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A B S T R A C T

Hydroxyapatite (HAP) is a promising supporter of catalyst due to its potential in immobilizing metals stably. HAP
supported cobalt-based catalyst (Co-HAP) was synthesized via a facile ion exchange-calcination method to reduce
the Co leaching. The synthesized Co-HAP was characterized by X-ray diffraction (XRD), Scanning electron mi-
croscopy (SEM), Transmission electron microscope (TEM), Brunauer-Emmett-Teller (BET) analysis and X-ray
photoelectron spectroscopy (XPS). Cobalt ions were incorporated into HAP structure and Co3O4 on HAP surface.
Co-HAP showed satisfactory performance in peroxymonosulfate (PMS) activation for eliminating Rhodamine B
(RhB) in aqueous solution. Co-HAP even revealed a better activity than that of CoFe2O4. •OH, SO4

• and 1O2 were
all involved in RhB degradation and 1O2 played a leading role. High content of surface oxygen groups could be
found on Co-HAP after RhB degradation, which might be resulted from the high amounts of hydroxyl groups. The
presence of hydroxyl groups performed the co-catalytic activity of PMS activation in Co-HAP/PMS system.
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1. Introduction

Nowadays, sulfate radical-based advanced oxidation processes have
gained considerable attention in the treatment of refractory organic
wastewater. Moreover, sulfate radical oxidation is regarded to be more
promising than hydroxyl radical oxidation owing to its high redox po-
tential of 1.8–2.7 V NHE, wide applicable scope of pH and long lifetime
of 30–40 μS (Huang et al., 2017). The SO4

• can be generated from the
decomposition of peroxymonosulfate (PMS) though energy-based acti-
vation (e.g., microwave (Qi et al., 2017), UV (Guan et al., 2018) or
ultrasound (Yin et al., 2018)) and catalytic activation with metal-free
catalysts (e.g., nitrogen-doped graphene (Wang et al., 2017), nitrogen-
functionalized sludge carbon (Sun et al., 2017)) or transition metals
(e.g., Co3O4 (Yuan et al., 2018), ferrite (Guan et al., 2013), Fe3O4/β-
FeOOH (Li et al., 2019a), Co3S4@GN (Zhu et al., 2019), CoMgAl oxides
(Hong et al., 2019)). Among them, the activation via catalyst is re-
garded as an acceptable method for industrial application owing to the
fact of free external energy input in the reaction. Based on the results in
previous reports, cobalt based materials were considered to be more
efficient than other transition metal catalysts in PMS activation (Hu and
Long, 2016). However, the Co-based activated PMS process has the risk
of toxic transition metal leaching, which limits its further application.
Hence, numerous studies are engaged in overcoming the drawback of
transition metal activation. In general, there are two ways for reducing
cobalt ion leaching. One is synthesizing more stable combined

transition metal oxides, such as Co3O4-Bi2O3 (Hu et al., 2018a),
CoFe2O4 (Yang et al., 2018b), Co3O4-TiO2 (Zhang et al., 2018), the
other is combining transition metal with supporter to provide high
activity catalyst, such as Co-zeolite (Cong et al., 2017), Co3O4-AC (Xie
et al., 2018b), Co3O4-biochar (Chen et al., 2018).

Recently, hydroxyapatite (HAP, Ca10(PO4)6(OH)2), an important
component of biological skeleton, has been widely used in environ-
mental remediation owing to its excellent biocompatibility, stability
and high specific surface area. HAP is generally employed to adsorb
heavy metal in aqueous solution, due to its ability of cation exchanging
(Han et al., 2018; Hao et al., 2017; Wang et al., 2018). In these cases,
the heavy metals can be immobilized on the HAP stably. HAP has a
similar character as zeolite (Šljivić Ivanović et al., 2013), what could be
considered as a supporter of catalyst. Thus, more attentions were paid
on the metal-hydroxyapatite as green and stable catalysts in hetero-
geneous photocatalytic reaction (Hu et al., 2018b) and Fenton-like
degradation (Valizadeh et al., 2014). For example, as reported by Liu
et al. (2014), Fe-HAP was synthesized facilely by a ion-exchange
method and revealed promising visible-light photocatalytic activity
toward organic dye degradation. Fortunately, PMS activation by the
hydroxyapatite recovered Co2+ was reported (Song et al., 2018), which
provided a new insight into understanding the application of metal-
hydroxyapatite in PMS activation. Formation of Co2+ with H2O into
CoOH+ contributed to PMS activation. This new finding encourages us
to investigate the synthesis of Co-hydroxyapatite for PMS activation, in

Fig. 1. XRD spectra (a and b) of synthesized samples. TEM (c) and SEM (Inset: EDS results) (d) images of Co-HAP-2.
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which the Co element could be immobilized on hydroxyapatite to ad-
dress the issue of cobalt ion leaching.

In this work, Co-HAP as a PMS activator for organic contaminants
degradation was facilely synthesized via a two steps method (ion ex-
change and calcination), in which the HAP was a supporter for im-
mobilizing Co. More excitingly, the HAP is hypothesized to be a pro-
moter for activating PMS since the HAP is rich in hydroxyl group. The
synthesized Co-hydroxyapatites were characterized by XRD, SEM, TEM,
BET analysis and XPS. The mechanism of the Co-HAP for PMS activa-
tion was investigated by quenching experiments and EPR analysis.
Especially the promoted catalytic effect of hydroxyl group on PMS ac-
tivation for RhB degradation was understood via ATR-FTIR and XPS
analysis. The pathway of RhB degradation in the Co-HAP activated PMS
process was also understood.

2. Material and methods

2.1. Materials and chemicals

The details were given in Supplementary Information.

2.2. Preparation of catalysts

Co-HAP sample was synthesized using a modified method described
by previous report (Liu et al., 2014). A certain amount of cobalt (II)
nitrate was dissolved into 100mL pure water. Then 1.0 g of HAP was
added into this solution and vigorously magnetic stirred at ambient
temperature for 15min. Cobalt (II) was exchanged into HAP by mixing
it with the cobalt (II) nitrate solutions in 10, 25 and 50mmol/L, re-
spectively. The generated pink precipitates were washed for several
times and collected by filtration. The precursors were dried in the oven
at 80 °C for 12 h and calcinated at 500 °C for 4 h in the air atmosphere.
The samples, which exchanged with cobalt (II) of 10, 25 and 50mmol/
L, were denoted as Co-HAP-1, Co-HAP-2 and Co-HAP-3, respectively. In
order to compare the catalytic performance of Co-HAP with other cat-
alysts, Co3O4 was synthesized by direct pyrolysis of Co(NO3)2 at 500 °C
for 4 h and CoFe2O4 was prepared via a solvothermal method described
in previous reports. (Shen et al., 2015).

2.3. Characterization

The details were given in Supplementary Information.

2.4. Degradation of RhB

Typically, in each experiment, 100mL of 40mg/L RhB aqueous
solution was mixed with 20mg catalyst. The initial pH value of RhB
solution is 5.5 without adjustment. 0.4mL of PMS solution (0.1 mol/L)
was added to the suspension. At given time intervals, 5 mL of sample
was immediately blended with the same volume of pure methanol to
terminate the reaction. Quenching experiments were carried out by
using methanol, tert-butyl alcohol (TBA) and L-Histidine. The desig-
nated concentration of quencher was added into the solution before the
adding of PMS. Degradation of LFX, AO7 and TCH were conducted by
the same process as RhB degradation. The residual concentration of
RhB, LFX, AO7 and TCH was measured by UV–vis spectrophotometry at
554, 286, 484 and 360 nm wavelength, respectively. Total organic
carbon concentration was determined via Shimadzu TOC analyzer
(TOC-L). The degradation intermediates were identified by UPLC-MS-
MS (Waters Xevo TQ-S Micro) with a C18 column (2.1×50mm) and
the details were given in Supplementary Information.

3. Results and discussion

3.1. Characterization of Co-HAP

The crystalline structures of bulk HAP, synthesized Co3O4 and Co-
HAP samples were characterized by XRD. As displayed in Fig. 1a, the
peaks which denoted as circle were well matched with the crystal
planes of hydroxyapatite (JCPDS No. 73-1731). No obvious change
occurred on these peaks of Co-HAP samples, suggesting that the crys-
talline nature of HAP is stable even after calcination. Obviously, Co3O4
(JCPDS No. 73-1701) could be obtained from direct calcination of Co
(NO3)2, implying that Co3O4 may form on HAP with a similar synthesis
method. The XRD patterns of Co-HAP samples calcined at 500 °C re-
vealed a new tiny diffraction peaks (denoted as star) at 2Theta value of
36.85° which could be ascribed to (3 1 1) crystal plane of Co3O4 (JCPDS
No. 73-1701), evidencing that the partial Co species existed on Co-HAP
sample in the form of Co3O4. Furthermore, as shown in Fig. 1b, the
peaks of HAP shifted to a little higher 2Theta angle after Co loading,
suggesting that there had been an lattice distortion in HAP structure
(Jung et al., 2019). This was ascribed to the exchange of Ca2+ ions
(0.100 nm) with smaller Co2+ ions (0.074 nm) in the lattice structure of
hydroxyapatite. Hence, the XRD result confirmed that Co species ex-
isted on HAP in form of Co3O4 on HAP surface and lattice Co (Colat) in
HAP crystal. The actual Co loading amounts were determined by ICP-
MS, which were 1.3%, 2.0% and 2.2% for Co-HAP-1, Co-HAP-2 and Co-
HAP-3, respectively.

The TEM, SEM images and EDS spectrum of Co-HAP-2 are shown in
Fig. 1c and d, respectively. The size of the cobalt doped HAP samples
was about 150 nm in length. The element composition of the Co-HAP
was confirmed by the presence of P, O, H, Ca and Co elements from EDS
analysis (Fig. 1d inset). The weight content of Co element was eval-
uated to 0.85%, evidencing the loading of Co elements in the Co-HAP.
The surface chemical composition of Co-HAP was investigated by XPS.
The XPS survey spectra of HAP, Co-HAP-2 before and after reaction are
shown in Fig. 5a. The XPS survey spectrum of HAP shows the char-
acteristic peaks of P, Ca and O, which are typical chemical elements
from HAP. Moreover, For Co-HAP-2, a new peak was found at between
781.8 to 810 eV, which attributed to Co 2p, indicating that Co species
exists on Co-HAP-2 surface. After the RhB degradation, no peak dis-
appeared in used Co-HAP-2 spectra, indicating that the surface che-
mical composition of Co-HAP-2 was stable during the PMS activation.
The BET surface areas of synthesized materials are shown in Table 1.
Obviously, Co-HAP samples have much larger specific surface areas of
45.05 to 52.68m2/g than that of Co3O4 (1.82m2/g). It is expected that
higher activity can be observed because BET surface area usually shows
a positive correlation with active sites (Chen et al., 2018).

3.2. Catalytic performance

The catalytic activity of synthesized samples was evaluated by de-
gradation of RhB via PMS activation. The UV–vis absorbance spectra
changes of RhB solutions during the degradation in Co-HAP-2/PMS
process are shown in Fig. 2a. The typical absorption peak of RhB lo-
cated at 554 nm remarkably decreased to about 60% within 2min. This
result suggests that conjugated xanthene structure could be destructed
during RhB degradation (Hu et al., 2017). Fig. 2b shows the

Table 1
BET surface area of different samples.

Sample BET surface area (m2/g)

Co3O4 1.82
HAP 73.87
Co-HAP-1 52.68
Co-HAP-2 51.09
Co-HAP-3 46.84
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degradation dynamic curves of RhB varying with reaction time over
HAP, Co3O4 and synthesized Co-HAP-2. It could be found that only
about 10% of RhB was removed over HAP or Co-HAP-2 without addi-
tion of PMS, which was ascribed to adsorption, suggesting that ad-
sorption made a negligible contribution to RhB degradation. The de-
gradation efficiency of RhB was only about 23% due to Co3O4 activated
PMS process which was widely reported. Interestingly, 33.4% of RhB
was degraded in HAP/PMS system, suggesting that HAP performed the
ability of PMS activation. Since the HAP is composed of calcium
phosphate and hydroxyl, the PMS activation may be ascribed to the
chemical group of HAP. It was clearly discussed in section 3.3. Sur-
prisingly, the degradation efficiency of RhB increased significantly once
cobalt was loaded on HAP. The degradation efficiency of RhB reached
93.3% within 12min in the presence of Co-HAP-2. The result was
greater than the sum of the degradation efficiencies of RhB in the
presence of Co3O4 and HAP activated PMS. Additionally, the pseudo
second-order kinetic model could fit well to the RhB degradation effi-
ciencies as a function of reaction time. The obtained reaction rate
constant of Co-HAP is 0.0332 L•(mgmin)−1, which is much higher than
the sum of those of Co3O4 and HAP, suggesting that the combination of
cobalt species and HAP had synergistic effect on PMS activation. Fur-
thermore, as can be seen in Fig. 2c, after reaction time of 12min, TOC

removal of 17.5% could be achieved in Co-HAP-2/PMS system. Al-
though Co-HAP-2 showed high activity, Co loaded catalysts for PMS
activation were common. Hence, the comparison between Co-HAP and
other cobalt loaded catalysts is given in Table 2. Obviously, some cat-
alysts may display higher activities than that of Co-HAP. However, the
synthesis of these catalysts needed complicate methods or expensive
material (e.g. GO and RGO), which limited their industrial application.
Facilely synthesized Co-HAP may be more suitable for large-scale pro-
duction than those catalysts.

The influences of PMS concentration and Co-HAP-2 dosage on RhB
degradation were presented in Fig. 3a and b. Obviously, the degrada-
tion process was positive dependence on PMS dosage. In the presence of
Co-HAP-2, RhB degradation efficiency increased from 79.0% to 93.3%
with the PMS concentration increased from 0.2 to 0.4 mmol/L, re-
spectively. It can be inferred that more reactive oxygen species (ROS)
were generated through PMS decomposition as more PMS was added.
Although the increasing in PMS dosage was beneficial for RhB de-
gradation, excessive PMS dosage led to a slight reduction in RhB de-
gradation which might be attributed to the self-quenching effect be-
tween HSO5 and ROS (Liu et al., 2019). Additionally, pseudo first and
second-order kinetic models were used to fit the RhB degradation data
with deferent PMS dosages. As shown in Table 3, higher correlation

Fig. 2. The UV–vis absorbance spectra of RhB solution with different reaction time (a) and degradation of RhB in different systems (b). (c) TOC removal in different
systems. Reaction conditions: initial [RhB] =40mg/ L, initial pH=5.5, [PMS] =0.4mmol/L and [Catalyst]= 0.2 g/L.

Table 2
Comparison of different catalysts for PMS activation.

Catalyst Organic pollutant Initial concentration Reaction time (min) Degradation efficiency

Co3O4/NF (Yuan et al., 2018) Acid Orange 7 0.1mmol/L 30 ∼100%
RGO/Fe3O4–Co3O4 (Zhang et al., 2017) Orange II 0.2mmol/L 5 ∼100%
Co3O4-biochar (Chen et al., 2018) Ofloxacin 50 μmol/L 10 ∼90%
Hollow Co3O4/C (Abdul Nasir Khan et al., 2019) Bisphenol A 87.6 μmol/L 4 97%
Co3O4/GO (Shi et al., 2014) Acid Orange 7 0.6mmol/L 4 ∼100%
Co-HAP (this work) RhB 40mg/L (0.083mmol/L) 12 93.3%
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coefficient could be obtained in pseudo second-order kinetic fitting,
indicating that the degradation kinetics of RhB followed pseudo second-
order kinetics. The rate constant reached maximum value of 0.0370 L•
(mg• min)−1 as the PMS dosage was 0.4 mmol/L. Generally, the de-
gradation kinetics of organic contaminants in PMS-based process fol-
lowed pseudo first-order kinetic model (Ding et al., 2019b; Li et al.,
2019a; Lin et al., 2019). However, some researchers have found that the
molar ratio of [PMS]/[Organic] caused the change of kinetic order
(Ling et al., 2010; Yang et al., 2018a). The organic degradation fol-
lowed the pseudo second-order model under the condition of lower
[PMS]/[Organic] ratio. In this study, the molar ratio of [PMS]/[RhB]
was ranged from 2.4 to 7.2, which might result in the change of kinetic
order of RhB degradation.

There was a positive correlation between RhB degradation effi-
ciencies and catalyst dosage when Co-HAP-2 dosage was increased from
0.05 to 0.2 g/L. In this case, the degradation efficiency of RhB increased
from 69.8% to 93.5%, and the reaction constant increased from 0.0050

to 0.0328 L•(mg• min)−1. The enhancement of RhB degradation was
due to that more active site was provided as more catalyst was added.
However, no significant further enhancement could be observed when
the catalyst dosage was above 0.2 g/L, which might be resulted from
the scavenging of generated •OH and SO4

• by excess Co(II) (Eq. 1 and
Eq. 2) (Ding et al., 2019a).

+ +SO Co(II) SO Co(III)4
•

4
2- (1)

+ +•OH Co(II) OH Co(III) (2)

In the present work, obviously, the loaded Co species was the active
site of Co-HAP catalyst. Therefore, the effect of Co loading on catalytic
performance was also investigated by changing Co impregnation con-
centrations (0.01, 0.025 and 0.05mol/L). As shown in Fig. 3c and
Table 3, only 85.1% of RhB degradation efficiency and 0.0138 L•
(mg• min)−1 of reaction rate constant could be obtained in the presence
of Co-HAP-1. Nevertheless, 93.0% of RhB could be eliminated within

Fig. 3. The influence of (a) different PMS dosage, (b) different Co-HAP-2 dosage and (c) different Co loading on RhB degradation. (d) Degradation of different organic
pollutants in Co-HAP-2/PMS system. (e) RhB degradation by PMS activation with common catalysts. Reaction conditions: unless otherwise specified, initial [RhB]
=40mg/L, initial pH=5.5, [PMS] =0.4mmol/L and [Catalyst]= 0.2 g/L.
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12min for Co-HAP-2, and the reaction rate constant (0.0353 L•
(mg• min)−1) is about 2.5 times higher than that of Co-HAP-1. How-
ever, the further increasing in Co loading led to a slight decrease of
degradation rate. In previous reports, excessive loading sometimes re-
sulted in the inhabitation of catalyst activity (Ding et al., 2019b; Pi
et al., 2020). For this work, excessive Co loading led to the agglom-
eration of catalyst particles, resulting in the reduction of active sites,
which evidenced by BET results (Co-HAP-2: 51.09m2/g; Co-HAP-3:
46.84m2/g). Thus, the number of active sites might not increase as
expected.

Several typical organic pollutants, such as Orange acid 7 (AO7),
Tetracycline hydrochloride (TCH) and Levofloxacin (LFX), were also
selected to estimate decontamination ability of Co-HAP/PMS system. As
can be seen in Fig. 3d, Co-HAP-2/PMS showed different degradation
performances toward these organic pollutants. LFX degradation effi-
ciency only reached 46.2%, but 97.8% of AO7 degradation could be
obtained with similar experiment conditions. The degradation effi-
ciencies of organics followed the order: AO7>RhB > TCH > LFX.

Table 3
Pseudo first and second-order kinetic fitting for RhB degradation with different
factors.

Factors K1 (min−1) R1
2 K2 (L•(mg•min)−1) R2

2

PMS dosage (mmol/L)
0.2 0.143 0.7843 0.0096 0.9257
0.4 0.253 0.8496 0.0370 0.9901
0.6 0.213 0.7797 0.0233 0.9367

Catalyst dosage (g/L)
0.05 0.107 09639 0.0050 0.9794
0.1 0.218 0.9153 0.0225 0.9902
0.2 0.247 0.8595 0.0328 0.9875
0.3 0.244 0.7878 0.0365 0.9827

Co impregnation
concentrations (mol/L)

0.01 0.172 0.8937 0.0138 0.9654
0.025 0.252 0.8568 0.0353 0.9837
0.05 0.239 0.8982 0.0305 0.9697

Fig. 4. (a) Influence of different scavengers on RhB degradation in Co-HAP-2/PMS system. Reaction conditions: initial [RhB] =40mg/ L, initial pH=5.5, [PMS]
=0.4mmol/L and [Catalyst]= 0.2 g/L. EPR spectra of (b) DMPO and (c) TEMP in PMS activation via Co-HAP-2 catalyst. (d) ATR-FTIR spectra of Co-HAP-2 in water,
Co-HAP-2/PMS and PMS only systems. (e) The possible mechanism of ROS generation in Co-HAP-2/PMS system.
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The difference in removal efficiencies of selected organic pollutants
may be attributed to their different reactivity with sulfate radicals. It
was found that the organic contaminants with electron donating groups
can more easily reacted with SO4

• than those with electron with-
drawing groups (Ding et al., 2019c). RhB and AO7 contain methyl and
hydroxyl groups, respectively. These two groups both are electron do-
nating groups, while TCH and LFX have -C(=O)N- and carboxyl groups,
respectively, which both belong to electron withdrawing groups (Ye
et al., 2017; Zhang et al., 2012). It might be the reason for the different
removal efficiencies of these organic contaminants in Co-HAP/PMS
system. In sum, it could be inferred that Co-HAP/PMS system has po-
tential in oxidizing various type of organic pollutants.

The catalytic activities of three popular PMS activators (CoFe2O4
(Lin et al., 2018; Yang et al., 2018b), MnO2 (Deng et al., 2017; Xie et al.,
2018a) and Fe3O4 (Li et al., 2019a; Tan et al., 2014)) were also in-
vestigated for understanding the favorable catalytic activity of Co-HAP.
Experimental results for RhB degradation with different heterogeneous
catalysts are illustrated in Fig. 3e. Comparing with 92.1% degradation
efficiency of RhB within 12min achieved on Co-HAP-2, the degradation
efficiencies of RhB were only 77.5%, 19.8%, and 16.9% for CoFe2O4,
MnO2, and Fe3O4, respectively. The RhB degradation efficiencies of
different catalysts decreased as follows: Co-HAP-
2>CoFe2O4>MnO2>Fe3O4, implying that Co-HAP-2 has highest
catalytic activity, even better than CoFe2O4. The results obviously
confirmed that the presence of HAP performed synergetic effect on PMS
activation by Co species. Although metal-hydroxyapatites were widely
reported in photocatalytic and Fenton catalytic processes, the syner-
getic effect of HAP during the catalytic process was freely reported.
Since the hydroxyl group was widely reported during its cocatalytic
effect on PMS activation (Chen et al., 2018; Zhang et al., 2018) and also
the cocatalytic effect of hydroxyl group on SiO2 was reported in our
previous study (Tu et al., 2012), it is not hard to understand that surface
hydroxyl group on the HAP played synergetic effect on Co-HAP

activation of PMS. The HAP could be considered as a catalytic pro-
moter, which played an important co-catalytic role in promoting the
degradation of RhB in the PMS activation process.

3.3. Reaction mechanism and degradation pathway

3.3.1. Generation of reactive oxygen species
Quenching experiments were conducted to identify the generated

ROS in RhB degradation. In these experiments, methanol and tert-butyl
alcohol (TBA) were used as scavengers owing to their different reaction
rate with hydroxyl and sulfate radicals. In general, the reaction rate
between methanol and •OH (k • OH = (3.8–7.6) × 108 M−1 s−1) is
almost 1000 times higher than that between TBA and SO4

• (kSO4 •- =
(4–9.1) × 105 M−1 s−1) while the both methanol and TBA can react
with OH• rapidly (Yang et al., 2018c). Therefore, the roles of different
free radicals could be evaluated according to the result of inhabitation
effect of RhB degradation. As known to all, 1O2 has been found in some
PMS activation reactions (Li et al., 2019b; Zou et al., 2019). It could
oxide organic contaminants via non-radical reaction. In this work, L-
Histidine, a well-known 1O2 quencher (Fu et al., 2019; Sun et al.,
2019a), was employed to evaluate the contribution of non-radical re-
action for RhB degradation. As shown in Fig. 4a, RhB degradation ef-
ficiency significantly decreased from 93% to 53% after the adding of
0.5 mol/L methanol. Conversely, TBA showed negligible inhibition in
RhB degradation efficiency. It could be speculated that SO4

• was the
main free radicals in RhB removal, which was generated in Co-HAP-2/
PMS system. However, RhB degradation only reached 18% with the
adding of L-histidine, suggesting that 1O2 played a leading role in RhB
degradation. To further understand the mechanism, EPR test was per-
formed to identify the ROS generated in Co-HAP-2/PMS process. DMPO
and TEMP were employed as spin trap agents in EPR test. The other
detail conditions of EPR test were given in Text S3. As can be seen in
Fig. 4b, no peak was found in EPR spectra of pure PMS because PMS

Fig. 5. XPS survey (a) and XPS spectra of (b) Co element in Co-HAP-2 before and after the reaction, O element in Co3O4 (c) and Co-HAP-2 (d) before and after the
reaction.
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could not be activated without catalyst. Both DMPO- SO4
• and DMPO-

•OH signals could be found during the reaction in the presence of Co-
HAP-2 catalyst, suggesting that both two free radicals were generated in
this system. It worth noting that the signals strength of DMPO- SO4

• and
DMPO- •OH in Co-HAP-2/PMS system were higher than those in

CoFe2O4/PMS system, implying that more free radicals were yielded in
the Co-HAP-2/PMS system than those in CoFe2O4/PMS system. This
could be resulted from the better catalytic effect on PMS activation of
Co-HAP-2 than CoFe2O4. Additionally, as shown in Fig. 4c, no sig-
nificant signal was detected for pure PMS. However, in the presence of
Co-HAP-2, typical triplet peaks, which assigned to the TEMP-1O2, ap-
peared in EPR spectra, confirming the generation of 1O2 in the system.
Briefly speaking, it could be speculated that both radical and non-ra-
dical reaction were involved in Co-HAP-2/PMS system and the 1O2 was
mainly responsible for RhB degradation.

FT-IR measurements can provide information of chemical bond
between surface OH groups and PMS/PS (Lin et al., 2019; Wang et al.,
2019b). In order to get insight into the catalytic mechanism of Co-HAP-
2/PMS system, ATR-FTIR was applied to investigate the change of
surface functional groups when Co-HAP-2 combined with PMS. As
presented in Fig. 4d, the adsorption band at around 1250 cm−1 was
attributed to the stretching of the SeO bonds of HSO5 (Shao et al.,
2017). After the adding of Co-HAP-2, the band of 1250 cm−1 red-
shifted 25 cm−1, which might be resulted from Co(II)-(HO)OSO3 com-
plex (Wang et al., 2019a). The adsorption band located at 3281 cm−1

was assigned to the OeH stretching vibration. Moreover, this adsorp-
tion band shifted to 3333 cm−1 when the Co-HAP-2 was with PMS
solution, suggesting that the HSO5 were combined with Co-HAP-2 with
replacing some hydroxyl groups on the surface (Liu et al., 2015). These
results indicate that surface hydroxyl groups on Co-HAP-2 participated
in PMS activation.

Co species in PMS activation was investigated by XPS analysis to
understand the catalytic effect on the generation of SO4

• and •OH in the
Co-HAP/PMS system. As shown in Fig. 5b, two peaks located at 781.8
and 786.9 eV were attributed to Co(II) and Co(III). The relative pro-
portion to the total Co species were 48.6% and 51.4% for Co(II) and Co
(III) before the reaction, respectively. However, the relative proportion
of Co(II) increased to 57.6% after the reaction, indicating that Co ion
participated in PMS activation though Co-HAP catalyst. These results
imply that a redox cycle of the Co species + + +(Co Co Co )2 3 2 could
occur during PMS activation. Based on the above results and previous
reports, the generation of free radicals in Co-HAP/PMS system would
follow these steps: (1) The Colat and Co3O4 were combined with H2O
molecular to form Co−OH group on the surface of catalyst. (2) Co−OH
complexes would connect with HSO5 though hydrogen bond. (3) The
electrons discharged from Co2+ species break OeO bond of HSO5
through this connection, resulting in the generation of SO4

• , then some
SO4

• could react with water molecular or OH− to generate •OH. (4)
Co3+ could accept the electron from HSO5 , resulting in the cycle of
Co2+/Co3+ pairs. These steps can be described as Eq. (3)-Eq. (6) (Xie
et al., 2018b; Yang et al., 2018b).

+ ++ +Co(II) H O Co(II)-OH H2 (3)

+ + ++ +Co(II)-OH  HSO Co(III) O  SO H O5 4
•

2 (4)

+ +SO  OH /H O OH H O4
•

2
•

2 (5)

+ + + ++ +Co(III) O H  HSO Co(II)  SO H O5 5
•

2 (6)

+2SO 2SO O5
•

4
2 1

2 (7)

+ ++HSO Nu NuOH SO5 4
2- (8)

+ + + ++ +HSO NuOH SO /HSO O Nu H5 4
2-

4
1

2 (9)

The second one was the non-radical mechanism. SO5
• radicals could

produce singlet oxygen during the process via the reaction described as
Eq. (7) (Zou et al., 2019). Interestingly, a certain degree of RhB de-
gradation could be observed in HAP/PMS system. As can be seen in
Fig. 3b, pure PMS and HAP/PMS showed 0.4% and 33.4% of RhB re-
moval, respectively. As described in previous literature, PMS can be
decomposed to generate singlet oxygen with the assistant of nucleo-
phile (Nu) tetrahedral PO4 on HAP (Eq. (8)-Eq. (9)) (Song et al., 2018).

Fig. 6. The possible pathway of RhB degradation in Co-HAP-2/PMS system.

Fig. 7. RhB degradation and cobalt leaching in different reaction runs. Reaction
conditions: initial [RhB] =40mg/ L, initial pH=5.5, [PMS] =0.4mmol/L and
[Catalyst]0= 0.3 g/L.
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The generated singlet oxygen could react with RhB, resulting in the
decomposition of this organic dye. The possible mechanism of PMS
activation via Co-HAP catalyst was displayed in Fig. 4e.

3.3.2. Possible degradation pathway
To get a further insight into the degradation mechanism of RhB,

UPLC-MS-MS analysis was employed to identify the intermediates
produced during the reaction. TIC spectrum is shown in Fig. S1. The
mass spectra, chemical structural formula and molecular weight of
these intermediates are shown in Fig. S2. As can be seen, after treating
in Co-HAP-2/PMS system, RhB degraded into six possible products.
Based on previous studies and the results obtained in this work (Devi
et al., 2019; Rachna Rani and Shanker, 2018; Rakibuddin et al., 2015;
Sun et al., 2019b), the degradation pathway of RhB included four main
processes: N-de-ethylation, Chromophore structure cleavage, Ring-
opening and Mineralization, which is similar with other PMS/PS-based
processes (Diao et al., 2017; Zeng et al., 2018). Firstly, the methyl
groups dropped from RhB molecular via active species (SO4

• , •OH and
1O2) attack, leading to the generation of De-ethylation product. Sec-
ondly, the bond between xanthene group and phenyl group which is
chromophore structure could be broken as the organics further de-
graded (m/z 318 and 274), resulting in the decolorization of RhB.
Thirdly, low molecular weight acids (m/z 83, 94, 102 and 167) were
generated from ring-opening process and further mineralized. The
possible pathway of RhB degradation is illustrated in Fig. 6.

3.4. Co-catalytic effect of HAP on PMS activation

In this work, a phenomenon of great interest is that cobalt species
showed remarkable enhancement of activity after combining with HAP,
which is speculated to be the co-catalytic activity of Co-HAP. As being
mentioned above, the formation of active sites Co-OH+ is an important
step in PMS activation by Co-based catalyst. In heterogeneous reaction,
Co-OH+ complexes would participate in PMS activation as described in
Eq. (3)–(7). Based on above discussions, it could be speculated that
higher amount of Co-OH+ complexes could lead to better PMS acti-
vating performance of catalyst. Some researchers also found that the
surface oxygen species might affect the amount of Co-OH+ on catalyst
surface during the reaction (Chen et al., 2018; Zhang et al., 2018).
Therefore, XPS was employed to analyze oxygen species on fresh and
used catalysts. As shown in Fig. 5c, two major peaks observed in O 1S
spectra of Co3O4, which located at 531.1 eV and 529.7 eV, were as-
signed to lattice oxygen species (Olat) (Hu et al., 2019) and surface
oxygen species (Osur) (Shi et al., 2014), respectively. The relative con-
tent of absorbed oxygen in Co3O4 phase revealed no change after the
reaction, by contrast, the increase of relative content of absorbed
oxygen can be observed in Co-HAP-2. In Fig. 5d, the peak located at
531.8 eV could be assigned to the O in PO43− and OH groups (Fan et al.,
2014), suggesting that more OH groups might form on Co-HAP-2 during
the reaction. According to previous reports (Chong et al., 2018), HAP
can provide both Lewis basics (O2 in PO4

3- - groups) and acidic sites
(Ca2+ or OH- vacancies) on its surface. The Lewis acidic sites favor the
adsorption/dissociation of water molecular, leading to the formation of
surface −OH group. Consequently, more Co−OH+ were generated on
the surface of Co-HAP-2, leading to higher radical yields. Besides, HAP
could provide tetrahedral PO4 to favor PMS decomposition, resulting in
the generation of singlet oxygen. These two reasons can explain the
possible mechanism for co-catalytic effect of HAP in Co-HAP/PMS
system.

3.5. Stability and reusability of Co-HAP

The stability of Co-HAP-2 in sulfate radical-based oxidation process
is also investigated. In recycle experiments, the used catalyst was cen-
trifuged for 15min and washed by pure water for the next run.
Although the Co-HAP-2 samples without calcination showed a similar

RhB degradation efficiency with the calcinated Co-HAP-2 samples (data
not shown), the cobalt leaching of Co-HAP-2 without calcination was
1.30mg/L, which was higher than the emission standard (1mg/L, GB
25467-2010). As shown in Fig. 7, in the first run, the degradation ef-
ficiency was 93.6% after 12min reaction, 0.71mg/L of cobalt ion was
leached into the solutions, which was lower than the emission standard,
indicating that calcination was beneficial to the stability of Co-HAP-2.
The degradation efficiency was 75.1% in the fourth run and the
leaching concentrations of cobalt ion decreased slightly to 0.38mg/L.
Almost 20% reduction of degradation efficiency occurred in the fourth
run, suggesting that the catalyst might be not suitable for more than 4
runs.

4. Conclusion

Co-HAP was synthesized successfully via an ion-exchanged method
combined with calcination. The results of characterization indicated
that Co species existed on Co-HAP in two forms: Co in lattice structure
and Co3O4 on HAP surface. Novel Co-HAP catalyst was utilized to ac-
tivate peroxymonosulfate for the degradation of organic contaminants.
93.3% of RhB could be degraded with 12min. Co-HAP-2 exhibited
superior catalytic activity which even better than that of CoFe2O4.
Beside RhB, Co-HAP/PMS also displayed impressive performance in
degradation various organic pollutants (AO7, TCH, LFX). The results of
EPR and quenching experiments suggested that both radical and non-
radical mechanism were involved in Co-HAP-2/PMS system and 1O2
played a leading role in RhB degradation. The co-catalytic effect of HAP
on PMS activation was due to that HAP favored the generation of Co-
OH complexes leading to high yield of SO4

• . The Co-HAP-2 catalyst was
stable and reusable during first four runs. The present work may benefit
the further improvement of Co-based catalysts for sulfate radical-based
oxidation process.
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