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A B S T R A C T   

Reported here is a pioneering work on the co-removal of carbamazepine (CBZ) and metronidazole (MNZ) by 
Co2AlO4@Al2O3 millispheres activated peroxymonosulfate (PMS). Compared with the single removal, the 
reduced ratios for the removal kinetics of MNZ (72.16%) are two times higher than that of CBZ (35.41%) within 
initial pH 3 – 9. This is essentially due to the higher oxidation affinity of SO4

•– and 1O2 toward CBZ than MNZ. 
Cl− facilitated the degradation of CBZ but inhibited the degradation of MNZ, probably ascribed to the formation 
of HOCl and Cl2•− . HCO3

− and PO4
3− significantly inhibited the removal of CBZ and MNZ by scavenging SO4

•– 

and/or passivating the active sites of Co2AlO4@Al2O3. The degradation of CBZ is mainly due to the electron 
abstraction and oxygen addition, while the primary oxidation processes of MNZ include the denitration, ring 
opening and/or N-C cleavage. Because of the competition of CBZ against SO4

•− , the simultaneous removal 
process remarkably changed the main products of MNZ compared with the single removal process. The simul-
taneous removal of CBZ and MNZ increased the total bioaccumulation potential and mutagenicity risk of 
degradation products but helped to reduce their total developmental toxicity. The products formed in the co- 
removal process showed higher total acute toxicity to Daphnia magna than those of the single process, while 
for the total acute toxicity to Oral rat, the results are reversed. This work will spark more interest of simulta-
neously removing multiple emerging pollutants with monolithic catalysts-oriented oxidation processes.   

1. Introduction 

The ubiquity of pharmaceuticals (a group of emerging contaminants) 
in the ground waters, surface waters and/or wastewater effluents con-
stitutes a serious threat to the access to drinking water and the security 
of ecosystem [1,2]. With the ever-increasing interest in developing 
diverse techniques/methods to remove pharmaceuticals [3–5] and the 
mounting evidence of various pharmaceuticals concurrently present in 
the wastewater effluents [3,6], the focus of removing pharmaceuticals 
has gradually shifted from the individual removal to the simultaneous 
elimination [7,8]. Although the second-order reaction rate constants of 
pharmaceuticals with reactive radicals (like SO4

•–, •OH and Cl•) had 
been well documented [9,10], the prediction on the simultaneous 
removal of multiple pharmaceuticals by advanced oxidation process 

(AOP) cannot be achieved and is still up in the air. This is due to the 
complexity of drug-drug interactions (competing for various reactive 
radicals) and the variability of degradation pathways [8,11]. Besides the 
diversity of reactive oxygen species (ROS) and the structure variability 
of pollutants, complex water matrix conditions are another factor which 
can affect the simultaneous removal of multiple pharmaceuticals. For 
example, the secondary reactive species (like Cl•/Cl2• and CO3

•− , 
resulted from the reactions of SO4

•–/•OH with Cl− and HCO3
− in the 

wastewaters) may also participate in the degradation of pharmaceuticals 
[10,12], which would complicate the simultaneous removal and even 
result in toxic byproducts. In this context, developing a cost-effective 
method to simultaneously eliminate multiple pharmaceuticals is chal-
lenging but of great importance to practical water purification. 

The radicals-centered chemical oxidation has been considered a 
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promising technique to completely degrade the pharmaceuticals, espe-
cially in comparison to either physicochemical adsorption and biodeg-
radation processes [13,14]. The latest popularity of persulfates (PS)- 
based AOP in degrading/removing pharmaceuticals lies in the formation 
of highly reactive SO4

•– (2.5 – 3.1 VNHE) and •OH (1.7 – 2.8 VNHE) for 
water detoxification [15]. Among all the metal-based catalysts for per-
sulfate activation, metal organic frameworks (MOFs) and their de-
rivatives have become the stars of activating peroxymonosulfate (PMS, 
HSO5

–) or peroxydisulfate (PDS, S2O8
2− ) to generate highly reactive 

oxidants [16–22]. The well-designed ZIF-67 and ZIF-67 derived Co3O4 
composites were shown to decompose PMS and PDS into highly reactive 
radicals for eliminating various pharmaceuticals [16,20]. Meanwhile, to 
overcome the bottleneck of using micro/nano-sized MOFs-based com-
posites for catalytically removing pharmaceuticals, recent attention has 
been directed in constructing the monolithic MOFs-oriented macro- 
catalysts for persulfate activation [23–27]. However, our understanding 
of the catalytical elimination of pharmaceuticals by MOFs-based cata-
lysts is still based on the individual removal of pollutants [16,20,23,28]. 
There exists a paucity of knowledge regarding simultaneous removal of 
multiple pharmaceuticals by the activated persulfates with MOFs-based 
catalysts. Undoubtedly, this lack of knowledge will either overrate or 
underestimate the practical performance of MOFs-oriented PS-AOPs for 
eliminating multiple pharmaceuticals. 

Bearing these issues in mind, we unprecedentedly reported the 
simultaneous removal of carbamazepine (CBZ) and metronidazole 
(MNZ) using monolithic Co2AlO4@Al2O3 (MCA) pellets as the activators 
of PMS. The removal of CBZ and MNZ from the single and binary so-
lutions by MCA/PMS were comparably studied to better understand 
their competitive degradation with respect to the oxidation kinetics, 
reaction mechanisms and product toxicity. The simultaneous removal 
profiles of CBZ and MNZ under different initial solution pH and coex-
isting inorganic anions were systematically examined. CBZ and MNZ 
were selected as the model pharmaceuticals with the following reasons 
[1]: I) CBZ and MNZ are two N-containing pharmaceuticals widely 
coexisted in the river, wastewater treatment plant and hospital effluents. 
II) CBZ is an antipsychotic medication with an electron-donating group 
of –NH2, while MNZ is an antibiotic/antiprotozoal with an electron- 
withdrawing group of –NO2. We hypothesize that the structure di-
versity of CBZ and MNZ would result in the diverse competing abilities 
for ROS over their simultaneous removal process. To our best of 
knowledge, reported here is the first example of using monolithic MOFs- 
oriented catalysts for catalytically eliminating two classes of pharma-
ceuticals simultaneously. We believe that results from this work will 
spark more interests of developing multifunctional MOFs-oriented 
macro-catalysts for the purpose of simultaneously removing multiple 
pharmaceuticals. 

2. Materials and methods 

2.1. Materials 

Monolithic Co2AlO4@Al2O3 (MCA) pellets used in this work can be 
synthesized via our previous methods [29] and the details can be found 
in Text S1. The starting materials, γ-Al2O3 (3 – 5 mm in diameter, CAS 
No. 1344–28-1) and cobalt nitrate hexahydrate (Co(NO3)2⋅6H2O) were 
provided by Sinopharm, whereas 2-methylimidazole (2-MIM) were ob-
tained from Aladdin. The target pollutants, metronidazole (MNZ, CAS 
No. 443–48-1) and carbamazepine (CBZ, CAS No. 298–46-4) were also 
purchased from Aladdin. Unless otherwise noted, all the chemicals were 
used without any purification. 

2.2. Degradation experiments 

Individual removal and co-removal profiles of CBZ (10 mg/L) and 
MNZ (10 mg/L) by MCA/PMS were investigated under different initial 
pH values (3, 5, 7 and 9), anions (Cl− , NO3

− , HCO3
− , SO4

2− and PO4
3− ) 

and quenchers (ethanol (EtOH), tert butyl alcohol (TBA), p-benzoqui-
none (BQ) and L-histidine (HD). The initial pH of single CBZ solution 
(SCS), single MNZ solution (SMS) and binary CBZ-MNZ solution (BZS) 
were adjusted using a dilute H2SO4 or NaOH solution. To avoid the 
interference against PMS activation, we failed to use the buffering 
substances like to maintain solution pH [30]. All the degradation ex-
periments were conducted in 100-mL conical flasks with glass stoppers. 
Firstly, 80 mL of target solutions and 1.6 g of MCA (20 g/L) were 
introduced into the flaks. Then, PMS stock solution was introduced into 
the flacks to trigger the reaction in an orbital shaker (300 rpm, 25 ±
1 ◦C). At the specific time intervals, 1 mL of the samples were withdrawn 
and promptly quenched by 0.25 mL of EtOH. Prior to analysis, the 
samples were filtered through a 0.22 μm membrane filter and stored in 
the 4 ◦C-refrigerator. The used MCA samples were separated without 
any post-treatment, and directly used in the next run to evaluate their 
reusability. The concentrations of Co ions released from MCA and the 
solution pH values after reaction were measured. For comparison, the 
individual removal and co-removal of CBZ and MNZ by sole PMS under 
different initial pH values and anions were also studied. Each experi-
ment has two duplicates. The average value with deviation was 
presented. 

2.3. Analytical methods 

The residual concentrations of CBZ and MNZ were determined by a 
high-performance liquid chromatography system (HPLC, Agilent 1260, 
USA), equipped with a diode array detector and an Agilent Poreshell 120 
EC-C18 column (4.6 × 250 mm, 4 µm). The mobile phase consisting of 
acetonitrile (A) and ultrapure water (B) was employed to analyze CBZ 
(50:50, v:v) of A and B) and MNZ (20:80, v:v) of A and B). The detection 
wavelengths for CBZ and MNZ are 286 nm and 318 nm, respectively. 
After 60 min reaction, the degradation products of CBZ and MNZ in the 
single or binary solution were determined using a HPLC-MS/MS system 
(Q-Exactive Ultimate 3000 UPLC, Thermo Scientific, USA). The trans-
formation product of CBZ with a molecular weight of W (m/z + 1 or – 1 
based on the detection MS model) and a retention time of t (min) was 
denoted as CW-t. Analogously, MW-t stands for a transformation product 
of MNZ in the single or binary solution. The proportion of CW-t (or MW- 
t) in the single or binary solution was calculated based on the peak area 
of each product. The concentrations of Co ions released from MCA were 
detected by an inductively coupled plasma optical emission spectrom-
etry (ICP-OES, Optima 7000DV, PerkinElmer, USA). The Toxicity Esti-
mation Software Tool (T.E.S.T) was used to calculate the toxicity of CW- 
t, MW-t, CBZ and MNZ. The specific toxicity index, including bio-
accumulation factor, development toxicity, mutagenicity, Daphnia 
magna LC50 (LC50) and Oral rat LD50 (LD50), was obtained based on 
the quantitative structure–activity relationship (QSAR) method. With 
respect to a specific toxicity index, the normalized total toxicity of all 
products (Tst,NT) in the single or binary solution was introduced as fol-
lows [31]: 

Tst, NT = Σ1
All products (Tst,P* fP) (a) 

where fP is the relative ratio of one product in the single or binary 
solution (e.g., 71.51% for C252-10.3 in the single CBZ solution), Tst,P is a 
special toxicity value of one product (e.g., the LC50 value of C252-10.3 
to Daphnia magna is 2.82 mg/L). 

3. Results and discussion 

3.1. Competitive degradation of CBZ and MNZ by MCA/PMS 

Fig. 1 shows the individual and simultaneous removal of CBZ and 
MNZ by MCA activated PMS. Control experiments show that, whether in 
the single or binary system, sole PMS can hardly remove CBZ and MNZ. 
Moreover, MCA also showed limited adsorption toward the individual 
and simultaneous removal of CBZ and MNZ (Fig. 1). Evidently, the 
combination of PMS and MCA remarkably enhanced the removal of CBZ 

M.-P. Zhu et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 436 (2022) 135201

3

and MNZ. For instance, complete removal of CBZ from the SCS was 
achieved within 20 min, and the corresponding pseudo-first-order ki-
netic constant (kobs) reached 1.35 × 10− 1 min− 1 (Table S1). MNZ in the 
SMS was completely removed at 45 min, and the corresponding kobs 
value was 9.44 × 10− 2 min− 1 (Table S1). Interestingly, for the co- 
removal of CBZ and MNZ, the existence of MNZ slightly decreased the 
removal of CBZ (Fig. 1a), whereas the presence of CBZ caused a signif-
icant inhibition to the removal of MNZ (Fig. 1b). The kobs value for the 
removal of MNZ from BZS was decreased by 72.14% (from 9.44 × 10− 2 

to 2.63 × 10− 2 min− 1) (Table S1). The findings suggest that CBZ is more 
likely to be degraded than MNZ by the MCA/PMS system, and that the 
degradation of CBZ in the binary solution seems to be a priority. We 
considered that there exist two reasons: (1) the different groups of CBZ 
and MNZ molecules, (2) the selective attack of ROS toward CBZ and 
MNZ molecules (as shown in Section 3.5). 

Fig. 1. The removal of CBZ (a) and MNZ (b) by monolithic Co2AlO4@Al2O3 (MCA)/PMS from the single CBZ solution (SCS), single MNZ solution (SMS) and binary 
CBZ-MNZ solution (BZS) ([MCA] = 20 g/L, [CBZ] = [MNZ] = 10 mg/L, [PMS] = 1.0 mM, initial pH = 7.0, T = 25 ± 1 ◦C). 

Fig. 2. Effect of initial pH on the simultaneous removal of CBZ (a, b) and MNZ (c, d) from the binary CBZ-MNZ solution ([MCA] = 20 g/L, [CBZ] = [MNZ] = 10 mg/ 
L, [PMS] = 1.0 mM, T = 25 ± 1 ◦C). 
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3.2. Effect of initial pH 

As depicted in Fig. 2 and Fig. S1, the simultaneous and individual 
removal of CBZ and MNZ by the sole oxidation of PMS can be neglected 
in the pH range of 3.00 – 9.00. With the initial solution pH increased, the 
removal efficiencies of CBZ in the binary solutions were barely affected 
with the corresponding kobs values being slightly increased (Fig. 2a, b). 
This is similar to the trends for the removal of CBZ from the SCS with the 
same pH range (Fig. S1a, b). Compared with the single solution, the kobs 
values for the removal of CBZ from the binary solution were decreased 
by 22.94% – 35.47% (cf. Table S1). Generally, the kobs values for the 
removal of MNZ from SMS and BZS were firstly increased and then 
decreased with the solution pH increased (Fig. 2c, d and Fig. S1c, d). The 
presence of CBZ in BZS significantly reduced the kobs values of MNZ (by 
59.18% – 72.16%) (cf. Table S1). This is probably due to the competition 
effects of CBZ and MNZ with ROS and the selectivity of ROS toward 
them. In general, the co-removal of CBZ and MNZ by MCA/PMS was 
slightly influenced by the initial solution pH itself, except for the pH 
3.00, which was also observed for the removal of CBZ and MNZ in their 
single solutions (Fig. 2, Fig. S1). We think that the less Co(OH)+ species 
(caused by the lower pH 3.00), retarded the formation of reactive rad-
icals over PMS activation by MCA [32], thus reducing the oxidation 
kinetics of CBZ and MNZ (cf. Fig. 2). Our primary experiments indicate 
that after adding PMS, the pH values of single or binary solutions will 
experience a significant decrease and then reach a plateau within 15 
min. It is clear that, after adding PMS and MCA, the solution pH fell into 
the range of 3.68 – 4.28 for the single or binary system in the absence of 
inorganic ions (Table S1). Under this case, MCA was positively charged 
according to the surface charge of MCA as a function of pH (Fig. S2), 

which helped to activate/decompose the negative PMS (HSO5
− ) for 

producing ROS. From the view of electrostatic interaction, SO4
•− is 

theoretically prone to attack the positive CBZ (pKa = 13.94) compared 
with the negative MNZ (pKa1 = 2.40) [33,34]. Therefore, we consider 
that the difference in the pKa of CBZ and MNZ is also an importance 
factor affecting their simultaneous removal. 

3.3. Effect of inorganic anions 

The individual and simultaneous removal behaviors of CBZ and MNZ 
by the MCA/PMS system were further investigated under different 
common inorganic anions, i.e., Cl–, SO4

2–, PO4
3–, HCO3

–, and NO3
– 

(Fig. 3, Table S1). Interestingly, Cl– exhibited dual effects on the co- 
removal of CBZ and MNZ. Specially, the presence of Cl– (10 mM) 
dramatically facilitated the oxidation of CBZ, but on the other side, 
almost completely inhibited the degradation of MNZ (Fig. 3). The cor-
responding kobs value for the degradation of CBZ (6.62 × 10–1 min− 1) 
was about 6.55 times higher than that without Cl– (1.01 × 10–1 min− 1). 
For the degradation of MNZ, the addition of 10 mM Cl– in the binary 
solution significantly decreased its kobs value from 2.63 × 10–2 min− 1 to 
1.30 × 10–3 min− 1 (more than 20 times). We think that the peculiar 
influences of Cl– on the co-removal of CBZ and MNZ could be due to the 
possible reasons: i) the formation of secondary radicals (i.e., Cl•, Cl2•–, 
and HOCl•–) from the reactions between Cl– and SO4

•– in the MCA/PMS 
system [35] (cf. Reaction 1 – 4), ii) the formation of HOCl from the direct 
reaction of Cl– with PMS [36] (Reaction 5), and iii) the different 
oxidation potential of chloride-based active species toward CBZ and 
MNZ [9,37]. With respect to the removal of CBZ and MNZ, the role of Cl•

formed in the Cl–-containing MCA/PMS system can be excluded. In 

Fig. 3. Effect of co-existing inorganic ions on the simultaneous removal of CBZ (a, b) and MNZ (c, d) in the binary CBZ-MNZ solution ([MCA] = 20 g/L, [CBZ] =
[MNZ] = 10 mg/L, [PMS] = 1.0 mM, initial pH = 7.0, T = 25 ± 1 ◦C). 
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theory, the formation of Cl• would increase the oxidation kinetics of 
both CBZ and MNZ because the second-order reaction rate constants of 
Cl• with CBZ (3.30 × 1010 M− 1∙s− 1) and MNZ (3.10 × 109 M− 1∙s− 1) are 
higher than those of SO4

•– with CBZ (1.92 × 109 M− 1∙s− 1) and MNZ 
(2.74 × 109 M− 1∙s− 1) [9,37]. However, the removal of MNZ from the 
binary or single solution suffered from a distinctive decrease (Fig. 3c, 
d and Fig. S3c, d). The insignificant role of Cl• was probably due to its 
low steady-state concentration in the Cl–/MCA/PMS system, resulted 
from the fast reaction of Cl• with Cl– (to form Cl2•–) or the subsequent 
self-quenching of Cl2•– (to form HOCl under the condition of excessive 
Cl–) (cf. Reaction 3 – 4). The second-order reaction rate constant of Cl2•– 

with MNZ (1.24 × 108 M− 1∙s− 1) was found to be one order magnitude 
lower than those of SO4

•–/Cl• with MNZ [9]. Therefore, the formation of 
Cl2•– might cause the lower removal kinetics of MNZ in the single or 
binary solution. Note that without MCA, CBZ in the binary solution can 
also be degraded by the sole PMS with the presence of 10 mM Cl–, and 
more than 81.00% of CBZ was removed within 15 min (Fig. S4a). This 
phenomenon is likely attributed to the generation of HOCl (E0 = 1.48 
VNHE) from the direct reaction of Cl– with PMS (refer to Reaction 5) [36], 
which can effectively degrade CBZ [38]. On the contrary, the reaction of 
Cl– with PMS to form HOCl cannot degrade MNZ (Fig. S4b). This is 
probably due to the presence of –NO2 group within MNZ, which is less 
vulnerable to the attack of HOCl than the –NH2 group within CBZ 
[39–41]. Compare with Cl2•– relying on the formation of primary SO4

•–, 
the formation of HOCl in the Cl–/MCA/PMS system should be faster due 
to the nature of homogenous reaction of Cl– with PMS. In all, the co- 
removal of CBZ and MNZ by the Cl–/MCA/PMS system much depends 
on both the primary radical/chloride species and the intrinsic molecular 
structures/properties of target pollutants. 

Although HCO4
– (E0 = 1.8 VNHE) can be produced from the reaction 

of HCO3
– and PMS (refer to Reaction 6) [36], the presence of 10 mM 

HCO3
– in the binary solution exhibited distinct inhibitory impacts on the 

co-removal of CBZ and MNZ (Fig. 3). Compared with the binary solution 
without HCO3

–, the addition of HCO3
– resulted in the kobs values of CBZ 

and MNZ being decreased by 91.98% and 89.07%, respectively. Anal-
ogously, the presence of HCO3

– in the single solution of CBZ and MNZ 
caused the corresponding kobs values being reduced by 93.39% and 
92.24%, respectively (Fig. S3, Table S1). These phenomena could be 
explained by the scavenger reactions of HCO3

– with SO4
•– (Reaction 7), 

which can result in the formation of CO3
•–. The resultant CO3

•– is a 
highly selective oxidant preferring to attack the electron-rich aromatic 
pollutants [12]. Therefore, the transformation of SO4

•– into CO3
•– is 

considered as the probable reason for the decreased removal of CBZ and 
MNZ by the HCO3

–/MCA/PMS system. Compared with HCO3
–, the 

presence of PO4
3– induced less inhibition toward the removal of CBZ and 

MNZ (Fig. 3). For the PO4
3–/MCA/PMS system, the kobs values for the co- 

removal of CBZ and MNZ were decreased by 81.97% and 30.26%, 
respectively, compared with the PO4

3–-free MCA/PMS system. For the 
single solution of CBZ and MNZ, the presence of PO4

3– also resulted in 
the kobs values of CBZ and MNZ being decreased by 79.39% and 47.93%, 
respectively (Fig. S3, Table S1). Previous study revealed that PMS tends 
to be pre-activated by PO4

3– [42], which can be also verified by the 
elimination of 13.63% CBZ and 10.94% MNZ in the PO4

3–/PMS system 
(Fig. S4a, b). Nevertheless, PO4

3– could also work as a scavenger for 
SO4

•– (Reaction 8 – 10), thus leading to decreased oxidation potential 
toward CBZ and MNZ. It is clear that, the inhibition effects of NO3

– and 
SO4

2– on the co-removal of CBZ and MNZ were much weaker than those 
of HCO3

– and PO4
3– (Fig. 3). Besides their scavenging effect, the 

complexation of HCO3
– and PO4

3– with the Co species would also 
deteriorate the catalytic activity of MCA in PMS activation and thus the 
removal of CBZ and MNZ [35,43]. 

Cl– + SO4
•– → Cl• + SO4

2– (1) 
Cl– + Cl• ↔ Cl2•– (2) 
2Cl2•– → Cl2 + 2Cl− (3) 
Cl2•– + H2O → HOCl•– + Cl− + H+ (4) 
Cl– + HSO5

– → HOCl + SO4
2– (5) 

HCO3
– + HSO5

– → HCO4
– + HSO4

– (6) 
HCO3

– + SO4
•– → SO4

2– + CO3
•− + H+ (7) 

PO4
3– + H2O → HPO4

2– + OH– (8) 
HPO4

2– + H2O → H2PO4
– + OH– (9) 

HPO4
2– + SO4

•– → SO4
2– + HPO4

•– (10) 

3.4. Effect of MCA reusability 

The effect of MCA reusability on the removal of CBZ and MNZ is 
shown in Fig. S5. Whether in the single or binary solution, the removal 
kinetics of CBZ and MNZ was gradually decreased with the increase of 
reuse times. The kobs values for the removal of MNZ from the binary 
solution in the first, second, third and fourth recycle of MCA are 2.43 ×
10–2 min− 1, 8.55 × 10–3 min− 1, 5.95 × 10–3 min− 1 and 3.20 × 10–3 

min− 1, respectively, and those for the case of single MNZ solution are 
7.46 × 10–2 min− 1, 2.98 × 10–2 min− 1, 2.18 × 10–2 min− 1 and 1.11 ×
10–2 min− 1, respectively. By contrast, the decrease in the removal of CBZ 
is much weaker than that of MNZ. For example, the removal efficiencies 
of CBZ from the binary or single solutions in the first three recycle can 
reach 97.24% and 100.00% respectively, while those of MNZ are 
33.84% and 76.92%, respectively. We think that the higher removal 
kinetics and efficiency of CBZ than MNZ in the recycling experiments 
mainly lies in the preferential oxidation of ROS toward CBZ due to its 
electron-donating group and positive charge [44]. In general, the 
decreased ratio of Co3+/Co2+ species within MCA and the coverage of 
oxidation products on the active sites of MCA are probably the main 
reasons affecting the activity of the used MCA in PMS activation (cf. 
Table 1). 

3.5. ROS-regulated degradation mechanism 

Types of ROS and their contribution 
The single and simultaneous removal behaviors of CBZ and MNZ by 

the MCA/PMS system with various scavengers were systematically 
studied to examine the types of ROS and understand the co-removal/co- 
degradation mechanisms of CBZ and MNZ. The commonly used 
quenchers, such as tert-butanol (TBA), ethanol (EtOH), L-histidine (HD) 
and p-benzoquinone (BQ) were employed to distinguish SO4

•–, •OH, O2
•– 

and 1O2 in this work [45]. Although HD and BQ have the ability to 
decompose PMS under the buffering condition (maintaining solution pH 
above 7) [46,47], our previous work indicates that, without buffering, 
the reaction of HD and BQ with PMS cannot be considered as the main 
reason for the PMS decomposition [31]. Considering the high reaction 
rate of BQ and HD with SO4

•– and •OH (108 – 5 × 109 M− 1∙s− 1) [31], we 
qualified the relative contribution of O2

•– and 1O2 by comprehensively 
analyzing the effects of EtOH, TBA, HD and/or BQ (rather than the sole 
effect of BQ or HD). As shown in Fig. 4a, b, the removal efficiency and 
kinetics of CBZ were sharply decreased to 38.62% and 1.53 × 10− 2 

min− 1, respectively, after adding 0.1 M EtOH into the binary CBZ-MNZ 
solution. A complete inhibition was obtained after the concentration of 
EtOH was increased to 1.0 M. This finding suggests the dominant role of 
SO4

•– or •OH in the degradation of CBZ. Relatively, the inhibition of TBA 
is much weaker than EtOH. For example, more than 98.84% of CBZ can 
still be removed in the presence of 1 M TBA within 45 min, which ex-
cludes the decisive role of •OH. Further increasing the concentration of 
TBA to 5 M can cause significant inhibition to the removal of CBZ 
(Fig. S6a, b). This is due to that the first-order reaction rate of 5 M TBA 
with SO4

•– ((2 – 4.05) × 106 s− 1) is comparable to that of 0.1 M EtOH 
((1.6 – 7.7) × 106 s− 1) [31], which can induce a comparable quenching 
effect caused by 0.1 M EtOH. The higher inhibition of 1 mM HD than 
that of 0.1 M EtOH implies that 1O2 participated in the degradation of 
CBZ besides the decisive SO4

•–. The lower inhibition of BQ (1 mM) than 
HD (1 mM) implies the marginal role of O2

•– in the degradation of CBZ. 
Additional quenching experiments in the single solution further verify 
the decisive role of SO4

•– and the participation of 1O2 in the degradation 
of CBZ (Fig. S7a, b). 
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On the other hand, the presence of 0.1 M EtOH in the binary solution 
can completely inhibit the degradation of MNZ (Fig. 4c, d). This in-
dicates the dominance of SO4

•– and/or •OH mediated radical oxidation 
process for the removal of MNZ. The lower inhibition of 1 M TBA than 
that of 0.1 M EtOH excludes the decisive role of •OH in the oxidation 
degradation of MNZ. Under this case, the first-order reaction rate of 1 M 
TBA with •OH ((3.8 – 7.6) × 108 s− 1) is two times higher than that of 0.1 
M EtOH (1.9 × 108 s− 1) [31]. If •OH was the decisive oxidant, in theory, 
1 M TBA possesses higher inhibition to the removal of MNZ. However, 
the result was reverse. As mentioned above, the enhanced inhibition of 
TBA with the increased concentration is due to its increased quenching 
ability toward SO4

•– (Fig. S6c, d). The remarkably decreased removal 
kinetics caused by HD and BQ is mainly due to their high second-order 
reaction rates with SO4

•– (108 – 2.8 × 109 M− 1∙s− 1) [31]. With the 
respect to the removal efficiency and kinetics of MNZ, the presence of 1 
mM HD caused a comparable quenching effect compared with that of 
0.1 M EtOH. This finding suggests the dominant role of SO4

•– in the MNZ 
oxidation, but cannot completely exclude the formation of 1O2. The 

insignificant of O2
•– can be confirmed by the much lower inhibition of 1 

mM BQ than 1 mM HD. The quenchers-regulated removal profiles of 
MNZ in the single solution further confirm that SO4

•– was the primary 
radical responsible for the degradation of MNZ (Fig. S7c, d). 

3.5.1. Formation mechanism of ROS 
To probe the formation mechanism of ROS, we analyze the high 

resolution XPS spectra of Co 2p, Al 2p and O 1 s for MCA before and after 
use in the binary CBZ-MNZ solution (BZS), single CBZ solution (SCS), 
and single MNZ solution (SMS). It is clear that the Co 2p3/2 spectra of 
MCA can be well fit by four peaks at 779.70 eV (Co3+), 781.10 eV 
(Co2+), 784.40 eV (satellite of Co3+, Cosat.

3+) and 788.60 eV (satellite of 
Co2+, Cosat.

2+) (Fig. 5a, b and Fig. S8a, b) [48]. Obviously, Co elements 
within MCA exist in their oxidation forms of Co2+ and Co3+. The Co3+ is 
usually coordinated at the octahedral (Oh) site (denoted as CoOh

3+) of 
MCA, while Co2+ is usually at the tetrahedral (Td) site (denoted as 
CoTd

2+) [49]. For all the cases, the Al 2p spectra can be deconvoluted 
into two sub-peaks: the one for the binding energy of 73.50 eV is due to 

Table 1 
XPS fitting results on the Co 2p, O 1 s and Al 2p spectra of MCA before and after reaction.  

Samples Co 2p (%) O 1 s (%) Al 2p (%)  
Co3+ Co2+ Cosat.

3+ Cosat.
2+ Cototal

3+/Cototal
2+ Olat. ODef. OSurf. ODef./OLat. AlOh

3+ AlTd
3+ AlOh

3+/AlTd
3+

Co-O Al-O Total 

Fresh MCA  45.95  29.17  15.42  9.46  1.59  45.20  30.03  75.23  19.55  5.22  0.26  71.50  28.50  2.51 
Used in BZS  36.66  40.48  14.03  8.83  1.03  18.22  38.77  56.99  35.75  7.26  0.63  41.80  58.20  0.72 
Used in SCS  46.81  33.19  13.45  6.55  1.52  25.18  34.68  59.86  33.79  6.35  0.56  67.81  32.19  2.11 
Used in SMS  43.17  38.21  12.58  6.04  1.26  20.63  38.60  59.23  33.49  7.28  0.57  47.03  52.97  0.89  

Fig. 4. Effects of various scavengers on the simultaneous removal of CBZ (a, b) and MNZ (c, d) from the binary CBZ-MNZ solution ([MCA] = 20 g/L, [CBZ] = [MNZ] 
= 10 mg/L, [PMS] = 1.0 mM, initial pH = 7.0, T = 25 ± 1 ◦C). 
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the Al3+ coordinated at the Td site of Co2AlO4 (denoted as AlTd
3+), while 

the other for the binding energy of 74.50 eV is ascribed to the Al3+ at the 
Oh site (denoted as AlOh

3+) (Fig. 5c, d and Fig. S8c, d) [50]. The O 1 s 
spectra can be well fitted with the Co-O band (529.90 eV), Al-O band 
(530.70 eV), defective oxygen (around 531.70 eV, denoted as ODef.) and 
surface-adsorbed oxygen (around 532.90 eV, denoted as OSur.) (Fig. 5e, f 
and Fig. S8e, f) [23,51]. For the Co2AlO4 with normal spinel structure, 
the Co3+ coordinated at the Oh site is usually bonded with AlOh

3+ to form 
AlOh

3+-O-CoOh
3+, while the Co2+ at the Td site prefers to bond with 

AlTd
3+ (forming AlTd

3+-O-CoTd
2+) [49]. 

After used in the binary solution, the ratio of Cototal
3+/Cototal

2+

within MCA showed an obvious decrease (from 1.59 to 1.03, Table 1). 
This is due to the trade-off between the electron-withdrawing and/or- 

donating processes of interfacial Co3+/Co2+ species and PMS. Over the 
PMS activation by MCA, the transformation of CoTd

2+ to CoOh
3+ can lead 

to the formation of SO4
•− via the electron transfer from the CoTd

2+

species of MCA to PMS (cf. Reaction 11); meanwhile, the electron 
transfer from PMS to the CoOh

3+ species of MCA can induce the for-
mation of SO5

•− , which can be further converted into 1O2 (see Reaction 
12 – 13) [52]. The decreased ratio of Cototal

3+/Cototal
2+ suggests a 

favorable electron transfer from PMS to interfacial Co2AlO4 [29]. The 
quenching results further confirmed the formation of SO4

•− and 1O2 (cf. 
Fig. 4, Fig. S6 – S7). It is found that the Al species within MCA still exists 
in the forms of Al3+, excluding its direct role in PMS activation. 
Nevertheless, the spatial positions of Al atoms varied greatly. For 
example, after activating PMS in the binary solution, the contents of 

Fig. 5. XPS analysis for the Co 2p (a, b), O 1 s (c, d), and Al 2p (e, f) spectra of MCA before and after use in the binary CBZ-MNZ solution.  

M.-P. Zhu et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 436 (2022) 135201

8

AlOh
3+ and AlTd

3+ have changed from 71.50% and 28.50% to 41.80% 
and 58.20%, respectively (Table 1). We consider that this is due to the 
changes between CoTd

2+ and CoOh
3+. As mentioned above, there exists a 

robust bond of Al-O-Co within MCA (i.e., AlOh
3+-O-CoOh

3+ and AlTd
3+- 

O-CoTd
2+). From the view of maintaining the spatial structure stability 

of interfacial Co2AlO4, it is easy to understand that decreasing the 
content of CoOh

3+ inevitably resulted in the low content of AlOh
3+, and 

increasing the content of CoTd
2+ increased the content of AlTd

3+. The 
flexible changes of Al atoms between the octahedral and tetrahedral 
sites are favorable for the transformation of CoTd

2+ to CoOh
3+ or CoOh

3+

to CoTd
2+, thus promoting PMS decomposition and ROS formation. 

Although the oxygen vacancy (or defective oxygen) has been considered 
as a force for PMS activation [53–55], the increased content of ODef. 
(from 19.55% to 35.75%, Table 1) for the MCA sample used in the bi-
nary solution excludes such role. The content of lattice oxygen 
(including Co-O and Al-O) has been decreased from 75.23% to 56.99%. 
We think that this is ascribed to the synergistic interactions between Al 
and Co atoms within Co2AlO4 for maintaining the stability of the spinel 
structure over PMS activation. 

It is clear that the ratio of Cototal
3+/Cototal

2+ for MCA used in the 
binary solution is much lower than those of MCA samples used in the 
single CBZ or MNZ solution (Table 1). The enhanced progression of Al- 
O-Co bond from AlOh

3+-O-CoOh
3+ to AlTd

3+-O-CoTd
2+ probably attri-

butes to this phenomenon. In theory, the co-presence of CBZ and MNZ 
would consume more ROS to realize their oxidation degradation, which 
relies on the transformation rate of CoTd

2+ to CoOh
3+ or CoOh

3+ to 
CoTd

2+ (cf. Reaction 11 – 12). Interestingly, the ratios of Cototal
3+/ 

Cototal
2+ are highly linear with the contents of AlOh

3+ and the ratios of 
AlOh

3+/AlTd
3+ for fresh or used MCA samples (Table 1, Fig. S9). This 

further confirms the synergistic role of Al and Co atoms in the PMS 
activation and the stability of the spinel structure for Co2AlO4. 

Co2+ + HSO5
– → Co3+ + SO4

•– + OH – (11) 

Co3+ + HSO5
– → Co2+ + SO5

•– + H2O (12) 
2SO5

•– + H2O → 2HSO4
– + 1.5 1O2 (13) 

3.5.2. ROS-regulated degradation of CBZ and MNZ 
The simultaneous and single removal mechanism of CBZ and MNZ by 

MCA/PMS is proposed in Fig. 6. As mentioned above, the interfacial 
Co3+/Co2+ species is rich in Co2AlO4@Al2O3. The presence of Al atoms 
enables the robust bond of Al-O-Co to form a special Co2AlO4 spinel 
structure on Al2O3, thus endowing a flexibility in transformation of 
CoTd

2+ to CoOh
3+ or CoOh

3+ to CoTd
2+ for the PMS activation and ROS 

formation (via Reaction 11 – 13). Compared with the single removal 
process, the ratio of Cototal

3+/Cototal
2+ for MCA was remarkably 

decreased after activating PMS in the binary CBZ-MNZ solution 
(Table 1). Whether MCA used in the binary or single solution, a good 
linear relationship is obtained between the ratios of Cototal

3+/Cototal
2+

and the contents of AlOh
3+ (or the ratios of AlOh

3+/AlTd
3+) (Fig. S9), 

suggesting the combined role of Al and Co atoms in the PMS activation 
for the removal of CBZ and MNZ. In general, the interfacial Co2AlO4 on 
MCA activated PMS to generate the dominant oxidants of SO4

•– and 1O2 
simultaneously for the degradation of CBZ and MNZ. Since the electron 
donating ability of –CONH2 group within CBZ is stronger than that of 
–NO2 group within MNZ, SO4

•– prefers to attack the CBZ molecules 
rather than MNZ in the binary solution of CBZ and MNZ [39]. Mean-
while, the highly selective oxidant of 1O2 with robust anti-interference 
capacity is inclined to attack the CBZ molecules but inert to MNZ 
[40,41]. From the view of electrostatic interaction, the positive CBZ 
(pKa = 13.94) is easier to be attacked by SO4

•− compared with the 
negative MNZ (pKa1 = 2.40) [33,34], although the second order reaction 
rate constant of MNZ with SO4

•− is higher than CBZ (2.74 × 109 M− 1∙s− 1 

versus 1.92 × 109 M− 1∙s− 1) [37]. All these reasons explain the phe-
nomenon why the removal of CBZ was slightly inhibited in the binary 
system compared with the single system (Figs. 1 – 2). 

Fig. 6. The proposed removal mechanisms of CBZ and MNZ by PMS/MCA.  

M.-P. Zhu et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 436 (2022) 135201

9

3.6. Pathways for the degradation of CBZ and MNZ 

The transformation products of CBZ and MNZ were identified by 
HPLC/MS/MS (Fig. S10 – S12, Table S2 – S4). Fig. 7 demonstrates varied 
product distributions for singly and simultaneously degrading CBZ and 
MNZ by the Co2AlO4@APs/PMS system. Ten oxidation products of CBZ 
were formed in the binary solution of CBZ and MNZ, while in the single 
CBZ solution, twelve products were detected. Interestingly, whether in 
the single solution of CBZ or the binary solution of CBZ and MNZ, the 
product with m/z of 253 [+MS model] (more than 71%) was found as 
the primary product for the degradation of CBZ. Other transformation 
products, i.e., C266-10.5, C270-9.5, C282-10.2, C146-7.2, C137-9.2, 
C165-12.6 and C162-8.1, were formed in the binary CBZ-MNZ solu-
tion and the single CBZ solution, but different in their contents. C179-8.6 
and C270-9.4 were only generated in the binary CBZ-MNZ solution, 
while the transformation products only found in the single CBZ solution 
were C250-10.0, C266-9.9, C195-10.7, C286-9.1 and C286-8.7. Besides 
four transformation products formed in the binary solution, more than 
85% of MNZ was not degraded due to the coexistence of CBZ. In the 
absence of CBZ, MNZ was completely oxidized with M103-1.8 (56.9%) 
and M102-1.6 (40.1%) being as the primary products. The significant 
changes on the transformation products of MNZ suggest that the co- 
degradation behaviors of CBZ and MNZ are quite different from their 
single ones. 

As mentioned earlier, SO4
•– and 1O2 were formed in the MCA/PMS 

system responsible for the oxidation degradation of CBZ and MNZ. For 
the degradation of CBZ, it was reported that the olefinic double bond of 
central heterocyclic ring (at the C7 and C7′ sites of CBZ, Fig. 8a) can be 
easily attacked by ROS [44,56,57]. For the degradation of CBZ by SO4

•–, 
the single electron transfer (SET) reaction is more thermodynamically 
favorable than radical addition and H-abstraction [56]. Therefore, we 
think that the initial step was the attack of SO4

•– on the olefinic double 
bond of CBZ, resulting in a transition species (TS1) with a m/z of 234 via 
the abstraction of two electrons. The oxygen addition on TS1 leads to 
C252-10.4. The contents of C252-10.4 in the binary and single solutions 
are 74.98% and 71.51%, respectively (Fig. 7a, c). The high content of 
C252-10.3 suggests that the SET was the dominated pathway for the 

degradation of CBZ. Although the shared primary pathway in the single 
and binary solutions can make the removal kinetics of CBZ less 
vulnerable to the interference of MNZ, the differences on the product 
distributions and transformation pathways of CBZ still exist. For 
instance, the second most important product for the degradation of CBZ 
in the binary solution is C179-8.6 (10.38%), while the second one in the 
single solution is the product of C266-10.5 (6.96%). These two products 
can be evolved from TS1 via different reaction pathways. For the for-
mation of C179-8.6, the involved steps are: the C–C cleavage of TS1 to 
form the transition species of TS2, the arrangement of TS2 to form the 
transition species of TS3, the N-C cleavage and aldehyde oxidation of 
TS3 to form the transition species of TS4, and the decarboxylation of 
TS4. For the formation of C266-10.5, the electron abstraction from TS1 
was firstly initiated by SO4

•− to form the transition species of TS5, and 
then the N-C coupling occurred intramolecularly for TS5 to generate 
C266-10.5. 

The pathways of subordinate products for the degradation of CBZ in 
the binary solution were summarized as follows: The hydrolysis of TS1 
and the followed oxygen addition led to C270-9.4 [58], while the 
combined reactions of hydrolysis, oxygen addition and electron 
abstraction occurred on TS1 induced the formation of TS6. The resultant 
TS6 was further converted into C266-9.9 via the N-C coupling, which 
was further transferred into C282-10.2 via electron abstraction, hydro-
lysis and oxygen addition. The C195-10.7 was formed via the reactions 
of N-C cleavage, aldehyde oxidation and decarboxylation of TS3. The 
abstraction of two electrons at the C1 and C7 sites (or the C1′ and C7′

sites) of CBZ resulted in the transition species of TS7, which was con-
verted into C270-9.5 via the reactions of hydrolysis and oxygen addi-
tion. The resultant C270-9.4 and C270-9.5 were converted into C286-8.7 
and C286-9.1, respectively, via the reactions of electron abstraction, 
hydrolysis and oxygen addition. The N-C cleavage of TS2 induced the 
formation of the transition species of TS8, which was then evolved into 
C137-9.2, C146-7.1, C162-8.1 or C166-12.6 via the aldehyde oxidation, 
deaminization, hydrolysis and/or intramolecular ring formation. Noted 
that C266-9.9 resulted from the aldehyde oxidation for TS6 can only be 
formed in the single CBZ solution. Compared with the degradation of 
CBZ in the binary CBZ-MNZ solution, C286-9.1 and C286-8.7 in the 

Fig. 7. Product distribution for the degradation of CBZ and/or MNZ by MCA/PMS in the binary CBZ-MNZ solution (a, b), single CBZ solution (c) and single MNZ 
solution (d). 
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single CBZ solution were also resulted from the deep oxidation of C270- 
9.5 and C270-9.4, respectively. These observations reveal different 
transformation pathways in the single CBZ and binary CBZ-MNZ solu-
tions, clearly suggesting the competition reactions between CBZ and 
MNZ over their degradation by the MCA/PMS system. In general, the 
presence of MNZ showed a slight disturbance on the formation of first 
priority transformation products and the oxidation kinetics for the 
removal of CBZ. 

For the degradation of MNZ (shown in Fig. 8b), the denitration of 
–NO2 group from MNZ was the first step to form a transition product of 
TP1 caused by the attack of SO4

•–. The followed step was the imidazole 
ring opening of TP1 to form another transition product of TP2, which 
was ultimately converted into M102-1.6 via the N-C cleavage. The 

attack of SO4
•– on MNZ also resulted in a transition product of TP3 (a 

dual-carbon-centered radical product) via an integrated pathway of 
denitration and H-abstraction. The imidazole ring opening of TP3 (to 
form TP4) and the followed cleavage of N-C double bond of TP4 (to form 
another radical transition product of TP5) were two necessary steps for 
the formation of M133-1.8. Meanwhile, a nitrogen-carbon-centered 
radical product, i.e., TP6, was formed caused by the attack of SO4

•– on 
the imidazole ring of MNZ. The transition product of TP7 can be 
generated via the integrated N-C and N = C cleavage. The oxygen 
addition on TP7 contributed to the formation of M103-1.8. On the other 
hand, the arrangement of TP7 induced the formation of an olefin-based 
transition product of TP8, which was further converted into M89-1.4 via 
the chain oxidation. Although the aforementioned pathways were 

Fig. 8. Proposed oxidation pathways of CBZ (a) and MNZ (b) by MCA/PMS in the binary CBZ-MNZ solution and the single CBZ (or MNZ) solution. The green and 
lavender data in the brackets represents the ratios of products formed in the binary and single solutions, respectively. 
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involved in the degradation of MNZ in the binary CBZ-MNZ solution, 
85.29% of MNZ was still retained (Fig. 7b). By contrast, in the absence of 
CBZ, MNZ can be completely degraded with M103-1.8 (56.91%) and 
M102-1.6 (40.13%) as the primary products. These findings indicate 
that CBZ in the binary solution remarkably altered the degradation be-
haviors of MNZ by the Co2AlO4@APs/PMS system. 

3.7. Toxicity evaluation 

The T.E.S.T software was employed to predict the toxicity of the 
degradation products to comparably evaluate their ecosystem risks 
regarding the removal of CBZ and MNZ by the MCA/PMS system. Figs. 9 

– 10 and Table S5 – S7 show the predicted toxicity indicators, i.e., 
bioaccumulation factor (BAF), development toxicity, mutagenicity, and 
acute toxicity (LC50 and LD50) for each product. Based on the product 
distributions/ratios, normalized toxicity indicators had also been pro-
vided to assess the overall toxicity of the oxidation products of CBZ (or 
MNZ) in the binary or single solution [31]. Besides C179-8.6 (in the 
binary solution, 116.25), C195-10.7 (in the single solution, 48.55) and 
C282-10.2 (27.55), the rest of the products have lower BAF values than 
that of parent CBZ (26.63) (Fig. 9a). Compared with the parent CBZ (or 
MNZ), the normalized total BAF value of the products for the individual 
removal of CBZ (or MNZ) was decreased; while the oxidation products of 
CBZ (or MNZ) in the binary CBZ-MNZ solution have a higher total BAF 

Fig. 9. The predicted bioaccumulation factor (a, b), developmental toxicity (d, e), and mutagenicity (g, h) of parent CBZ (or MNZ) and their oxidation products, as 
well as the normalized total bioaccumulation factor (c), developmental toxicity (f), and mutagenicity (i) for all the products of CBZ (or MNZ) in the binary and single 
solution. * means the data are not available. 
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value than that of the products in the single CBZ (or MNZ) solution 
(Fig. 9b, c, Table S8). This finding suggests that the co-existence of CBZ 
and MNZ increased the bioaccumulation potential of the degradation 
products. Despite the above changes on the BAF values for the co- 
removal of CBZ and MNZ, the bioaccumulation potentials of CBZ, 
MNZ and their degradation products in fish can be neglected based on 
the U.S. Environmental Protection Agency’s regulation [59]. 

Obviously, the parent CBZ (0.76) is a developmental toxicant, while 
the parent MNZ (0.25) is a developmental non-toxicant (Fig. 9d, e). For 
the degradation products of CBZ in the binary CBZ-MNZ solution, C179- 
8.6, C137-9.2 and C165-12.6 are not developmentally toxic, while for 
the single CBZ solution, only C165-12.6 is the developmental non- 
toxicant. Besides M133-1.8 formed in the binary solution, M89-1.4, 
M102-1.6 and M103-1.8 are developmental toxicants. The analysis on 
the normalized total developmental toxicity indicates that the degra-
dation products of CBZ either in the binary or the single solution are 
developmental toxic (Fig. 9f, Table S8). For the degradation products of 
MNZ formed in the binary CBZ-MNZ solution or the single MNZ solution, 
they have higher normalized total developmental toxicity values than 
the parent MNZ. Although the degradation products formed in the single 
CBZ (or MNZ) solution have higher normalized total developmental 
toxicity than the parent CBZ (or MNZ), the degradation products of CBZ 
(or MNZ) in the binary CBZ-MNZ solution possess lower normalized 
total developmental toxicity than those in the single CBZ (or MNZ) so-
lution (Fig. 9f, Table S8). This implies that the co-existence of CBZ and 
MNZ helps to reduce the developmental toxicity of the degradation 
products. 

As shown in Fig. 9g, h, CBZ (0.57) and MNZ (0.99) are mutagenic 
pollutants because their predicted mutagenicity values are above 0.5. 

The mutagenic products for the degradation of CBZ in the binary CBZ- 
MNZ and single CBZ solutions are C252-10.3, C266-10.5, C282-10.2, 
C179-8.6, C250-10.0, C266-9.9, C195-10.7, C286-9.1 and C286-8.7. 
Despite the reduced number of mutagenic products in the binary CBZ- 
MNZ solution, the presence of MNZ increased the total mutagenicity 
value of the degradation products of CBZ compared with the products in 
the single CBZ solution. In addition, the degradation products of CBZ 
(either in the binary CBZ-MNZ or the single CBZ solution) have higher 
normalized total mutagenicity values than parent CBZ (Fig. 9i, 
Table S8). Even though the degradation products of MNZ in the binary 
CBZ-MNZ solution have higher normalized total mutagenicity value 
than those in the single MNZ solution, the degradation products of MNZ 
in the binary CBZ-MNZ or single MNZ solution have lower individual 
and normalized total mutagenicity values than parent MNZ (Fig. 9i, 
Table S8). These findings indicate that the co-removal of CBZ and MNZ 
by the MCA/PMS system shows more mutagenicity risk than individual 
removal. 

Based on the predicted LC50 values, CBZ (2.06 mg/L) is toxic to 
Daphnia magna (1 – 10 mg/L) while MNZ (53.09 mg/L) is harmful to 
Daphnia magna (10 – 100 mg/L) (Fig. 10a, b) [60]. It is clear that all the 
products for the degradation of CBZ under the binary or single condition 
have higher LC50 values than parent CBZ (Fig. 10c, Table S5 – S6). 
However, four products in the binary CBZ-MNZ solution (C252-10.3, 
C270-9.5, C179-8.6 and C270-9.4) and four products in the single CBZ 
solution (C252-10.3, C270-9.5, C195-10.7 and C286-9.1) are still found 
to be toxic to Daphnia magna. As shown in Fig. 10c and Table S8, the 
total LC50 values for the degradation products of CBZ in the single and 
binary systems are higher than parent CBZ. The normalized total LC50 
value for the binary solution (5.52 mg/L) is lower than that for the single 

Fig. 10. The acute toxicity, Daphnia magna LC50 (a, b) and Oral rat LD50 (d, e) of parent CBZ (or MNZ) and their oxidation products, as well as the normalized total 
LC50 (c) and LD50 (f) for all the products of CBZ (or MNZ) in the binary and single solution. * means the data are not available. 
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solution (11.54 mg/L). These findings suggest that the presence of MNZ 
exerts a slight adverse effect on reducing the toxicity to Daphnia magna 
for the degradation of CBZ by MCA/PMS. Whether MNZ was degraded in 
the single or binary solution, all the products have much higher LC50 
values (greater than442 mg/L) than parent MNZ (53.09 mg/L) (Fig. 10b, 
Table S7). The total LC50 value for the oxidation products in the single 
solution is much higher than that of binary solution (672.43 vs 103.84 
mg/L) (Fig. 10c, Table S8). This finding implies that CBZ in the binary 
CBZ-MNZ solution significantly impaired the ability of MCA/PMS to 
lower the toxicity to Daphnia magna for the degradation of MNZ. 

The Oral rat LD50 values of CBZ and MNZ were predicted as 1783.10 
and 2371.74 mg/kg, respectively, indicating that they are slightly toxic 
to Oral rat. The higher the LD50 value is, the lower the toxicity is. Be-
sides C137-9.2 (3432.75 mg/kg), C270-9.4 (2597.12 mg/kg), and C286- 
8.7 (1918.20 mg/kg), the rest of products in the single or binary solution 
have lower LD50 values than parent CBZ (Fig. 10d, Table S6), while for 
the removal of MNZ, only M102-1.6 (857.76 mg/kg) shows lower LD50 
value than parent MNZ (Fig. 10e, Table S7). The total LD50 values for 
the degradation products of CBZ (or MNZ) in the single and binary so-
lutions are lower than parent CBZ (or parent MNZ) (Fig. 10f, Table S8). 
These results imply that the removal of CBZ and MNZ by MCA/PMS 
increased their acute toxicity risk to rat. Interestingly, the oxidation 
products formed in the binary CBZ-MNZ solution have lower total LD50 
values than the products in their single solution (Fig. 10f). This is due to 
the fact that there exists high proportion of products with less toxicity to 
rate formed in the binary solution (cf. Fig. 7, Table S5 – S7). Despite the 
above changes on the LD50 values, the oxidation products of CBZ and 
MNZ by MCA/PMS present slight acute toxicity to rat. 

4. Conclusions 

In summary, we systematically evaluated the efficacy of Co2Al-
O4@Al2O3 millispheres toward catalytically removing CBZ and MNZ 
simultaneously. The dominant oxidants in the monolithic Co2Al-
O4@Al2O3/PMS oxidation system are SO4

•– and 1O2. Because of the 
higher oxidation affinity of SO4

•– and 1O2 toward CBZ, the reduced ratio 
for the removal kinetics of CBZ was less than 35.41%, while that for the 
removal of MNZ reached 72.16%. Cl− , HCO3

− and PO4
3− caused 

distinctive inhibition to the removal of CBZ and MNZ (besides the 
enhanced removal of CBZ by Cl− ). Compared with the single removal 
process, the simultaneous oxidation process remarkably changed the 
distributions of the products of CBZ and MNZ. The simultaneous 
removal process generally increased the total bioaccumulation potential 
and mutagenicity risk of the degradation products, but helped to reduce 
their total developmental toxicity. The products in the binary solution 
showed higher total acute toxicity to Daphnia magna than those of the 
single solution, while for the total acute toxicity to Oral rat, the results 
were just the opposite. This work suggests the necessity of comprehen-
sively studying the monolithic catalysts-oriented AOP toward the 
simultaneous removal of multiple emerging contaminants for water 
purification/detoxification. 
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