It is found that only 59.4% of ACE was removed at 10 min 
with a low kα value of 1.715 min-1 (Fig. S6). Therefore, synergetic effect 
of Co(OH)2 and TNTs occurred in CoM/TNTs0.5, which is important for 
efficient PMS activation and ACE degradation. A synergistic factor 
(Λsyn, %) based on final ACE removal efficiency is further applied to 
quantitatively determine the synergy between Co(OH)2 and TNTs for 
ACE degradation, which is modified from the previous reports [60,61]: 

=
× + ×

×
R R R

R
( )

100%syn
CoM/TNTs0.5 Co(OH) TNTs

CoM/TNTs0.5

2

(5)  

where RCoM/TNTs0.5, RCo(OH)2 and RTNTs are the final ACE removal 
efficiency by CoM/TNTs0.5, Co(OH)2 and TNTs, respectively; α and β 

are the weight coefficients for Co(OH)2 and TNTs respectively, which 
are selected to be both 0.5 as CoM/TNTs0.5 presented a chemical for
mula of Co(OH)2

·Na1.14H0.85Ti3O7
·0.14H2O (Table S2). 

If the Λsyn > 0, it means synergistic effect occurs between the two 
components. The Λsyn was calculated to be 41.6% (> 0) for CoM/ 
TNTs0.5 composite on degradation of ACE, and the high value in
dicated an obvious synergistic effect between Co(OH)2 and TNTs in the 
CoM/TNTs0.5 composite [60]. 

The enhanced ACE degradation efficiency in the CoM/TNTs system 
compared with the neat Co(OH)2 system revealed that the TNTs frac
tion also played an important role in PMS activation, although Co(OH)2 

was the primary active site [62]. It is widely confirmed that Co(OH)+ is 
the key species to activate PMS [63]. The reactions for PMS activation 
and ACE degradation included [64]:  

Co(OH)2 + H+ → Co(OH)+ + H2O                                         (6)  

≡TiOH- + Co2+ → Ti≡(OH)Co+                                            (7)  

≡Co–OH+ + HSO5
- → ≡CoO+ + H2O+ SO4

-·                          (8)  

OH- + SO4
-· → SO4

2- + ·OH                                                    (9)  

≡CoO+ + 2H+ → ≡Co3+ + H2O                                         (10)  

≡Co3+ + HSO5
- → ≡Co2+ + SO5

-· + H+                              (11)  

≡Co2+ + H2O → ≡Co–OH+ + H+                                       (12)  

SO4
-· + ACE → Small molecule compounds → CO2 + H2O         (13)  

where “≡TiOH-” represents TNTs with surface –OH groups loaded; 
“Ti≡(OH)Co+” and “≡Co-OH+” represent the material bonded Co(II) 
species (Co linked with [Ti–O]); “≡CoO+”, “≡Co3+” and “≡Co2+” 
are the Co species boned with titanate. 

The roles of the TNTs fraction in the composite material for PMS 
activation can be explained as: (1) TNTs have abundant –OH groups on 
the surface, so a large number of material bonded ≡Co–OH complexes 
(linked with [Ti–O]) will be formed during reaction, leading to efficient 
PMS activation; (2) TNTs with a good ion-exchange property can retain 
the formed cobalt cations (e.g., CoO+, Co3+ and Co2+), thus, pro
moting the Co-induced PMS catalysis cycle (Eqs. (6)–(13)). Dionysiou 
and his group’s research found that application of TiO2 as a skeleton to 
support cobalt-based materials could promote the formation of Co–OH 
complexes, because surface –OH can be easily formed because of the 
high ability of TiO2 to dissociate H2O. Therefore, TiO2-supported cobalt 
materials show a high reactivity for PMS activation and organic con
taminant degradation [65]. Compared with TiO2, the nanoscale TNTs 
with abundant –OH hybridized with Co(OH)2 can greatly promote the 
formation of Co–OH complexes and the subsequent PMS activation for 
ACE degradation [66]. 

To reveal the reaction mechanisms on PMS activation and ACE 
degradation by CoM/TNTs0.5, the material after reaction was also 
characterized by means of XRD, TEM, EDS, XPS, Raman, particle size 
and size distribution, and BET surface area analysis. CoM/TNTs0.5 after 
reaction displayed similar XRD pattern to that before reaction (Fig. S7), 
indicating that the crystal phase of the material was well maintained. 
TEM images indicated that the heterogeneous catalytic reaction did not 
significantly affect the morphology and size of CoM/TNTs0.5, and the 
spherical structure with a diameter of ∼2 μm still remained (Fig. S8). In 
addition, the grafted of TNTs on the surface of Co(OH)2 were still stable 
(Fig. S8b and 8d), which showed potential catalytic properties of the 
material. 

The EDS element mapping of CoM/TNTs0.5 depicted that the con
tent of Co decreased after reaction (from 28.5 wt.% to 20.4 wt.%) (Fig. 
S9), indicating that the active species ≡Co–OH participated in PMS 
activation (Eq. (8)) and some of Co released into solution. In addition, 
XPS spectra also indicated the change of surface elements of CoM/ 
TNTs0.5 after the reaction (Fig. S10). Specifically, the Ti 2p high 

Fig. 3. ACE degradation in various catalytic PMS systems. Experimental con
ditions: Initial ACE concentration = 50 μM, PMS dosage = 0.2 mM, material 
dosage = 0.1 g/L, and pH = 5.0. 
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resolution spectra showed that the existing forms of Ti did not changed, 
suggesting the stable [TiO6] octahedrons structure (Fig. S10c). It was 
consistent with the mechanism that TNTs just acted as skeletal mate
rials to provide –OH (Eqs. (7) and (12)). While for the Co 2p high re
solution spectra (Fig. S10b), the peak located at 782.6 eV was attributed 
to the formation of Co(II)–OH complex [67,68], which proved the 
dominant role of this active species. It was worth noting that the O 1s 
high resolution spectra changed after reaction (Fig. S10d). O with peak 
centered at 530.5 eV attributed to Ti–O shifted to the right by 0.3 eV, 
due to the participation of Ti in the active components Ti≡(OH)Co+ 

(Eq. (7)). The percentage of Co–O increased from 11.47% to 19.22% 
after reaction, while that of H–O increased from 18.16% to 33.15%, 
indicating capture of Co2+ and formation of Co–OH+ on the catalyst 
surface [69] (Eqs. (7) and (12)). For the Raman spectra of CoM/ 
TNTs0.5 (Fig. S11), the peak at 276 cm−1 was assigned to vibrations 
involving Ti–O–Na, while the peaks at 444 and 706 cm−1 represented 

the Ti–O bending vibration in the [TiO6] octahedron, corresponding to 
titanate nanotube structure [70,71]. The peak at 535 and 1570 cm−1 

belonged to Co(OH)2 [72,73], and the peak at 845 cm−1 was the 
Ti–O–Co bending vibration formed in the synthesis process. The 
transformation of Ti–O–Co (845 cm−1) and Co–O (1570 cm−1) after 
reaction revealed the change of chemical bond, suggesting the success 
of heterogeneous catalytic reaction. 

Fig. S12 shows the hydrodynamic diameter (size) distribution of 
CoM/TNTs0.5 before and after reaction. The increase of size from 1868 
to 2462 nm was attributed to addition of PMS, which increased the 
ionic strength of the solution and caused aggregation of material [74]. 
The BET surface area of CoM/TNTs0.5 after reaction decreased from 
246.4 to 188.0 m2/g (Fig. S13 and Table S3), which was attributed to: 
1) PMS could corrode CoM during heterogeneous catalytic reaction thus 
leading to block of some pores; 2) adsorption of ACE degraded inter
mediates resulting in pore filling, and 3) aggradation of the material as 

Fig. 4. (a) Potential energy surface profiles for the activation process of PMS by various Co(II) species; (b) Schematic diagram of PMS activation and ACE degradation 
by CoM/TNTs composites. 
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confirmed by hydrodynamic diameter analysis results. 
To further confirm hydroxyl cobalt is the most active species for 

PMS activation, DFT calculations were applied to obtain the activation 
energies for PMS decomposition by Co(OH)2, Co(OH)+ and Co2+.  
Fig. 4a displays the potential energy surface (PES) profiles for the ac
tivation process of PMS by three primary Co(II) species, i.e., Co2+, Co 
(OH)+ and Co(OH)2. Generally, the PMS activation reactions can be 
divided into two steps: (I) binding of HSO5

- with the Co(II) species to 
form IMs (Eqs. (14)–(16)), and (II) IMs cracking into SO4

-· and the 
oxidation products of Co(II) (Eqs. (17)–(19)). It is found that the 
binding of Co2+ with HSO5

- is thermodynamically spontaneous with a 
Gibbs free energy (ΔG1

1) value of -217.88 kcal/mol. The reaction be
tween Co(OH)+ and HSO5

- is also feasible due to the low ΔG2
1, while 

the binding of HSO5
- with Co(OH)2 proceeds with difficulty due to the 

high ΔG3
1 value of 225.89 kcal/mol. In Step II, for sulfate radical for

mation, cracking IM2 is more feasible due to ΔG2
2 < 0. Although Co2+ 

can easily bind with HSO5
-, the subsequent reaction for SO4

-· formation 
is difficult owing to the high ΔG1

2 of 783.72 kcal/mol. Therefore, the 
DFT calculations clearly interpret why Co(OH)+ is the most active 
species of Co(II) for PMS activation. 

Step I:  

Co2+ + HSO5
- → IM1 ΔG1

1 = -217.88 kcal/mol                      (14)  

Co(OH)+ + HSO5
- → IM2 ΔG2

1 = 43.10 kcal/mol                    (15)  

Co(OH)2 + HSO5
- → IM3 ΔG3

1 = 225.89 kcal/mol                   (16)  

Step II:  

IM1 → Co3+ + SO4
-· + OH- ΔG1

2 = 783.72 kcal/mol               (17)  

IM2 → CoO+ + H2O+ SO4
-· ΔG2

2 = -283.46 kcal/mol              (18)  

IM3 → Co(OH)2+ + SO4
-· + 2OH- ΔG3

2 = 127.36 kcal/mol       (19)  

The contribution of ROS, mainly including SO4
-· and ·OH, to ACE 

degradation in the CoM/TNTs0.5 activated PMS system was evaluated 
by the scavenger quenching test [75]. TBA is generally employed as a 
scavenger for ·OH, and ethanol is for both SO4

-· and ·OH [76]. Fig. 5a 
shows that the addition of TBA almost did not affect ACE degradation, 
indicating ·OH played a negligible role. In comparison, the degradation 
efficiency of ACE decreased from 93.0% to 36.5% after the addition of 
ethanol, indicating SO4

-· was the dominate ROS. And more than 30% of 
ACE could be still degraded due to other oxidation mechanisms pro
duced in the reaction system, such as the non-radical oxidation of 
singlet oxygen (1O2) production and electron transferring [77,78], 

which was only effective for specific organic pollutants, and more 
comprehensive demonstration of persulfate oxidation capacity to de
compose these pollutants [79]. The EPR analysis further confirmed the 
production of SO4

-· after PMS activation (Fig. 5b). The captured seven 
distinct peaks without catalyst were assigned to the characteristics of 
DMPOX by the direct oxidation of PMS [80,81]. While in the presence 
of catalyst, both the characteristic peaks of SO4

-· and ·OH were detected, 
where a four-line spectrum with relative intensities of 1:2:2:1 and hy
perfine splitting constant of αN = αH = 14.9 G and a six-line signal with 
the hyperfine splitting constants of DMPO radical adducts in PMS 
(obtained by simulation, αN = 13.2 G, αH = 9.6 G, αH = 1.48 G, and αH 

= 0.78 G) were observed [82,83], suggesting successful PMS activation 
by CoM/TNTs [84]. Moreover, it is interesting that although ·OH was 
produced, and the PL spectra of terephthalic acid at 425 nm for CoM/ 
TNTs0.5 activated PMS system also confirmed the production of ·OH 
(Fig. S14) [46]; however, ·OH did not precipitate in ACE degradation 
according scavenger quenching results (Fig. 5a), and it is related to the 
structure and reactive sites of ACE, so SO4

-· dominated the ACE de
gradation in this PMS activation system. Previous studies also reported 
similar results on the produced ·OH played an insignificant role in the 
degradation of target pollutants in PS/PMS activation system  
[26,76,85–87]. There are possible two reasons on insignificant role of 
produced ·OH: 1) ·OH was produced via the reaction of SO4

-· with OH- 

(Eq. (9), k = 6.7×107 M-1 s-1) [88]. While for the scavenger quenching 
test in the presence of ACE, SO4

-· preferred to react with ACE first due to 
the high rate contact (1.8×109 M-1 s-1) [89], leading to ACE degrada
tion, but not react with OH-. Therefore, although ·OH was produced 
later, but it did not precipitate in ACE degradation and SO4

-· played the 
dominant role. 2) After ·OH was produced, ·OH was all quenched by 
TBA due to its high dosage 50 mM, while no residual ·OH could attack 
ACE with low concentration of 50 μM. 

Fig. 4b displays the schematic diagram for PMS activation by CoM/ 
TNTs and ACE degradation. As confirmed by the results shown in Fig. 
S6, the two main components in the CoM/TNTs composite show a sy
nergetic effect: (1) The hollow Co(OH)2 microspheres are the Co(II) 
source, which offer Co2+ for PMS activation; (2) TNTs can retain the 
dissolved Co2+ and then form Ti≡(OH)Co+ complexes due to the 
abundant surface hydroxyl groups (≡TiOH-). Afterwards, PMS is acti
vated by the most active species (Co–OH) to produce SO4

-· and ·OH (Eqs.  
(6)–(9)), and Co(II) is oxidized to Co(III) in the form of ≡CoO+ (Eq.  
(8)). ACE is gradually degraded and mineralized by the radicals 
(especially SO4

-·) (Eq. (13)). ≡CoO+ can further be reduced to ≡Co2+ 

by HSO5
- (Eq. (11)). It is a cycle of PMS activation by Co(II), which acts 

as the key catalytic species. Therefore, synergy of Co(OH)2 and TNTs in 

Fig. 5. (a) ACE degradation in the presence of scavengers; (b) EPR spectra at different reaction systems. Experimental conditions: Initial ACE concentration = 50 μM, 
PMS dosage = 0.2 mM, CoM/TNTs0.5 = 0.1 g/L, TBA or ethanol concentration = 50 mM, pH = 5.0. 
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the CoM/TNTs composite not only maintains the Co-activation cycle, 
but also provides continuous reactive species of Co(OH)+, leading to 
much higher radicals production and ACE degradation efficiency than 
the pristine Co(OH)2 and TNTs. 

3.3. Effects of water chemistry factors 

Fig. 6a presents the effect of pH on ACE degradation. High kα values 
were observed at pH 5 (0.745 min-1) and pH 7 (0.685 min-1). Both 
strongly acidic (pH 3) and alkaline (pH 9 and 11) conditions inhibited 
ACE degradation. pH is highly related to the species of Co(II), thus, 
affecting PMS activation and radical production. Under strongly alka
line conditions, Co(OH)+ tended to form into Co(OH)2 (Eq. (20)); in 
addition, SO4

-· also would react with OH- to transform into ·OH (Eq.  
(9)), which has a lower oxidation potential under alkaline conditions  
[17]. Under strongly acidic conditions, Co(OH)+ would react with H+ 

to form Co2+ (Eq. (21)). Both Co(OH)2 and Co2+ were less reactive 
species for PMS activation. In addition, pH also affected the surface 
charge of CoM/TNTs0.5 and species of ACE (Fig. S15 and S16). ACE 
(pKa = 9.4) mainly existed in the form of an electronegative molecule 
at pH > 9, so the negatively charged material could hardly capture the 
ACE molecule. Moreover, strongly acidic conditions (pH 3) also caused 

the dissolution of Co(II) and the instability of the material.  

Co(OH)+ + OH- → Co(OH)2                                                 (20)  

Co(OH)+ + H+ → Co2+ + H2O                                            (21)  

The addition of Na+ and Ca2+ decreased the ACE removal effi
ciency from 93.0% to 76.6% and 69.2%, respectively (Fig. 6b). First, 
Na+ and Ca2+ at high concentrations (2 mM) caused severe material 
aggregation due to the strong electric double-layer compression effect, 
thus, inhibiting the interface reaction between PMS and the material. 
Second, Na+ and Ca2+ would compete for reaction sites with Co2+, 
affecting the binding of Co2+ to –OH on the TNTs’ surface. Moreover, 
the divalent ion (Ca2+) had a stronger double-layer compression effect 
and ion-exchange ability, so a greater inhibition effect was found than 
that of monovalent Na+ [34]. It is interesting that Fe3+ obviously en
hanced the kα value to 2.567 min-1, owing to that Fe3+ can accelerate 
the cycle of Co(II)/Co(III) and promote the effective conversion of hy
droxyl compounds, which might benefit the enhancement of ACE (Eqs.  
(22) and (23)). Furthermore, the formed Fe(II) through the reaction 
between Fe(III) and Co(II), as an excellent transition metal, might also 
activate PMS to produce SO4

-·, and have a synergistic catalytic effect to 
promote ACE degradation (Eq. (24)) [90,91]. 

Fig. 6. Effects of (a) pH, (b) coexisting cations, (c) Cl- and (d) HA on ACE degradation in the CoM/TNTs0.5 activated PMS system. Experimental conditions: Initial 
ACE concentration = 50 μM, PMS dosage = 0.2 mM, and CoM/TNTs0.5 = 0.1 g/L; for (a), initial pH was 3.0–11.0; for (b), cation concentration = 2 mM, pH = 5.0; 
for (c), Cl- = 0.2, 2 and 10 mM, pH = 5.0; and for (d), HA concentration = 1, 5 and 10 mg/L as TOC, pH = 5.0. 
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Fe(III) + Co(II) → Fe(II) + Co(III)                                         (22)  

Co(III)/Fe(III) + HSO5
- → Co(II)/Fe(II) + SO5

-· + H+               (23)  

Fe(II) + HSO5
- → Fe(III) + OH- + SO4

-·                                  (24)  

A low concentration of 0.2 mM Cl- just slightly inhibited ACE de
gradation (Fig. 6c). However, the kα value dropped from 0.745 to 0.376 
min-1 when the Cl- concentration increased from 0 to 10 mM. The in
hibition mechanism of Cl- can be explained as: (1) Cl- can directly react 
with PMS to produce HClO and Cl2 (Eqs. 25-26), leading to PMS 

consumption and less SO4
-· production; (2) Cl- is a radical scavenger 

that can quench SO4
-· and form less active substances, such as Cl·, Cl2-·, 

Cl2 and HClO [92].  

HSO5
- + Cl- → SO4

2- + HClO                                                (25)  

HSO5
- + 2Cl- + H+ → SO4

2- + Cl2 + H2O                             (26)  

Fig. 6d presents the effect of HA on ACE degradation. At first, 1 mg/ 
L HA had a negligible influence on ACE degradation, while the kα value 
decreased from 0.745 to 0.440 and 0.362 min-1 when the HA 

Fig. 7. Proposed degradation pathways of ACE in the CoM/TNTs0.5 activated PMS system.  
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concentration increased to 5 and 10 mg/L, respectively. The inhibition 
effect by HA can be attributed to two reasons: Firstly, TNTs can adsorb 
HA through –OH complexation [34,93], which is also confirmed by the 
HA adsorption results shown in Fig. S17, and 66.7% of HA (C0 = 10 
mg/L) can be adsorbed onto the material (0.2 g/L) at pH 5. Then, the 
adsorbed HA will coat onto the surface of the catalyst and prevents 
mass transfer, especially the interaction between PMS and activating 
sites. Secondly, HA is widely reported as a radical quenching agent and 
thus consumes SO4

-· [94]. 

3.4. Degradation pathway, DFT calculations and toxicity evaluation 

To clearly explore the degradation pathway of ACE, the inter
mediates and products during the oxidation process were detected by 
LC/MS. Table S5 lists the information on the detected compounds, and  
Fig. S18 shows the LC/MS chromatograms of degradation inter
mediates. Fig. 7 depicts the proposed ACE degradation pathway. The 
elimination of ACE included two main pathways: hydroxylation and 
cleavage of the C–N bond [95,96]. Generally, the highest occupied 
molecular orbital (HOMO) represents the ability to lose an electron in a 
molecule [97], while it cannot quantitively describe the reactivity of a 
single atom (Fig. 8c). In recent years, our group has improved the DFT 
calculation mode based on frontier molecular orbital (FMO) theory and 
the Fukui index, to accurately describe the electrophilic or nucleophilic 
reactivity for each site of organic molecule [98,99]. 

The primary ROS, SO4
-·, is widely considered as an electrophilic 

radical [29]. Therefore, DFT calculations were applied to explore the 
NPA charge distribution and Fukui index representing electrophilic 
attack (f –) for the ACE molecule (Fig. 8a and 8b). The results indicate 
that the 15N (f – = 0.1605), 6C (f – = 0.1527), 14O (f – = 0.0863), 2C 
(f – = 0.0903) and 4C (f – = 0.0860) with higher electrophilic attack 
Fukui indexes are the most active sites, which are inclined to be at
tacked by SO4

-·. However, 14O and 6C are saturated sites that cannot 
accept radical addition. Therefore, 15N, 2C and 4C are the most 

possible sites for SO4
-· attacking. In addition, the electrostatic potential 

(ESP) distribution on the ACE molecule surface also suggests the region 
surrounding 15N prefers to attract the anionic SO4

-·, thus, promoting 
the molecular interface reaction (Fig. 8d). Specifically, attacking at 15N 
leads to the cleavage of the C–N bond (Pathway I: A →B →C →D), while 
attacking at 4C resulted yields the hydroxylation of ACE (Pathway II: A 
→M →E →F →G/H and Pathway III: A →M →I →J →H or A →M →I → 
J →K →L). It is worth noting that the C–N cleavage process was the 
primary ACE degradation pathway, resulting from the highest 15N 
Fukui index and the high SO4

-· contribution. Deep oxidation of ACE by 
radicals resulted in the mineralization of the small molecular inter
mediates, i.e., formation of CO2 and H2O. Fig. S19 displays the TOC 
variation and inorganic nitrogen formation during ACE degradation. It 
was found that 45.5% of TOC elimination was achieved at 60 min, 
indicating deep oxidation of ACE in this strong radical-induced system. 
In addition, 75.7% of organic nitrogen was transformed into NH4

+-N, 
while a low proportion (0.5%) of NO3

--N was formed, which was in 
good agreement with the primary ACE degradation pathway of C–N 
cleavage and the emission of NH4

+ (Pathway I: A →B →C →D in  
Fig. 7). To achieve complete mineralization of ACE, longer reaction 
time and larger PMS dosage are needed. 

The toxicity of ACE and its degradation intermediates/products 
were then analyzed by means of the Toxicity Estimation Software Tool 
(TEST) [99]. The bioaccumulation factor, mutagenicity, Daphnia magna 
LC50 and oral rat LD50 were obtained based on the quantitative struc
ture-activity relationship (QSAR) method. Fig. 9a indicates the devel
oped heterogenous catalytic PMS system can significantly reduce the 
bioaccumulation factor for most of the intermediates, and only three 
intermediates (compounds B, C and D) had higher values. For the 
mutagenicity toxicity (Fig. 9b), ACE was recognized as a mutagenic 
chemical. After the reaction, the mutagenicity for most of the inter
mediates was reduced to “mutagenicity negative”. ACE with a Daphnia 
magna LC50 value of 38.11 mg/L was considered “harmful”, while 
several intermediates/products turned to “nontoxic” (Fig. 9c). 

Fig. 8. Natural bond orbital (NBO) analysis for the ACE molecule at B3LYP/6-31+G(d) level. (a) ACE molecule structure; (b) Natural population analysis (NPA) 
charge populations and condensed Fukui index distribution for electrophilic attack (f –); (c) The highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO); (d) Electrostatic potential (ESP)-mapped molecular surface of ACE. 
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Similarly, the oral rat LD50 of ACE is 1875 mg/kg, which belonged to 
the “toxic” level (Fig. 9d). After degradation, almost all the inter
mediates/products showed higher LD50 values and thus reduced acute 
toxicity. Therefore, the proposed catalytic PMS process is a “green” 
technology for organic degradation because of the general toxicity at
tenuation effect. It is also worth noting that some of the intermediates 
exhibited a higher toxicity, so deep oxidation or complete minimization 
is recommended. 

3.5. Reusability and stability of CoM/TNTs0.5 and perspective of the 
activated PMS for water treatment 

Fig. S20 presents the degradation of ACE via the CoM/TNTs0.5 
activated PMS over five reuse cycles (Reuse methods shown in Text S4). 
Even in the 5th cycle, > 90% of ACE was degraded, indicating the good 
reusability of CoM/TNTs0.5 for PMS activation. In addition, limited Co 
dissolution (20.4%) was observed after five cycles, while as high as 
64.8% of Co(II) was leached into solution when using neat Co(OH)2 as a 
catalyst. The reason for the high stability of CoM/TNTs0.5 was attrib
uted to the TNT component in the composite, as TNTs could retain the 
Co(II) cations due to the good adsorptive performance and excellent 
ion-exchange property [34]. 

Table S6 compares degradation efficiency of ACE in different AOP 
systems. It was clear that the proposed CoM/TNTs0.5-induced PMS 
activation system was more efficient for ACE removal considering the 
low material (0.1 g/L) and PMS (0.2 mM) dosage. In addition, very 
quick ACE removal kinetics was obtained just within 10 min, which is 

important for practical application and energy conservation. Moreover, 
retention of Co ions in the materials also reduced the secondary pol
lution potential by the leached metal ions. The efficiency of hetero
geneous catalytic system was also evaluated on degradation of other 
typical pollutants, including methyl orange (MO), phenol, sulfa
chloropyridazine (SCP), ciprofloxacin (CIP) and sulfamethazine (SMT) 
(Fig. S21). It is found that 89.5% of SCP, 85.6% of SMT, 84.9% of CIP, 
63.5% of MO and 66.5% of phenol could be degraded in 10 min, so the 
proposed technique showed a good degradation capacity for a wide 
range of organic contaminants. Therefore, CoM/TNTs composites 
showed high practical application potential for wastewater treatment. 
In the future, degradation of PPCPs in the real wastewater with com
plicated water chemistry parameters is expected to be conducted, and 
the respective roles of released cobalt ions and material bonded Co 
species in PMS activation also need to be further explored. 

4. Conclusions 

This study developed a new class of Co(OH)2 hollow microsphere 
supported titanate nanotubes composites to activate PMS, and achieved 
the goal of efficient ACE degradation. CoM/TNTs exhibited a structure 
of TNTs homogenously coating onto the Co(OH)2 hollow microsphere, 
and the formed Ti–O–Co played a key role in PMS activation. In the 
presence of PMS, CoM/TNTs composites showed enhanced ACE de
gradation efficiency compared with the neat TNTs and Co(OH)2. The 
optimum catalyst CoM/TNTs0.5 could quickly degrade 93.0% of ACE 
with only 0.1 g/L of material and 0.2 mM of PMS at pH 5.0. The two 

Fig. 9. Theoretical calculated (a) bioaccumulation factor, (b) mutagenicity, (c) Daphnia magna LC50 and (d) oral rat LD50 of ACE and degradation intermediates.  
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main components in the CoM/TNTs composite have a synergetic effect 
on PMS activation: theoretical calculations demonstrate that CoOH+ is 
the most active species for PMS activation while TNTs can offer abun
dant –OH groups for Co–OH complexes formation. SO4

-· was the key 
ROS for ACE degradation. DFT calculations combined with LC/MS 
analysis revealed that ACE degradation pathway was driven by the 
cleavage of C-N bond and hydroxylation, and 15N was the most active 
site. Toxicological simulation also indicated that the oxidation system 
was beneficial to organics toxicity reducing. 

In the future, for material development for PMS/PDS activation,  
supporting materials rich with –OH are recommended to be applied as 
the skeleton. Furthermore, DFT calculations on the Fukui index can 
describe the reactive sites of organic contaminants well; therefore, it is 
a powerful tool to deeply investigate the contaminant degradation 
pathway and should be used for transformation product control if 
available. 
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