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ARTICLE INFO ABSTRACT

Editor: <Natan Padoin> The peroxodisulfate (PDS)-based oxidation systems are promising for Cu(II) complex decomplexation owing to

its capacity to harness the self-enhanced decomplexation (SED) effect of Cu(II) complexes. This phenomenon was

Keywords: conventionally attributed to liquid-phase autocatalysis via Fenton-like reactions between daughter Cu(II) species
Cu(ID-EDTA and PDS. However, this frequently adopted hypothesis is inconsistent with the actual catalytic activity of Cu(II)
UV/peroxydisulfate

species and has been challenged by our preliminary results. Herein, we revisit the decomplexation of copper(Il)-
ethylenediaminetetraacetate (Cu(II)-EDTA) in UV/PDS system, with particular emphasis on correcting the cat-
alytic behaviors of Cu species and clarifying the indispensable role of UV-irradiation in SED effect. Both acidic
and alkaline conditions exhibit significant SED effect, but we reveal a pH-dependent SED mechanism that is
fundamentally different from the prevailing liquid-phase autocatalysis mechanism. Under acidic conditions, Cu
(II) complexes exhibit enhanced catalytic capacity with decreasing ligand coordination strength, primarily
stemming from the activation of PDS by Cu(I) species produced via the irradiation-induced intramolecular
charge transfer; In alkaline environments, only liberated Cu(Il) substantially contribute to SED effect via spon-
taneous hydrolysis, forming nanostructured CuO after aging, which activates PDS through heterogeneous
Fenton-like processes. While acidic conditions demonstrate faster decomplexation, alkaline-generated solid
products facilitate multi-cycle treatment efficiency and alkaline conditions also exhibits stronger resistance to
chloride. This work corrects the misinterpretation of SED mechanism in UV/PDS/Cu(I)-EDTA system, and
provides a fundamental and accurate mechanistic basis for the efficient treatment of copper-containing organic
wastewater by PDS-based processes.

Self-enhanced decomplexation
Cu(II) Photoreduction
In-situ hydrolysis and aging

chelated structure prevents direct precipitation or adsorption of Cu?* ,
rendering conventional water treatment technologies inefficient for
decomplexation and metal recovery [7,8]. Consequently, developing

1. Introduction

Heavy metal-organic complexes are widely present in electroplating,

leather tanning, printed circuit board manufacturing, and other indus-
trial wastewaters [1-3]. The electroplating sector consumes over one
million tons of copper per year, with a substantial fraction released into
wastewater as stable metal-organic complexes, making copper recovery
from such complex wastewater highly meaningful from both environ-
mental and economic perspectives [4-6]. Copper
(IN-ethylenediaminetetraacetate (Cu(II)-EDTA) represents one of the
most typical and refractory complexes owing to its high thermodynamic
stability, strong chelation affinity, and poor biodegradability. This stable

effective processes to destroy the chelation structure and release free
copper ions has become a key research focus in the treatment of
complex-laden wastewaters [9-11].

Oxidative destruction has become the prevailing technique for
decomplexation of heavy metal-organic complexes [7,12,13]. In recent
years, self-enhanced decomplexation (SED) effect has garnered attention
for its ability to remarkably enhance reaction kinetics [14-18]. Our
previous work demonstrated that the UV/PDS system is highly efficient
for the decomplexation of Cu(II)-EDTA, and a pronounced self-enhanced
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decomplexation (SED) effect was identified during the reaction based on
accelerated kinetics and intensified signals of eOH and SO% in EPR
spectra [19]. In that study, EPR characterization showed that the
daughter Cu(II) species (such as copper(Il)-ethylenediaminediacetate
(Cu(ID-ED2A), copper(I)-ethylenediaminemonoacetate (Cu
(I)-EDMA), and Cu2+) generated from decomplexation could activate
PDS to produce ¢OH and SO%, whereas no obvious radical signals were
detected in the pristine Cu(II)-EDTA/PDS system under dark conditions.
Accordingly, the homogeneous Fenton-like catalytic reaction of these
daughter Cu(Il) intermediates with PDS was initially proposed as the
cause of the SED effect, and this interpretation has been frequently
adopted in later related studies [15,20].

However, this conclusion has been challenged by our subsequent
experimental observations, as we found that the major daughter Cu(II)
species derived from Cu(II)-EDTA cannot effectively activate PDS to
trigger decomplexation or degradation of model organic pollutants [7].
This discrepancy indicates that the traditional interpretation of the SED
mechanism is incomplete and lacks rigorous validation. The key limi-
tations include: First, EPR only qualitatively shows that daughter Cu(II)
species activate PDS more strongly than Cu(I[)-EDTA in the dark. It
cannot quantify whether this activity is sufficient to drive efficient
decomplexation, so quantitative evaluation is lacking. Second, the for-
mation pathways of ¢OH and SOZ have not been rigorously examined,
and the interaction mechanisms between different Cu(Il) species and
PDS remain unclear. Third, the photochemical behavior of Cu(II) species
has not been thoroughly explored. Copper complexes in general are
known to possess certain photochemical activity [21-23]. Upon light
excitation, such complexes can be promoted to excited states [2,24-27],
which in turn alters their chemical behaviors [17,28,29]. Although such
photochemical effects are conceptually recognized [17,30-33], they
have not been systematically incorporated into the mechanistic frame-
work for Cu(I)-EDTA decomplexation in the UV/PDS system. Such
imperfection in the mechanistic understanding limits the rational design
and efficient application of PDS-based technologies for complex waste-
water treatment.

Furthermore, systematic investigations on Cu(II)-EDTA decom-
plexation in the UV/PDS system have been performed under acidic
conditions [10,19], while overlooking the critical role of alkaline envi-
ronments that are widely present in real industrial effluents and
pre-treated wastewater. Under alkaline conditions, the liberated Cu®*
and weakly coordinated Cu(II) species generated from decomplexation
can undergo spontaneous hydrolysis and precipitation. This gives rise to
heterogeneous reactions such as photocatalysis [14], heterogeneous
Fenton-like processes [34], and adsorption. Consequently, the decom-
plexation characteristics and mechanisms of copper complexes by
UV/PDS in alkaline matrices are expected to be fundamentally different
from those under acidic conditions. To date, systematic investigations
under alkaline conditions remain very limited.

Given the above critical scientific problems and knowledge gaps, this
work systematically reinvestigates the decomplexation of Cu(II)-EDTA
in the UV/PDS system, aiming to (1) verify the inadequacy of the con-
ventional interpretation on the SED effect; (2) reveal and compare the
decomplexation behaviors under acidic and alkaline conditions; (3)
explore the in-depth decomplexation mechanisms, including identifi-
cation of catalytically active Cu species, characterization of reactive
oxygen species, elucidation of decomplexation pathways, and uncov-
ering the molecular-level mechanism of the SED effect. Overall, this
work provides an accurate and reliable mechanistic basis for the prac-
tical application of UV/PDS processes in the treatment of copper-
complex-containing industrial wastewater.

2. Experimental
2.1. Chemicals and reagents

All reagents were of analytical grade or higher purity and were used
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without further purification upon receipt. CuSO4e5H20, PDS and EDTA
were purchased from Sigma-Aldrich. Cu(II)-EDMA was bought from
Tokyo Chemical Industry. 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
and 2,2,6,6-tetramethylpiperidine (TEMP) were obtained from J&K
Chemical. Rhodamine B (RhB), chloroform (CHCl3), methanol, tert-
butanol (TBA), furfuryl alcohol (FFA), sodium hydroxide (NaOH), so-
dium sulfite (NaySO3), sodium chloride (NaCl), sodium nitrate (NaNO3s),
sodium periodate (NalO4), neocuproine, iminodiacetic acid (IDA),
nitrilotriacetic acid (NTA) and other reagents were provided by Aladdin.

2.2. Decomplexation efficiency assessment

The experimental procedure was conducted as follows: A pre-
determined concentration of Cu(II)-EDTA solution was introduced into a
quartz reactor, followed by the addition of PDS. The pH was then
adjusted to the target value using HNO3 and NaOH. The reactor was
subsequently positioned 12 cm from the light source (measured from the
center of the cylindrical reactor to the outer surface of the UV lamp). A
low-pressure mercury lamp (10 W, 254 nm, Heraeus) was employed as
the UV source, with a preheating period exceeding 15 min prior to re-
action initiation. The radiometer shows an irradiance of 1.8 mWecm 2.
Throughout the reaction, the solution pH was maintained at the set
value by HNO3 and NaOH. At predetermined time intervals, samples
were withdrawn and immediately quenched with 0.2 moleL ™} sodium
sulfite to prevent further ligand oxidation. pH of each sample was then
raised to 11.0 to precipitate free Cu** and weakly bound Cu(Il) species.
After 3 h of precipitation, the residual Cu concentration (representing
the remaining complexed copper) in the supernatant was quantified via
atomic absorption spectroscopy (Shimadzu, AA7700). All dark reactions
and light/dark cycling experiments were performed under identical
conditions, with the exception of light modulation using a shading plate.
In a typical process, the initial concentration of Cu(II)-EDTA was set to
be 0.6 mmoleL ™! based on the actual water quality of the metal pro-
cessing wastewater (strongly complexed copper usually ranges from
several mgoL’1 to nearly 100 mg-L’l). And an initial PDS concentration
of 50 mmoleL ! was selected to ensure that there is sufficient PDS to
completely decomplex Cu(II)-EDTA.

2.3. Reactive oxygen species analysis

Oxidative species formed during decomplexation was detected via
EPR spectroscopy and quenching experiments. For EPR characteriza-
tions (Bruker EMXplus), the reaction solution containing 0.6 mmolel !
Cu(ID-EDTA, 50 mmoleL ! PDS and capturer was encapsulated in cap-
illaries and placed on the sample stage under irradiation from a medium-
pressure mercury lamp. EPR spectra were acquired at early and middle
stages (1.5 and 5 min for acidic conditions; 5 and 10 min for alkaline
conditions). Hydroxyl radicals (eOH), sulfate radicals (SO%), and su-
peroxide anions (03) were trapped by DMPO, while singlet oxygen
(*0,) was probed using TEMP. Quenching experiments followed a pro-
tocol similar to that of the decomplexation assay, except that scavengers
were added prior to illumination. These included TBA (eOH-specific
quencher), methanol (reacting with ¢OH, SOY), and FFA (non-selective
quenchers for both homogenous and heterogeneous oxidation).

2.4. Cu speciation and oxidation state analysis

The concentrations of Cu(II)-EDTA and daughter complexes,
including copper(Il)-ethylenediamine triacetate (Cu(II)-ED3A), Cu(ID)-
ED2A and Cu(II)-EDMA, were quantitatively determined by HPLC. The
detection conditions were consistent with previous studies [7,35]. Cu
(II1) was probed via periodate method [36,37]. Cu(I) was measured
using the neocuproine (NCP) assay under identical conditions (detection
wavelength of 458 nm). The experimental procedures for monitoring Cu
(I) and Cu(Ill) concentrations during the reaction are as follows. To
prevent rapid quenching of unstable Cu(I) and Cu(Ill) after ceasing
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illumination, NCP or sodium periodate was added to the solution under
continuous UV irradiation. After mixing for 10 s, the sample was
transferred to darkness, and the absorbance was measured after 5 min.
For analyzing the formation of Cu(I) and Cu(Ill) by individual Cu(II)
species, the concentration of each Cu(Il) species was increased to
2.4 mmoleL ™! to minimize the fraction of oxidized species, thereby
suppressing interference from further transformation into other Cu(II)
species. After adding NCP or sodium periodate, the UV light was turned
on to initiate the reaction. The chromogenic reagent continuously
captured the generated Cu(I) and Cu(IIl). After 60 s of reaction, the light
was stopped, and UV-vis absorption spectra were recorded to reflect the
accumulated amounts of Cu(I) and Cu(III). The calibration curves for Cu
(I) and Cu(IIl) are provided in Fig. S1.

2.5. Cu species catalytic activity assessment

The catalytic activity of aqueous Cu(Il) species was evaluated by
monitoring the degradation of RhB in Cu(II) species/PDS systems. The
concentration of RhB was measured by HPLC according to the reported
method [38]. The initial concentrations of Cu(II) species, PDS and RhB
were 0.001 mmoleL ™!, 0.1 mmoleL ! and 0.01 mmoleL ™, respectively.
To quantitatively analyze the catalytic activity of each species, the
degradation rates of RhB in the PDS alone and Cu(II) species/PDS sys-
tems were measured under both illumination and dark conditions,
allowing the contributions of direct PDS oxidation, UV/PDS, and
photo-assisted Fenton-like catalysis by Cu(Il) species to be calculated
and distinguished. To demonstrate the catalytic properties of solids
produced during the decomplexation under alkaline conditions, we
tested RhB degradation by heterogeneous photocatalysis and
Fenton-like. In each experiment, the concentrations of the solid, PDS and
RhB were 50 mgeL ™!, 0.1 mmoleL ™! and 0.01 mmoleL 2, respectively.

2.6. DFT calculations

DFT enables us to obtain molecular-level insights into the behavior of
key species that are difficult to capture experimentally, thereby
providing theoretical support for understanding the wunderlying
mechanism.

All parameters related to the DFT calculations in this study were
selected in accordance with the calculation specifications for transition
metal-organic complex systems, the experimental reaction environment,
and the principle of balancing accuracy and efficiency. Specifically, the
calculations were performed using the Gaussian 09 software. The
B3LYP-D3 (BJ) functional was adopted: the B3LYP hybrid functional can
accurately describe the coordination bonds, valence state cycles (Cu (I)/
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Cu (II)/Cu (I11)), and free radical reactions of copper complexes, while
the D3 (BJ) dispersion correction can effectively make up for the defi-
ciency of traditional functionals in describing intramolecular non-
covalent interactions and van der Waals forces. A mixed basis set
strategy was employed: the Lanl2TZ (f) pseudopotential basis set was
used for copper atoms, which not only takes into account the correction
of relativistic effects and the description of 3d orbital polarization but
also greatly reduces the calculation cost of heavy atoms, adapting to the
core needs of copper valence evolution and coordination activation. The
def2-TZVPP all-electron basis set was used for light atoms such as C, H,
O, N, and S, which can accurately describe the electronic structures of
organic ligands, active free radicals. Meanwhile, an implicit water sol-
vent model was adopted to match the experimental aqueous reaction
environment.

3. Results and discussion

Decomplexation kinetics and SED phenomenon

We initially evaluated the decomplexation of Cu(Il)-EDTA by UV/
PDS process at pH 3.0 and 10.0 (Fig. 1a). The results demonstrated su-
perior performance at both pHs, with acidic condition exhibiting higher
kinetics (90% decomplexation achieved in ~15 min) compared to
alkaline environment (~28 min). Notably, both conditions exhibited
pronounced SED phenomena, as evidenced by the removal profiles of
copper, EDTA, and total organic carbon (TOC) (Fig. S2 and S3), showing
an initial slow removal period (induction stage) followed by a fast
decomplexation stage. According to TOC reduction, the induction stages
lasted for 3 min and 9 min under acidic and alkaline conditions,
respectively. Prior investigations have hypothesized that the SED effect
in PDS-based systems associated with a mechanistic transition in
decomplexation, from initial energy-driven activation to dual energy
and daughter complexes/Cu®" co-activation, with the decomplexation
intermediate/product activation becoming dominant after several min
of reaction [19]. Light-on/off experiments were conducted to verify this
hypothesis. Contrary to expectations, interrupting illumination after the
induction period resulted in significant decomplexation suppression in
both conditions (Fig. 1b), particularly in acidic environments where
decomplexation almost ceased in darkness. These findings suggest that
the traditional autocatalysis hypothesis cannot explain the observed
SED.

To elucidate the mechanistic basis of SED effect, we analyzed the
daughter Cu(II) complexes during the decomplexation (Fig. S4). Both
acidic and alkaline conditions predominantly generated decarboxyl-
ation products including Cu(I)-ED3A, Cu(II)-ED2A, and Cu(II)-EDMA,
with trace Cu(II)-NTA detected (and Cu(II)-IDA in acidic conditions).

b 1.0
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Fig. 1. Decomplexation efficiency of Cu(I)-EDTA in UV/PDS process under (a) continuous irradiation and (b) light-dark cycle conditions ([Cu(II)-EDTA]o

= 0.6 mmoleL ™!, [PDS], = 50 mmoleL ™).
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However, obvious differences in product distribution were observed.
Under acidic conditions, Cu(II)-EDTA, Cu(II)-ED3A and Cu(II)-ED2A
were rapidly decomposed, while Cu(II)-EDMA accumulated. At 5 min
(46% decomplexation), signals for Cu(II)-EDTA, Cu(II)-NTA, and Cu(II)-
ED3A nearly vanished, leaving strong Cu(II)-EDMA and weak Cu(II)-IDA
and Cu(II)-ED2A signals. In contrast, alkaline conditions maintained
more balanced degradation of intermediates, with detectable Cu(I)-
EDTA and Cu(I)-ED3A even at 68% decomplexation. These divergent
product distributions reflect different ligand degradation selectivity,
implying fundamentally distinct decomplexation mechanisms between
acidic and alkaline environments.

3.1. Identification of reactive oxygen species

The decomplexation mechanism was further probed by EPR and
quenching experiments to characterize the oxidative species. EPR
spectra revealed signals of eOH, SO, and 10, in the induction stage,
with comparable intensities observed at both pHs (Fig. 2a and b).
Notably, upon progression to the fast decomplexation stage, a pro-
nounced enhancement in ROS concentrations was observed under acidic
conditions, with eOH exhibiting the most significant amplification,
suggesting an intensified generation pathway for eOH during the
decomplexation. As the reaction proceeds, the signal intensity of ¢«OH
began to decline. On the contrary, ROS signals did not intensify under
alkaline conditions, reflecting the pH-dependent decomplexation prop-
erties. Quenching experiments unequivocally demonstrated the critical
role of eOH in decomplexation (Fig. 3), as TBA exerted significant in-
hibition at both pHs. While methanol further suppressed the decom-
plexation, implicating the contributory role of SO% in the process. The

o
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addition of CHCl3 did not impose significant influence on the decom-
plexation, reflecting the limited contribution of O%". The decomplexation
was almost inhibited in the presence of FFA. These findings collectively
underscore the involvement of radical and non-radical oxidation path-
ways. The stronger inhibitory effect of TBA and methanol under acidic
conditions hints an alternative oxidative pathway under alkaline
conditions.

3.2. Evolution of Cu valence states

To elucidate the role of copper in decomplexation, we assessed the
temporal evolution of Cu oxidation state during the reaction. As illus-
trated in Fig. 4, the Cu(I) concentration increases rapidly in the early
stage and reaches a maximum of approximately 0.047 mmoleL ™! at
5 min. According to the TOC results (Fig. S2), the solution still contains a
high content of small organic acids at this time, and Cu(II) mainly binds
with EDMA and its further degraded small-molecule acids. As the re-
action proceeds, the Cu(I) concentration undergoes a gradual decay. In
contrast, Cu(IlI) concentration increases monotonically in the first
20 min and then keeps stable. The origin of Cu(I) and Cu(III) species was
investigated by testifying their yields by each individual Cu(I) complex.
Cu(ID-EDTA, Cu(I)-ED2A, and Cu(II)-EDMA demonstrated comparable
Cu(l) yields (Fig. S5a), whereas cu*t produced negligible Cu(l). This
disparity primarily stems from the reductive properties of organic li-
gands, particularly carboxylate groups [39,40]. The absence of detect-
able Cu(l) in dark conditions suggests that irradiation-induced
intramolecular electron transfer (IET) is the dominant pathway for Cu(I)
formation (Fig. S5b). Moreover, the organic radicals generated from
ligand oxidation retain reductive capacity, thereby facilitating Cu(II)
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Fig. 2. EPR spectra of the solution at different reaction times. (a, b) Captured using DMPO at pH 3.0 and pH 10.0, respectively; (c, d) Captured using TEMP at pH 3.0
and pH 10.0, respectively ([Cu(I)-EDTA], = 0.6 mmoleL 1, [PDS] = 50 mmoleL ).
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Fig. 3. Quenching experiments at (a) pH 3.0 and (b) pH 10.0, respectively ([Cu(II)-EDTA]o = 0.6 mmoleL ™%, [PDS], = 50 mmoleL %, [quenchers]o = 0.1 moleL ™).

0.08
7,006
5
£
£
= 0.04
S
g
g
S 0.02
(o}
© —0—Cu(])
—O— Cu(III)
0.00
0 5 10 15 20 25

Time (min)

Fig. 4. UV-vis spectra detecting the generation of (a) Cu(I) and (b) Cu(IIl)
during Cu(ID)-EDTA  decomplexation at pH 3.0 ([Cu(ID-EDTA],
= 0.6 mmoleL "}, [PDS]o = 50 mmoleL1).

reduction [41,42]. Unexpectedly, Cu(III) was exclusively produced by
Cu?" rather than Cu(1)-EDTA and daughter Cu(II) complexes (Fig. S6),
implying that Cu(III) generation occurs via Cu?*/PDS reactions (Eq. (3)
but not oxygen transfer from Cu(I) precursors. These findings collec-
tively support the SED mechanism described by Eqs. (1-4) where PDS
was activated through Cu(II)/Cu(l) cycling. To directly confirm the role
of Cu(l) in PDS activation, we tested the degradation of RhB by Cu
(I)/PDS and control processes. Hydroxylamine hydrochloride
(NH20HeHCI), a widely used Cu(Il) reducing agent, was employed to
generate Cu(I), and the produced Cu(I) was stabilized by NCP. The re-
sults show that neither the addition of Cu?* + NCP nor the addition of
NH;OHeHCl + NCP could effectively activate PDS (Fig. S7). Instead,
only the combined addition of the three components achieved RhB
degradation. This directly proves that Cu(I) species can efficiently
activate PDS.

cu() - L 2% cu(l) —Le €}
pps 20 50;- 4 02 @

Cu** + PDS % Cu®" + SO; + SO%, AG = -53.81 kJemol ™
3

SO;” + H,0— eOH + SO + H', AG = -46.69 kJemol™  (4)

To further clarify the role of Cu(II) species in SED, we evaluated RhB
degradation efficiencies by different processes. In dark conditions, all
systems exhibited limited RhB degradation (Fig. $8), with only Cu®"
showing a distinguishable promoting effect. This observation is consis-
tent with the retarded decomplexation without UV irradiation. Under
illumination, the main RhB degradation pathways include UV-activated
PDS and UV-assisted Fenton-like activation by Cu(Il) species. Therefore,
the contribution of each pathway can be distinguished based on Fig. 5.
The results show that the contribution of the UV-assisted Cu(II)-EDTA
activation pathway is already higher than that of UV/PDS, reaching
approximately 1.67 times that of UV/PDS. As EDTA degrades into ED2A
and EDMA, the activation rate of UV-assisted Cu(II) complexes is greatly
enhanced, reaching about 3.59 and 5.92 times that of UV/PDS, respec-
tively (Fig. 5b). Therefore, the decomposition of Cu(II)-EDTA into
daughter complexes under acidic conditions promotes PDS activation.
However, when the ligand is completely mineralized to Cu®", its cata-
lytic activity is even lower than that of the UV/PDS pathway, which may
reduce the catalytic efficiency in the late reaction stage.

To clarify the intrinsic relationship between the photocatalytic ac-
tivity of daughter Cu(Il) complexes under UV irradiation and the
significantly enhanced radical signals in EPR spectra, we investigated
the RhB degradation performance in the UV/Cu(II)-EDMA/PDS and UV/
Cu(I)-ED2A/PDS systems with methanol as a radical scavenger. As
shown in Fig. S9, the addition of methanol drastically suppressed RhB
degradation, confirming that radical generation from the photo-assisted
activation of PDS by daughter Cu(II) complexes is the main contributor
to the SED effect under acidic conditions.

For a deeper insight into the catalytic mechanism of copper com-
plexes, we employed Cu(II)-EDMA as a representative daughter com-
plex, optimizing the molecular structure of its IET-derived Cu(l)
complex and calculating the reaction energy with PDS (Fig. 6). Results
revealed that EDMA-coordinated Cu(I) can activate PDS to generate SO%°
(AG = —376.34 kJemol™), exhibiting superior thermodynamic feasi-
bility compared to Cu®* activation (Eq. (3), AG = -53.81 kJemol™ ).
Notably, SO preferentially reacts with water to form eOH (Eq. (4)),
accounting for the pronounced hydroxyl radical signal observed. Our
calculation suggests the binding between PDS and Cu(II)-EDMA (Fig. 4),
forming a ternary EDMA-Cu(II)-PDS complex (AG = —155.71 kJemol ™).
In EDMA-Cu(I)-PDS complex, PDS can act as a reductant under hght
irradiation, facilitating ~ Cu(II)-Cu(I) conversion (AG
—378.19 kJemol™) and thus accelerating the Cu(I)/Cu(Il) catalytlc
cycle.

Furthermore, attempts were made to obtain experimental evidences
supporting the formation of ternary EDMA-Cu(I)-PDS complex. Using
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Cu(ID)-EDMA as a model species, we compared Cu(I) accumulation ki-
netics in two systems, UV/Cu(I)-EDMA (System a) and UV/Cu(I)-
EDMA/PDS (System b). If Cu(Il) existed only as the Cu(II)-EDMA bi-
nary complex, the Cu(I) yield in System a and System b would be similar
under illumination. Moreover, since PDS can oxidize Cu(I), the Cu(l)
concentration in System a should be higher than that in System b.
However, our experimental results clearly show that the Cu(I) accu-
mulation rate in System b was faster than in System a (Fig. S10). This
observation indicates that PDS actively participates in Cu(I) generation,
and its promoting effect on Cu(I) formation outweighs its oxidative
consumption of Cu(I). The chelating strength of EDMA toward Cu(Il) is
much stronger than that of PDS (as EDMA effectively inhibits Cu(II)
precipitation under alkaline conditions). Thermodynamically, PDS
cannot displace EDMA to form a Cu(II)-PDS binary complex via ligand
exchange. Therefore, we propose that the promotion of Cu(I) generation
by PDS most likely occurs through the formation of an EDMA-Cu(II)-PDS
ternary complex, which facilitates the photoreduction of Cu(Il) to Cu(l)
under illumination. This pathway is responsible for the accelerated Cu(I)

accumulation observed in our experiments.

Under alkaline conditions, the Cu(I) concentration first increases
rapidly and reaches a maximum of 0.035 mmoleL ™! at 10 min (Fig. 7),
which is lower than that under acidic conditions (Fig. 4). Then the Cu(I)
concentration decreases slowly. Different from acidic conditions, Cu(II)
under alkaline conditions does not form stable complexes with weakly
chelating small-molecule acids (which can generate Cu(I) via photo-
chemical processes), but hydrolyzes into solid precipitates. The resulting
solids can react with reductive substances (such as O3 and organic
radicals) or undergo photoreduction to produce Cu(l), which compen-
sates for the loss of Cu(I) caused by the disappearance of Cu(II) com-
plexes. For Cu(Ill), its accumulation is slow at first but increases sharply
after 10 min and then maintains relatively stable after 20 min. The
maximum Cu(III) concentration at pH 10.0 (0.108 mmoloL_l) is nearly
twice that at pH 3.0 (0.055 mmoleL™1).

Analysis of individual Cu(Il) species revealed that Cu(I) generation
followed the order of Cu(II)-EDTA > daughter Cu(Il) complexes > cu®t
(Fig. S11a). The ambiguous Cu(I) signal in the absence of light indicated
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Fig. 7. UV-vis spectra detecting the generation of (a) Cu(I) and (b) Cu(IIl)
during Cu(I)-EDTA  decomplexation at pH 10.0 ([Cu(I)-EDTA],
= 0.6 mmoleL ™!, [PDS], = 50 mmoleL ).

that Cu(l) formation under alkaline conditions also relies on photo-
chemical processes (Fig. S11b), aligning with the negligible Cu(I) signal
observed in ligand-free solutions. In comparison to acidic conditions, the
decontamination by Cu(I)/PDS system was slower under alkaline con-
ditions, likely due to deprotonation-enhanced Cu(I)-ligand interactions,
which stabilized Cu(I) and hindered its reaction with PDS. For Cu(III),
however, Cu(II)-EDTA and the daughter Cu(II) complexes exhibited
limited Cu(III) signal (Fig. S12). Significant Cu(III) signal only emerged
in the absence of ligands, which seems inconsistent with the Cu(IIl)
concentration trajectory where the Cu(Ill) signal attenuated after
20 min. This discrepancy may arise from the dynamic evolution of Cu(II)
species during the spontaneous precipitation of labile Cu(II) under
alkaline conditions.

We also quantitatively analyzed the oxidation efficiency of each
pathway under alkaline conditions, as shown in Fig. 8. Compared with
acidic conditions, the degradation rates of most pathways under alkaline
conditions are slowed down. The degradation rate of the UV/PDS
pathway is only about 55% of that under acidic conditions. In particular,
the efficiency of UV-assisted Cu(II) complex-activated PDS is signifi-
cantly reduced and lower than the UV/PDS pathway. The freshly formed
Cu(Il) precipitate also shows negligible catalytic activity (only 6% of the
UV/PDS pathway). Only the aged Cu(II) precipitate exhibits outstanding
PDS activation activity, which is 2.87 times that of the UV/PDS
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pathway. This indicates that the enhanced oxidation activity under
alkaline conditions occurs only after the formation of aged Cu(Il)
precipitates.

3.3. In-situ hydrolysis, precipitation, and aging of Cu species

XRD and SEM results indicated that the precipitates with short aging
time consisted of light blue amorphous Cu(Il) (hydr)oxide nanoparticles,
while the precipitates collected at 30 min were featured by brown CuO
nanosheets (Figs. 9 and 10). As depicted in Fig. S12, a significant Cu(III)
signal was detected in aged precipitates, whereas no such signal was
observed for nascent precipitates, suggesting the aging-dependent cat-
alytic properties of the precipitates. We compared RhB degradation in
nascent precipitate/PDS and aged precipitate/PDS systems. Results
showed that the nascent precipitate exhibited negligible Fenton-like
activity (Fig. S13). In contrast, the aged precipitate effectively acti-
vated PDS for RhB degradation. This explains the initial enhancement of
Cu(Ill) signals. The subsequent decline in Cu(III) signals can be attrib-
uted to further aging of the precipitate, a spontaneous process that re-
duces system energy and results in the loss of highly active sites and
surface area. The solids collected at the end of the decomplexation (pH
10) were then used to treat Cu(II)-EDTA wastewater in the next batch,
reducing the time required for 90% decomplexation from 28 to 22 min
(Fig. S14), confirming the catalytic role of the precipitate.

To quantitatively evaluate the contribution of solid-phase species
under alkaline conditions, the decomplexation reaction was allowed to
proceed for 15 min (rapid decomplexation stage), afterward the solution
was divided into two portions. One portion continued the
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Fig. 9. XRD patterns of the precipitates collected at 10 min and 30 min
of reaction.
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Fig. 8. (a) Degradation kinetics of RhB in different systems and (b) calculated pseudo-first-order rate constants of each pathway ([Cu(II) species] = 0.6 mmoleL !,

[RhB], = 6.0 mmoleL ™}, [PDS], = 50 mmoleL ™%, pH = 10.0).
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500 nm

Fig. 10. SEM images of precipitates collected at 10 min and 30 min of reaction (Cu: blue, O: red).

decomplexation process, while the other portion was immediately sub-
jected to vacuum filtration to remove solid species from the solution,
followed by UV irradiation of the filtrate. The results show that the
decomplexation rate decreased by approximately 56% after the removal
of solids (Fig. S15), demonstrating that the in-situ generated solid phase
plays a crucial role in the decomplexation process.

Additionally, since CuO is a typical semiconductor material, the
photocatalytic performance of the precipitate was investigated
(Fig. S16). We found that the photocatalytic degradation rate of RhB was
slow, with an apparent rate constant of 0.0016 min™, significantly
lower than that of the Fenton-like catalytic reaction (0.0089 min™).
Furthermore, the decontamination efficiency of the precipitate/UV/PDS

system was close to the sum of each individual process (Fenton-like,
photocatalysis, and photo-activated PDS), indicating no significant
synergistic effect between UV irradiation and Fenton-like process under
alkaline conditions. In summary, the SED effect under alkaline condi-
tions is primarily attributed to the Fenton-like catalytic activity of the
precipitated solids.

The CuO/PDS Fenton-like system has been investigated in a few
studies. Recently, several reports have demonstrated that non-radical
pathways (e.g., Cu(Ill) and Cu(Ill)-mediated surface electron transfer)
serve as important oxidation mechanisms in this system [43,44], which
is consistent with the high concentration of Cu(IIl) observed under
alkaline conditions in this work. To verify this quantitatively, methanol

PDS UV-assisted ROS
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e&—/—— ¢ d
conditions
daughter Cu?*
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ROS, Cu(lIl), electron transfer
Fenton-like reaction PDS
Precipitation
‘ and aging Alkaline
_—— spe
conditions
\
Labile Cu(II) CuO
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‘ Cu(Il)

~—~— Ligand

Fig. 11. Schematic diagram of the SED mechanisms under acidic and alkaline conditions (the red-highlighted part represents the new findings of this work that differ

from the previous hypothesis).
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was added during the rapid decomplexation stage to block the radical
pathways. Results showed that decomplexation almost ceased under
acidic conditions, whereas it still proceeded under alkaline conditions
(Fig. S17), confirming the presence of non-radical decomplexation
pathways at alkaline pH. Moreover, the influence of organic pollutants
on PDS decomposition was examined to verify the occurrence of surface
charge transfer. Compared with the system without organic substrates,
the PDS consumption rate was greatly accelerated in the presence of RhB
or Cu(II)-EDMA (Fig. S18), which is a typical characteristic of surface
charge transfer pathways. These results clearly demonstrate the
importance of non-radical oxidation under alkaline conditions.

3.4. pH-dependent SED mechanism and environmental implications

Fig. 11 displays the pH-dependent decomplexation processes. At
both acidic and alkaline pHs PDS activation by UV is the primary
mechanism for the early decomplexation. As the reaction proceeds, the
SED phenomenon occurs under both acidic and alkaline conditions.
Nevertheless, in contrast to the conventional hypothesis, we demon-
strate that the SED effect does not arise from the homogeneous Fenton-
like catalysis of daughter Cu(Il) species. Furthermore, the pH-dependent
behavior in this study is not merely a difference in reaction rate, but
reveals two distinct SED pathways governed by Cu speciation and cat-
alytic form. Under acidic conditions (pH 3.0), SED effect mainly stems
from the photochemical activity of daughter Cu(II) complexes and
ligand-Cu(II)-PDS ternary complexes, which reduce Cu(II) to Cu(I). The
produced Cu(I) complexes subsequently react with PDS to generate
radicals. Meanwhile, the released ionic Cu?* can jointly act as a catalyst
to promote the decomplexation through SO7 and Cu(lIll). In contrast,
alkaline conditions exhibit no significant decomplexation enhancement
by daughter Cu(II) complexes. Instead, the released labile Cu(II) un-
dergoes spontaneous hydrolysis to form solid precipitates. Although the
initially formed amorphous Cu(Il) (hydr)oxides cannot effectively pro-
mote the decomplexation, they gradually transform into CuO nano-
sheets with considerable Fenton-like catalytic activity, enabling SED
through PDS activation. Although decomplexation under alkaline con-
ditions is slower than that under acidic conditions, the heterogeneous
CuO precipitates can be reused for subsequent batches, retaining partial
decomplexation activity. Conversely, such strategy is incompatible in
acidic solution due to the acid-dissolution of the catalytically active
precipitates below pH 5.5.

Further investigations of the decomplexation features of UV/PDS
process were conducted by evaluating the decomplexation under
different operational conditions. As shown in Fig. S19, increasing the
initial Cu(II)-EDTA concentration prolonged both the induction stage
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and the time required for complete decomplexation under both acidic
and alkaline conditions. When Cu(II)-EDTA concentration was below
0.1 mmoleL ™}, the induction stage was negligible. In contrast,
increasing the PDS dosage enhanced the decomplexation rate (Fig. S20).
A [PDS]o:[Cu(II)-EDTA] ratio of 50:1 was required to achieve nearly
complete copper removal, a higher ratio than that for most pollutants.
This is primarily due to the strong chelating ability of daughter ligands,
which require multi-step degradation to release copper. Co-existing
substance experiments revealed that sulfate and nitrate had minimal
impact on the decomplexation under both acidic and alkaline conditions
(Fig. 12). Chloride ions, however, slowed the process, with a more
pronounced inhibitory effect under acidic conditions, likely due to the
conversion of eOH into less reactive chlorine radicals. As discussed in
the context, the importance of non-radical pathways is higher under
alkaline conditions than under acidic conditions. The relatively weak
oxidizing ability of the non-radical pathway enables it to resist the
interference of chloride ions. The above results indicate that wastewater
quality and treatment requirements are the key factors determining the
decomplexation conditions.

4. Conclusions

In this study, we systematically revisited the decomplexation
mechanism of Cu(II)-EDTA in the UV/PDS system, aiming to address the
incompleteness and inconsistency of the conventional interpretation on
the SED effect. The decomplexation behaviors and underlying mecha-
nisms were investigated under both acidic and alkaline conditions to
obtain a comprehensive understanding. Based on the results of light-
dark cycling experiments and catalytic activity evaluation of various
daughter Cu(Il) species, we first verified that the conventional homo-
geneous autocatalysis hypothesis cannot explain the actual SED phe-
nomenon. Instead, this work clearly demonstrates that the SED effect is
directly governed by solution pH, leading to two fundamentally
different decomplexation pathways. Under acidic conditions, the SED
originates from UV-induced IET that generates Cu(I) species, which
efficiently activate PDS to promote radical generation and Cu(II)/Cu(I)
cycling. Under alkaline conditions, the SED is dominated by the in-situ
hydrolysis, precipitation, and aging of labile Cu(Il) species, forming
CuO nanosheets with high heterogeneous Fenton-like activity toward
PDS activation. These findings correct the misunderstanding of the SED
mechanism and provide a more complete, pH-dependent mechanistic
framework for Cu(II)-EDTA decomplexation in UV/PDS system. This
study also offers a fundamental basis for the rational design and prac-
tical application of PDS-based advanced oxidation processes in treating
copper-complex laden industrial wastewater.
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Fig. 12. Cu(I)-EDTA decomplexation in the presence of common co-existing anions ([Cu(I)-EDTA], = 0.6 mmoleL !, [PDS], = 50 mmoleL !, [CI'] = [NO3]

= [SO%] = 3.0 mmoleL ™).
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