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

• The reactive oxygen species were 
generated in CEC without extra 
oxidants. 

• FEP as dielectric powders could effec
tively degrade Cu(II)-EDTA in CEC. 

• CEC coupled CDI could degrade Cu(II)- 
EDTA and directly capture Cu2+. 

• The decomplexation of Cu(II)-EDTA in 
CEC was dominated by decarboxylation.  
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A B S T R A C T   

The complex of heavy metals and organic acids leads to high difficulty in heavy metals separation by traditional 
technologies. Meanwhile, alkaline precipitation commonly used in industry causes the great consumption of 
resources and extra pollution. Herein, the effective decomplexation of Cu(II)-EDTA and synchronous recycling of 
Cu2+ were realized by contact-electro-catalysis (CEC) coupled with capacitive deionization (CDI) innovatively. In 
particular, fluorinated ethylene propylene (FEP) as dielectric powders could generate reactive oxygen species 
under ultrasonic stimulation, realizing continuous deaminization and decarboxylation of Cu(II)-EDTA and 
accelerating the totally breakage of Cu-O and Cu-N bonds. Additionally, the degradation pathway and in
termediates evolution of Cu(II)-EDTA were investigated using various characterization methods. It was 
confirmed that decarboxylation predominantly governed the degradation process of Cu(II)-EDTA in CEC. During 
the course of treatment, the degradation ratio of Cu(II)-EDTA reached 86.4 % within 150 min. Impressively, this 
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strategy had satisfactory applicability to other metal combinations and excellent cycle stability. Subsequently, 
the released Cu ions were captured by CuSe cathode electrode through CDI. This research elucidated the 
degradation mechanism of persistent organic pollutant during CEC, and provided a novel approach for efficiently 
treating industrial wastewater containing metal complexes and advancing the exploitation and utilization of new 
technologies for metal recovery.   

1. Introduction 

The increasingly severe contamination of toxic heavy metals and the 
depletion of copper (Cu) resources have posed a formidable challenge in 
addressing heavy metal pollution treatment and Cu2+ recycling [1,2]. 
On account of its strong affinity for amino, carboxyl and other functional 
groups [3], Cu2+ is easy to bond with organic ligands in the wastewater 
to produce metal complex like ethylenediaminetetraacetic acid-chelated 
copper [Cu(II)-EDTA], which have stronger toxicity and faster diffusion 
rate [4,5]. Some industrial enterprises, such as mining, metallurgic and 
electroplating, would also generate and discharge significant quantities 
of metal wastewater containing Cu(II)-EDTA, thereby inevitably causing 
environmental harm [6–8]. The effective removal of Cu(II)-EDTA using 
traditional wastewater treatment methods such as ion exchange, 
adsorption, and precipitation is challenging [9–11]. Therefore, it is of 
paramount importance to develop a sewage treatment method that can 
effectively disrupt the metal-organic bond of Cu(II)-EDTA and facilitate 
the recycling of valuable metal resources. 

In recent years, advanced oxidation processes (AOPs) have been 
extensively used for the treatment of metal complexes wastewater 
because of the strong oxidation ability of generating hydroxyl radical 
(•OH) [12], which can effectively break down metal-organic bonds of 
metal complexes and facilitate the release of metal ions after decom
plexation, such as persulfate oxidation [13,14], photochemical oxida
tion [15–17], ozonation [18,19], Fenton oxidation [20,21]. However, 
there may be some defects, such as poor oxidization [22], the need for 
high energy consumption or a large number of chemical reagents, the 
need to achieve a better treatment effect at a lower pH [23], the 
degradation effect falls short of expectations and other problems [24]. 
Furthermore, these AOPs generally require additional precipitation to 
remove metal ions after decomplexation, which undoubtedly add the 
cost, also easily cause secondary pollution, increasing the burden on the 
environment. 

As an innovative strategy for generating reactive oxygen species 
(ROS) and treating refractory organic pollutants, contact-electro- 
catalysis (CEC) is at the forefront of mechanochemistry, contact- 
electrification and catalysis. It has been proved that it had the effi
cient degradation capability to challenge organic pollutants including 
methyl orange and crystal violet [25,26]. The electrons that drive the 
exchange in the contact-electrification can be used for CEC [27], where 
the mechanical stimulation creates cavitation bubbles, and the electron 
transfer during the generation and rupture phenomena of cavitation 
bubbles occurring on the surface of dielectric powder generates surface 
electrostatic charges. These electrostatic charges are transferred to 
generate ROS, which react with refractory organic compounds to ach
ieve the degradation of organic pollutants [28]. At the same time, the 
capacitive deionization (CDI) has witnessed rapid development in the 
past decade, offering a novel approach to desalting [29]. Compared with 
the traditional desalination method, CDI boasts several advantages 
including superior desalting efficiency [30], simplified desorption 
operation, reduced energy consumption and minimized secondary 
pollution [31], and enables to selectively capture Cu2+ in wastewater 
effectively [32]. 

In this research, an all-electrified approach which coupled CEC and 
CDI for the first time was reported to enable the effective degradation of 
Cu(II)-EDTA and coinstantaneous recovery of Cu2+. Specifically, fluo
rinated ethylene propylene (FEP) as dielectric powders could produce 
ROS under ultrasonic stimulation and achieve effective degradation of 

Cu(II)-EDTA. The free Cu2+ after decomplexation would be electro
adsorbed by the CuSe cathode electrode in CDI. In the process of Cu2+

adsorption by CuSe, Cu2+ were stored in the electrode as cuprous sele
nide (Cu2Se). In addition, the existence of hydroxyl radical (•OH) and 
superoxide radical (•O2

− ) was verified by electron paramagnetic reso
nance (EPR), and the energy barrier of electron exchange between FEP 
and water/O2 under reaction conditions was evaluated by DFT to discuss 
the internal mechanism of CEC degradation of organic pollutants. 
Meanwhile, the degradation pathway and intermediates evolution of Cu 
(II)-EDTA were researched by high performance liquid chromatography 
mass spectrometry (HPLC-MS). Overall, this study provided new inspi
ration for the decomplexation and recovery of Cu(II)-EDTA, and may 
also stimulate further explorations of chemical processes induced by 
CEC. 

2. Materials and methods 

2.1. Contact-electro-catalysis experiments 

50 mg of FEP was added to a 50 mL solution of Cu(II)-EDTA with a 
concentration of 0.1 mmol/L. FEP particles were fully in contact with 
the solution through magnetic agitation. The solution, which consists of 
FEP and Cu(II)-EDTA, was subsequently placed in an ultrasonic cleaner 
(KQ-200VDE) for 150 min. A certain volume of solution was extracted 
from the original solution at intervals and the concentration of Cu(II)- 
EDTA was determined by high performance liquid chromatography 
(HPLC). 

2.2. CDI experiments 

80 wt% CuSe, 10 wt% carbon black, 10 wt% compound of polyvinyl 
butyric aldehyde (PVB) and polyvinylpyridone (PVP) were mixed into a 
uniform slurry and coated on graphite paper (2 ×3 cm2) and dried at 80 
℃ overnight. With CuSe as the cathodes and platinum sheet electrode as 
the anodes, a two-electrode system was formed. 50 mL of aqueous so
lution after CEC was added in electrode system, and the required voltage 
was provided by electrochemical workstation (CHI 660E) for CDI ex
periments. During the 4-hour electroadsorption process, a certain vol
ume of solution was extracted from the original solution at intervals, and 
the concentration of Cu2+ was measured by inductively-coupled plasma 
optical emission spectrometer (ICP-OES). 

2.3. Analytical methods 

The morphology and structure of the samples were observed by field 
emission scanning electron microscopy (FE-SEM, FEI Sirion200). The 
elements contained of the sample was analyzed by Energy Dispersive X- 
Ray analysis (EDX, FEI Sirion200) The structure composition of the 
samples was explored by X-ray diffractometer (XRD, Bruker D8). FT-IR 
(FRONTIER) was applied to characterize the functional structures of 
samples. The composition of the sample was analyzed by X-ray photo
electron spectroscopy (XPS, ESCALAB XI). The Raman spectrum was 
measured on a Raman spectrometer (XPLORA PLUS). The concentra
tions of Cu(II)-EDTA was measured on a high-performance liquid 
chromatography (HPLC, Agilent 1260 Infinity, USA) instrument. ROS 
including hydroxyl radical (•OH) and superoxide radicals (•O2

− ) were 
determined using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the spin- 
trapping agent by electron paramagnetic resonance (EPR, Bruker 
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BRUKER A200). The quantitative detections of H2O2 was implemented 
using a UV–vis spectrophotometer (L6, Yidian, Shanghai). The inter
mediate generation during the decomplexation of Cu(II)-EDTA was 
identified by high performance liquid chromatography-mass spectrom
etry (HPLC-MS, U3000RSLC-Q Exactive Focus, Thermo Fisher Scientific, 
USA). The CDI experiments was conducted by an electrochemical 
workstation (CHI 660E Chenhua, Shanghai). Inductively-coupled 
plasma optical emission spectrometer (ICP-OES, PerkinElmer Optima 
8000) was used to quantify the concentrations of Cu2+ in solution. The 
energy barrier of electron exchange in the sample was calculated 
through density functional theory (DFT). 

3. Results and discussion 

3.1. Investigation of properties and characteristics of dielectric powders 

The experimental apparatus for Cu(II)-EDTA decomplexation was 
exhibited in Fig. 1a. Previous studies have shown that dielectric mate
rials could be energized in contact with water to drive catalytic reactions 
and synthesize H2O2 [33]. Therefore, different dielectric powders, such 
as FEP, BaTiO3, polyvinylidene fluoride (PVDF) and polytetrafluoro
ethylene (PTFE), were used to study the relationship between dielectric 

powders and degradation efficiency of Cu(II)-EDTA. The dielectric ma
terial FEP, as depicted in Fig. 1b-c, exhibited a remarkable ability to 
decomplexed 86.4 % of Cu(II)-EDTA during the CEC process within a 
time frame of 150 min, with a reaction rate constant of 0.01543 min− 1, 
but the degradation efficiency of BaTiO3, PVDF and PTFE for Cu 
(II)-EDTA was 42.0 %, 17.7 % and 27.2 %, and the reaction rate constant 
was only 0.00427, 0.00167 and 0.00226 min− 1, respectively. The 
quantity of hydrogen peroxide (H2O2) generated during the CEC process 
in the solution was measured without the introduction of any contam
inants (Fig. S1). It could be observed that under the continuous stimu
lation of ultrasonic, the concentration of H2O2 continued to accumulate, 
and the concentration of H2O2 in the FEP solution was markedly higher 
than that added with other dielectric powders, which indirectly verified 
the generation of ROS in CEC process, such as •OH, and underscored the 
correlation between the catalytic performance and the properties of 
dielectric material. 

The physicochemical properties of FEP were investigated using 
various characterization methods before and after ultrasound to clarify 
the role of dielectric powder in the catalytic reaction. Scanning electron 
microscopy (SEM) and energy dispersive X-ray analysis (EDS) 
(Figs. S2–3) indicated that the morphology and element distribution of 
FEP powder after ultrasound were consistent with those before the 

Fig. 1. (a) Schematic representation about CEC experimental setup. (b) Plots of Cu (II)-EDTA reduction of FEP, PVDF, PTFE and BaTiO3 during CEC process, and (c) 
− ln(C/C0) versus time. (d) Raman spectra, (e) Fourier transform infrared spectra and (f) XRD of FEP before and after reaction. (g) C1s, (h) F1s, and (i)O1s XPS spectra 
of FEP before and after reaction. 
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catalytic reaction. The skeleton vibration mode was uniform through 
Raman spectrometer as well (Fig. 1d). In Fourier transform infrared (FT- 
IR) and X-ray diffractometry (XRD) analysis results (Fig. 1e-f), FEP 
particles were also stable after the catalytic reaction. From X-ray 
photoelectron spectroscopy (XPS) spectrums of C1s, F1s and O1s of FEP 
powders (Fig. 1g-i), it could be found that the original peaks did not 
dissimilate and no new peaks were generated after the reaction, which 
confirmed the chemical stability of FEP particles during CEC and ruled 
out the possibility of adsorption. These analyses illustrate that FEP 
functioned as a catalyst in the decomplexation process of Cu(II)-EDTA. 
In the meantime, the results of each characterization were consistent 
with previous studies on FEP [27,33]. 

3.2. Cu(II) -EDTA decomplexation performance 

As displayed in Fig. S4, under the action of ultrasound and FEP, the 
concentration of Cu(II)-EDTA in the solution decreased by 86.4 % 
within 150 min, which has certain advantages over traditional ozone 
oxidation. In contrast, the effect of Cu(II)-EDTA degraded with ultra
sonic alone could be ignored. In the CEC process, the growth and rupture 
of cavitation bubbles play a crucial role in achieving effective degra
dation of refractory organic pollutants, while the frequency and power 

of ultrasonic determine both the quantity and size of cavitation bubbles. 
Therefore, the decomplexation of Cu(II)-EDTA were compared under 
different ultrasonic frequency (45–100 KHz) and different ultrasonic 
power (80–200 W). As shown in Fig. 2a-b, Cu(II)-EDTA showed a high 
degradation rate of nearly 90% at the ultrasonic frequency of 45 KHz 
with the reaction rate constant of 0.01543 min− 1. However, the degra
dation efficiencies were significantly worse at 80 and 100 KHz, which 
were 47.8 % and 16.5 %, and the reaction rate constants were 0.00512 
and 0.00122 min− 1, respectively. When the ultrasonic frequency was 
high, the oscillation frequency would be accelerated. But in fact, the 
increase in oscillation frequency would cause a corresponding decrease 
in ultrasonic wavelength, leading to a significant rise in attenuation 
during ultrasonic propagation. This phenomenon hinders the efficient 
utilization of ultrasonic energy. The decomplexation efficiencies of Cu 
(II)-EDTA under various ultrasonic power of 45 KHz were plotted in 
Fig. 2c-d. The decomplexation rate of Cu(II)-EDTA went up with the 
augmentation of ultrasonic power, with a concurrent increase in the 
reaction rate constant. It is obvious that the enhancement of the ultra
sonic power would augment the quantity of cavitation bubbles and the 
input energy, so as to promote the degradation of organic pollutant. 

The decomplexation of Cu(II)-EDTA with different dosages of FEP 
particles was investigated. Fig. 2e indicated that the degradation ratio of 

Fig. 2. (a) Plots of Cu(II)-EDTA decomplexation during CEC at various ultrasonic frequencies and (b) − ln(C/C0) versus time. (c) Plots of Cu(II)-EDTA decomplexation 
during CEC at various ultrasonic power and (d) − ln(C/C0) versus time. Plots of Cu(II)-EDTA decomplexation during CEC at various (e) dosage of FEP particles, (f) 
temperature, (g) pH and (h) − ln(C/C0) versus time, (i) molar ratios of Cu and EDTA versus time. 
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Cu(II)-EDTA initially increased and then decreased along with the 
continuous addition of FEP powder. There was no doubt that FEP could 
be fully in contact with the solution due to the increase in dosage, but 
excessive electrons would accumulate on the surface of dielectric pow
der and lead to the formation of a high electric field [34], thus inhibiting 
the generation of ROS and affecting the effect of Cu(II)-EDTA 
decomplexation. 

For comprehending the influence of temperature, the degradation of 
Cu(II)-EDTA during CEC in the temperature range of 25 to 55 ◦C was 
surveyed. Fig. 2f revealed the best degradation effect at 35 ◦C. On the 
one hand, elevating the temperature would strengthen the activity of 
free radicals, on the other hand, when the temperature rose, the mo
lecular activity of water intensified with the increase of molecular fric
tion, so that the energy loss in the process of ultrasonic propagation was 
greater. In addition, when the temperature went up to a certain degree, 
the FEP powder would undergo a glass transition [35], which affects the 
CEC process. However, the effects of temperature may be complex and 
require to be further studied. 

To evaluate the pH compatibility of CEC process, the decomplexation 
of Cu(II)-EDTA at various pH was compared. It was evident that Cu(II)- 
EDTA degraded 62.5 % at pH 2.0 for 150 min, and reached 86.4 % at pH 
4.0, and it was reduced to 49.9 %, 13.6 % and 9.1 % at the solution pH 
6.0, 8.0 and 10.0, respectively (Fig. 2g). It was clear that the decom
plexation of Cu(II)-EDTA was suppressed to some extent not only under 
alkaline conditions, but also under superacid conditions, which was 
consistent with the calculation results of kinetic constants (Fig. 2h). We 
mentioned that the degradation of organic pollutants in CEC was ach
ieved by the occurrence of ROS formed by electron transfer, but 
hydrogen ion adsorption would compete with electron transfer. The 
excessive presence of hydrogen ions in the system leads to their 
adsorption onto the surface of the dielectric powder [36], which 
inhibited the electron transfer between the water molecules and the 
dielectric powder. Other studies have also reported that the degradation 
of Cu(II)-EDTA was facilitated in acidic environment, whereas alkaline 
conditions impeded the process [37,38]. The hydrolysis forms of Cu 
(II)-EDTA were rested with the pH condition. The main species in the 
solution were CuH2EDTA and CuHEDTA− at pH 2, and it was mainly 
CuEDTA2− and CuHEDTA− at pH 4, and CuEDTA2− was the only 
component at pH 6–10 [39]. In effect, protonated species CuH2EDTA 
and CuHEDTA− were more easily oxidized by •OH radicals than 
deprotonated species CuEDTA2− . In addition, the released copper ions 
are more likely to precipitate at high pH [40]. 

The degradation of Cu(II)-EDTA was surveyed at various molar ratios 
of copper and EDTA (1:1, 1:2, 1:4) with the view of being aware of the 
impact of superfluous EDTA. The decomplexation of Cu(II)-EDTA with 
molar ratio of 1:2 and 1:4 was significantly inhibited compared with the 
Cu complex with a molar ratio of 1:1 (Fig. 2i). The typical stoichiometry 
for the chelation of metal ions with EDTA is 1:1, and when present in 
excess, unbound EDTA will be free in solution [41]. Therefore, free 
EDTA would compete with Cu(II)-EDTA for the ROS, and impede the 
decomposition of Cu-EDTA. 

3.3. Identification of reactive oxygen species 

For the purpose of revealing the degradation mechanism of Cu(II)- 
EDTA, ROS generated in CEC was investigated systematically. The active 
materials were identified by EPR and free radical quenching agent, 
which confirmed the charge transfer and Cu(II)-EDTA degradation 
pathways. 100 mM DMPO was employed as a scavenger to capture •OH 
radicals produced during the catalytic reaction. Simultaneously con
taining 100 mM DMPO and 1 mM isopropyl alcohol (IPA) was used to 
trap •O2

− radicals, where the utilization of IPA was employed for the 
purpose of quenching •OH radicals, increasing the chance of DMPO 
trapping •O2

− radicals. As exhibited in Fig. S5, under ultrasonic stimu
lation, no signal was generated in the solution without FEP particles, 
while after FEP particles were added, the characteristic peaks of DMPO- 

•OH in the quadruple state (Fig. 3a) and DMPO-•OOH in the sextuple 
state were measured (Fig. 3b). The reason for this phenomenon is that 
H2O in the solution undergoes oxidation by losing electrons, while O2 
undergoes reduction by gaining electrons. Additionally, due to the 
higher reactivity of •OH radicals with DMPO, the DMPO-•OOH peak 
predominantly appeared in a quadruple state. The generation of these 
two kinds of free radicals, •OH radicals and •O2

− radicals, exhibited 
continuous accumulation as ultrasound time was extended in Fig. 3c-d, 
indicating that FEP and water would generate •OH radicals and •O2

−

radicals constantly under ultrasonic stimulation. Different concentra
tions (0.1 mM~ 0.8 mM) of IPA and chloroform (Chlo) were added in 
the reaction to quench •OH radicals and •O2

− radicals (Fig. 3e-f), so as to 
examine the degradation of Cu(II)-EDTA by ROS attack. The EPR spec
trum and the degradation effect of Cu(II)-EDTA after the addition of 
4 mM IPA were depicted in Fig. S6-8. Above results showed that with the 
increasing concentration of free radical quencher, the decomplexation 
of Cu(II)-EDTA was getting worse and the signal of ROS was significantly 
weakened, which proved the important role of ROS during CEC process. 
Afterwards, 1 mM of AgNO3 was introduced into the reaction system as 
an electron sacrificial agent to investigate whether the generation of free 
radicals attacking Cu(II)-EDTA through electron transfer. As demon
strated in Fig. S9, the addition of AgNO3 in the reaction system resulted 
in a significant inhibition of Cu(II)-EDTA degradation. The comparison 
of H2O2 production with the addition of free radical quenchers and 
electron sacrificial agent under different ultrasonic time was shown in 
Fig.S10. On the whole, •OH radicals and •O2

− radicals generating in CEC 
process through electron transfer would attack Cu(II)-EDTA and realize 
the degradation of it. 

3.4. Mechanism of producing ROS during CEC 

The aforementioned findings and analysis serve as the foundation for 
the potential mechanism degradation of Cu(II)-EDTA during CEC, which 
could be divided into two processes: oxygen reduction and water 
oxidation (Fig. 4a). Water oxidation was the process by which water 
molecules interact with FEP particles, resulting in electron transfer to 
the surface of FEP particles and subsequent formation of water radical 
cations. These species would participate in subsequent reactions, such as 
protonation or deprotonation reactions, leading to the production of 
hydronium cations and •OH radicals [42]. At the same time, in oxygen 
reduction, the continuous generation and rupture of cavitation bubbles 
under ultrasonic environment resulted in the capture of electrons on the 
surface of FEP particles by O2 [43]. This leaded to the formation of •O2

−

radicals, which subsequently generated •OH radicals through a chain 
reaction [44]. The relative accumulation of •OH during the CEC reaction 
was shown in Fig. S11. 

Water oxidation: 

H2O→e− +H2O•+ (1)  

H2O•+→⋅OH+H+ (2) 

Oxygen reduction: 

O2 + e− →⋅O2
− (3)  

⋅O2
− +H+→⋅OOH (4)  

⋅OOH− +H+ + e− →H2O2 (5)  

H2O2 + e− →⋅OH+OH− (6) 

The ROS, which contain •OH and •O2
− radicals, ultimately reacted 

with Cu(II)-EDTA to achieve the degradation of it. 
The energy barriers associated with these electron exchange pro

cesses were calculated and determined using Density Functional Theory 
(DFT), thereby investigating the impact of the ultrasound on electron 
transfer at the surface of dielectric powder. The specific calculation 
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details are available in Supporting Information. By simulating the high- 
pressure environment caused by bubble bursting, in both cases of H2O/ 
FEP and FEP* /O2, the band gap between the lowest unoccupied mo
lecular orbital (LUMO) and highest occupied molecular orbital (HOMO) 
gradually diminished as the system volume was compressed (Fig. S12). 
The calculation results indicated that the compression of volume to 70 % 
leaded to a reduction in the energy barriers of electron transfer by 
4.43 % and 7.29 % (Fig. 4b), respectively. Consequently, in the CEC 
process, the high-pressure environment effectively diminished the en
ergy barrier associated with electron transfer and facilitates its 
occurrence. 

3.5. Decomplexation pathways of Cu(II)-EDTA and recovery of copper 

To have more insights into the decomplexation of Cu(II)-EDTA, 
HPLC-MS was used to detect the characters of it in the catalytic reaction, 
thus deduced the degradation pathway of Cu(II)-EDTA and the evolution 
of its intermediate products. As shown in Fig. S13 and Fig. 5a, the main 
identified intermediates were Cu(II)-ED3A, Cu(II)-EDDA, Cu(II)-NTA, 
Cu(II)-IDA, IMDA, oxalic acid and glyoxylic acid. Meanwhile, with the 
extension of reaction time, the response peak area varied with the 
relative strength of the intermediates. This explained that the degrada
tion of Cu(II)-EDTA coming true by •OH and •O2

− involved a continuous 
course of decarboxylation and deaminization. For investigating the 
function of deaminization and decarboxylation courses to the degrada
tion process of Cu(II)-EDTA, the concentration of Cu(II)-EDTA and its 
intermediates was monitored during the CEC process, and the fractions 
of the intermediates among all intermediates at different time were 
subsequently computed. In Fig. 5b, the proportion of decarboxylated 
intermediates in the decomplexation process of Cu(II)-EDTA was 
prominently higher than deaminated intermediates, which was attrib
uted to the lower energy barrier of ROS radicals facilitated decarboxy
lated reaction compared with deaminization reaction [45]. Other trace 

amounts of degradation products were also detected in HPLC-MS 
(Fig. S14), which ascribed to the fact that the degradation of Cu 
(II)-EDTA was a complex reaction process and need to be further 
researched. Above consequences manifested that the amino group of Cu 
(II)-EDTA was attacked selectively by ROS for decarboxylation and 
deaminization, in which decarboxylation was dominant, giving rise to 
efficient transformation of complex Cu to disengaged Cu2+. Fig. 5a 
further presented the main degradation pathways of Cu(II)-EDTA during 
CEC. It demonstrated that decarboxylation and deaminization could be 
realized through the attack of ROS in the CEC process, promoting the 
continuous breaking of Cu-O and Cu-N bonds in Cu(II)-EDTA. In the 
degradation of Cu(II)-EDTA, the intermediate products underwent 
continuous oxidation and decomposition due to the relentless attack of 
ROS, ultimately leading to mineralization. The ongoing decomposition 
and potential mineralization of Cu(II)-EDTA would alleviate its acute 
toxicity [46,47]. 

Commercial CuSe was used as the cathode electrode in CDI with the 
view of implementing the recovery of free Cu2+ in solution. The specific 
experimental device was shown in Fig. S15. In our previous studies, it 
has been confirmed that CuSe as a cathode electrode in CDI could un
dergo redox reaction with Cu2+ in solution to produce Cu2Se during 
electroadsorption [48], and achieved efficient selective adsorption of 
Cu2+. Fig. 5c illustrated that the recovery rate of Cu in Cu(II)-EDTA after 
degradation during CEC process was significantly higher than without 
CEC treatment, which indicated the importance of decomplexation in 
the treatment of metal complexes. Meanwhile, the recovery effect of Cu 
was continuously enhanced with the raising of voltage (Fig. 5d), which 
certified that the reaction parameters could be sequentially optimized 
and further amplified [49]. 

3.6. Applicability analysis of CEC 

The applicability of CEC process to degrade other heavy metal 

Fig. 3. EPR spectrums for (a) DMPO-⋅OH in the presence of FEP, (b) DMPO-⋅OOH in the presence of FEP/iso-propanol during ultrasonic captured by DMPO. 
Variation of EPR spectra for (c) DMPO-⋅OH, (d) DMPO-⋅OOH with reaction time. Comparison of Cu(II)-EDTA decomplexation with different quenching agent 
concentrations versus time of (e) iso-propanol, (f) chloroform. 
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complexes was further assessed. Fig. 6a-c demonstrated Pb(II)-EDTA, Cd 
(II)-EDTA, and Ni(II)-EDTA could be effectively degraded during CEC 
process. Although the reaction parameters need to be further optimized 
due to the different complexation forms of different heavy metal com
plexes, this well proved the universal applicability of CEC for decom
plexation of heavy metal complexes, revealing that CEC process had 
excellent application potential in degrading metal complexes and 
releasing metal ions. As depicted in Fig. 6d-e, the degradation ratio of Cu 
(II)-EDTA remained consistent with the initial effect after 4 cycles, with 
the kinetic constant keeping stable, indicating excellent stability and 
durability. In the specific recycling process, FEP could be effectively 
recovered after simple filtration, washing and drying, and the recovered 
powder showed no significant alterations in appearance, color, aggre
gation state (Fig. S16), thereby demonstrating its excellent recycling 
stability and economic viability. 

CEC phenomenon is common and polymer materials that can be used 
as dielectric powder are inexpensive and effortless to obtain [50]. 
Simultaneously, CEC has obvious advantages compared with other 
metal complex treatment technologies (Table S1). Therefore, based on 
the principle of CEC, an economical wastewater treatment system for 
heavy metal complexs was designed, as shown in Fig. 6f. At the same 
time, we expect that this innovative strategy has excellent applications 
in organic pollutant wastewater treatment, heavy metal resource re
covery, active substance research and other related fields. 

4. Conclusion 

The discharge of metal-organic complexes, which are commonly 
found contaminants in industrial organic wastewater, is substantial. 

Given the prominent pollution caused by metal complexes and resources 
depletion, it is imperative to achieve effective treatment of these com
plexes and facilitate the recovery of valuable metals. In this research, a 
promising technique for coupling contact-electro-catalysis with elec
troadsorption had been demonstrated to destroy Cu(II)-EDTA and cap
ture Cu2+. In this treatment process, contact of FEP particles with water 
would generate hydroxyl radicals and superoxide radicals under ultra
sonic to realize the decarboxylation and deaminization of Cu (II)-EDTA, 
and promote the break of Cu-O and Cu-N bonds. By investigating the 
degradation pathway of Cu(II)-EDTA and the evolution of its in
termediates, it has been confirmed that decarboxylation predominantly 
governs the degradation process of Cu(II)-EDTA in CEC. Subsequently, 
the released Cu2+ were adsorbed by the CuSe electrode in the electro
adsorption, which realized the effective recovery of Cu. Impressively, 
this strategy had satisfactory applicability to other metal combinations 
and excellent cycle stability, and the catalytic efficiency could be further 
improved by increasing the number of electron transfers through 
parameter optimization. In the future, we can employ the mechanical 
energy widely existing in nature, such as wind energy and hydrody
namic energy, as a green energy to drive catalytic reactions to achieve 
environmentally friendly metal complex degradation and metal 
recycling. 

Environmental implications 

The heavy metal complexes which were more stable, toxic and 
diffusible pose challenges for their removal through conventional 
treatment methods, bringing about significant risks to aquatic ecosys
tems. The current treatment methods for metal complexes typically 

Fig. 4. (a) Proposed reaction mechanism for the degradation of Cu(II)-EDTA in CEC course. (b) DFT calculations and assessment of energy barrier between LUMO 
and HOMO for H2O/FEP and FEP* /O2 in different cases. 
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Fig. 5. (a) Major degradation pathways of Cu(II)-EDTA during CEC. (b) Comparison of the proportion of intermediates at different time during CEC reaction. (c) The 
influence of CEC reaction on the recovery of Cu. (d) Plots of Cu removal of the CuSe electrode versus time at different potentials. 

Fig. 6. Decomplexation of metal-EDTA complexes during CEC [(a) Pb(II)-EDTA, (b) Cd(II)-EDTA, (c) Ni(II)-EDTA]. (d) Cycle performance of Cu(II)-EDTA removal 
with FEP particles during CEC. (e) Change curve of − ln(C/C0) with time for different cycles. (f) Expected large application of CEC coupled with CDI for the treatment 
and recovery of metal-organic pollutant. 
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involve the utilization of oxidizing agents and supplementary precipi
tation. In this research, a promising innovation technique for coupling 
contact-electro-catalysis with CDI was demonstrated to degrade Cu(II)- 
EDTA and capture Cu2+ synchronously without the requirement of ox
idants or precipitants. The proposed strategy represents a pioneering 
catalytic pathway that offers an expanded range of materials and 
enhanced electrification benefits, showing excellent application 
potential. 
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