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A B S T R A C T

Azoxystrobin (AZO) fungicides are novel organic pollutants which are stable in water environment. These pol
lutants can be degraded using low cost zero-valent metals (zero-valent iron (ZVI) and zero-valent copper (ZVC)) 
to activate sodium percarbonate (SPC), and the introduction of hydroxylamine (HA) can effectively improve the 
reaction efficiency of this system. According to the experimental results, HA significantly promoted the regen
eration of Fe2+ and Cu+ in the decomposed solution of SPC, significantly accelerating the formation of hydroxyl 
radicals (•OH) and facilitating the degradation of AZO. Under optimal conditions, when pH = 3, the rate of AZO 
removal by the HA/ZVI/SPC system reached 99.0 % in 15 min, while the HA/ZVC/SPC system required 50 min 
to reach 99.1 % removal. Both of the tested HA/zero-valent metal/SPC processes produced •OH, carbonate 
radicals (CO•−

3 ), superoxide radicals (O•−
2 ) and singlet oxygen (1O2), among which, •OH appeared to be the main 

reactant responsible for AZO removal. Furthermore, it was found that •OH reacted with trace levels of carbonate 
ions to generate other reactive oxygen species and promote AZO degradation. The addition of HA not only 
slowed down the surface passivation of zero-valent metals, but also promoted the conversion of high-valent 
metal ions to low-valent metal ions, resulting in the generation of more reactive oxygen species within the 
system. In addition, the degradation intermediates were identified by LC-MS analysis and density-functional 
theory (DFT), allowing the possible AZO degradation pathways to be proposed.

1. Introduction

Due to the persistence and toxicity of pesticides, their widespread use 
presents a serious risk to both environmental and human health [1]. 
Azoxystrobin (AZO) is an emerging organic pollutant (EOP), which is 
commonly applied to various crops as a broad-spectrum fungicide. The 
high stability of AZO and its resistance to natural degradation processes 
have resulted in its frequent detection in aquatic environments, which 
may pose a hazard to aquatic organisms [2,3]. For example, in the 
United States, AZO was the most frequently detected biocide in 103 
samples from 29 rivers, with an average concentration of 0.16 µg/L 
[4,5]. At present, the research on AZO has mainly focused on toxicity 

analysis, with few studies reporting how to effectively degrade AZO.
Advanced oxidation process can degrade refractory organic pollut

ants by generating reactive oxygen species. In recent years, sodium 
percarbonate (SPC, Na2CO3⋅1.5H2O2) has drawn considerable interest 
as a solid carrier of H2O2 (Eq. (1)), providing various benefits including 
non-toxicity, low environmental impact, long-term storage stability and 
low explosion risk compared to liquid H2O2 [6]. In addition, when SPC is 
employed as oxidant in advanced oxidation process, its alkaline char
acteristics ensure wider pH range applicability and prevent unnecessary 
acidification of water environment [7,8]. 

Na2CO3⋅1.5H2O2→Na2CO3 +1.5H2O2 (1) 
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The use of zero-valent metal (ZVM) to activate percarbonates has 
been shown to be a highly promising strategy for various advanced 
oxidation process. Among the commonly used ZVMs, zero-valent iron 
(ZVI) and zero-valent copper (ZVC) are simple to synthesize, widely 
available, with low environmental impacts and the potential to be 
applied as substitutes for Fe2+ and Cu+ due to the continuous release of 
Fe2+ and Cu+ through corrosion reactions [9,10].

However, Fe3+ and Cu2+ generated by the oxidant reactions of ZVI 
and ZVC, respectively, cannot activate SPC in a sustained and effective 
manner, reducing the sustainability of the reaction system [11]. The 
introduction of hydroxylamine (HA) can promote the continuous 
occurrence of Fenton reaction, rapidly degrade the organic pollutants, 
and greatly improve the degradation rate of pollutants [12]. In a MxOy/ 
PMS system, HA was utilized to speed up the production of Fe2+, Cu+, 
and Co2+ and the removal rate of sulfamethoxazole was increased by 90 
% within 30 min [13]. HA also broadens the working pH range. In a 
neutral environment, the degradation efficiency of orange G was 
enhanced when HA was added to Fe(II)/PDS [14]. In addition, HA is an 
essential growth factor for microorganisms, while also achieving a better 
degradation performance than other reducing agents (such as ascorbic 
acid) [15]. Earlier studies have mainly concentrated on the enhancing 
effect of reducing agents on homogeneous Fenton systems. However, the 
mechanism through which HA promotes AZO degradation by ZVM- 
activated SPC remains unknown to date. As a result, it is critical to 
investigate how HA increases AZO degradation and identify the AZO 
degradation pathways and reaction mechanisms in the two HA/ZVM/ 
SPC systems.

In the present study, AZO was removed in the presence of HA using 
ZVM (ZVI and ZVC) as SPC activators. The objectives of this study were 
to: (a) systematically explore the catalytic performance and reaction 
kinetics of two HA/ZVM/SPC systems under different conditions by 
choosing AZO as a model contaminant; (b) reveal the reactive oxygen 
species involved in AZO degradation and the underlying mechanisms of 
the two HA/ZVM/SPC systems; (c) evaluate the application potential of 
the two HA/ZVM/SPC systems; (d) explore the AZO degradation 
pathway by density-functional theory (DFT) calculations and LC-MS 
analysis, and evaluate the change in toxicity of AZO and its degrada
tion intermediates using the Toxicity Estimation Software Tool (T.E.S.T., 
v.5.1) and seed germination experiment.

2. Materials and methods

2.1. Chemical materials

The reagents were all above analytical purity, and highly pure re
agents were used when testing the metal content. All solutions were 
prepared from ultra-pure water (resistivity 18.2 MΩ cm− 1). Detailed 
information is provided for all chemicals in the supplementary infor
mation (SI) Text S1.

2.2. Experimental process

The degradation test was carried out in a 500 mL beaker. First, the 
required concentration of AZO standard stock solution (10 mg/L, 200 
mL) was added into the beaker. It is worth noting that when SPC is 
introduced into the system, the pH value of the reaction solution will rise 
rapidly first, and then remain relatively stable due to its alkaline and 
buffering properties (Fig. S4). Therefore, before adding specific doses of 
SPC, HA and ZVM, 1.0 M HCl or NaOH was used to adjust the pH of the 
initial solution, in order to avoid excessive acidification and effectively 
inhibit excessive metal ion leaching. Thereafter, the beaker was me
chanically agitated at 300 rpm while the water bath temperature was 
maintained at 25 ◦C. During this process, 1 mL samples were obtained at 
different times, and filtered into a brown liquid chromatographic bottle 
through a 0.22 μm filter. The concentration of AZO was measured by 
HPLC at 235 nm after the reaction was quenched by the addition of 

excess methanol (MeOH) [16]. To assess the reusability of ZVM, used 
ZVI and ZVC were collected by filtration, and then rinsed with ethanol 
and ultrapure water for three times, and dried under vacuum at 40 ◦C for 
subsequent use. In order to differentiate between the active radicals 
involved, furfuryl alcohol, tert-butanol, benzoquinone and phenol were 
added as scavengers for the quenching experiments [17,18]. Every 
experiment was run in triplicate.

2.3. Catalyst characterization

A detailed description of the methods used for characterization of 
ZVI and ZVC particles is given in the SI, Fig. S1 and Text S2.

2.4. Methods of analysis

The concentration of AZO was monitored by high-performance 
liquid chromatography (HPLC, Agilent 1260 Infinity, USA) equipped 
with ultraviolet detector at 235 nm wavelength. A C18 column (4 μm, 
4.6 × 150 mm) was used for the separation, the mobile phase was made 
up of acetonitrile and water (v/v = 65:35) at a flow rate of 1 mL⋅min− 1 

and the injection volume was 10 μL. The operating conditions for sul
fonamides (SMX) and ibuprofen (IBU) were: mobile phase of methanol/ 
water (60/40), and detector wavelengths of 256 nm and 220 nm, 
respectively. The operating conditions for tetracycline (TC) were: mo
bile phase of 0.01 M oxalic acid/acetonitrile (80/20), and detector 
wavelength of 360 nm. The operating conditions for ciprofloxacin 
(CiFX) were: mobile phase of 0.1 % acetic acid/acetonitrile (80/20) and 
detector wavelength of 278 nm. For thiacloprid (TCP), the operating 
conditions were: mobile phase of methanol/water (45/55) with detector 
wavelength of 238 nm [19]. Total organic carbon (TOC) of the reaction 
solution was detected by TOC analyzer (TOC-VCPH, Shimadzu, Japan). 
A pH meter (PHS-3C) was used to determine the pH value of the test 
solution.

The morphology, functional groups, crystal structure and surface 
electrons of ZVM before use, after reaction without HA and after reac
tion with HA were analyzed by scanning electron microscope combined 
with X-ray dispersion spectrometer (SEM-EDS, Sigma 300, Zeiss, Ger
many), powder X-ray diffraction analyzer (XRD, Ultima IV, Rigaku, 
Japan) and X-ray photoelectron spectrometer (XPS, K-Alpha, Thermo 
Scientific, USA).

Concentrations of metal ions, such as iron and copper, were 
measured using a UV–vis spectrophotometer. Total Fe and Fe2+ con
centrations were detected by means of a 1,10-phenantroline spectro
photometric method at λ = 510 nm with and without the addition of 
ascorbic acid. Cu2+ and dissolved Cu+ were determined using the bis 
(cyclohexanone) oxaldihydrazone spectrophotometric method at λ =
600 nm, and by 2,9-dimethyl-1,10-phenanthroline method at λ = 457 
nm, respectively [20,21]. Total nitrogen (TN) and nitrite nitrogen were 
analyzed according to the standard method [22]. According to the 
consensus method, the developmental toxicity and bioaccumulation 
factors of AZO and its degradation intermediates were evaluated by 
quantitative structure–activity relationship (QSAR) using the Toxicity 
Estimation Software Tool (T.E.S.T., v.5.1). High performance liquid 
chromatography mass spectrometry (LC-MS, 1290/6470, Triple Quad 
MS, Agilent, USA) was used to analyze the AZO transformation in
termediates formed during degradation.

The free radicals •OH, the non-radical 1O2 and O•−
2 in the reaction 

system were trapped using 2,2,6,6-tetramethyl-4-piperidinol (TEMP) 
and 5,5-dimethyl-1-pyrroline (DMPO) as trapping agents. Subsequently, 
the samples were subjected to electron paramagnetic resonance (EPR) 
analysis to obtain the spectra of •OH, CO•−

3 , O•−
2 and 1O2. Additionally, 

the benzoic acid (BA) probe test was used to quantify the concentration 
of •OH generated inside the reaction system. Eq. (2) was used to 
compute the •OH concentration [23]. 

Cumulative
[
•OH

]
produced =

[
p − HBA

]
× 5.87 (2) 
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In all experiments, AZO degradation followed quasi-primary ki
netics, calculated according to the formula shown in Eq. (3). 

Ln
(

AZOt

AZO0

)

= − kobs⋅t (3) 

where, AZOt is the concentration of AZO at a specific reaction time (mg/ 
L); AZO0 is the initial concentration of AZO (mg/L); kobs represents the 
first-order rate constant (min− 1); and t is the reaction time (min).

2.5. Theoretical calculation and software simulation

Visual MINTEQ software (version 3.1) was employed to model the 
chemical equilibrium of ions in the water column. The temperature was 
maintained at 25 ℃, and other parameters were configured based on the 
actual experimental values.

Gaussian v.09 software was used for all computations. The AZO 
model was optimized at the 6-31G* basis set level using the B3LYP 
approach inside the density functional theory (DFT) framework. 

Frequency calculations and analysis were then performed based on the 
optimized structures. Gauss View v.6 software was used to view the data 
[24].

3. Results and discussion

3.1. AZO degradation efficiency of different processes

AZO was degraded by different processes. The degradation of AZO in 
HA/SPC, ZVM/SPC, HA/ZVM and HA/ZVM.SPC systems at pH = 3 is 
shown in Fig. 1a and b. Findings indicated that HA/SPC, HA/ZVI and 
HA/ZVC were unable to effectively degrade AZO, which might be 
explained by the absence of oxidizing species. About 10 % of AZO was 
degraded within 50 min in the ZVC/SPC process. In contrast, the com
bination of ZVI and SPC improved AZO degradation, resulting in 42 % of 
AZO being degraded within 15 min in the ZVI/SPC process, which may 
be due to the higher activity of ZVI compared to ZVC. Surprisingly, HA 
significantly increased the degradation efficiency of the system, with 
about 99.0 % of AZO degraded within 15 min in the HA/ZVI/SPC 

Fig. 1. Removal of AZO by different processes in the (a) ZVI and (b) ZVC systems, reaction conditions:[ZVI]0 = 0.05 g/L, [ZVC]0 = 0.10 g/L, [SPC]0 = 1 mM, [AZO]0 
= 10 mg/L, [HA]0 = 1 mM and [pH]0 = 3; Effect of different HA concentrations on the (c) HA/ZVI/SPC and (d) HA/ZVC/SPC systems, reaction conditions:[ZVI]0 =

0.05 g/L, [ZVC]0 = 0.10 g/L, [SPC]0 = 1 mM, [AZO]0 = 10 mg/L, [HA]0 = 0–4 mM and [pH]0 = 3; Effect of different catalyst dosages on the (e) HA/ZVI/SPC and (f) 
HA/ZVC/SPC systems, reaction conditions:[ZVI]0 = 0.02–0.50 g/L, [ZVC]0 = 0.02–0.50 g/L, [SPC]0 = 1 mM, [AZO]0 = 10 mg/L, [HA]0 = 1 mM and [pH]0 = 3.
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system, while in the HA/ZVC/SPC process, 99.1 % AZO degradation 
required 50 min of reaction time. Therefore, HA plays a significant part 
in accelerating the removal of AZO in both HA/ZVM/SPC systems. The 
SPC activation capability of different metal ions is known to vary. The 
order of sulfamethoxazole degradation by different transition metal 
activated oxidants, was found to be: Cu(II) < Fe(III) < Cu(I) < Fe(II) 
[13]. Therefore, it was hypothesized that the addition of HA promoted 
the increase in Cu+ and Fe2+ concentrations in this experiment. The AZO 
removal performance of the HA/ZVI/SPC system was higher than that of 
the HA/ZVC/SPC system due to the higher reduction potential of Fe2+

than Cu+.
In addition, the performance enhancement capability of other 

reducing agents on the ZVM/SPC system was also compared, including 
ascorbic acid (AA), citric acid (CA), gallic acid (GA) and anhydrous 
sulfite (AS) (SI, Fig. S2). Results showed that HA achieved the highest 
performance enhancement capability compared to the other reducing 
agents. Ascorbic acid, citric acid, gallic acid and anhydrous sulfite 
achieved only 65.9 %, 13.4 %, 29.2 % and 10.75 % AZO removal when 
used for ZVI/SPC system, respectively. This result shows that HA 
exhibited the highest capability to rapidly reduce Fe3+, while also being 
less reactive with SPC and the generated reactive oxygen species [25].

Fig. 2. Effect of different SPC concentrations on the (a) HA/ZVI/SPC and (b) HA/ZVC/SPC systems, reaction conditions:[ZVI]0 = 0.05 g/L, [ZVC]0 = 0.10 g/L, 
[SPC]0 = 0–3 mM, [AZO]0 = 10 mg/L, [HA]0 = 1 mM and [pH]0 = 3; Effect of initial pH on the (c) HA/ZVI/SPC and (d) HA/ZVC/SPC systems, reaction conditions: 
[ZVI]0 = 0.05 g/L, [ZVC]0 = 0.10 g/L, [SPC]0 = 1 mM, [AZO]0 = 10 mg/L, [HA]0 = 1 mM and [pH]0 = 2–9; Relationship between kobs values and different key 
parameters in the (e) HA/ZVI/SPC and (f) HA/ZVC/SPC systems.
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3.2. Impact of key parameters on AZO degradation

3.2.1. Impact of HA concentration
Due to the strong reducing properties of HA, it can increase the 

overall reaction efficiency of the process by promoting the cyclic con
version of high-valent metal ions to low-valent metal ions. In this sec
tion, the impact of varying HA concentrations (0, 0.5, 1.0, 1.5, 2.0, 3.0, 
and 4.0 mM) on the rate of AZO removal was investigated. First, the 
impact of HA concentration on the breakdown of AZO was examined 
(Fig. 1c, d). In both HA/ZVM/SPC systems, HA effectively promoted the 
activation of SPC by ZVM, improving the rate of AZO removal. With the 
increase in HA concentration, the AZO degradation efficiency of both 
systems exhibited a trend of initially increasing and then decreasing. For 
example, in the HA/ZVI/SPC system the AZO degradation efficiency 
increased from 42.7 % to 99.0 % when the concentration of HA 
increased from 0 to 3 mM, while the rate of AZO removal decreased to 
44.3 % when the concentration of HA increased from 3 to 4 mM. During 
AZO removal by the ZVM/SPC process, Cu2+ and Fe3+ were generated 
due to activation. Under the action of HA, the formed Cu2+ and Fe3+ ions 
were reduced to Cu+ and Fe2+, leading to the generation of more free 
radicals and improving the rate of AZO removal. However, excess HA 
may form excess Cu+ and Fe2+, thus competing with the pollutants for 
free radicals, with excess HA capturing •OH faster and exerting a 
quenching effect, as described in Eq. (4). Since the removal rate of AZO 
remained almost unchanged (removal rate > 99 %) when the HA con
centration increased from 1 mM to 3 mM in the two HA/ZVM/SPC 
systems, the HA concentration was set at 1 mM to avoid waste of 
reagents. 

NH2OH + •OH→OH− + nitrogenousproducts (4) 

3.2.2. Impact of ZVM concentration on AZO degradation
The increase in ZVM concentration effectively promoted the acti

vation of SPC, enhancing AZO degradation in the two HA/ZVM/SPC 
systems. In this section, the effects of varying ZVM concentrations (0.02, 
0.05, 0.10, 0.15, 0.20, 0.50 g/L) on the rate of AZO removal were 
investigated. As shown in Fig. 1e and f, with increasing ZVI and ZVC 
concentrations, the rate of AZO removal in both systems exhibited a 
continually increasing trend. Taking the HA/ZVI/SPC system as an 
example, the AZO removal rate increased from 80.3 % to 99.0 % when 
the concentration of ZVI increased from 0.02 g/L to 0.05 g/L. During 
oxidant activation by ZVI and ZVC, both metal ions interacted with HA 
to form Fe3+-HA and Cu2+-HA surface complexes, with HA reducing 
Fe3+ and Cu2+ to Fe2+ and Cu+. Subsequently, SPC was excited by the 
released Fe2+ and Cu+, generating reactive oxygen species to degrade 
organic pollutants [26–29]. Therefore, higher ZVI and ZVC concentra
tions favor AZO degradation. However, when the concentration of ZVI 
was further increased from 0.05 g/L to 0.5 g/L, the removal rate of AZO 
hardly changed. This indicates that once sufficient amount of metal ions 
are available to provide catalytic active sites for SPC activation, further 
increase in metal ions cannot stimulate additional reactive oxygen 
species, with the excessive addition of ZVI leading to the reduction of 
reactive oxygen species and potentially raising the danger of metal ion 
leaching [30]. Therefore, the optimal metal ion concentrations in the 
HA/ZVI/SPC and HA/ZVC/SPC systems were 0.05 g/L and 0.10 g/L, 
respectively.

3.2.3. Impact of SPC concentration on AZO degradation
SPC is the source of reactive oxygen species and plays a crucial role in 

the degradation of AZO. Hence, the effect of varying SPC concentrations 
(0.2, 0.5, 1.0, 1.5, 2.0, 3.0 mM) on the rate of AZO removal was 
investigated. As shown in Fig. 2a and b, in the two HA/ZVM/SPC sys
tems, higher SPC concentration (0.2–1.0 mM) effectively increased the 
reactive oxygen species yield in the system and enhanced AZO degra
dation. For instance, in the HA/ZVI/SPC system, the AZO removal rate 
increased from 75.1 % to 99.0 % after 15 min as the initial SPC 

concentration increased from 0.2 mM to 1 mM. This may be caused by 
more reactive oxygen species being produced, which would enhance the 
degradation of AZO at higher SPC concentration. However, further 
increasing the SPC concentration to 2 mM (in the two HA/ZVM/SPC 
systems) resulted in a decrease in the rate of AZO degradation within the 
same time period, as excess SPC caused the pH of the solution to increase 
and produced more H2O2, triggering free radical quenching as described 
in Eqs. (5) and (6). Based on the above, the SPC concentration of 1 mM 
was selected as the ideal dose for the remaining experiments. 

H2O2 +
•OH→H2O + •OOH (5) 

•OOH + •OH→H2O + O2 (6) 

3.2.4. Impact of initial pH on AZO degradation
The initial pH of the solution has a significant impact on the per

formance of non-homogeneous advanced oxidation process [30]. The 
impact of various pH conditions (2, 3, 4, 5, 7, 9) on AZO removal was 
investigated. As seen from Fig. 2c and d, the impact of pH on AZO 
degradation varied significantly in the two HA/ZVM/SPC systems. In 
both HA/ZVM/SPC systems, the highest AZO degradation efficiency was 
achieved at pH ≤ 3. This was particularly true for the HA/ZVI/SPC 
system, with a significant increase in the AZO removal rate (from 5.6 % 
to 99.0 %) observed when the pH was decreased from 9 to 3. The system 
favors the production of reactive oxygen species under acidic conditions, 
thereby enhancing the degradation of organic matter [30]. When the pH 
was neutral or alkaline, the rate of reactive oxygen species generation 
decreased significantly, leading to a notable decline in the rate of 
organic matter removal [31]. Furthermore, the distribution of iron 
speciation in solution is influenced by pH value. Visual MINTEQ was 
used to analyze the distribution of iron speciation (Fig. S3, SI) in the 
range of pH value from 1.0 to 10.0. The results showed that when the pH 
value of solution is greater than 3, iron ions gradually decrease, and 
their precipitation is inevitable. SPC increases the alkalinity of the re
action medium, resulting in a buffering effect, which makes ZVI system 
particularly sensitive to pH [32].

However, in the HA/ZVC/SPC system, the effect of pH was not as 
obvious as in the HA/ZVI/SPC system, with the HA/ZVC/SPC process 
able to degrade pollutants within a wide pH range. At pH = 3, the AZO 
removal rate in the HA/ZVC/SPC system reached 99.1 % after 50 min 
and the rate of AZO removal reached more than 90 % when the pH was 
increased from 4 to 7. However, the rate of AZO removal slightly 
decreased to 85.5 % at pH = 9 after the solution became alkaline. This 
was due to the alkaline environment inhibiting the dissolution of Cu ions 
and the gradual transformation of Cu2+ into ions such as Cu(OH)+, Cu 
(OH)2 and Cu(OH)3

- , leading to a slowing down of the reaction under 
alkaline system pH conditions [33]. In addition, the oxidation potential 
of •OH decreased in high pH environments. Due to its unstable nature, 
H2O2 was self-decomposed into H2O and O2, which was unfavorable for 
subsequent conversion into other reactive oxygen species [34]. 
Furthermore, the presence of alkaline conditions resulted in a higher 
level of metal ion precipitation, which was unfavorable for the ongoing 
generation of Fe2+ and Cu+ and thereby reduced the availability of 
catalytic sites on the surface of ZVM [35]. Although the optimal reaction 
pH for both HA/ZVM/SPC systems was pH = 2, adjusting the system to a 
pH = 2 solution in practical applications consumes a large amount of 
acid and causes corrosion to the instruments and pipelines. Therefore, in 
this study, system performances were explored at pH = 3 [36].

3.3. Role of inorganic ions and NOM

The degradation of target pollutants may be impacted by the pres
ence of natural organic matter (NOM) and inorganic anions in natural 
waters. Therefore, it is necessary to establish whether common anions 
such as 20 mM HCO3

–, Cl–, SO4
2–, NO2

– and 50 mg/L humic acid can affect 
pollutant removal during the practical application of advanced 
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oxidation process [17,37]. The effects of HCO3
–, Cl–, SO4

2–, NO2
– and 

humic acid on AZO degradation are discussed in detail in SI (Text S3, 
Fig. S5).

3.4. Mechanistic insights into the HA/ZVM/SPC processes

3.4.1. The identification of active species
In the two HA/ZVM/SPC systems, signals for •OH (DMPO-•OH), O•−

2 
(DMPO-O•−

2 ), CO•−
3 (DMPO-CO•−

3 ) and 1O2 (TMPO- 1O2) could be 
detected, at various signal intensities (Fig. 3d, e and f). During the 
degradation of AZO in the HA/ZVI/SPC system, signals could be clearly 
detected for •OH, O•−

2 and CO•−
3 , while the signals of •OH, O•−

2 and CO•−
3 

were much weaker in the HA/ZVC/SPC system. In contrast, 1O2 signals 
were weak in both systems, indicating that 1O2 production was gener
ally low. A part of the •OH is converted into O•−

2 and 1O2 during the 
process by the chain reaction outlined in Equations (7)–(9) [38–41]. 

H2O2 +
•OH→H2O + O•−

2 (7) 

O•−
2 + •OH→1O2 + OH− (8) 

O•−
2 + 2H2O→H2O2 +

1O2 + OH− (9) 

The contribution of different radicals to AZO degradation in both 
systems was explored through quenching experiments, as illustrated in 
Fig. 3a and b. The quenching results for the two HA/ZVM/SPC systems 
were almost identical and therefore, the HA/ZVI/SPC system is dis
cussed as an example. First, tert-butanol (TBA) was used to evaluate the 
contribution of •OH (k=(3.8–7.6) × 108 M− 1s− 1), with the addition of 
100 mM tert-butanol causing AZO removal to decrease from 99.0 % to 
42.0 %, indicating that •OH production occurs through the conventional 
Fenton-like reaction process (Equations (10), (11)). In previous studies, 
it has been demonstrated that SPC can break down into carbonate ions 
and H2O2, which can further transform •OH into other reactive oxygen 

species [6,42]. In order to further assess potential reactive oxygen spe
cies involved, scavengers of CO•−

3 , O•−
2 and 1O2 were chosen. Second, 

phenol (PhOH) was used to evaluate the contribution of •OH and CO•−
3 , 

showing that the removal of AZO was significantly reduced to 25.9 % 
with the addition of 50 mM phenol, with the difference in degradation 
efficiencies between the tert-butanol and phenol treated systems, con
firming the presence of CO•−

3 . Third, furfuryl alcohol (FFA) was added as 
a scavenger of 1O2 and •OH, with 20 mM furfuryl alcohol found to 
reduce AZO removal to 19.9 %, while finally the addition of 5 mM 
benzoquinone (BQ) led to a reduction in AZO removal to 68.5 %, con
firming that O•−

2 played a significant role in AZO degradation. These 
experimental results indicate that the HA/ZVI/SPC and HA/ZVC/SPC 
systems may both generate •OH, CO•−

3 , O•−
2 and 1O2, with the ranked 

contributions of these radical species being •OH>O•−
2 > 1O2 > CO•−

3 .
The concentrations of •OH in the degradation processes of all four 

systems, ZVI/SPC, ZVC/SPC, HA/ZVI/SPC and HA/ZVC/SPC, were 
monitored and compared. The amount of •OH produced in HA/ZVI/SPC 
system was much higher than that in ZVI/SPC system, as illustrated in 
Fig. 3c, and the same phenomenon was also observed in HA/ZVC/SPC 
system. This further accounts for the promotion of AZO degradation by 
HA, in which the addition of HA can accelerate Fe2+/Fe3+ or Cu+/Cu2+

cycling, promoting the generation of reactive radicals. In the HA/ZVI/ 
SPC system, •OH generation rose to 436.5 μM after 15 min, and by the 
time the degradation process was complete, it had progressively drop
ped to 410.5 μM. The same phenomenon was observed in all other 
systems. This could be explained by the fact that •OH interacted with 
HCO3

–/CO3
2- to form other reactive oxygen species during the reaction 

process, as given by Equations (12)–(18) [30]. 

Cu(I) + H2O2→Cu(II) + OH− + •OH (10) 

Fe(II) + H2O2→Fe(III) + OH− + •OH (11) 

•OH + CO2−
3 →OH− + CO•−

3 (12) 

Fig. 3. Results of quenching experiments for (a) the HA/ZVI/SPC system; (b) the HA/ZVC/SPC system; (c) •OH concentration changes; (d), (e), (f) EPR spectra of 
HA/ZVM/SPC: (♥)DMPO− CO•−

3 , (♠)DMPO− •OH, (★)DMPO − O•−
2 and (▴)TEMP − 1O2. Experimental conditions: [ZVI]0 = 0.05 g/L, [ZVC]0 = 0.10 g/L, [SPC]0 = 1 

mM, [AZO]0 = 10 mg/L, [HA]0 = 1 mM, [pH]0 = 3.
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•OH + HCO−
3 →H2O + CO•−

3 (13) 

H2O2 + CO•−
3 →HCO−

3 + HO•
2 (14) 

HO•
2→H+ + O•−

2 (15) 

O•−
2 + •OH→1O2 + OH− (16) 

HO•
2 + O•−

2 →1O2 + HO−
2 (17) 

2O•−
2 + 2H2O→1O2 + H2O2 + 2OH− (18) 

3.4.2. Function of carbonate ions
In the two HA/ZVM/SPC systems, the function of carbonate ions was 

investigated during the evolution of reactive oxygen species. As the 
quenching effects observed in the two systems were similar, the ZVI 
system was used to compare the effects of ZVI catalysis by equal 
amounts of H2O2 and Na2CO3 with SPC components. The AZO degra
dation efficiency of the HA/ZVI/Na2CO3/H2O2 system was higher than 
that of the HA/ZVI/H2O2 process but slightly lower than that of the HA/ 
ZVI/SPC process, due to the existence of trace CO3

2– (SI, Fig. S6a). This 
phenomenon is likely due to alterations in the reactive oxygen species, 
which may play a buffering role, thereby enhancing the utilization ef
ficiency of the low-dose oxidant [43]. Meanwhile, CO•−

3 can be trans
formed into O•−

2 as shown by Equations (19)-(20). The EPR spectra of 
HA/ZVI/H2O2 and HA/Na2CO3/ZVI/H2O2 processes were analyzed 
using DMPO as a trapping agent (SI, Fig. S6d, e, f). Results showed that 
signals for CO•−

3 radicals were obtained in the HA/Na2CO3/ZVI/H2O2 
system, which were weaker than the SPC system signals, confirming that 
a portion of •OH was converted to CO•−

3 , although the oxidation 
mechanism of the HA/ZVI/SPC process could not be established simply 
based on theoretical calculations assuming the addition of equal 
amounts of H2O2 and Na2CO3.

As shown in Fig. S6b (SI), AZO removal in the HA/Na2CO3/ZVI/ 
H2O2 system reached 45.4 %, 32.1 %, 60.2 % and 26.8 % with the 
addition of tert-butanol, furfuryl alcohol, benzoquinone and phenol, 
respectively, indicating that •OH, CO•−

3 , O•−
2 and 1O2 coexisted within 

the system. This demonstrates that the presence of CO3
2– promoted the 

generation of other reactive oxygen species. The relationships between 
•OH concentration, the AZO removal rate and carbonate ion concen
tration were explored. In the HA/Na2CO3/ZVI/H2O2 system, when the 
carbonate ion concentration was raised from 0 to 1.0, 2.0, 3.0 and 5.0 
mM, the rate of AZO removal changed from 88.3 % to 93.2 %, 74.3 %, 
57.7 % and 44.7 %, while the final •OH concentration decreased from 
462.3 μM to 422.5, 351.1, 268.7 and 102.5 μM (Fig. S6c). Surplus 

carbonate ions act as scavengers for •OH and O•−
2 [44]. Therefore, it can 

be concluded that the produced •OH is crucial to the system because it 
forms other reactive oxygen species with carbonate ions in a sequence of 
chain reactions, which helps to partially degrade AZO. 

CO•−
3 + H2O2→HO•

2 + HCO−
3 (19) 

HO•
2→H+ + O•−

2 (20) 

3.4.3. Transformation of metal ions within the system
The concentrations of dissolved Fe3+, Fe2+, Cu2+, and Cu+ were 

measured during the reaction in order to assess the contribution of Fe 
and Cu ion leaching by ZVI and ZVC to SPC activation within the system. 
According to Fig. 4a, in the ZVI/SPC system, the concentration of total 
Fe (including Fe3+ and Fe2+) gradually increased to 0.48 mg/L with 
ongoing reaction time, then gradually decreased to 0.43 mg/L, with 
Fe3+ accounting for a little more. As shown in Eq. (21), ZVI can partially 
reduce Fe3+ to Fe2+, with the dissolved Fe2+ and Fe2+ generated on the 
surface of ZVI also able to activate SPC for the decomposition of organic 
pollutants. After the addition of HA, Fe2+ concentration increased 
rapidly (from 0.16 mg/L to 0.97 mg/L during the first 7.5 min) and 
remained at a high level and accounted for most of the total iron content 
throughout the reaction process. The concentration of Fe2+ increased 
quickly in the presence of HA, causing the Fe3+ generated in the solution 
to be continuously reduced to Fe2+. However, the continuous con
sumption of HA and Fe2+ during the reaction process, resulted in a 
slowing of the ZVI corrosion rate, with the conversion of Fe2+ generated 
by Fe3+ reduction, back to Fe3+ during SPC activation. In the later stages 
of the reaction, the concentration of Fe3+ steadily increased while the 
concentration of Fe2+ gradually declined (to 0.70 mg/L). Combined 
with the observed decrease in removal rate, this indicates that the extra 
Fe2+ generated in the early stages of the reaction competed with pol
lutants for free radicals Eq. (22). The gradual decrease in total Fe content 
in the Fe-based reaction was attributed to the observed increase in pH 
and the precipitation of Fe ions due to SPC during the reaction, causing 
the Fe sludge to precipitate out of the water. 

Fe3+ + Fe0→Fe2+ (21) 

Fe2+ + •OH→Fe3+ + OH− (22) 

Cu leaching from the ZVC/SPC system is shown in Fig. 4b, where the 
Cu+ ion concentration remained at a low level (maximum 0.16 mg/L) 
and AZO removal was low (10 %), presumably due to insufficient Cu+

availability for SPC activation to produce reactive oxygen species. The 
final total copper concentration in the ZVC/SPC system (0.68 mg/L) was 
lower than in the HA/ZVC/SPC system (0.97 mg/L). After the addition 

Fig. 4. (a) Variation in Fe ion concentration in the Fe-based system solution; (b) Variation in Cu ion concentration in the Cu-based system solution. Experimental 
conditions: [ZVI]0 = 0.05 g/L, [ZVC]0 = 0.10 g/L, [SPC]0 = 1 mM, [AZO]0 = 10 mg/L, [HA]0 = 1 mM and [pH] 0 = 3.
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of HA, the concentration of Cu+ in the system increased rapidly to 0.72 
mg/L within the first 40 min and then decreased to 0.6 mg/L, accounting 
for more than 60 % of the total Cu concentration throughout the whole 
process. This provided a large number of low-valent ions for SPC acti
vation, promoting the generation of reactive oxygen species and 
improving the rate of AZO removal. Compared with the Fe-based sys
tem, the total amount of metal in the Cu-based system did not gradually 
decrease in later stages of the reaction, mainly because Cu ions are not as 
affected by pH as Fe ions [45].

These findings unequivocally show that the regeneration of Cu+ and 
Fe2+ in solution was made possible by the addition of HA. In light of the 
aforementioned conclusions, a possible mechanism for SPC activation 
by HA-enhanced ZVI and ZVC is proposed in Fig. 5. First, the corrosion 
of ZVI and ZVC generates Fe2+ and Cu+ ions [46]. Then, Fe2+ and Cu+

can directly activate the H2O2 generated by SPC to produce •OH and 
Fe3+ or Cu2+. Subsequently, the available •OH is then mostly trans
formed into other reactive oxygen species, such as CO•−

3 , O•−
2 and 1O2 

through a chain reaction in the presence of carbonate ions, and these 
reactive oxygen species react with and degrade contaminants [30]. HA 
directly reacts with Fe3+ and Cu2+ to generate Fe2+ and Cu+, main
taining the activity of metal ions in the reaction and thus leading to a 
high reaction efficiency. In addition, HA reacts with hydrogen peroxide 
to generate hydroxyl radicals and other reaction intermediates, as 
shown in Eq. (23) [37]. 

NH2OH + H2O2→•OH + H2O + NHOH (23) 

3.4.4. Characterization of catalysts before and after reaction
The XPS analysis results of ZVI before and after usage in the AZO 

degradation reaction are displayed in Fig. 6a in order to further analyze 
the mechanism of AZO degradation in the HA/ZVI/SPC and HA/ZVC/ 
SPC systems. The characteristic signals of Fe2+ were observed at 710.4 
eV and 723.6 eV with Fe 2p3/2 and Fe 2p1/2, while another characteristic 
peak located at 712.8 eV could indicate the presence of Fe3+ in ZVI [47]. 
In addition, the signal detected at a binding energy of 707.0 eV was 
assigned to Fe0 [21,48], while that at 718.0 eV was attributed to a broad 
satellite peak of Fe3+, with these results indicating the presence of 
multivalent Fe. The relative proportions of Fe0, Fe2+ and Fe3+ after use 
in the ZVI/SPC system were 0 %, 41.3 % and 58.7 %, respectively, while 
in the HA/ZVI/SPC system, the relative proportions of Fe0, Fe2+ and 
Fe3+ after the reaction were 11.2 %, 42.2 % and 46.6 %, respectively. 
Compared with the ZVI/SPC system, the proportion of Fe3+ was lower 
and the proportion of Fe2+ and Fe0 was higher in the HA/ZVI/SPC 
system, and a thicker and more compact oxidized layer was present on 
the surface of ZVI after the ZVI/SPC system reaction, indicating that HA 
slowed down the surface passivation of ZVI and promoted the 

conversion of Fe3+ to Fe2+.
The results of XPS analysis pre- and post-use in the ZVC reaction 

(Fig. 6b) exhibited weak satellite peaks, indicating the presence of trace 
Cu2+ oxidation [49]. The peaks located at 933.6, 944.6, 953.4 and 
960.2 eV were related to Cu2+ oxidation [50]. Only a small amount of 
Cu2+ was present before and after the reaction, due to Cu being more 
stable than Fe. The characteristic peaks at 932.8 eV and 952.5 eV 
indicate the presence of reduced Cu (Cu0/Cu+). However, the binding 
energy difference between Cu0 and Cu+ is very small, so it is difficult to 
distinguish them, with neither of them exhibiting satellite peaks [51]. In 
addition, the peaks of the reduced Cu species in the HA/ZVC/SPC system 
shifted slightly to higher binding energies of 933 eV and 952.8 eV and 
are slightly wider than those of ZVC/SPC, implying that the valence 
transition between Cu2+ and Cu+ on the surface of zero-valent copper 
was facilitated by HA during AZO removal [51].

Metal hydroxyl oxygen (M− OH) or lattice oxygen (Olo), surface 
adsorbed oxygen (Oao) or oxygen vacancy (Ovo), and surface hydroxyl 
oxygen (Oso) were identified as the sources of the peaks at 530.1, 531.7, 
and 533.1 eV, respectively [52]. In the ZVI/SPC system (Fig. 6c), the 
proportions of M− OH or Olo, Oao or Ovo, and Oso functional groups 
were 43.9 %, 38.1 % and 18 %, respectively, while after the addition of 
HA, they were 40 %, 41.1 % and 20.9 %, respectively. In used ZVI after 
the ZVI/SPC system reaction, the lattice oxygen content accounted for 
the largest proportion, indicating that at this time, ZVI surface structures 
were mainly iron oxides, with a stable crystal structure, inhibiting the 
activity of the catalyst. After the addition of HA, the proportion of sur
face hydroxyl oxygen compounds gradually increased and structurally 
stable oxides decreased, which was conducive to achieving a maximum 
ZVI activity. Furthermore, the proportion of surface hydroxyl- 
oxygenation increased while crystalline oxides gradually decreased, 
resulting in high activity and more effective pollutant removal perfor
mance [53,54]. In the ZVC/SPC system (Fig. 6d), the proportions of 
M− OH or Olo, Oao or Ovo, and Oso functional groups on the surface of 
ZVC were 27 %, 37.5 % and 35.5 %, respectively, with the addition of 
HA resulting in proportions of 22.8 %, 40.6 % and 36.6 %, respectively. 
Similar to the trend shown for ZVI, the addition of HA caused the pro
portion of lattice oxygen to decrease and the proportion of surface hy
droxyl oxygen to increase.

The XRD spectra of ZVI and ZVC before and after use as a catalyst 
were compared (Fig. 6e and f), showing that no oxide diffraction peaks 
were present in the XRD spectra of ZVI and ZVC before or after use. This 
indicates that ZVI and ZVC were not over-oxidized, with the oxidized 
layer accounting for no more than 5 % of the total content, while also 
showing that ZVC and ZVI exhibited better stability. However, the 
elemental diffraction peak signals of ZVI and ZVC were slightly 

Fig. 5. Schematic diagram of the proposed reaction mechanism of AZO degradation by HA/ZVM/SPC processes.
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Fig. 6. (a) Fe 2p; (c) O 1 s XPS spectra and (e) XRD spectra of pristine ZVI, ZVI particles after use in the ZVI/SPC system and ZVI particles after use in the HA/ZVI/ 
SPC system; (b) Cu 2p; (d) O 1 s XPS spectra and (f) XRD of pristine ZVC, ZVC particles after reaction in ZVC/SPC system and ZVC particles after reaction in HA/ZVC/ 
SPC system; (g) SEM and EDS of ZVI particles after use in the ZVI/SPC system; (h) SEM and EDS of ZVC particles after use in the ZVC/SPC system; (i) SEM and EDS of 
ZVI particles after use in HA/ZVI/SPC system; (j) SEM and EDS of ZVC particles after use in the HA/ZVC/SPC system.
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weakened after use, indicating that the catalyst structure was degraded 
due to oxidant activation. While a minor loss of catalytic performance 
was observed throughout the process, the overall activity changed very 
little, confirming that the surface lattice structure of the catalysts was 
relatively stable [52,55].

The morphology and structural features of ZVI and ZVC pre- and 
post-use in the reaction were characterized. As demonstrated by the SEM 
image of ZVI in Fig. S1g (SI), the surface of ZVI was relatively smooth 
before the reaction, becoming significantly rougher after use in the ZVI/ 
SPC reaction (Fig. 6g), with a large number of oxide particles and 
obvious corrosion traces. After the addition of HA (Fig. 6i), the surface of 
ZVI became rougher but the oxide particles were significantly reduced. 
This indicates that HA can effectively slow down the deposition of hy
droxides or Fe oxides on the surface of ZVI. As a result, more ZVI surface 
active sites remain exposed and therefore maintain a high activity, 
which is in line with the results of XPS analysis. As demonstrated by the 
SEM image of ZVC in Fig. S1h (SI), before use, the ZVC exhibited an 
irregular cluster structure composed of many spherical particles of 
different particle sizes, providing a large specific surface area and very 
few surface oxides, which was favorable for the interfacial reaction 
between ZVC and other substances. After the ZVC/SPC and HA/ZVC/ 
SPC system reactions, the surfaces became rough and uneven due to 

corrosion. Compared with the ZVC/SPC system (Fig. 6h), ZVC corrosion 
in the HA/ZVC/SPC system was significantly enhanced (Fig. 6j), pre
sumably due to the reaction between HA and Cu2+ on the surface of ZVC, 
releasing H+, as shown in Eq. (24). Compared to ZVI after use in the 
reaction, the surface of used ZVC contained almost no oxides, making it 
more likely to react with acids causing serious corrosion on the surface 
of ZVC. 

NH2OH+Cu(II)→
1
2
N2 +H2O+Cu(I)+H+ (24) 

3.5. Potential for practical applications

Reusability and stability of a catalytic material are the main criteria 
used to evaluate its suitability and effectiveness. Consequently, the two 
HA/ZVM/SPC systems were used to examine the recyclability of the 
ZVM catalyst and the findings are displayed in Fig. S7 (SI).

The degradation capability of both ZVM catalysts exhibited a slowly 
decreasing trend with increasing cycles of use. In particular, both cata
lysts exhibited maximum degradation efficiencies when used for the first 
time and after four cycles of reuse. The rate of AZO removal still 
remained at a high level of more than 90 %. After four cycles of reuse, 

Table 1 
Fukui index of AZO.

Atom q(N) q(N + 1) q(N-1) f- f+ f0

​ C 1 − 0.0407 − 0.0661 − 0.0242 0.0166 0.0254 0.021
​ C 2 0.0869 0.063 0.1372 0.0504 0.0238 0.0371
​ C 3 0.0042 − 0.0408 0.0634 0.0592 0.045 0.0521
​ C 4 − 0.018 − 0.0632 0.0231 0.0412 0.0451 0.0432
​ C 5 − 0.0357 − 0.072 0.0506 0.0864 0.0362 0.0613
​ C 6 − 0.0217 − 0.0838 0.0442 0.066 0.0621 0.064
​ H 7 0.0422 0.0302 0.0514 0.0092 0.012 0.0106
​ H 8 0.0548 0.0283 0.0891 0.0343 0.0265 0.0304
​ H 9 0.0479 0.0223 0.0912 0.0432 0.0257 0.0345
​ H 10 0.0495 0.0187 0.0838 0.0343 0.0307 0.0325
​ C 11 0.0638 0.0267 0.1017 0.0379 0.037 0.0375
​ N 12 − 0.2111 − 0.2984 − 0.0851 0.126 0.0874 0.1067
​ O 13 − 0.1042 − 0.117 − 0.0666 0.0375 0.0129 0.0252
​ C 14 0.1441 0.1312 0.1615 0.0174 0.0129 0.0151
​ C 15 − 0.0698 − 0.0918 − 0.0449 0.0249 0.0221 0.0235
​ C 16 0.089 0.0551 0.116 0.027 0.0339 0.0305
​ C 17 0.1403 0.1268 0.1518 0.0115 0.0135 0.0125
​ H 18 0.0571 0.0422 0.0789 0.0218 0.0149 0.0184
​ H 19 0.0505 0.031 0.0765 0.026 0.0196 0.0228
​ N 20 − 0.1804 − 0.1853 − 0.1396 0.0409 0.0048 0.0228
​ N 21 − 0.1724 − 0.2012 − 0.1361 0.0363 0.0288 0.0326
​ C 22 − 0.0342 − 0.0574 0.0726 0.1068 0.0232 0.065
​ C 23 − 0.0443 − 0.065 0.0579 0.1022 0.0207 0.0615
​ C 24 − 0.0343 − 0.0422 0.0033 0.0376 0.0079 0.0227
​ C 25 − 0.0121 − 0.0077 0.0537 0.0657 − 0.0044 0.0307
​ C 26 0.0756 0.0733 0.1482 0.0726 0.0023 0.0375
​ C 27 − 0.0462 − 0.0592 0.0025 0.0487 0.013 0.0309
​ H 28 0.0444 0.0284 0.098 0.0536 0.016 0.0348
​ H 29 0.0419 0.0266 0.0943 0.0525 0.0152 0.0339
​ H 30 0.0398 0.033 0.0727 0.0329 0.0068 0.0198
​ H 31 0.0483 0.0371 0.0892 0.0409 0.0112 0.026
​ O 32 − 0.1096 − 0.1206 − 0.0532 0.0563 0.011 0.0337
​ C 33 − 0.054 − 0.0759 0.0089 0.0628 0.0219 0.0424
​ C 34 0.0667 0.0234 0.1249 0.0581 0.0433 0.0507
​ H 35 0.0465 0.0331 0.0736 0.0271 0.0134 0.0203
​ O 36 − 0.0995 − 0.1207 − 0.0353 0.0642 0.0212 0.0427
​ C 37 0.0151 0.0051 0.0392 0.0242 0.0099 0.017
​ H 38 0.0428 0.028 0.0734 0.0306 0.0148 0.0227
​ H 39 0.0549 0.0406 0.0825 0.0276 0.0144 0.021
​ H 40 0.0427 0.0408 0.0597 0.017 0.0019 0.0094
​ C 41 0.189 0.1579 0.2056 0.0166 0.0312 0.0239
​ O 42 − 0.2752 − 0.3005 − 0.2129 0.0622 0.0253 0.0438
​ O 43 − 0.113 − 0.1331 − 0.0948 0.0182 0.0201 0.0191
​ C 44 0.0067 − 0.003 0.0244 0.0177 0.0097 0.0137
​ H 45 0.0402 0.0357 0.0509 0.0107 0.0045 0.0076
​ H 46 0.0487 0.035 0.071 0.0224 0.0136 0.018
​ H 47 0.0427 0.0313 0.0656 0.0228 0.0115 0.0172
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the rate of AZO removal was 93.4 % in the HA/ZVI/SPC system, while it 
was 91.1 % in the HA/ZVC/SPC system. These findings further indicate 
that the ZVM catalyst was able to maintain high activity and stable 
degradation performance even after multiple cycles of reuse. In addi
tion, surface analysis of the catalyst showed that ZVM had a special 
microstructure and active sites, which may be a key factor in the sta
bility of ZVM, allowing it to maintain a good degradation performance 
even after repeated cycles of use. During recycling, the surface of the 
catalyst material was able to effectively maintain the key structural 
features, ensuring its continual high efficiency, activity and 
performance.

Second, the total leaching amounts of ZVI and ZVC in both HA/ZVM/ 
SPC systems were monitored for 72 h. As shown in Fig. S8, at the 72nd 
hour, the total iron and copper contents in the system reached 7.15 mg/L 
and 5.98 mg/L, respectively. Therefore, the metal catalyst should be 
recovered as soon as possible after the reaction to reduce the pollution of 
metal ions in the environment.

To further evaluate the performance of the two HA/ZVM/SPC sys
tems, the degradation experiments of six emerging pollutants (AZO, 
SMX, TC, CiFX, IBU and TCP) were carried out under the optimal con
ditions ([ZVI]0 = 0.05 g/L, [ZVC]0 = 0.10 g/L, [SPC]0 = 1 mM, [HA]0 =

1 mM, [pH]0 = 3 and [poll]0 = 10 mg/L.), and the experimental results 
are shown in Fig. S9. The two HA/ZVM/SPC systems exhibited good 
degradation performance for various pollutants. In HA/ZVI/SPC system, 
the degradation rate of all six pollutants reached more than 90 % within 
15 min, and the degradation rate of four pollutants reached more than 
99 %. In HA/ZVC/SPC system, the degradation rate of all six pollutants 
reached more than 92 % within 50 min, and the degradation rate of four 
pollutants also reached more than 99 %. Furthermore, the removal rates 
of AZO with different concentrations in the two HA/ZVM/SPC systems 
were evaluated, as shown in Text S4 and Fig. S10, SI. The total organic 
carbon（TOC） removal was determined to evaluate the degree of 
mineralization in the treated AZO samples. The results shown in Fig. S11
clearly prove that the mineralization rate of AZO was above 25 % in both 
HA/ZVM/SPC systems. The above results show that HA/ZVM/SPC sys
tem has good environmental purification potential.

In order to determine whether the addition of HA causes the total 
nitrogen concentration in the system to be too high, the change in total 

nitrogen concentration in the system was detected. In HA/ZVI/SPC 
system (Fig. S12), the total nitrogen concentration decreased from 8.46 
mg/L to 7.54 mg/L within 15 min. In HA/ZVC/SPC system, the con
centration of total nitrogen decreased from 8.42 mg/L to 6.99 mg/L 
within 50 min. The decrease in total nitrogen in this experiment implies 
that part of HA was converted into gaseous nitrogen.

3.6. AZO degradation intermediates and their toxicity evaluation

The reactivity of a compound may often be predicted using the en
ergies of its lowest unoccupied molecular orbital (LUMO) and highest 
occupied molecular orbital (HOMO). Gauss software was used to build 
block AZO and describe its LUMO and HOMO to illustrate the electron 
gain and loss ability. While the HOMO region is often used to describe 
the ease of electron escape, the HOMO region of AZO is easily attacked 
by the electrophilic substances such as O•−

2 and 1O2 in the system 
(Fig. S13b, SI) [46]. In addition, the Fukui index is an important 
parameter as it reveals the difficulty of a molecular reaction. Studying 
the intermolecular electrostatic interactions also involves considering 
the electrostatic potential distribution (ESP) on the surface of the 
molecule. The distribution of the electrostatic potential of the AZO 
molecule was slightly different, presenting a color sequence from blue 
(indicating a positive potential) to red (indicating a negative potential). 
The electron-rich functional groups were attacked by electrophilic 
reactive oxygen species, which are shown in a red color in the calculated 
results [56,57]. The negative potential portion of AZO was mainly 
distributed on the carboxyl group and the cyano group (Fig. S13a, SI), 
which were the main electron-rich functional groups susceptible to 
attack by electrophilic reactive oxygen species.

In addition, Multiwfn software was utilized to calculate the electro
philic attack index (f-), nucleophilic attack index (f+) and radical attack 
index (f0) of the AZO molecule, as shown in Table 1, Fig. 7, with a higher 
index value indicating a higher possibility that the AZO molecule would 
be attacked by the corresponding type of substance.

As 1O2 is a non-radical electrophilic reagent, its possible attack sites 
were evaluated using f-, with results showing that N12, C5, C22, C23, 
C25, O36 and O42 were most reactive on AZO, but due to their spatial 
distribution (located within the benzene ring) and subsequent spatial 

Fig. 7. (a) AZO structure optimization; The Fukui function mapped electron density iso-surface (ρ = 0.01 a.u.): (b) f-, (c) f+, (d) f0. The dark blue on the iso-surface 
denotes a more positive Fukui function value. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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resistance, C5, C22, C23 and C25 do not easily react during oxidation 
[57]. In general, the benzene ring in organic matter is not usually 
oxidized directly, but by the electrophilic addition reaction of the •OH 
radical with phenyl [46].

The larger f0 values of N12, C5, C6, C22, C23, C34, O36 and O42 
indicate that these sites were more susceptible to free radical attack. In 
particular, N12, O36 and O42 atoms had higher f- and f0 values, indi
cating that they are highly susceptible to reactions with both electro
philic reagents and free radicals [12]. Among these, C34 was susceptible 
to oxidative reactions, although C5, C6, C22 and C23 had high Fukui 
index values and theoretically should all be susceptible to attack. 
However, free radical attack is more difficult due to the saturation of 
sites and active site resistance. In addition, sites C3, C4, C6 and N12 

exhibited large f+ values, although C4 and C6 atoms found it difficult to 
react with nucleophilic reagents due to spatial site resistance and bond 
saturation. In contrast, N12 and C3 were susceptible to nucleophilic 
reactions, leading to the occurrence of carbon–carbon bond breakage 
and nucleophilic substitution reactions.

The AZO degradation intermediates formed in the two HA/ZVM/SPC 
systems were deduced from the results of DFT theoretical calculations, 
with the possible intermediates proposed based on the theoretical cal
culations (Table S2, Fig. S14 and S15, SI) and subsequently, the possible 
degradation pathways were deduced (Fig. 8a). The detected HA/ZVI/ 
SPC intermediates were P1: C20H15N3O5, P2: C20H13N3O5, P3: 
C18H11N3O4, P4: C11H7N3O2, P5: C7H5NO, P8: C10H8N2O3, P9: 
C21H15N3O5, P10: C21H18N2O6, P11: C15H14N2O5 and P12: C11H12O4. 

Fig. 8. Proposed pathway for AZO degradation by: (a) the HA/ZVI/SPC and the HA/ZVC/SPC processes; (b) bioaccumulation factors and (c) developmental toxicity 
of AZO and its possible degradation intermediates.
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The detected HA/ZVC/SPC intermediates were P1: C20H15N3O5, P2: 
C20H13N3O5, P3: C18H11N3O4, P4: C11H7N3O2, P9: C21H15N3O5, P10: 
C21H18N2O6, P11: C15H14N2O5 and P13: C11H12O4. Due to the differ
ences in the reaction process between free radicals and organic matter in 
each of the systems, the AZO intermediate products may differ, although 
the degradation pathways of the two HA/ZVM/SPC systems were 
generally similar.

The pathway I process was utilized in both systems, in which the 
double bond of acrylate was first converted to the P1 enol-type metab
olite by oxidative cleavage, followed by further oxidation to form the P3 
benzoic acid-type metabolite through successive hydroxylation pro
cesses [16]. Subsequently, P4 and P13 intermediates were formed under 
•OH attack, with P4 further degraded to P5 in the HA/ZVI/SPC system.

The pathway II degradation process occurred in the HA/ZVI/SPC 
system, in which the nitrile group is hydrolyzed to form its corre
sponding aldehyde structure (P6), which is then further oxidized to form 
P7, followed by a hydroxylation reaction to produce the P8 product 
[16]. The P8 product was detected, supporting this theoretical 
explanation.

Both HA/ZVI/SPC and HA/ZVC/SPC systems underwent pathway III 
and IV degradation processes, in which carboxylic acids are formed (P9) 
through methyl ester hydrolysis or dealkylation reactions [3]. Attack by 
reactive oxygen species in both systems resulted in the generation of P10 
products followed by hydroxylation to produce P11 products, although 

in the HA/ZVI/SPC system, P11 products were further degraded to P12 
products.

Additionally, the T.E.S.T. approach was used to predict the devel
opmental toxicity and bioaccumulation factors of AZO and its break
down products. Only the bioaccumulation factors of P6, P10, P11, and 
P12 could not be predicted out of all the intermediates evaluated. The 
AZO intermediates all demonstrated a decrease in bioaccumulation 
compared to pristine AZO, as seen in Fig. 8b, suggesting that AZO had a 
high bioaccumulation potential, although its intermediates were rela
tively less likely to accumulate in organisms, reducing their potential 
adverse effects. The capacity for AZO and its intermediate compounds to 
cause adverse effects on human or animal development was further 
evaluated in terms of developmental toxicity (Fig. 8c). Results showed 
that most of the AZO intermediates exhibited reduced developmental 
toxicity compared to the AZO parent compound, except for P9 and P10, 
with P5 and P13 in particular exhibiting a very low risk of develop
mental toxicity. In summary, these toxicity predictions highlight the 
important issue that AZO breakdown is accompanied by the production 
of toxic intermediates. Although the two HA/ZVM/SPC processes can 
reduce the toxicity of most AZO intermediates by forming less toxic 
decomposition products, some highly toxic intermediates remained, 
suggesting that further studies are needed to establish methods to reduce 
the toxicity of degradation products.

In order to further evaluate the toxicity of the solution treated with 
HA/ZVM/SPC, mung bean seeds were germinated in deionized water 
(DW), untreated AZO solution, and AZO solution treated with HA/ZVI/ 
SPC and HA/ZVC/SPC. The planting date was set at 5 days. The 
germination photos and average bud length of seeds cultured in different 
water bodies for 1–5 days are shown in Fig. 9a and b. On the fifth day, 
the bud lengths of DW, untreated AZO, HA/ZVI/SPC and HA/ZVC/SPC 
groups were 12.3, 5.3, 11.3 and 10.0 cm, respectively. Obviously, the 
growth of bean sprouts in untreated AZO group was significantly 
inhibited, and both growth and bud length were significantly lower than 
those in treated AZO group and control group, which indicated that 
untreated AZO pesticide wastewater might have a certain toxic effect on 
organisms. At the same time, the growth degree of bean sprouts in HA/ 
ZVI/SPC and HA/ZVC/SPC solutions was slightly lower than that in DW 
group, which may be due to the toxicity caused by the accumulation of 
intermediate products and iron/copper. This shows that HA/ZVM/SPC 
significantly reduced the biotoxicity of AZO, demonstrating its 
environmental-friendly characteristics and great practical application 
potential.

4. Conclusion

In this study, ZVI and ZVC were used as SPC activators to effectively 
degrade AZO in the presence of HA. Following the addition of HA to the 
system, the rate of AZO removal by the ZVI/SPC system increased from 
42.7 % to 99.0 % within the first 15 min of treatment when pH = 3. In 
contrast, the rate of AZO removal by the ZVC/SPC system increased from 
9.9 % to 99.1 % within the first 50 min of treatment when pH = 3. It is 
worth noting that when pH = 9, the removal rate of AZO by HA/ZVC/ 
SPC system was still as high as 85.5 %. Therefore, the HA/ZVI/SPC 
system was more efficient in the removal of AZO, while the HA/ZVC/ 
SPC system had a wider applicable pH range. The lower the pH, the 
higher the removal rate of AZO. However, pH lower than 3 is not suit
able for real water treatment. The concentrations of Fe2+ and Cu+ in the 
solution increased with increase in initial HA concentration.

The presence of different reactive oxygen species in the two HA/ 
ZVM/SPC systems was verified by quenching experiments and EPR 
testing, and their relative contribution rates were in the order: •OH >
O•−

2 > 1O2 > CO•−
3 . Using the •OH probe method, it was shown that 

more •OH was generated within the system in the presence of HA, thus 
promoting the removal of AZO. SPC contains trace amount of CO3

2− . It 
has been shown previously that •OH reacts with trace amounts of CO3

2−

Fig. 9. (a) Seed germination photographs; (b) Average bud length of seeds. 
Experimental conditions: [ZVI]0 = 0.05 g/L, [ZVC]0 = 0.10 g/L, [SPC]0 = 1 
mM, [AZO]0 = 10 mg/L, [HA]0 = 1 mM, [pH]0 = 3.
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to generate other reactive oxygen species, which promotes the degra
dation of AZO. In this paper, the possible intermediates of AZO were 
analyzed by LC-MS and DFT calculation. The degradation pathways of 
HA/ZVI/SPC and HA/ZVC/SPC were similar. In total, ten types of AZO 
intermediate products were detected in the HA/ZVI/SPC system, while 
nine types of products were detected in the HA/ZVC/SPC system. The 
main reactive functional groups of AZO were carbon–carbon double 
bonds, carboxyl groups and cyano groups, with the intermediate prod
ucts generated by oxidative cracking and hydroxylation. The two HA/ 
ZVM/SPC systems were able to maintain good stability and a high 
degradation capability after repeated cycles of use. The bioaccumulation 
and developmental toxicity factors of AZO decreased, according to the 
results of the toxicity evaluation. Overall, the heterogeneous Fenton 
system strengthened by HA was able to effectively remove AZO, 
showing significant promise for further optimization and practical 
application.
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