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ABSTRACT: In persulfate activation by copper-based catalysts, T Cuti oreferential
high-valent copper (Cu(Ill)) is an overlooked reactive inter- [oxid;zes“;hg,ﬁ’;ﬁc‘:ri'\',;?Py,,,,s]

mediate that contributes to eflicient persulfate utilization and
organic pollutant removal. However, the mechanisms underlying B . Electron- % 4’4-CP

L. e L. donating 99 -9
heterogeneous activation and enhanced persulfate utilization are of  Hso I 5

not fully understood. Here, copper oxide (CuO) nanosheets A
(synthesized with a facile precipitation method) exhibited high @—@ / E'“*"OP*‘I“C@-G#@ /

catalytic activity for peroxymonosulfate (PMS) activation with

100% 4-chlorophenol (4-CP) degradation within 3 min. Evidence CuO nanosheets PMS “ o9
for the critical role of surface-associated Cu(III) on PMS activation
and 4-CP degradation over a wide pH range (pH 3—10) was
obtained using in situ Raman spectroscopy, electron paramagnetic
resonance, and quenching tests. Cu(III) directly oxidized 4-CP and
other phenolic pollutants, with rate constants inversely proportional to their ionization potentials. Cu(III) preferentially oxidizes 4-
CP rather than react with two PMS molecules to generate one molecule of 'O,, thus minimizing this less efficient PMS utilization
pathway. Accordingly, a much higher PMS utilization efficiency (77% of electrons accepted by PMS ascribed to 4-CP
mineralization) was obtained with CuO/PMS than with a radical pathway-dominated Co;0,/PMS system (27%) or with the 'O,
pathway-dominated a-MnO,/PMS system (26%). Overall, these results highlight the potential benefits of PMS activation via
heterogeneous high-valent copper oxidation and offer mechanistic insight into ultrahigh PMS utilization efficiency for organic
pollutant removal.

Cu(lll) directly oxidizes phenols with high PMS utilization
efficiency by minimizing its decomposition into 10,

KEYWORDS: persulfate activation, high-valent copper, oxidant utilization efficiency, heterogeneous catalysis

1. INTRODUCTION including metastable persulfate/catalyst complexes,”” singlet
oxygen (10,),”” and high-valent metals.'"’”"* However, our
mechanistic understanding of which a nonradical pathway
enhances persulfate utilization efficiency is rather limited.
Metastable persulfate/catalyst complexes interact with target
pollutants and accept electrons to accomplish oxidation, which
mainly takes place at the surface of carbonaceous materials.
However, the redox potential of the metastable species is low
(0.6—1.2 V), limiting pollutant degradation capabilities.” In
'0,-dominated persulfate activation by metal-based catalysts,

Persulfate-based advanced oxidation processes (AOPs) have
drawn increasing attention to degrade recalcitrant organic
pollutants. Persulfate activation (including peroxymonosulfate
(PMS) and peroxodisulfate (PDS)) traditionally refers to
peroxide bond cleavage through electron- or energy-trans-
ferring processes that generate free radicals, including *OH and
SO,*™". Owing to the high redox potential of the generated
radicals (E°(SO,*7/SO,*”) = 2.6—3.1 Vyyp and E°(*OH/
OH™) = 1.9-2.7 Vyyg) and their broad reactivity, radical
pathway-dominated persulfate activation systems generally
exhibit poor selectivity' and suffer from extensive radical self-
recombination or scavenging by persulfate and background

one mole of 'O, can be produced by consuming two moles of
PMS through cycling the transition metal between low and

water constituents (e.g,, dissolved organic matter, carbonates, Received: March 20, 2022
Cl7, and NO;”).” This leads to low persulfate utilization Revised: ~ May 21, 2022
efficiency and hinders practical application.” The absence of Accepted:  May 23, 2022

free radicals in the nonradical pathway of persulfate activation Published: May 31, 2022

holds promise to enhance the persulfate utilization efficiency.”
The nonradical pathway generates other reactive species,
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high valence."”'* Furthermore, the contribution of the
generated 'O, to pollutant degradation is limited by its high
decay rate in water (2.5 X 10° s7')."” Thus, persulfate
utilization via the 'O,-based treatment pathway is relatively
ineflicient. Alternatively, high-valent metal species were
recently found to be strong oxidants generated during
persulfate activation by metal-containing catalysts.”'® These
reactive species are produced by consuming only one mole of
persulfate and can directly oxidize organic substrates with
minimal scavenging, resulting in higher PMS utilization
efficiency than other activation pathways.lé’17 For instance,
high-valent iron (Fe(IV) and Fe(V)) and cobalt (Co(IV))
have been identified as persulfate activation byproducts when
using heterogeneous catalysts such as cellulosic fiber-bonded
cobalt phthalocyanine (CFs-CoPc) complex,'® Fe(III)-doped
carbon-based materials,'”*° and nanoscale zero-valent iron.”!

High-valent copper (e.g, Cu(Ill)) can also be generated
during persulfate activation, and this strong oxidizing and low
toxicity species has been proposed for AOP applications.”* ™"
Cu(IlI) was determined to be the primary intermediate
oxidant in homogeneous Cu(1I)/PMS™ and Cu(1l)/PDS**
oxidation. However, homogeneous Cu(III) can only be
generated under neutral to slightly alkaline conditions with
Cu(II) mainly existing as Cu(OH), colloids.”®> Recently,
heterogeneous Cu(IlI) was observed in persulfate catalytic
activation by MgO modified CuO/Fe;0,” and by single-atom
catalyst Cu-N,.”® Note that the reduction potential of Cu(III)/
Cu(Il) in an ionized form is 1.57 V, but it increases to 2.3 V in
the solid phase, which is even higher than those of high-valent
iron (E°(Fe(VI)) = 2.2 V) and manganese (E°(Mn(VII)) =
1.68 V).””*" Thus, generating high-valent, surface-associated
copper in heterogeneous systems is conducive to organic
degradation due to its higher oxidative potential.”” However,
the mechanisms of surface-associated Cu(Ill) generation and
high persulfate utilization efficiency for organic pollutant
removal are not fully understood.

This paper reports the facile synthesis and application of
CuO nanosheets for efficient PMS activation and utilization.
The catalytic performance of CuO for PMS activation was
evaluated by quantifying PMS decomposition and 4-
chlorophenol (4-CP) degradation. In situ Raman spectroscopy
and EPR were used to investigate the role of high-valent
copper in PMS activation and 4-CP degradation over a wide
pH range (pH 3—10). We demonstrate that surface-associated
Cu(I1I) serves as the key reactive species in the mineralization
of phenolic compounds and offers novel mechanistic insight
into how this pathway leads to ultrahigh PMS utilization
efficiency.

2. EXPERIMENTAL SECTION

2.1. Reagents. Details of reagents are listed in Text S1.

2.2. Catalyst Preparation and Characterization. The
copper oxide was synthesized by a facile precipitation method.
Briefly, 15 mmol of Cu(NOj;),-3H,0 was dissolved in 20 mL
of deionized water. Then, 15 mL of NaOH (4 M) was added
dropwise followed by stirring for an extra 2 h at 90 °C. Then,
the precipitates were filtered, washed, and calcined at 400 °C
for 2 h at a rate of S °C min~". @-MnO, was prepared via a
previously reported hydrothermal method.”® The character-
ization of CuO is described in Text S2.

2.3. Organic Degradation Tests. The catalytic perform-
ance of the catalysts was measured by PMS activation for
organic degradation. Taking 4-CP degradation as an example,
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CuO (0.2 g/L) was mixed with 4-CP solution (10 mg/L).
After stirring at 25 °C for 30 min to achieve the adsorption and
desorption equilibrium, PMS (0.2 mM) was added to initiate
the reaction under stirring. At selected time intervals, a
precisely measured sample (0.5 mL) was withdrawn and
filtered into a high-performance liquid chromatography
(HPLC) vial containing 0.5 mL of methanol to quench the
reaction.

2.4. Analytical Methods. The concentration of organic
pollutants was detected by HPLC (Shimadzu LC-2010AHT),
equipped with a Shim Pack C18 chromatographic column
(ZORBAX Eclipse XDB-C18) and a UV—vis detector (SPD-
20AV). Detailed HPLC analytical conditions are listed in
Table S1. The intermediates of 4-CP degradation were
determined by ultraperformance liquid chromatography/
quadrupole-time-of-flight mass-spectrometry (UPLC/QTOF-
MS, Acquity UPLC/QTOF Premier, Waters). The residual
PMS concentration was determined by an ABTS method.’
Each test was conducted in triplicate. Data represent mean
values and error bars corresponding to standard deviations.
Statistical analysis was evaluated by Student’s paired t-test
(single-tailed) with a significance limit of 5%.

The concentrations of CO, generated during 4-CP
mineralization and O, generated during PMS decomposition
were determined in airtight bottles by gas chromatography
(Shimadzu GC-14B) and a fiber-optic oxygen transmitter
(Planar Oxygen-Sensitive Spot, SP-PSt7-10-NAU-DS-YOP,
PreSens Precision Sensing GmbH), respectively.

PMS utilization efficiency is §enerally assessed by calculating
A[target pollutant]/A[PMS].**** However, this approach has
significant limitations since it fails to distinguish different
extents of organic degradation (e.g, partial degradation versus
mineralization to CO, and water). Herein, we considered the
ratio of the amount of PMS used for 4-CP mineralization
(NpMs, mineralizatiow O], assessed per CO, production) to the
amount of PMS decomposed (#pys, decomposition MOL)  to
evaluate PMS utilization efficiency for 4-CP mineralization
(PUE). Although the PUE value ignores PMS consumption by
formation of byproducts of incomplete 4-CP mineralization
(which could not be precisely quantified), it accurately
appraises PMS utilization for complete degradation compared
with the A[target pollutant]/A[PMS] value, thus effectively
evaluating the mineralization ability of different AOP systems.
PUE was calculated based on stoichiometric considerations as
follows (eq 1), where nco, is the measured amount of CO,

(mol) evolved from 4-CP mineralization and rpyg, decomposition 15
the number of moles of PMS consumed, with additional details
provided in Text S3.

13(nco,)

PUE =
6 (nPMS, decomposition)

(1)

2.5. Theoretical Calculations. Details of theoretical

calculations are provided in Text S4.

3. RESULTS AND DISCUSSION

3.1. Catalytic Performance of CuO for PMS Activa-
tion. SEM and TEM images show that CuO exhibits a
nanosheet microstructure with a thickness of about 25 nm
(Figure 1la), which contributes to a relatively high specific
surface area (18.2 m*/g; Figure Sla). An interplanar spacing of
0.25 nm corresponds to the (—111) plane of CuO. The XRD
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Figure 1. (a) TEM image of CuO (insets are SEM and HRTEM
images); (b) 4-CP degradation in different systems; (c) comparison
of 4-CP degradation in various PMS activation systems; (d) cycle
tests showing stable 4-CP degradation in the CuO/PMS system.
Conditions: [4-CP], = 10 mg/L, [catalyst] = 0.2 g/L, [PMS] = 0.2
mM, initial pH = 7.0.
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Figure 2. (a) 4-CP degradation in systems with different metal oxide-
activated PMS; (b) PUE of different metal oxide/PMS systems; (c)
PMS decomposition by different catalysts with or without 4-CP and
(d) corresponding PMS decomposition rate constants. Conditions:
[4-CP], = 10 mg/L (a, b) or 25 mg/L (¢, d), [catalyst] = 0.2 g/L,
[PMS] = 0.2 mM, initial pH = 7.0.

pattern corroborated the crystal structure of monoclinic CuO
(JCPDS no. 45-0937) (Figure S1b).

The catalytic performance of CuO for PMS activation was
evaluated by 4-CP degradation (Figure 1b). Neither CuO nor
PMS alone removed significant amounts of 4-CP within 20
min (4 and 5%, respectively). In contrast, combining CuO and
PMS resulted in 100% removal of 4-CP in 3 min, with a rate
constant of 2.2 + 0.15 min~". To exclude the possibility of
homogeneous PMS activation by leached copper ions, Cu**
with the same concentration as the Cu in CuO (0.13 g/L) was
tested for 4-CP degradation. Cu®* played an imperceptible role
in 4-CP removal with only 3% degradation in 20 min. The low
PMS activation ability of Cu** under neutral conditions (the
initial pH is about 7.0 in this work) is consistent with previous
reports.”” The above results confirm the ultrahigh catalytic
activity of CuO for heterogeneous PMS activation (Figure lc,
details in Table S2 and Figure §2).¥192534737 1 addition to
PMS, CuO can also activate PDS and H,O, to remove 4-CP,
but the degradation efficiency was lower than those of PMS
(41 and 7% in 20 min, respectively; Figure S3). Apparently, the
symmetric structure of PDS makes it more stable and exerts
higher steric hindrance than PMS, while the higher bond
energy of O—O in H,0, hinders its cleavage.1 CuO also
exhibited a stable and durable catalytic performance in
repeated cyclic 4-CP degradation experiments (Figure 1d),
and the XRD pattern of the catalyst after five reaction cycles
showed negligible change (Figure S4).

3.2. Ultrahigh PMS Utilization Efficiency for 4-CP
Mineralization in CuO System. The catalytic performance
of CuO was further compared with those of two commonly
used metal oxides, @-MnO, and Co;0, (characterized by
XRD; Figure S5). As shown in Figure 2a CuO yielded a much
higher 4-CP degradation rate constant (2.2 + 0.15 min™") than
a-MnO, (0.11 + 0.01 min™") and Co;0, (0.41 + 0.04 min™").
PUE was proposed to characterize the mineralization perform-
ance of the PMS activation system, which reflects the
utilization efficiency of decomposed PMS to completely
oxidize 4-CP to CO,. The PUE values of different catalysts
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are calculated from the measured CO, production and PMS
consumption (Figure S6). As shown in Figure 2b, CuO
displayed an ultrahigh PUE value of 77 + 3.0%, indicating that
77% of the consumed PMS was coupled to 4-CP
mineralization. Compared with CuO, @-MnO, and Co;0,
exhibited a much lower PMS utilization ability, with PUE
values of 26 + 1.7 and 27 + 0.7%, respectively.

The role of CuO in the PMS activation pathway was further
examined by PMS decomposition with or without 4-CP. To
avoid confounding effects by decomposition of residual PMS
after 4-CP was completely degraded, the 4-CP concentration
was increased to 25 mg/L; this precludes complete 4-CP
removal within 20 min (Figure S7). As shown in Figure 2c,d,
in the absence of 4-CP, all three metal oxides can induce PMS
decomposition, with decomposition rate constants of 0.42 +
0.006 min~! for CuQ, 0.02 + 0.001 min™* for a-MnO,, and
0.09 + 0.003 min™" for Co;0,. With the addition of 4-CP (25
mg/L), the rate constant for PMS decomposition by CuO
decreased significantly to 0.25 + 0.002 min~". In contrast, in a-
MnO,/PMS and Co;0,/PMS systems, 4-CP accelerated PMS
decompositions to 0.15 + 0.006 and 0.28 + 0.021 min~},
respectively. Apparently, 4-CP retards CuO-catalyzed PMS
decomposition because CuO activates PMS by a different
pathway from those of a-MnO, and Co;0,. PMS activation by
a@-MnO, proceeds via '0,,* while activation by Co;0,
involves a radical pathway.” This was verified by quenching
and solvent substitution experiments (Figure S8). Therefore,
we postulate that the degradation of 4-CP in CuO/PMS is
dominated by a different activation pathway that results in
highly efficient PMS utilization.

3.3. Cu(lll) Enhances PMS Utilization by Minimizing
Its Decomposition into '0, during Phenol Degradation.
To discern the underlying mechanism that contributes to the
ultrahigh PUE, we examined the PMS activation pathway
(including 'O, generation) in the CuO/PMS system. As
shown in Figure 3a, the PMS concentration briskly decreased
with CuO addition in the absence of organics, even when the
initial concentration was as high as 2 mM. The decomposition

https://doi.org/10.1021/acs.est.2c01968
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Figure 3. (a) PMS decomposition on the CuO surface in the absence
of 4-CP, (b) TEMP spin-trapping EPR spectra of PMS activation in
the absence of 4-CP; (c) in situ Raman spectra of CuQ after the
addition of PMS at varying reaction times; (d) Cu 2p;/, XPS spectra
of CuO before and after PMS addition. Conditions: [catalyst] = 0.2
g/L, [PMS] = 0.2 mM, initial pH = 7.0.

rate of PMS was linearly related to the PMS concentration (R*
=0.999, p < 0.001), indicating that PMS decomposition on the
CuO surface conforms to the first-order reaction kinetics with
a rate constant of 0.17 min~". Figure 3b shows a strong EPR
signal of TEMP-'O,. After the introduction of CuO, the
dissolved oxygen concentration of the CuO/PMS system
increased significantly (Figure S9), which originated from the
unproductive decay of 'O, in water. The conversion efficiency
of PMS to oxygen catalyzed by CuO was roughly calculated to
be about 80% (Text S5). This infers that 'O, was the main
ROS from PMS decomposition.

In situ Raman spectroscopy analyses were conducted to
further unveil the 'O, generation process during PMS
activation over CuO. The Raman spectra of CuO show three
peaks at 280, 347, and 616 cm™!, which are characteristic
signals of the Cu(II)—O bond (Figure 3¢).***" One minute
after the addition of PMS alone, a peak at 625 cm™" appeared,
which also represents the Cu(II) species.”” Simultaneously, a
weak signal located at 608 cm™' was observed, corresponding
to the Cu(III) species.”’ After PMS was added for 5 min, the
peak at 608 cm™' became more obvious, suggesting the
formation of Cu(Ill) during the decomposition of PMS by
CuO.** The electron-donating role of CuO was further
ascertained by XPS. As shown in Figure 3d, the peaks at the
binding energies of 943.5 and 941.0 eV represent satellite
peaks of Cu(1I). The Cu 2p,, peak of fresh CuO was located
at 933.5 eV, suggesting that Cu(II) is the dominant Cu
species."*® After the addition of PMS, the binding energy of
Cu 2p,, shifted to a higher position (933.7 eV). This implies
an increase in the Cu(II) valence state during PMS
decomposition, which corroborates the in situ Raman spectra.

These data infer a Cu(Ill)-induced PMS decomposition
pathway in the absence of organics. With the addition of PMS,
a metastable =Cu(II)---O(OH)—SO; --Cu(Il)= intermedi-
ate is generated (eq 2). Then, rapid electron transfer occurs in
this intermediate, resulting in the breakage of the O—O bond
and the generation of =Cu(Ill)—O—Cu(Ill)= species,
which is similar to the structure of high-valent Cu(IIl) bis-u-
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oxo species (step I, eq 3).***” The reactive =Cu(IlI)—O—
Cu(IlI)= undergoes nucleophilic attack by other HSOs~
forming SO;*~ (step 1I, eq 4). Finally, SOs*~ undergoes
rapid self-recombination to generate 'O, (step III, eq S).

2 = Cu(Il) + HSO; — = Cu(Il)-- O(OH) — SO;

- Cu(Il)= (2)
=Cu(II)-- O(OH) — SO; - Cu(Il) = —

= Cu(Ill) — O — Cu(Ill) = +HSO, (3)
=Cu(1ll) — O — Cu(Ill) = +2HSO; — 2

= Cu(Il) 4+ 2SO;~ + H,0 (4)
2807 — S,0;” + 'O, (5)

Generally, the presence of organic pollutants increases PMS
decomposition by promoting ROS generation.”*® However,
the intensity of TEMO-'O, signals decreased in the presence
of 4-CP (Figure 4a). The lower 'O, concentration can be
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Figure 4. (a) TEMP spin-trapping EPR spectra of PMS activation
with or without 4-CP (inset: the corresponding TEMO-'0, signal
intensity for the two systems); (b) PMS decomposition on CuO with
or without 4-CP; (c) effect of quencher on 4-CP degradation; (d)
effect of coexisting 4-CP on FFA degradation. Conditions: [organics],
=10 mg/L, [catalyst] = 0.2 g/L, [PMS] = 0.2 mM, [TEMP] = S mM,
[MeOH] = 200 mM, [r-histidine] = S mM, initial pH = 7.0.

ascribed to either decreased 'O, generation or accelerated 'O,
consumption. However, 4-CP slowed down PMS decom-
position over CuO from 0.51 + 0.01 to 0.19 + 0.01 min~?
(Figure 4b), suggesting decreased 'O, generation. Further-
more, L-histidine, a 'O, quencher, did not significantly
suppress 4-CP removal (Figure 4c), and the substitution of
D,0 for H,O cannot accelerate 4-CP degradation (Figure
S10), corroborating that 'O, played an insignificant role in 4-
CP degradation.” FFA (a common probe of '0,) exhibited an
expected two-stage degradation in the presence of 4-CP
(Figure 4d). FFA removal was significantly inhibited in the first
minute (only 1% within 1 min) until 4-CP was completely
removed, and then, FFA was gradually degraded by the
remaining PMS. However, 4-CP degradation was virtually
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Figure S. (a) In situ Raman spectra of CuO after the addition of PMS and 4-CP; (b) Cu 2p;/, XPS spectra of CuO before and after 4-CP
degradation; (c) degradation of different phenolic compounds by CuO-activated PMS; (d) relationship between k,, and the ionization potential
values of different phenolic compounds; (e) the effect of the initial pH on 4-CP degradation; (f) illustration of the interaction of CuO surfaces with
a PMS with/without 4-CP. Conditions: [organics], = 10 mg/L, [catalyst] = 0.2 g/L, [PMS] = 0.2 mM, initial pH = 7.0.

unaffected by coexisting FFA (Figure S11). The rate constant
of FFA and '0, (kg o, = 1.2 X 10° M7's™") is 2 orders of
magnitude higher than that of 4-CP (k,_cp, o, = 6.0 X 10°
M~'s™"), indicating a minor contribution of 'O, to 4-CP
degradation.">*” Overall, these data infer that the decreased
'0, concentration in the CuO/PMS system during 4-CP
degradation was due to lower 'O, generation instead of
accelerated 'O, consumption by 4-CP.

A rough calculation also eliminates the possibility of 'O,
being predominantly consumed by 4-CP in the CuO/PMS
system. The fraction of 'O, reacting with 4-CP (f'¢,4 . cp) was
calculated in eq 6, where ky o 'o, is the rate constant for 0,

quenching by water (2.5 X 10° s7*)*°
f k4-CP,‘02[4'CP]
1 =
O k010, + kycpo,[4-CP] (6)

The calculated f 1o, cp value was 0.186%, inferring that,

even if all of the decomposed PMS (94% according to Figure
4b) turned into 'O,, only 0.18 uM 'O, was utilized for 4-CP
degradation in 20 min. However, 78 uM (10 mg/L) 4-CP was
removed in 3 min, suggesting that 4-CP was degraded via a
non-'0, dominated pathway. Apparently, the suppression of
'0, generation (and subsequent unproductive consumption)
during 4-CP degradation was conducive to ultrahigh PUE
during 4-CP degradation.
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To determine the organic degradation mechanism that
results in ultrahigh PUE, the contribution of radicals to 4-CP
degradation in PMS activation by CuO was evaluated by
scavenging tests. As a scavenger for *OH and SO,*~, MeOH
did not significantly inhibit 4-CP degradation even when its
concentration was 1000 times that of PMS (Figure 4c). This
indicates a limited contribution of *OH and SO,*” in the
CuO/PMS system for pollutant degradation, which is
consistent with the low nitrobenzene (NB) degradation
capability (Figure S12). Neocuproine (a screening agent for
surface Cu(I), which is the intermediate of the inner-sphere
electron transfer reaction from adsorbed phenol to CuO") did
not significantly affect 4-CP degradation (Figure S13),
suggesting that Cu(I) and direct electron transfer from 4-CP
to CuO are negligible in this CuO/PMS system. On the other
hand, rapid PMS decomposition in the absence of 4-CP
excludes PMS activation via formation of CuO surface-
activated PMS complexes as oxidizing intermediates.”>
Therefore, the contributions from free radicals, '0,, Cu(I),
and surface PMS complexes to organic degradation are
negligible in the CuO/PMS system.

We also evaluated Cu(III)-mediated 4-CP oxidation. The
involvement of high-valent copper is suggested by the in situ
Raman spectra of CuO after the addition of PMS and 4-CP
(Figure Sa). After adding PMS to initiate the reaction, the
band representing the Cu(II) species (634 cm™") was gradually
broadened in the first 3 min. After 5 min of the reaction, a new
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peak located at 603 cm™" was observed, which also represents
the Cu(IIl) species."”*>® As the reaction progresses, the
intensity of the peak located at 603 cm™" gradually decreased
since the unstable Cu(III) reverted to Cu(Il), ensuring the
stability of the catalyst. Moreover, the peak located at 1062
cm™" corresponds to the stretching vibrations of SO, in PMS
(H-0—0-S0;").” This SO; peak shifted to 1078 cm™" after
a 15 min 4-CP degradation, which is ascribed to the enhanced
electron density, indicating the electron transfer from CuO to
PMS. In contrast, the characteristic peak of SOj; splits into two
peaks (1048 and 1078 cm™) in CuO/PMS without 4-CP
addition. This suggests that, without 4-CP, PMS serves both as
an electron acceptor (for Cu(Ill) generation) and as electron
donor (for 'O, production).”® This is consistent with the 'O,
generation mechanism discussed above (eqs 2—5). The XPS
spectra of the Cu 2p;,, peak exhibited a redshift to 933.8 eV
after 4-CP degradation, further suggesting the decreased
electron density on Cu sites during 4-CP removal (Figure
5b). As a typical one-electron oxidant, Cu(IIl) is incapable of
converting PMSO to PMSO, via the oxygen transfer pathway
as other high-valent metal-oxo species do.”> The significant
contribution of Cu(IIl) in the CuO/PMS system was indicated
by the efficient PMSO oxidation in the presence of NB, a
scavenger of *OH (Figure S14).

The intermediates during 4-CP degradation were deter-
mined by UPLC-MS analysis (Figure S15a—d), and the main
4-CP degradation pathways by CuO-catalyzed PMS are
described in Figure S1Se. Two pathways exist in the CuO/
PMS system. One way is high-valent copper-initiated carbon-
hydrogen bond oxidation with the generation of small
molecules eventually mineralized to CO,, which is similar to
the intermediates in radical and Fe(V)-dominated sys-
tems.'”*>*” Another pathway for 4-CP degradation is to
form phenolic polymers via single-electron transfer (SET)
since Cu(III) is a one-electron oxidant, which may be further
mineralized in the CuO/PMS system. "

The structure—activity relationship for organic degradation
in the Cu(Ill)-mediated CuO/PMS system was also
investigated. In the SET mechanism dominated nonradical
reaction of PMS activation, the degradation rates of organics
depend greatly on the electron-donating ability of orga_nics,28
which can be described by ionization potential (IP, eV).*” Five
different phenolic compounds were tested as target pollutants,
and the relationship between the degradation rate constant
(kgpy min~") and IP of different organics (data from our
previous work™”) was explored. As shown in Figure Sc, all five
phenolic compounds were efficiently removed, but nitro-
phenols (2-NO, and 4-NO,) were degraded slower (k, xo, =
1.3 + 0.04 min™" and k, o, = 0.8 & 0.04 min™"). An inversely
linear relationship between IP and k., was obtained (Figure
5d), suggesting that the electron-donating ability of organics, a
determinant of a rate-limiting SET mechanism, notably affects
the preferential reaction of the CuO/PMS system. The
underlying basis for this affinity can be ascribed to the
electrophilicity of Cu(IIl) species, leading to its hi§her affinity
for phenols with stronger electron-donating ability.””®" The IP
of PMS was calculated to be 7.7 eV, even higher than 4-
nitrophenol (6.7 €V). Therefore, Cu(IIl) species preferentially
oxidizes phenols instead of PMS, contributing to the less PMS
consumption.

Compared with the narrow low-pH requirement of
homogeneous Cu(IIl) oxidation,””** heterogeneous Cu(III)
exhibits superior oxidation activity over a wide pH range. As
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shown in Figure Se, 4-CP was 100% degraded within 6 min at
the initial pH varying from 3 to 10. The marginally sluggish 4-
CP degradation at pH = 3 can be attributed to the intensified
Cu® leaching, which is detrimental to the heterogeneous
catalysis. The wide pH range of the CuO/PMS system makes
it promising for practical application. Moreover, the non-
enhancement of 4-CP degradation under alkaline conditions
further demonstrates that 'O, is not the main reactive species
contributing to 4-CP degradation since the rate of singlet
oxygsnation of phenolic compounds increases with increasing
pH.”

Density functional theory (DFT) calculations further
corroborate Cu(IIl)-induced PMS activation in the CuO/
PMS system. The reaction pathway with the corresponding
relative energy profile is shown in Figure S16. The negative
AG of =Cu(ll)—O—Cu(lll)= generation (—0.11 eV)
suggests that the PMS decomposition on the surface of CuO
(egs 2 and 3) is thermodynamically favorable. In addition, in
the absence of 4-CP, strong PMS adsorption is observed with
an adsorption energy (E,q) of —1.86 eV (Figure 5f) in the
initial step, and CuO serves as the electron donor for PMS
decomposition and the calculated number of electrons
transferred (Q) is 0.691 e. After the addition of 4-CP, the
adsorption energy of PMS is significantly decreased to —0.42
eV, while the calculated total number of electrons transferred
to PMS increases to 0.848 e, and the peroxide bond length in
PMS becomes longer. This suggests that the presence of 4-CP
enhances PMS electron-accepting ability and favors its
activation to produce Cu(III). The weakening PMS adsorption
on the surface of CuO also explains the slowing down of PMS
decomposition in the presence of 4-CP (Figure 4b).

Heterogeneous Cu(IIl)-dominated PMS activation for 4-CP
degradation is illustrated in the TOC image. In summary, the
reaction is triggered by the oxidation of CuO by PMS to
produce reactive =Cu(Ill)—O—Cu(lII)= (eqs 2 and 3).
Then, the generated electrophilic =Cu(Il) —O—Cu(1ll)=
species directly and preferentially oxidizes 4-CP due to its
lower redox potential (E;/y4.cp) = 0.9 V < E°(HSO;™/S05*7)
= 1.1V) and IP (IP,cp = 6.1 €V < IPpys = 7.7 eV) than
PMS."*>*° As a result, wasteful 0, generation is mitigated,
resulting in the ultrahigh PUE for 4-CP degradation.

4. ENVIRONMENTAL IMPLICATIONS

This work developed a method for highly efficient PMS
activation and utilization for phenol degradation using CuO
nanosheets as catalysts and surface-associated Cu(IIl) species
as oxidants. Unlike the radical-dominated (e.g,, Co;0,/PMS)
or '0,-dominated (e.g, MnO,/PMS) systems, oxidation of
organic pollutants by Cu(Ill) can avoid wasteful consumption
of PMS by radicals and quenching of 'O, by water.
Importantly, the generated electrophilic Cu(III) species
preferentially reacts with electron-rich phenolic compounds
rather than with PMS, thus minimizing the relatively ineflicient
'0,-dominated 4-CP degradation pathway. This explains the
high PMS utilization efficiency observed in high-valent metal-
dominated pollutant degradation systems.

Compared with the pH-limited homogeneous Cu’*
oxidation, heterogeneous Cu(Ill) exhibits superior oxidation
capability over a wide pH range (from pH 3 to 10). The
electrophilic characteristics of Cu(III) are conducive to direct
and efficient degradation of aromatic pollutants whose high
electron-donating propensity (reflected by high ionization
potential) minimizes wasteful consumption of surface-
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associated Cu(III) by background water constituents and
contributes to high PMS utilization efficiency. Thus, this CuO/
PMS system is promising for removal of priority aromatic
pollutants in complex wastewater matrices.

Opverall, this work advances mechanistic understandings of
heterogeneous Cu(III)-associated persulfate activation and
provides novel insights into the underlying reason for ultrahigh
PMS utilization efficiency in high-valent metal-dominated
systems during aromatic pollutant removal.
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