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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Hollow porous Co3O4 nanobox (PCNB) 
is derived from etched cubic Co-MOF. 

• PCNB shows more superior surficial 
properties than commercial Co3O4 NP. 

• PCNB surpassingly outperforms the 
benchmark Co3O4 NP for degrading 
HBA. 

• PCNB can be reused to effectively acti-
vate MPS for degrading HBA 
completely. 

• DFT calculation is performed to eluci-
date degradation process of HBA by 
PCNB.  
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A B S T R A C T   

As 2-hydroxybenzoic acid (HBA) represents a typical pharmaceutical and personal care product (PPCP), constant 
releasing of HBA into the environment poses threats to the ecology, and thus it is critical to develop effective 
techniques to remove HBA from water. Recently, sulfate radical (SO4•‒)-based advanced oxidation processes 
involved with monopersulfate (MPS) activation are proven as effective approaches for eliminating PPCPs from 
water, and Co3O4 is recognized as a capable catalyst for activating MPS. Therefore, great interests have arisen to 
develop Co3O4-based catalysts with advantageous morphologies and characteristics for enhancing catalytic 
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Hollow 
Co3O4 

activities. Therefore, a special Co3O4-based material is proposed in this work. Through a surfactant-assisted 
strategy, a cubic Co-MOF is prepared and used as a precursor, which is etched to afford hollow structure, and 
then transformed into hollow porous Co3O4 nanobox (PCNB). PCNB can exhibit distinct reactive surface with 
abundant surface oxygen vacancy as well as physical properties in comparison to the commercial Co3O4 NPs 
(com-Co3O4 NP), thereby leading to the outstanding catalytic activity of PCNB for activating MPS to degrade 
HBA. The activation energy (Ea) of 46.2 kJ/mol is also calculated using PCNB + MPS system, which is much 
lower than most of recent reported studies for activating MPS. PCNB could be also reusable over 5 consecutive 
HBA degradation cycles. The activation mechanism of MPS by PCNB and HBA degradation pathway are also 
comprehensively elucidated via experimental evidences and the theoretical calculation to offer insightful in-
formation of development of Co3O4 for HBA degradation.   

1. Introduction 

Pharmaceutical and personal care products (PPCPs) released into 
water may potentially harm ecological system as well as human life due 
to their potential carcinogenic effect and toxicity (Ebele et al., 2017). 
Among various PPCPs, 2-hydroxybenzoic acid (HBA) represents one of 
the most common PPCPs, which is widely-used in the production of food 
preservatives, medical and cosmetic products (Boullard et al; Savun--
Hekimoglu and Ince, 2017). As HBA is consistently released into the 
environment via different pathways, and various HBA concentrations 
have been ubiquitously detected in water systems (Lapworth et al., 
2018; Hu et al., 2016), causing negative impact on human health and 
living organisms, it is critical to develop techniques to remove HBA from 
wastewater. For example, a high concentration of HBA (i.e., 1225 ng/L) 
was detected in ground water (Lapworth et al., 2018) while HBA was 
also found in tap water with its concentration ranged from 16.6 ng/L to 
41.2 ng/L (Hu et al., 2016). In wastewater treatment plans, the residue 
concentration of HBA was also determined as 30 ng/L (Carmona et al., 
2014). 

While various treatment techniques including adsorption (Otero 
et al., 2004), filtration (Karnik et al., 2007), biological (Wang et al., 
2017a), electrochemical (Guinea et al., 2008) and photocatalytic treat-
ments (Wu et al., 2019) have been attempted to eliminate HBA from 
water, these techniques still suffer from relatively low removal capa-
bilities (Wang et al., 2021). Recently, sulfate radical-based advanced 
oxidation processes (SO4•‒-AOPs) associated with monopersulfate 
(MPS) activation has been considered an effective approach for elimi-
nating organic pollutants owing to several merits of SO4•‒ such as broad 
pH stability, high redox potentials, and long life-span (Guerra-Rodríguez 
et al., 2018). For instance, our group has developed a Co-embedded in 
N-doped carbon nanocapsule for MPS activation to effectively degrade 
HBA in water (Tuan et al., 2021a). Another research work by Tuan et al. 
also prepared a porous nanoplate Co3O4-based SO4•‒-AOPs to eliminate 
HBA (Tuan et al., 2020a). 

To effectively acquire SO4•‒, heterogeneous catalysts have been 
increasingly employed, and Cobalt (Co)-based catalysts have shown 
outstanding catalytic activities for MPS activation (Hu and Long, 2016). 
For instance, Liu et al. prepared a N-doped porous Co@C nanaboxes 
derived from ZIF-67 for persulfate activation to effectively remove 
p-chloroaniline (Liu et al., 2019). Another research work by Liu’s group 
further employed a MOF-based material as a template to synthesize a 
metal-free N-doped porous carbon for activating peroxydisulfate (Liu 
et al., 2020). In addition to Co-based materials, a Cu-MOF derived into 
Cu nanoparticles decorated in a three-dimensional reduced graphene 
oxide (3D RGO) network was also utilized for peroxydisulfate activation 
(Liu et al., 2021). Additionally, cobalt oxide (Co3O4) has been validated 
to efficiently activate MPS to degrade refractory organic contaminants 
(Xu et al., 2020; Deng et al., 2017). However, since the catalytic acti-
vation of MPS is conducted in aqueous media, Co3O4 particles, espe-
cially nanoparticles (NPs), are usually aggregated, thus diminishing 
their catalytic activities (Deng et al., 2017). Therefore, great interests 
have arisen to develop Co3O4-based catalysts with advantageous mor-
phologies and characteristics for enhancing catalytic activities. 

Therefore, in this work, we propose to fabricate a special Co3O4- 

based material derived from a cobaltic metal organic framework (Co- 
MOF). Through a surfactant-assisted strategy, Co-MOF with a cubic 
morphology was first prepared and employed as a precursor, which is 
then modified via chemical-etching process with tannic acid (TAN) to 
afford hollow structure, and subsequently transformed into hollow 
porous Co3O4 nanobox (PCNB) via calcination. The as-fabricated PCNB 
is expected to exhibit the unique morphology and distinct surficial 
properties from the commercial Co3O4 NPs (com-Co3O4 NP). The effects 
of various parameters such as catalyst and MPS dosages, temperatures, 
pH, co-existing compounds were examined to explore how this PCNB 
would behave differently from com-Co3O4 for further elucidating the 
structure-property-activity relationship. Moreover, radical species from 
PCNB-activated MPS system for degrading HBA are also determined via 
quenching experiment and electron spin resonance (ESR). The degra-
dation pathway of HBA is also elucidated based on the detected in-
termediates, and density functional theory (DFT) calculation. By 
experimental and theoretical investigations, insightful behaviors and 
mechanisms of HBA degradation by nanostructured Co3O4+MPS system 
are further elucidated. 

2. Experimental 

In general, Co-MOF with the cubic morphology would be fabricated 
and employed as a precursor, which was then etched by tannic acid 
(TAN) to convert the cubic Co-MOF into a hollow structure as illustrated 
in Fig. 1(a). This resulting hollow cubic Co-MOF would be then calcined 
to generate hollow porous Co3O4 nanobox (PCNB). The comprehensive 
preparation protocols, material characterizations and batch-type tests of 
HBA degradation are given in the supporting information (SI). Com- 
Co3O4 NP was purchased from Alfa Aesar (its size range of 50–80 nm, 
and purity of 99%) as a reference material for comparison with PCNB. 

3. Results and discussion 

3.1. Characterizations of PCNB 

The formation of the as-prepared materials was first characterized. 
Fig. 1(b) shows the XRD patterns of the pristine cubic Co-MOF, in which 
several noticeable diffraction peaks corresponding to the reported Co- 
MOF were observed, verifying the successful formation of Co-MOF 
(Andrew Lin and Chen, 2016; Tuan and Lin, 2018). After 
chemical-etching with TAN and then calcined in air, the resultant ma-
terial exhibited distinct XRD patterns as displayed in Fig. 1(c). Particu-
larly, various notable diffraction peaks at 19◦, 31.4◦, 36.8◦, 38.6◦, 44.8◦, 
55.5◦, 59.3◦, 65.1◦, 74.1◦ and 77.3◦ could be ascribed to the planes of 
(111), (220), (311), (220), (400), (422), (511), (440), (620), and (533) 
of Co3O4 (JCPDS #42–1467), respectively. This result validated the 
complete transformation from pristine cubic Co-MOF into Co3O4. 

Besides, the appearances of these as-prepared materials were further 
visualized. Fig. 2(a) and (b) present SEM and TEM images of the pristine 
Co-MOF, showing that the cubic Co-MOF with smooth surfaces had been 
successfully synthesized, and the size of these cubic Co-MOF was up to 
500–800 nm. When this cubic Co-MOF was etched by TAN, the resulting 
product still retained the cubic morphology (Fig. S1(a)). However, the 
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internal content of this product was removed, while the external layer 
(size of ca. 50–60 nm) was remained (as displayed in Fig. S1(b)), leaving 
a huge void inside the cubic Co-MOF. 

Moreover, once this hollow product was further calcined, the resul-
tant product exhibited a box-like appearance with the presence of many 
pores after calcination process (Fig. 2(c)). The TEM of this box-like 
product in Fig. 2(d) reveals that the hollow structure was still pre-
served. A closer view in Fig. 2(e) further verifies that this product was 
also comprised of many small NPs which were distributed evenly 
throughout the entire substrate. The size of these NPs measured as 
shown in the inset of Fig. 2(e), showing that these NPs were very fine 
with diameters of 8–12 nm. The lattice-resolved HRTEM of this material 
in Fig. 2(g) presents two specific d-spacing values of 0.241 nm and 
0.285 nm, which can be attributed to (311) and (220) planes of Co3O4, 
respectively, indicating that the aforementioned NPs were Co3O4. This 
also validates that the hollow cubic Co-MOF had been completely con-
verted into hollow porous Co3O4 nanobox (PCNB). The inset in Fig. 3(g) 
provides the selected area electron diffraction (SAED) pattern of PCNB, 
further demonstrating that PCNB had a polycrystalline structure (Tuan 
et al., 2020b; Tsai et al., 2020). Besides, the elemental composition of 
PCNB was analyzed as illustrated in Fig. S2(a), in which only Co and O 
signals were obtained, further confirming the formation of Co3O4 in 
PCNB. The elemental mapping of PCNB further reveals the uniform 
distribution of Co and O over the nanobox surface as shown in Fig. S2 
(c)–(d). 

In addition, IR spectra of the pristine cubic Co-MOF and the as- 
prepared PCNB were also characterized to verify the functional groups 

of these two materials as presented in Fig. 3(a). In the case of Co-MOF, 
several noticeable absorption peaks in a range from 500 to 1500 cm− 1 

could be assigned to imidazole ring (Lin and Chang, 2015). On the other 
hand, the as-prepared PCNB exhibited totally different absorption peaks. 
Specifically, two intense absorption peaks at 565 and 660 cm− 1 could be 
ascribed to the stretching vibrations of cobalt oxide for 
tetrahedrally-coordinated Co2+ ions and octahedrally-coordinated Co3+

ions (Herrero et al., 2007), respectively. The other absorption peaks at 
1630 cm− 1 and 3410 cm− 1 could be attributed the O–H stretching and 
bending vibration modes, possibly resulted from water molecules 
adsorbed on PCNB surface (Hu et al., 2015). 

Besides, Raman spectroscopies of PCNB and the com-Co3O4 NP were 
further examined. Both materials exhibited similar peaks (Fig. 3(b)), 
which corresponded to Raman active vibration modes (i.e., A1g + Eg +

3F2g) of Co3O4 (Tang et al., 2008), further indicating the high-crystalline 
formation of Co3O4 in PCNB after calcination. Nonetheless, as revealed 
in Fig. 3(c) and (d), the peaks of PCNB at F2g

(1) and A1g regions were 
shifted in comparison with that of com-Co3O4 NP. Particularly, the peak 
at F2g

(1) in PCNB was shifted from 190 cm− 1 to 192 cm− 1 while the peak 
at A1g was shifted from 677 cm− 1 to 680 cm− 1. Since F2g

(1) was ascribed 
to the mobility of oxygen atoms in the octahedrally coordinated 
Co3+-O2- (CoO6) and A1g was assigned to the tetrahedrally coordinated 
Co2+-O2- (CoO4) in Co3O4 (Tang et al., 2008; Farhadi et al., 2016), these 
shifting suggested that PCNB possessed abundant oxygen vacancies on 
the surface than that of com-Co3O4 NP (Wang et al., 2016), which could 
probably contribute to their distinct catalytic activities for MPS 
activation. 

Fig. 1. (a) Schematic illustration for PCNB preparation; XRD analysis of (b) pristine cubic Co-MOF, and (c) the calcined product (PCNB).  
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Additionally, the surface chemistry of PCNB was further character-
ized by XPS to determine the element states in PCNB. Fig. 4(a) shows a 
full-scan survey spectrum, in which Co and O signals were mainly 
observed, which was well-matched with EDS analysis. The Co2p core- 
level spectra of PCNB in Fig. 4(b) were further examined, in which 
multiple underlying peaks were deconvoluted. Specifically, two peaks at 
779.6 and 794.6 eV could be ascribed to Co3+ while two peaks at 781.4 
and 796.7 eV could be assigned to Co2+, further verifying the formation 
of Co3O4 in PCNB (Zhang et al., 2018). On the other hand, O1s spectra of 
PCNB were also determined as shown in Fig. 4(c), in which two 
noticeable underlying peaks could be observed at 529.6 and 531.1 eV, 
corresponding to lattice oxygen (Olatt) and chemisorbed oxygen species 
(Oads) (Tuan et al., 2021b). 

On the other hand, as the reducibility of metal oxide represents 
another crucial feature in oxidation reactions, H2-TPR analysis was then 
employed to determine the reductive behavior of PCNB and com-Co3O4 
NP. H2-TPR profiles in Fig. 4(d) reveal that com-Co3O4 NP showed two 
reduction peaks while PCNB exhibited three reduction peaks. 

Since cobalt oxide commonly showed a two-stage reduction process 
(i.e., the first stage is the reduction of Co3+ to Co2+, and the second stage 
is the reduction of Co2+ to metallic Co (Co0)) (de Rivas et al., 2011), 
com-Co3O4 NP exhibited two reduction peaks, in which the first peak 
centered at 466 ◦C could be ascribed to the first reduction stage, and the 
other peak centered at 503 ◦C could be ascribed to the second reduction 
stage. However, in case of PCNB, the H2-TPR profile of PCNB presented 
three reduction peaks. In particular, the first peak centered at 304 ◦C 
could be assigned to the reduction stage where Co3+ reduced to Co2+

whereas the second peak centered at 349 ◦C and the third peak centered 
at 397 ◦C could be ascribed to the second reduction stage, in which Co2+

reduced to metallic Co in cluster forms and bulk forms (Silva et al., 
2020), respectively. More interestingly, the reduction peaks in PCNB 
were much less overlapped compared with that of com-Co3O4 NP with 
the reduction temperatures appeared in PCNB were obviously lower. 

This result indicated that PCNB possessed more reactive surface than 
that of com-Co3O4 NP (Fuchigami et al., 2018), contributing to their 
distinct catalytic activities in the catalytic oxidation reactions (Gong and 
Zeng, 2021). 

Furthermore, the physical characteristics of PCNB were also neces-
sarily studied using N2 adsorption-desorption isotherms. As depicted in 
Fig. 4(e), PCNB exhibited N2 adsorption-desorption isotherms of IUPAC 
type III and IV isotherms, implying the presence of pores in PCNB. The 
inset in Fig. 4(e) illustrates that PCNB possessed mesopores and mac-
ropores. The BET surface area of PCNB was then determined as 66.61 
cm2/g with a pore volume of 0.39 cm3/g. As com-Co3O4 NP was also 
used to activate MPS, which also possessed different reductive behavior 
in comparison with PCNB, it was also necessary to examine the textural 
properties of com-Co3O4 NP. Fig. S3(b) illustrated the N2 sorption iso-
therms of com-Co3O4 NP, and the BET surface area of com-Co3O4 NP was 
calculated as 2.8 m2/g with a pore volume of 0.002 cm3/g, which are 
much lower than that of PCNB, possibly due to the agglomeration of 
these Co3O4 NPs (Fig. S3(a)). 

Moreover, since the degradation of HBA was conducted in the 
aqueous batch-type experiments, it was crucial to examine the charges 
of PCNB surface at various pH values. The zeta potentials profiles of 
PCNB displayed in Fig. 4(f) demonstrated that the surface charge of 
PCNB was positive in acidic and neutral conditions, which became 
negatively in alkaline conditions. Particularly, at pH = 3, PCNB 
exhibited a surface charge of +18.54 mV, which was slightly decreased 
to +9.8 mV when pH was adjusted to 5. Once pH = 7, the surface charge 
of PCNB was only +3.12 mV, which was further declined to − 7.6 mV 
and − 14.4 mV at pH = 9 and 11, respectively. 

3.2. Catalytic degradation of HBA by PCNB activated MPS 

Before evaluating the degradation efficiency of HBA using PCNB 
activated MPS, it would be crucial to verify whether HBA can be 

Fig. 2. (a) SEM and (b) TEM images of pristine cubic Co-MOF; (c) SEM and (d) TEM images of PCNB; and (f), (g) HRTEM images of PCNB (the inset is the SAED 
of PCNB). 
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removed via adsorption. As shown in Fig. 5(a), the concentration of HBA 
remained almost the same after 30 min when PCNB was individually 
used, suggesting that HBA was negligibly removed via adsorption. Be-
sides, it can be noticed that HBA degradation efficiency was also inef-
fective in the presence of MPS only as Ct/C0 merely reached to 0.93, 
implying that the self-activation of MPS could not efficiently degrade 
HBA as the generation of reactive oxygen species (ROS) without acti-
vation was critically slow. When the pristine cubic Co-MOF was used to 
activate MPS, the degradation efficiency of HBA was also insignificantly 
improved as Ct/C0 was 0.88, suggesting that pristine cubic Co-MOF was 
also ineffective for activating MPS. However, once PCNB was employed 
to activate MPS, the concentration of HBA was significantly reduced and 
completely degraded within 30 min, indicating that MPS was certainly 
activated to quickly generate ROS in the presence of PCNB. Since HBA 
could be effectively degraded using PCNB + MPS system, the total 
organic carbon (TOC) was necessarily measured. As depicted in Fig. S4, 
ca. 69% of TOC for HBA could be afforded in 60 min, indicating that 
HBA was certainly decomposed by PCNB + MPS system. This informa-
tion had been added in the main text. Please see the revised manuscript. 

For comparison, as PCNB was comprised of Co3O4 NPs, the com-
mercial Co3O4 NP (com-Co3O4 NP) was then employed to activate MPS 
for HBA degradation. As depicted in Fig. 5(a), ca. 35% of HBA concen-
tration was moderately degraded in 60 min, revealing that com-Co3O4 

NP could also activate MPS to degrade HBA. However, the HBA degra-
dation efficiency of com-Co3O4 NP + MPS was still much lower in 
comparison with that of PCNB +MPS. As discussed in the earlier section, 
PCNB possessed outstanding physicochemical properties (i.e., higher 
degree of abundant oxygen vacancies on the surface and more reactive 
surface in comparison with com-Co3O4 NP. Moreover, the specific sur-
face area of PCNB was also much higher than that of com-Co3O4 NP, 
possibly due to the serious agglomeration of com-Co3O4 NP (Fig. S3(a)), 
thus hindering the active cites and resulting in ineffective degradation 
efficiency. These distinct properties between these two materials 
contributed to their different catalytic activities for MPS activation. This 
result further confirmed that PCNB could be a promising heterogeneous 
catalyst for catalytically activating MPS to eliminate HBA in water. 

3.3. Effects of various PCNB and MPS dosages 

As PCNB coupled with MPS could efficiently degrade HBA in water, 
it would be necessary to figure out the optimal conditions of PCNB and 
MPS dosages for further investigations. Fig. 5(b) shows the effect of 
different PCNB dosages on HBA degradation. As discussed in the earlier 
section, there was no adsorption of HBA on PCNB surface. Nevertheless, 
when PCNB was introduced (i.e., 75 mg/L), 90% of HBA was remarkably 
reduced in 60 min. Once the dosage of PCNB was increased to 100 mg/L, 

Fig. 3. (a) IR spectra of com-Co3O4 and PCNB; (b) Raman spectroscopies of com-Co3O4 NP and PCNB, (c) and (d) short-range Raman spectrum at F2g
(1) and A1g.  
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HBA was instantly and completely degraded within 30 min whereas the 
complete HBA degradation could be achieved in 20 min at a higher 
PCNB dosage of 150 mg/L. This result confirmed that the HBA degra-
dation efficiency was improved at higher dosages of PCNB with more 
active sites contributing to enhance MPS activation. To further reveal 
the positive effect of higher PCNB dosages for activating MPS, the 
degradation kinetics of HBA at various PCNB dosages were further 
calculated using the pseudo 1st-order equation as following (Eq. (1)) 
(Wang et al., 2017b): 

ln(Ct/C0)= − kt (1)  

where k value represents the reaction rate. The k values at different 
PCNB dosages were shown in the inset of Fig. 5(b). Specifically, the 
corresponding k values were determined as 0.07 min− 1, 0.117 min− 1, 
and 0.239 min− 1 at PCNB dosage of 75 mg/L, 100 mg/L, and 150 mg/L, 
respectively. This result assured the enhancement of higher PCNB dos-
ages for MPS activation to rapidly eliminate HBA. 

On the other hand, since MPS plays a crucial role in the degradation 
of HBA, the effect of MPS dosages was also studied. Fig. 5(c) reveals that 
at MPS = 100 mg/L, HBA was not fully degraded as Ct/C0 could only 
reach 0.2 in 60 min, implying that insufficient SO4•‒ radicals were 
generated to completely degrade HBA. Nonetheless, once MPS dosage 
increased to 150 mg/L and 200 mg/L, a full HBA degradation could be 
achieved as Ct/C0 reached zero within 30 min and 20 min, respectively. 
This result indicated that the degradation efficiency of HBA was unfa-
vorable at lower MPS dosage, possibly due to the insufficient production 
of SO4•‒ radicals whilst higher MPS dosages with sufficient generated 
SO4•‒ radicals were more advantageous. Besides, the corresponding k 
value (as displayed in the inset of Fig. 5(c)) was determined as 0.04 
min− 1 at 100 mg/L of MPS, which was noticeably raised to 0.117 min− 1 

at MPS = 150 mg/L and 0.148 min− 1 at MPS = 200 mg/L, respectively, 

further validating the positive effect of higher MPS dosages on HBA 
degradation. Through these experimental results, it can be concluded 
that the degradation efficiency of HBA was certainly correlated with the 
concentrations of MPS while PCNB dosages would influence the HBA 
degradation kinetics. For further investigations, 100 mg/L of PCNB and 
150 mg/L of MPS were particularly selected as optimal conditions to 
examine other parameters. 

3.4. Effects of temperatures, initial pH parameters, and co-existing 
compounds 

Since temperature represents an important parameter to HBA elim-
ination, the effect of different temperatures was also studied. As illus-
trated in Fig. S5(a), the degradation efficiency of HBA was certainly 
noticeably enhanced when the temperatures increased from 30 to 50 ◦C. 
Particularly, at 30 ◦C, HBA was completely degraded within 30 min with 
its k = 0.117 min− 1 (Fig. S6(a)). Once the temperature increased to 
40 ◦C, the concentration of HBA was instantly reduced and reached to 
zero in 20 min, which was achieved in an even shorter time at 50 ◦C. The 
corresponding k values at 40 ◦C and 50 ◦C were also dramatically 
increased to 0.239 min− 1 and 0.364 min− 1, respectively. This result 
validated the advantageous effect of higher temperatures on HBA 
degradation by PCNB-activated MPS. On the other hand, since the 
calculated k values increased along with the increase of temperatures, 
the correlation between k value and temperatures was further corre-
sponded via the following Arrhenius equation (Eq. (2)): 

lnk= lnA − Ea/RT (2)  

where R represents the universal gas constant, T is the solution tem-
perature in Kelvin (K), A denotes as the pre-exponential factor, and Ea 
presents the activation energy of HBA degradation (kJ/mol). The 

Fig. 4. XPS profiles of PCNB: (a) a full survey spectrum, (b) Co2p spectra, and (c) O1s spectra; (d) H2-TPR profiles, (e) textural properties, and (f) zeta potentials 
of PCNB. 
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Arrhenius plot in the inset of Fig. S5(a) illustrates the relationship be-
tween ln k versus 1/T, which was then employed to determine the 
activation energy as 46.2 kJ/mol. For comparison, various Ea values 
calculated from different catalysts for MPS activation were summarized 
as shown in Table S1. The calculated Ea value using PCNB activated MPS 
was comparatively lower than other reported studies, indicating that 
PCNB was an efficient and competitive heterogeneous catalyst to acti-
vate MPS. 

Additionally, as the initial pH parameters might also influence to the 
degradation efficiency of HBA using PCNB + MPS system, the effect of 
various initial pH values was further studied. Fig. S5(b) reveals that the 
degradation efficiency of HBA was certainly affected when the initial pH 
was changed. Specifically, at the original pH (i.e., 7), HBA was effec-
tively and fully degraded in 30 min with k = 0.117 min− 1 (Fig. S6(b)). 
Once the initial pH value was adjusted to pH = 5, a weak acidic con-
dition, HBA degradation became slower as Ct/C0 only reached 0.2 after 
60 min as its k value was notably reduced to 0.045 min− 1. In the strongly 
acidic condition (i.e., pH = 3), the intense influence on HBA degradation 
could be noticed as Ct/C0 was only 0.8 with k = 0.006 min− 1. This result 
revealed the adverse influence of acidic environment to HBA degrada-
tion using PCNB-activated MPS. This was possibly due to the high- 
stability of MPS at lower pH values (Tuan et al., 2021a; Tan et al., 

2014). Besides, another reason should be related to the consumption of 
SO4•‒ and •OH radicals by excessive H+ ions as the following equations 
(Eq. (3) and (4)) (Lai et al., 2018), diminishing MPS activation capa-
bility, and thereby reducing the catalytic degradation efficiency.  

H+ + SO4•
‒ + e‒ → HSO4

− (3)  

H+ + •OH + e‒ → H2O                                                                   (4)  

SO4•
‒ + OH− → SO4

2− + •OH                                                         (5) 

Moreover, the degradation efficiencies of HBA were also noticeably 
influenced at basic conditions. Particularly, when the initial pH was 
altered to the weak basic condition at pH = 9, HBA degradation effec-
tiveness was comparatively decreased as Ct/C0 only approached 0.4 
after 60 min with k = 0.026 min− 1. When the initial pH was altered to 
strong basic condition at pH = 11, the degradation efficiency of HBA was 
drastically influenced as Ct/C0 merely approached to 0.95 as its k value 
was only 0.001 min− 1. This result further indicated that HBA degrada-
tion was unfavorable under basic conditions, which probably due to the 
MPS activation with less generated SO4•‒ radicals at alkaline conditions 
since SO4•‒ radicals might be converted into •OH radicals in the alkaline 
environment (Eq. (5)) which possessed lower redox potential and 
shorter life-span (<1 μs) (Rastogi et al., 2009), hence resulting in 

Fig. 5. (a) HBA degradation by different catalytic systems: MPS alone, pristine cubic Co-MOF + MPS, com-Co3O4 NP + MPS, and PCNB + MPS (catalyst = 100 mg/L, 
MPS = 150 mg/L, T = 30 ◦C). Effects of (b) PCNB dosage and (c) MPS dosage on HBA degradation (PCNB = 100 mg/L, MPS = 150 mg/L). 
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deficient SO4•‒ radicals to HBA degradation. Furthermore, the presence 
of hydroxyl ions at basic environment might accumulate on the surface 
of PCNB, which made the surface charge of PCNB more negatively, then 
creating the electrostatic repulsion between the negative-charged sur-
face of PCNB and SO5•‒, thereby diminishing the generation of SO4•‒ 

radical species (Guo et al., 2013). 
On the other hand, as the natural water and actual wastewater are 

commonly comprised of other co-existing substances (e.g., inorganic 
salts, surfactants and natural organic matter (NOM)), which might affect 
to the degradation of HBA using PCNB + MPS; therefore, the effect of 
these co-existing species on HBA degradation was also examined as 
displayed in Fig. S5(c). First, the effect of NaCl, a typical salt, was 
evaluated at different concentrations. While HBA was still efficiently 
degraded in the presence of 500 mg/L of NaCl with k = 0.076 min− 1 

(Fig. S6(c)), the degradation efficiency of HBA was slightly influenced at 
a high concentration of NaCl (i.e., 5000 mg/L) as Ct/C0 reached 0.1 after 
60 min whereas its k was 0.053 min− 1. Since SO4•‒ might be consumed 
by Cl− ions released from NaCl in the solution to form other chloride 
species (Wang et al., 2018; Ghanbari and Moradi, 2017), these 
as-formed chloride species have lower standard oxidation potentials 
than that of SO4•‒ radical species, thus restraining HBA degradation 
effectiveness. Nevertheless, more than 90% of HBA concentration was 
still degraded by PCNB-activated MPS, even at high-concentrations of 
NaCl which were obviously much higher than the initial concentration 
of HBA (i.e., 10 mg/L), revealing the highly-durable catalytic activity of 
PCNB to active MPS for HBA degradation.  

HSO5
− + Cl− → SO4

2− + HOCl                                                       (6)  

2Cl− + HSO5
− + H+ → SO4

2− + Cl2 + H2O                                     (7)  

SO4•
‒ + Cl− → SO4

2− + Cl• (8)  

Cl• + Cl− → Cl2•− (9) 

In addition to Cl− , various inorganic anions (i.e., bicarbonate 
(HCO3

− ), sulfate (SO4
2− )) were also employed to verify their influence 

to HBA degradation. As shown in Fig. S5(d), the degradation efficiency 
of HBA was negligibly influenced in the presence of co-existing SO4

2−

since almost 100% of HBA was degraded, and its k value was calculated 
as 0.073 min− 1 (Fig. S6(d)). This result is correlated with reported 
literature when the redox potential of SO4•‒/SO4

2− reduced (Deng et al., 
2018); however, SO4

2− may also react with •OH radicals to produce 
more SO4•‒ radicals (Eq. (10)) (Chen et al., 2021). On the other hand, it 
is reported that HCO3

− may also react with free radicals to produce less 
powerful radicals (Eq. (11-12)), thus reducing the degradation efficiency 
(Qi et al., 2014). Therefore, it would be also necessary to examine the 
effect of bicarbonate to HBA degradation using PCNB-activated MPS. It 
can be noticed from Fig. S5(d) that HBA degradation was certainly 
influenced when HCO3

− was introduced as Ct/C0 approached 0.1 in 60 
min, showing the inhibitory effect of HCO3

− to HBA degradation, which 
was more pronounced in comparison with Cl− and SO4

2− . And its cor-
responding k value was also decreased to 0.043 min− 1 (Fig. S6(d)). 
Moreover, as natural organic matter (NOM) is frequently detected in 
natural water, the presence of NOM may also influence the degradation 
of HBA by PCNB-activated MPS (Bai et al., 2020). Particularly, humic 
acid (HA), one of the main components of NOM, was selected in this 
study to verify the effect of NOM as depicted in Fig. S5(d). The degra-
dation effectiveness of HBA was influenced when HA was introduced. 
Specifically, at HA = 5 mg/L, only 85% of HBA was degraded in 60 min, 
which was further decreased to 60% at a higher HA concentration (i.e., 
10 mg/L). The corresponding degradation kinetics (k values) in the 
presence of different HA concentrations were also measured as 0.033 
min− 1 and 0.015 min− 1 at 5 mg/L and 10 mg/L of HA, respectively 
(Fig. S6(d)). These results validated the negative influence of HA on HBA 
degradation, which possibly due to the competing interaction of HA and 
HBA during reaction. Pang and his co-colleagues found that HA could 

cause both positive and negative effects on MPS activation to degrade 
methylene blue, depending on the experimental conditions (Pang et al., 
2018). The positive effect of HA on MPS activation could be attributed to 
its functional groups which are beneficial for activating MPS whereas 
the negative effect comes from the competing interaction between HA 
and target pollutant (Pang et al., 2018).  

SO4
2− + •OH → SO4•

‒ + OH− (10)  

SO4
2− + HCO3

− → •HCO3 + SO4
2− (11)  

•OH + HCO3
− → •CO3

− + H2O                                                     (12) 

Besides, the presence of surfactants in water may also influence to 
the degradation efficiency of HBA using PCNB + MPS system. In this 
study, two particular surfactants, namely CTAB and SDS, were selected 
to examine the influence of co-existing surfactants on HBA degradation. 
As depicted in Fig. S5(c), in the presence of CTAB (500 mg/L), the 
degradation of HBA became slower as Ct/C0 could only approach 0.3 and 
its k was 0.035 min− 1 (Fig. S6(c)), implying the negative effect of CTAB 
to HBA degradation by PCNB + MPS system. As CTAB represents a 
cationic surfactant, the introduction of positively-charged CTAB into the 
HBA degradation might cause electrostatic attraction to both HBA and 
HSO5

− (Li et al., 2020), which diminishes the approach of HBA and 
HSO5

− to PCNB, leading to the lower degradation efficiency. 
On the other hand, in the presence of 500 mg/L of SDS, the inhibitory 

effect of SDS on HBA degradation was even more pronounced as only ca. 
of 40% HBA was eliminated and the k was only 0.014 min− 1, revealing 
that the degradation of HBA using PCNB + MPS was unfavorable when 
SDS co-existed. Since SDS represents a typical anionic surfactant, the 
negatively-charged SDS might reside on the surface of PCNB, causing the 
electrostatic revulsion between HBA and PCNB (Tuan et al., 2020a), 
which possibly restricts the approach of HBA to PCNB, then decreasing 
the degradation effectiveness. 

3.5. Mechanism for PCNB-activated MPS for HBA degradation 

Since PNCB consisted of Co3O4 NPs, the cobaltic species in PCNB (i. 
e., Co3+ and Co2+) would react with MPS to primarily produce SO4•‒ 

radical species which might then react with H2O to generate •OH radical 
species as following equations (Eq. (13-15)) (Xu et al., 2015, 2020; 
Abdul Nasir Khan et al., 2019):  

Co2+@PCNB + HSO5
− → Co3+@PCNB + SO4•

‒ + OH− (13)  

Co3+@PCNB + HSO5
− → Co2+@PCNB + SO5•

‒ + OH− (14)  

SO4•
− + H2O → SO4

2− + •OH + H+ (15) 

As radical species might be derived from MPS activation, ESR anal-
ysis was typically employed to determine the existence of these species 
using DMPO as a radical spin-trapping agent. Fig. 6(a) reveals that there 
was no obvious pattern obtained in the presence of MPS and DMPO; 
however, when PCNB and MPS were introduced to DMPO, noticeable 
signals were observed, which could be assigned to the hyperfine splitting 
of DMPO-OH and DMPO-SO4 adducts (Tuan et al., 2020c; Khan et al., 
2018; Ding et al., 2019). This result validates that both SO4•− and •OH 
radical species co-existed in the PCNB + MPS system, which caused the 
degradation of HBA. 

In order to distinguish the contribution of these radical species to 
HBA degradation, the quenching experiment using two common radical 
scavengers, namely t-butanol (TBA) and methyl alcohol (MeOH), was 
conducted as shown in Fig. 6(b). The concentration of radical scavengers 
selected in this study was referred to reported literature (Trang et al., 
2021; Tuan et al., 2020d; Nguyen et al., 2021). It can be noted that in the 
absence of α-H, TBA could react quickly with •OH so TBA is commonly 
used to probe the existence of •OH (Tuan et al., 2021a); while MeOH 
contains α-H, MeOH could scavenge both •OH and SO4•− (Huang et al., 
2014). As illustrated in Fig. 6(b), HBA degradation efficiency was 
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slightly inhibited in the presence of TBA as Ct/C0 could reach 0.2 with its 
corresponding k was measured as 0.05 min− 1 (Fig. S6(e)), suggesting the 
presence of •OH generated from PCNB + MPS, possibly contributing to 
the degradation of HBA. Besides, the degradation efficiency of HBA was 
critically inhibited when MeOH was introduced as Ct/C0 merely 
approached 0.7 and the calculated corresponding k was only 0.011 
min− 1. In order to further confirm the presence of •OH and SO4•− radi-
cals produced from MPS activation, different concentrations of MeOH 
and TBA were further employed. As illustrated in Fig. S7, the degrada-
tion efficiency of HBA in the presence of TBA (1 M) was almost similar 

with that of 0.5 M of TBA, indicating that 0.5 M of TBA was sufficient to 
quench all produced •OH radicals. Besides, the degradation of HBA was 
even further inhibited in the presence of MeOH (1 M) as Ct/C0 merely 
approached 0.92 in 60 min. In addition to SO4•− and •OH radicals, 
singlet oxygen (1O2) could be also produced from MPS activation, it 
would be also useful to verify the existence of 1O2 derived from 
PCNB-activated MPS system. Typically, a quenching agent, namely so-
dium azide (NaN3), was particularly selected for quenching test of 1O2. 
As shown in Fig. S8(a), 100% of HBA degradation was still effectively 
afforded in the presence of NaN3, suggesting that there was almost no 

Fig. 6. (a) ESR analysis, (b) effect of radical scavengers on HBA degradation by PCNB + MPS; (c) reusability of PCNB over 5 consecutive HBA degradation cycles, and 
(d) XRD pattern of used PCNB (PCNB = 100 mg/L, MPS = 150 mg/L, T = 30 ◦C); (e) illustration of mechanism of HBA degradation by PCNB-activated MPS. 
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1O2 produced from PCNB + MPS system. Moreover, ESR analysis was 
further employed to examine the existence of 1O2 using TEMP as a 
radical spin-trapping agent (Fig. S8(b)), and it would be easily notice-
able that there was a very weak triplet signal detected from TEMP +
MPS + PCNB system. This further proved that 1O2 was barely produced 
from MPS activation and contributed to the degradation of HBA. This 
result illustrated that SO4•− and •OH radical species were generated from 
PCNB + MPS system to involve in the degradation of HBA (as depicted in 
Fig. 6(e)), and SO4•− is the dominant species contributing to the 
degradation of HBA. 

3.6. Reusability of PCNB for activating MPS to degrade HBA 

Since HBA was effectively degraded using PCNB + MPS system, it 
was important to examine whether PCNB could be reusable to contin-
uously activate MPS for consecutively various HBA degradation cycles. 
As shown in Fig. 6(c), the degradation effectiveness of HBA was 
remained comparatively over 5 consecutive cycles, in which more than 
98% of HBA degradation was still achieved, indicating that PCNB could 
be highly reusable and its outstanding catalytic activity was certainly 
remained. On the other hand, the used PCNB exhibited comparable XRD 
patterns to PCNB before reactions without any significant changes as 

Fig. 7. Theoretical analysis for HBA: (a) LUMO, (b) HOMO of HBA; (c) Geometrically-Optimized HBA molecule; (d) Fukui index distributions; (e) Electrostatic 
potential-mapped molecular surface of HBA; and (f) a proposed degradation pathway of HBA. 
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displayed in Fig. 6(d). Furthermore, the Co2p core-level spectrum of the 
used PCNB was further analyzed. Fig. S9 shows that the positions of Co 
species in the used PCNB were retained in comparison with the pristine 
PCNB, proving the stability of PCNB; however, the proportion of Co2+/ 
Co3+ was changed, indicating the electron transfer between Co2+ and 
Co3+ during the oxidation reaction. This further the superior reusability 
and stability of PCNB, enabling it an efficient and robust heterogeneous 
catalyst to activate MPS for eliminating HBA from water. Besides, the Co 
leaching experiment was also examined in this study. Based on ICP 
analysis, the Co concentration over 5 degradation cycles was merely 
0.08 mg/L, which is significantly smaller than the initial concentration 
of PCNB used in the experiment (i.e., 100 mg/L), illustrating that Co was 
negligibly leached out in the solution during the experimental processes. 
In order to verify the contribution of Co ions leached to MPS activation, 
homogeneous Co ions with the concentration of 0.08 mg/L were then 
used to activate MPS to degrade HBA as depicted in Fig. S10. One can be 
noticed that the concentration of HBA was merely changed in 60 min, 
illustrating that the degradation of BHA was mainly attributed to the 
catalytic activity of heterogeneous phase of Cobalt in PCNB. 

3.7. Theoretic calculation, and a possible degradation process for HBA 

Since PCNB exhibited the significant high catalytic activity for acti-
vating MPS to degrade HBA, it would be valuable to further examine 
how HBA was degraded by PCNB-activated MPS. For probing into the 
degradation mechanism, theoretical analysis of HBA using the density 
functional theory (DFT) was adopted specially to determine possible 
sites of HBA for receiving attack. The parameters of DFT calculation 
could be then found in the supporting information for obtaining the 
geometry optimization of HBA, Fukui index, molecule orbitals (MO), 
and electrostatic potential mapping analysis. 

Firstly, Fig. 7(a) shows the geometrically-optimized HBA with its 
lowest unoccupied molecular orbital (LUMO), and highest occupied 
molecular orbital (HOMO) as illustrated in Fig. 7(c), and (d), respec-
tively. In particular, the translucent-greenish, and translucent-reddish 
regions represent electron-insufficient, and electron-abundant regions 
of HBA. These electron-abundant regions would be prone to denoting 
electrons, and therefore, these regions would draw attacks from elec-
trophilic ROS, namely, SO4•‒, and •OH. Fig. 7(b) also lists Fukui indices 
(i.e., f -) of each site in HBA, and a site with the highest Fukui index (f -)) 
would attract electrophilic (i.e., radical) attacks. Among all sites, the O1 
site actually showed the highest f – value, followed by the C8 site. Since 
the O1 site was a saturated site, and thus the C8 site appeared as the 
most possible site to draw attacks. Consequently, HBA might be attacked 
and oxidized starting from the C8 site in the benzene ring. In addition, 
the electrostatic potential (ESP) of HBA (Fig. 7(d)) also indicates that the 
C8 site would be prone to drawing radicals, leading to the decomposi-
tion of HBA. 

Moreover, the degradation pathway of HBA was further validated 
through identification of intermediates of degradation. In view of the 
observed intermediates detected by a mass spectrophotometer 
(Fig. S11), a possible degradation pathway of HBA was then proposed as 
shown in Fig. 7(f). Initially, the benzene ring of HBA was firstly attacked 
to undergo the ring-opening reaction, and then transform into 2,3,4- 
Trihydroxy-3-butenoic acid (M1). Next, M1 would be further oxidized to 
eliminate the hydroxyl group on the side, becoming 3,4-Dihydroxy-3- 
butenoic acid (M2). Then, M2 would be further attacked to become 
malonic acid (M3), which would be further decomposed to afford 3- 
hydroxypropanoic acid (M4), and propionic acid (M5) later. Eventually, 
these small molecules would be decomposed to CO2, and H2O. 

4. Conclusion 

In this work, a special Co3O4-based material was successfully fabri-
cated derived from a cobaltic metal organic framework (Co-MOF). 
Through a surfactant-assisted strategy, a cubic Co-MOF was first 

prepared and employed as a precursor, which was then modified via 
chemical-etching process with TAN to afford hollow structure, and 
subsequently transformed into hollow porous Co3O4 nanobox (PCNB) 
via calcination. Through characterizations, this PCNB exhibited distinct 
reactive surface with abundant surface oxygen vacancy as well as 
physical properties compared with that of com-Co3O4 NP, which 
contributed to the outstanding catalytic activity of PCNB for activating 
MPS to degrade HBA in water. Besides, the activation energy (Ea) of 
46.2 kJ/mol was also calculated using PCNB + MPS system, which was 
much lower than most of recent reported studies for activating MPS. 
Moreover, PCNB could be reusable over 5 consecutive HBA degradation 
cycles. These features make PCNB an effective and robust heterogeneous 
catalyst for catalytic activation of MPS to degrade a typical pharma-
ceutical and personal care product, namely HBA, in water. 
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