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The tremendous costs of disposal and potential environmental problems
caused by waste catalysts bring about an urgent need for catalyst regeneration
without loss of catalytic activity and stability. Here, we report on a simple and
reproducible method to regenerate waste ozonation catalysts by carboniza-
tion of self-doped biological secretions to synthesize highly active and stable
carbon-based nano-single-atom-site catalysts (NSASCs), Cu@graphitic carbon
(GC)-Al,03, converting waste catalysts into a sustainable resource. Specifically,
Cu metal atoms are dispersed on the GC-Al,03; composite support in the form
of Cu;-C5 and Cu,-Cu,, primarily because the adsorption of biological
secretions enhances the dispersibility of the metal nanoparticles. The pilot-
scale demonstration reduces the average chemical oxygen demand (COD) of
effluent in the Cu@GC-Al,05/05 system from 79.56 to 30.01 mg L™, demon-
strating enhanced catalytic activity and stability relative to the pristine fresh
catalyst. The combined experimental and theoretical investigations reveal that
the Cu;-C; sites promote the formation of *O,4, while the Cu,,—-Cu, sites induce
the generation of O, and 'O, from *O,4, contributing to catalytic synergism in
both radical and non-radical pathways. Additionally, the life cycle assessment
confirms the economic feasibility and sustainability of the regeneration
strategy. Our findings propose a general approach to reactivating waste cat-
alysts, which can also inspire biological secretions in atom dispersal modula-
tion and modification of other materials.

The wide application and development of heterogeneous catalysts in
petrochemical, power, and environmental remediation industries
result in a vast production of waste catalysts'>. Taking ozonation
catalysts utilized in wastewater treatment as an example, more than
1.2 million tons of catalysts are replaced in China each year, resulting in
hazardous solid waste treatment costs exceeding US$400 million®.

Regeneration is the environmentally and economically preferred
option for dealing with waste catalysts as it minimizes the use of raw
materials and reduces the need for ultimate recovery or disposal,
which aligns with both the global sustainable development goals.
However, regeneration methods that restore active sites, such as in-
situ air- and water-backflushing, suffer from secondary pollution and
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poor stability>®. Thus, there is an urgent need for a catalyst regenera-
tion strategy without loss of catalytic activity and stability.

Waste ozonation catalyst (Al,O5-based) in this study was collected
from China’s largest petrochemical wastewater treatment plant
(Fig. 1a). Al,O5-based catalyst is the most widely applied ozonation
catalyst with a market share of 58%. Our previous work found that the
predominant material deposited on the surface and pores of the waste
ozonation catalyst was biological secretions, specifically extracellular
polymeric substances (EPS)’. This is mainly attributed to the catalyst
trapping microbial secondary metabolites released from the front-end
biological treatment unit during catalytic ozonation. The EPS naturally
exhibits strong adhesion to the catalyst’s supporting material, causing
catalyst deactivation. But it also shows great potential as a carbon
source to produce carbon-supported catalysts. Furthermore, the
diverse array of functional groups (such as aromatic structures, car-
boxyl, hydroxyl, methoxy, peptide carbonyl, and phenolic groups)
provides various adsorption sites for EPS®, EPS adsorption could also
promote the dispersibility of metal nanoparticles and improve their
stability’. Inspired by the properties of EPS, our proposed innovative
approach is to leverage the deposited EPS from waste catalysts, in
conjunction with the metal species, to fabricate carbon-supported
nano-single-atom-site catalysts (NSASCs) for enhanced catalytic
performance.

The primary barrier to catalysts application on a large scale is the
balancing dilemma of pursuing better catalytic activity and keeping
the stability of catalysts under working conditions. NSASCs that
incorporate both nanoparticles (NPs) and single-metal-atom (M) sites
are considered a promising solution to the activity-stability tradeoff
under operational conditions®. NSASCs combine the advantages of
both nanocatalysts and single-atom catalysts by adsorbing different
types of reactants via the electron-deficient M; sites and the electron-
rich NP sites' ™, resulting in synergistic catalytic effects. Zero-valent
metal atoms in NSASCs exhibit high instability, necessitating bonding
with link atoms such as C, N, O, and S on the support to form a stable
coordination environment'* %, In recent years, increased attention has
been paid to the research of biomass-derived carbon materials that
serve as excellent support of NSASCs due to the advantages of biomass
as a carbon source, such as low cost, environmental friendliness,
renewability, and the presence of abundant surface functional
groups” . Wan et al. synthesized Cu sub-nanoparticles (<1.0 nm)
carbon catalysts from sawdust waste, revealing that the Cu-V-C (V
represents vacancy defects) configuration could stabilize Cu sites due
to the vacancy defects of biomass-derived carbon®. Self-doped EPS
from waste ozonation catalysts during long-term operation inherently
possess elements such as C and N, expected to act as biomass for
carbon-based catalysts synthesis, converting waste ozonation catalysts
into highly active and stable NSASCs.

Here we show a regeneration method for ozonation catalysts
that combines wet chemical impregnation and carbonization to
achieve the controllable synthesis of NSASCs, Cu@GC-Al,03, by
in situ carbonization of self-doped EPS on waste catalysts. Catalyst
characterization indicated that the regeneration strategy inte-
grates a robust, high-surface-area support Al,03, along with gra-
phitic carbon (GC) for active metal immobilization and dispersion.
It ensures stable localization of zero-valent metal atoms Cu with
both Cu-Cj; single atoms (SAs) and Cu-Cu NPs onto the composite
support GC-Al,03, which act synergistically in the nonradical-
dominated pathway, exhibiting superior catalytic activity and sta-
bility than the pristine fresh catalyst in catalytic ozonation. Fur-
thermore, the life cycle assessment (LCA) results confirm that
catalyst regeneration provides significant environmental and eco-
nomic benefits. The regeneration strategy we investigate proves to
be a promising approach for reactivating waste catalysts. Crucially,
the concept of recycling self-doped biological secretions provides
a perspective for electronic modulation and modification of

materials in related fields, promoting waste recovery and sustain-
able development in different industries.

Results

Synthesis and structure identification of Cu@GC-Al,03 NSASCs
In our prior investigation, the decrease in catalyst efficiency (Supple-
mentary Fig. 1) and the presence of trace metals (Supplementary
Table 2) were ascribed to the adsorption and deposition of negatively
charged biological secretions—specifically EPS—on the catalyst surface
led to significant active-site blockage of catalysts®. To address this
problem, we developed a regeneration strategy combining incipient-
wetness impregnation (IWI) with carbonization. This strategy converts
EPS on the surface and pores of the waste catalyst into GC, facilitating
the controlled synthesis of Cu nano-single-atom-site on the GC-Al,0;
framework (Cu@GC-Al,0s). Specifically, as illustrated in Fig. 1b, the
waste catalysts were impregnated in a Cu** solution of 3.0 wt.% for
8.0h and then dried to obtain precursors. Subsequently, the pre-
cursors were pyrolyzed at 600 °C for 4.0 h under an N, atmosphere to
yield regenerated Cu@GC-Al,Oj; catalysts. Regenerated Cu@GC-Al,O5
exhibits abundant mesopores and a large surface area (Supplementary
Fig. 2 and Supplementary Table 3). Scanning electron microscopy
(SEM) images (Fig. 1c and Supplementary Fig. 3) illustrated the oblate
and helical structures of Cu@GC-Al,O3, consistent with the proposed
GC by Wu et al.**. Moreover, Fig. 1h showed lattice fringes with a spa-
cing of 0.34 nm, corresponding to the C (002) plane, further con-
firming the GC structure formed from EPS carbonization®. The
Cu@GC-Al,O; catalyst underwent further characterization to elucidate
the successful preparation of NSASCs. Supplementary Table 4 shows
that Cu contents on the surface (1.0 mm diameter) and inner part
(1.0 mm diameter) were 2.74 and 2.62 wt.%, respectively, implying the
uniform distribution of active Cu metal. The SEM-energy dispersive
spectroscopy (EDS) mappings (Supplementary Fig. 4) of entire cross-
section of the Cu@GC-Al,O3 catalyst further supported the uniform
dispersion of Cu species. Atomic clusters with an average dimension of
10.0 nm (determined by counting 900 Cu SAs/NPs) on Cu@GC-Al,O3
were observed in a high-resolution transmission electron microscope
(HRTEM) image (Fig. 1d). An aberration-corrected with high-angle
annular dark-field scanning transmission electron microscope (aber-
ration-corrected HAADF-STEM) image (Fig. 1e, f) exhibited a high
density of small and large bright spots. Among them, the isolated
metal atoms appeared as uniform and low-intensity dots, while NPs
showed larger and brighter aggregates, verifying the dispersion of Cu
species as SAs and NPs on the support. A STEM image (Fig. 1g) dis-
played lattice fringes with a spacing of 0.21 nm, corresponding to the
metallic Cu (111) plane**. HAADF-STEM mapping and Electron para-
magnetic resonance (EPR) spectra (Supplementary Figs. 5 and 6) and
further reveal the existence of isolated Cu atoms in Cu@GC-Al,057 .
However, it is noteworthy that the elemental mapping (Fig. 1i) pre-
sented uniform C, O, and Cu distributions, while no N element was
observed, suggesting that N was lower than detect limitation and it has
minor impact on the local coordination environment of surface Cu
species in our study.

To clarify the origin of the Cu@GC-Al,O3 structural assembly,
Cu@GC-AlL,O5; composites were investigated by Raman spectra, zeta
potential testing, X-ray photoelectron spectra (XPS), and thermo-
gravimetry analysis-mass spectrometry (TGA-MS). The intensity ratio
of D, to G bands (/p,//;) derived from Raman spectra serves as a reli-
able indicator for assessing structural defects and crystalline qualities
in carbon-based materials*”>°. Raman Ip,//Ig ratio decreased from 1.1211
for GC-ALL0; to 0.6034 for Cu@GC-Al,O3 (Fig. 2a and Supplementary
Fig. 8), indicating that the incorporation of Cu species erased partial
defects and enhanced graphitization. Similarly, the Ip,//s ratios of
Cu@GC-AlL,O5 catalysts regenerated at different temperatures
(600 °C, 700 °C, and 900 °C) showed a positive correlation with the
catalytic activity (Supplementary Fig. 9), indicating that the material
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Fig. 1| Collection of waste catalyst samples, and synthesis and morphology Aberration-corrected HAADF-STEM images, (g-h) HRTEM images of Cu (111) and C
characterizations of Cu@GC-Al,0;. a Manual clearing, bagging, and collecting of ~ (002), and (i) HAADF-STEM image with EDS mappings of the Cu@GC-Al,05
waste catalysts. b Schematic illustration of a waste catalyst regeneration strategy.  sample.

¢ SEM image, (d) HRTEM image (Inset: the size distribution of Cu SAs/NPs), (e-f)

Nature Communications | (2025)16:10823 3


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66131-x

(@) |ec-ALQ, catalyst hfl=T1211] (b) [GC-ALO, Catalyst d, AI2p|(c)_ as[l™ Thefistgas NH_: miz=17
-o- Original data (@,4_60&3]) £ apff| Loease peake 12990°C 1T GC-ALLO,
= —~| = AlO-C é ‘ S 35| || “Thesecond gas  [1II[| Cu@GC-ALO,
E S < 30 release peak: 290.65°C
! 20 . <3
£ 2 >25
g A s e £3
> > c
7]
% | Cu@GC-ALO, Catalyst |oo/l = 0.6034 | Fresh catalyst Al2p|  £475l -~ Thesecond gas
S 273 g -0~ Original data 74!45 = release peak: 298.40°C
= G § Al-0 _% 1.50 The first gas
- : release peak: 150.93°C
. o) 5125
A % S B 1.00
3500 3000 2500 2000 1500 1000 500 78 76 74 72 50 100 150 200 250
Raman shift (cm) Binding Energy (eV) Time (min)
(d) (e) 14— i (h)“'G " v N 1.260
Cu@GC-ALO, Cu2p Cu-foil Cu K-edge 3.&Cu foil i
—o— Original data 12F Cu@GC-Al,0, =30l 0945
cu® Cu2p,, ——~Cu0 <3 0.788
B 2.5 0.630
- . ] | = 1.0} —CuPc <
i T o
2 Q ‘&5 2 1.5 0.158
« S s 08f
- a9 Y - 1.0 0.000
z S| 2.
924 921 918 915 912 909 906 - ) .o
2 Kinetic Energy (eV) é/ ‘6 2 -0 0.626
Q & P [
! N 3.5/ 0.548
E f 5.2 Eg\iv 3 E 0.4 —_ 0.470
s:‘& 0.391
£ 2.0 ;
e 0.157
L L L 1 1 L L 0.0 L L L L 1.5 0.078
956 952 948 944 940 936 932 8960 8980 9000 9020 9040 10 0.000
Binding Energy (eV) Energy (eV) ~
4.0 0.608
30 - 10 3.5 0532
() . Cu-foil (9) cu@GCc-ALO, | 0456
I . = 0.380
25k : Cu@GC-AlLQ, 0.304
Cu-Cu/ CuO 8 < 0.228
1
E CuPc P 0.152
2 201 i & 0.076
= H = 0.000
= H =
N5l ! =
&® ' < 0
E Cu-C : E 0.383
= ok | | = 0.329
Y A 0.274
1 0.219
sk H ! 0.164
1 0.110
1 Cu-C 0.055
: /r\/\/ 1 1 0.000
0 1 2 3 4 5 6 2 4 6 8 10 12
k (A7)

Radial distance (A)

Fig. 2 | Valence states and local coordination environment of Cu nanoparticles.
a Raman spectra. b High-resolution Al 2p XPS spectra. ¢ Thermogravimetry

analysis-mass spectrometry (TGA-MS) signal profiles (NHz: m/z=17). d Cu 2p XPS
spectra of Cu@GC-Al,O; catalysts (Inset: Cu LMM Auger spectra). e Normalized Cu

Radial distance (A)

K-edge XANES spectra and (f) corresponding k*-weighted Fourier Transform
spectra. g EXAFS fitting curve in R space of Cu@GC-Al,O; site (Inset: the proposed
Cu-C3 and Cu-Cu coordination environment). h Wavelet transform of Cu foil, CuPc,
CuO, and Cu@GC-Al,0s. Source data are provided as a Source Data file.

exhibited the highest graphitization at 600 °C. The broad 2D band
around ~2610 cm™! reflects layer-dependent features®, and the Lp/lg
ratio of 0.32 further indicates a multilayer GC structure, in agreement
with previous reports suggesting that /p/lg values below 1.0 corre-
spond to multilayer graphene systems®. The +0.15 eV shift in Al 2p XPS
of GC-Al,O3 relative to the fresh catalyst (Fig. 2b) and the negative shift
of C-O peak in C 1s XPS (Supplementary Fig. 10) mean that electrons
are transferred from the AI-O bond towards the highly electronegative
GC*, indicating the formation of partial Al-FO-C covalent bonds. This
phenomenon is similar to one in which Al,O3 induces the orderly
deposition of edge-rich graphene carbon to form covalent bonds*.
TGA-MS analysis showed that GC@GC-Al,05; had no detectable CO,
release peak over 501.00 °C (Supplementary Fig. 11), confirming the
structural stability of the material. Thus, this AIFO-C covalent con-
nection facilitates the improvement of interface bonding strength and
overall mechanical properties in the composite support®, consistent
with the results that the GC-Al,O3 catalyst exhibited mechanical
strength superior to that of pure Al,03 (Supplementary Table 5). In the
pH range of 3 to 9, zeta potential values of GC solutions were all
negative, while those of ALO; solutions were all positive

(Supplementary Fig. 12). This observation underscores the critical role
of electrostatic adsorption driven by surface charge density differ-
ences in stabilizing heterostructure interfaces®. Moreover, the TGA-
MS results showed the loss of NH; and H,O from GC-Al,O5 was almost
twice that from Cu@GC-Al,O; (Fig. 2¢c and Supplementary Fig. 13), as
H,0 was generated simultaneously once N-containing products were
reduced to NH5***. This is consistent with a red shift in the NH, or NH
peaks and the OH peak of Cu@GC-Al,O5 (Supplementary Fig. 14). The
NH, (or NH) and OH groups that can act as proton acceptors or
donors***® provided evidence of hydrogen-bonding interactions
between GC and Al,O3. In summary, the formation of the GC-Al,O5
composite support might rely on a combination of covalent connec-
tion, electrostatic interaction, and hydrogen bonding between Al,O3
and GC. The introduction of Cu promotes the hydrogen-bonding
interactions and the graphitization of GC-AL,0O5.

To further elucidate the valence states and local coordination
environment of Cu resulting from carbothermal reduction, X-ray dif-
fraction (XRD), XPS, and X-ray absorption spectroscopy (XAS) analyses
were conducted. As shown in Fig. 2d, the Cu 2p XPS spectra of Cu@GC-
AlL,O; present two sets of characteristic peaks at binding energies of Cu
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2ps/» (932.83 eV) and Cu 2ps, (934.74), corresponding to Cu'/Cu® and
Cu*" species, respectively™*. Cu® and Cu* were distinguished through
Cu-LMM Auger spectra (inset, Fig. 2d), which exhibited a Cu® peak
(918.0 eV) without the Cu* peak. The XRD results of Cu@GC-Al,0;
(Supplementary Fig. 15) further confirm that the presence of Cu ele-
ment in the form of Cu® (JCPDS No. 70-3039)***°, The Cu*" signal might
be ascribed to the oxidation of Cu® near the catalyst surface, given that
XPS only probed 10 nm below the sample surface®*'. Notably, the
predominant presence of thermodynamically stable Cu® species®
contributes to the stability of Cu@GC-Al,Os. Thus, we can infer the low
valance state of Cu species (close to 0)*?, which is further evidenced by
the X-ray absorption near edge structures (XANES) (the dotted box in
Fig. 2e). The extended X-ray absorption fine structure (EXAFS) curve of
Cu@GC-Al,05 (Fig. 2f) showed peaks at 1.47 and 2.27 A, assigning to
the first shell Cu-C/N/O scattering and Cu—Cu coordination, respec-
tively. This consistent with the previously reported Metal-N/C/O ele-
ments (M-N/C/0) coordination structures for such catalysts™'**+*,
The Wavelet transform (WT) plot of Cu@GC-Al,O3 (Fig. 2h) displayed
an intensity maximum at 7 A™ and a weak peak at 4 A7, revealing that
the number of Cu,-Cu, clusters in Cu@GC-Al,O; was significantly
higher. EXAFS fitting results showed that the coordination number of
Cu-C/N/O (2.8) is between that of CuO (CN = 2.0) and CuPc (CN =4.0),
with the bond length (1.93 A) slightly shorter than that of CuO (1.96 A)
(Supplementary Table 6). Further structural modeling for a single Cu
site was calculated using density functional theory (DFT), and the
results showed that the Cu;—-C; configuration aligned well with the
EXAFS fitting results compared to Cu-C;N; and Cu-C)N,. (Fig. 2g,
Supplementary Figs. 17-19, and Supplementary Table 7). The weak
signal of N 1s XPS (Supplementary Fig. 20) and the content of het-
eroatoms (N, P, and S) well below 0.5% (Supplementary Tables 8 and 9)
indicated by quantitative elemental analysis suggests that heteroa-
toms play a minor role in the catalyst structure. Thus, zero-valent metal
Cu was successfully dispersed on the composite support of the GC-
Al,O3 composite in the form of Cu;—-C; and Cu,,—Cu,,.

Pilot-scale demonstrations

Our catalytic ozonation bench experiments showed that the average
total organic carbon (TOC) removal of the Cu@GC-Al,05/05 system
was 59.11%, significantly higher than that of the ozonation with waste
catalyst (-53.97%) and GC-Al,O3 catalyst (41.85%) (Supplementary
Fig. 21 and Supplementary Note 6). This demonstrates the effective-
ness of the regeneration strategy in recovering catalyst performance
and the contribution of Cu as potential active sites. The catalytic
ozonation activity and stability of Cu@GC-Al,O5 in the advanced
treatment of actual petrochemical secondary effluent (PSE) were fur-
ther demonstrated using a pilot-scale reactor for 6 months (Fig. 3a,
Supplementary Fig. 22 and Supplementary Note 6). As shown in Fig. 3b,
¢, the Cu@GC-Al,03 catalytic ozonation system exhibited favorable
performance in long-term operation. The average chemical oxygen
demand (COD) of effluent from the Cu@GC-Al,03/0; system
decreased deeply from 79.56 mg L™ to 30.01 mg L™, while the average
COD of effluent from the ozonation (O3) alone and the fresh catalyst/
03 systems were 60.24 mg L™ and 40.69 mg L™, respectively (Supple-
mentary Fig. 23). Besides, it has been shown that pollutant adsorption
on the catalytic surface contributes to the catalytic reaction***.
Compared with fresh catalyst (adsorption 14.08%) (Supplementary
Fig. 24 and Supplementary Table 10), the introduction of GC layers in
the regenerated Cu@GC-Al,O; (adsorption 40.53%) enhanced
adsorption performance. The ozone-utilization efficiency, expressed
as ACOD/AO;* (Fig. 3d), was found to be 1.14 in the Cu@GC-Al,03/05
system as compared to 0.84 using fresh catalyst and 0.45 for O3 alone.
Supplementary Table 11 shows that the ozone-utilization efficiency of
using Cu@GC-Al,03 in our ozonation-based pilot-scale application was
47.37-76.32% higher than the values found in other studies. This
finding implies that the Cu@GC-Al,O3 catalyst offered a highly

accessible surface area and numerous exposed active sites, facilitating
the mass transfer and O; decomposition. It is further supported by the
results (Supplementary Fig. 25) that Cu@GC-Al,03 exhibited the fast-
est O3 decomposition rate (k =1.714 min™). Additionally, as Cu content
rises from 0.5 to 5.0 wt.%, the catalyst activity further increases with a
strong positive correlation (R?=0.87) (Supplementary Fig. 26). This
suggests that Cu SAs/NPs anchored on the carbon skeleton serve as
primary active sites. The insignificant increase in Cuso@GC-Al,O3
catalyst activity is due to the formation of substantial Cu NPs over Cu
(Supplementary Fig. 26c). Moreover, the superior electrochemical
performance of the Cu@GC-Al,O5 catalyst (Supplementary Fig. 27)
supported the efficient electron transfer from Cu@GC-Al,O5 to O3,
generating various active species for pollutant degradation.

The COD and TOC removal efficiencies stabilized at ~60% and
~56% in the Cu@GC-Al,Oj; catalytic ozonation system during 6-month
pilot-scale demonstrations, respectively (Fig. 3b, c), giving evidence
of the excellent stability and reusability of Cu@GC-Al,Os. Notably, no
shedding particles were observed in the effluent during catalytic
ozonation (Supplementary Fig. 28), suggesting that Cu@GC-Al,O5
presents strong mechanical properties. SEM and HAADF-STEM ana-
lyses (Supplementary Fig. 29) detected no significant changes in
surface properties or Cu atoms after the 6-month operation. An
important advantage of the Cu@GC-Al,O; catalyst is its resistance to
metal leaching, evidenced by an average Cu concentration of only
12.44 ug L in the effluent (Supplementary Fig. 30), which is con-
siderably lower than the total copper emission limit for drinking
water (1300 ug L™) stipulated by the US Environmental Protection
Agency®. The minimal leaching of Cu is ascribed to the excellent
oxidation resistance of Cu (111)*° and the tight constraint of Cu NPs
by the Cu-C bond configuration (Supplementary Fig. 16b). Addi-
tionally, Supplementary Table 5 shows that the remarkable strength
of the Cu@GC-Al,O5 catalyst resulted from the enhanced graphiti-
zation of the biological secretions by Cu, leading to a more robust
GC-Al,O5 framework. This is further supported by the positive cor-
relation between the Ipy/I ratio and the catalytic activity of the
Cu@GC-Al,05 catalyst (Supplementary Fig. 9). These results
demonstrate the excellent activity and stability of Cu@GC-Al,O3
NSASCs in catalytic ozonation for the removal of refractory organics
in wastewater.

Catalytic mechanism

To clarify the underlying reasons for the remarkable activity of the
Cu@GC-Al,03/03 system for actual wastewater treatment, types of
reactive oxygen species (ROS) were identified in the bulk phase and on
the catalyst surface via electron paramagnetic resonance (EPR), reac-
tive oxygen probes, in situ Raman measurements, and quenching
experiments (Supplementary Notes 3 and 7). Figure 4a, b and Sup-
plementary Fig. 31 demonstrated the absence of +OH signal, whereas
the presence of O, and 0, signals was found in the Cu@GC-Al,05/03
system, suggesting the generation of O, and '0,". Figure 4c found
that the Cu@GC-Al,03/05 system generated substantially more O,~
(89.08 pM) than the O3 alone system (2.10 pM), and 'O, concentration
(198.25 uM) is three times that of the O5 alone system, emphasizing the
superior reactivity of Cu-C; or Cu,-Cu, sites in O5 dissociation to
produce O, and '0,. In addition to the ROS, in situ Raman spectra of
Cu@GC-AlL,O5 (Supplementary Fig. 32) presented a new band at
949 cm™ with ozone aqueous solution, implying the generation of
surface-adsorbed oxygen species (*O,q). The reduction of adsorbed
oxygen (53177 eV)* content in Cu@GC-Al,O; after the reaction fur-
ther supported the involvement of *O,4 (Supplementary Fig. 10f). *O,4
features a high oxidation potential of 2.43 V, facilitating the attack of
aliphatic compounds containing saturated C-C bonds during
advanced oxidation processes®*’.. Besides, it has been reported that
10, is generated through the oxidation of O, via one-electron transfer

(Supplementary Note 1)*%. The contributions of 0,7, *0,4, and 'O, for
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Fig. 3 | Catalytic activity and stability of Cu@GC-Al,0;. Catalytic ozonation pilot-
scale demonstration equipment (a). Changes in long-term water quality indexes,
including chemical oxygen demand (COD) (b), total organic carbon (TOC) (c), and
ozone-utilization efficiency (d) by the catalytic ozonation of PSE. Reaction

organic removal (phenol, namely PhOH, as the target pollutant) were
further evaluated through quenching experiments. tert-Butanol (TBA)
and methanol (MeOH) react rapidly with «OH in solution and on the
catalyst surface, respectively’>”. The presence of TBA and MeOH
barely reduced PhOH removal, indicating that *OH groups were not
involved in PhOH degradation (Fig. 4d and Supplementary Fig. 33). The
addition of 1,4-benzoquinone (p-BQ, scavenging O,")* and dimethyl
sulfoxide (DMSO, scavenging *0,q)*° showed different decreases in
PhOH removal (Fig. 4d), validating the contributions of O, and *Oad
to PhOH degradation. A strong inhibitory effect on PhOH degradation
was observed during the reaction system with furfuryl alcohol (FFA,

conditions: catalyst filling rate = 50%, O; dosage =50 mgL™ h, O, flow

rate = 20 L min’, influent flow rate =180 L h™, hydraulic retention time =0.95 h, pH
not adjusted. The error bars in (b—d) represent the standard deviations of triplicate
tests. Source data are provided as a Source Data file.

scavenging '0,)"*, confirming that '0, is the dominant active species
in organic degradation. Therefore, the degradation of organics by
catalytic ozonation with the Cu@GC-Al,O; catalyst probably repre-
sented a synergistic oxidation pathway that relies on both radical (0,™)
and non-radical oxidation (*O,q and '0,). Previous studies have found
that non-radical oxidation pathways mediated by 'O, reduce the
interference of anions in the environmental background®***. The
Cu@GC-Al,05/05 system showed only a 1.75%-7.07% reduction in
TOC removal with the addition of NO5~, CI, SO,>, and HCO5™ in PSE
(Supplementary Fig. 34), confirming its excellent anti-interference
properties.
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Fig. 4 | ROS production and DFT calculation in the Cu@GC-Al,05/0; system.
a EPR analysis for O, detection with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a
trapping agent. b EPR analysis for '0, detection with 2,2,6,6-tetramethyl-4-piper-
idinol (TEMP) as a trapping agent. ¢ ROS production. d PhOH degradation pro-
cesses in the Cu@GC-Al,03/0; system. e Relative energy profile of the proposed

co

°cQ

wQ

AQ
intermediates and transition state (TS) in the interaction of O3 and the Cu;-C; or
the Cu,-Cu,. f Relative energy profile of the proposed intermediates and TS in the
interaction of Oz and the Cu;-C3-*0,q or Cu,—Cu,,—*0,4. g The mechanism of

Cu@GC-Al,05/0; reaction. The error bars in (c, d) represent the standard devia-
tions of triplicate tests. Source data are provided as a Source Data file.

Utilizing DFT calculations within the Vienna Ab initio Simulation
Package (VASP), we unveiled the synergistic transformation pathway
of O; into radical and non-radical ROS at the atomic level. O rapidly
bonded with the central Cu atom in Cu;-C3 SAs (or Cu,—Cu,, NPs),
yielding Cu;—C3-*0,q (or Cu,—Cu,—*0,q) and free 0, species (Fig. 4e).
The production of Cu;-C3-*0,q4 requires overcoming an energy barrier
of 3.06eV, which is lower than the production of Cu,-Cu,—*O,q
(3.34 eV). Furthermore, Supplementary Fig. 35 shows that Cu atoms
closer to carbon units in Cu,-Cu, NPs were more positively charged
(+0.2582, +0.0014, and -0.0413), strongly explaining the easier for-
mation pathway of *O,4 at the Cu;-C; site compared to the Cu,-Cu,
site. In addition, *O,q, a crucial intermediate in catalytic reactions,
could react with O; molecules to form O, and '0,°*%. Figure 4f and
Supplementary Fig. 36 demonstrated that O was captured by *O,4 to
generate O, and 'O, species, subsequently released into the bulk
solution. The generation of 'O, species and O, species from
Cu,—Cu,—*0,q requires a lower energy barrier of 2.44 eV and 2.51eV,
respectively, compared to Cu;-C3-*O,q (4.31eV and 4.34eV,

respectively). Therefore, in the Cu@GC-Al,03/05 system, the Cu;—C5
sites promoted the formation of *O,4, while Cu,-Cu, sites triggered
the generation of O, and 'O, from *O,q (Fig. 4g). Furthermore, we
summarized the activation pathways of O; at the active sites on the
catalyst surface schematic diagrams (Supplementary Fig. 37): (i) O;
adsorption on electron-rich Cu-Cz and/or Cu,-Cu,, sites, (ii) electron
transfer to form Cu-C3—*0,4 and/or Cu,—Cu,—*0,q intermediates, (iii)
Subsequent reaction of these intermediates with O; to decompose
into '0, (major) and/or O,". Cu;—C3 SAs and Cu,,—Cu,, NPs synergisti-
cally improved the catalytic ozonation activity of the Cu@GC-Al,O3
NSASCs.

LCA and economic assessment

To confirm the potential of the proposed regeneration strategy as a
sustainable alternative to waste catalysts, we conducted a comparative
analysis between two approaches: (1) Landfill disposal of waste cata-
lysts and the production of fresh catalysts (disposal-production); (2)
Regeneration from waste catalysts to self-doped Cu@GC-Al,O5
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NSASCs through the pyrolysis of biological secretions (regeneration).
The assessment was conducted based on the application of 27,662
tons of Al,03-based catalyst in 84 petrochemical wastewater treatment
plants promoted by our research group (Supplementary Data 1). The
analysis employed a cradle-to-gate LCA methodology to account for
environmental impact®’. In Fig. 5a, the regeneration approach con-
tributes 83.83%-99.62% less to all environmental impact categories
compared to disposal-production approach. Particularly noteworthy
is the superior performance of the regeneration strategy in reducing
global warming potential (89.79% lower than disposal-production).
Specifiof cally, carbon emissions from Al,O3 support preparation and
IWI in the fresh catalyst production are 4.53 and 1.67 times higher than
the total emissions from the regenerated Cu@GC-Al,O3, respectively
(Supplementary Fig. 38). The significant reduction in carbon emissions
during IWI in the Cu@GC-Al,O5 catalyst is mainly attributed to a
5.0wt.% decrease in the required Cu loading, achieved through the
pyrolysis of biological secretions for Cu@GC-Al,O5 catalyst prepara-
tion. Furthermore, the carbon footprint analysis (Fig. 5b, c) shows that
IWI (including electric 33.95% and copper ore 15.91%) is the major
contributor to regeneration, while the main source of
disposal-production is Al,O3 support preparation (including electric
13.23%, natural gas 7.98%, and NaCl materials 30.13%). This aligns with a
study on waste-derived catalysts®®. Overall, the regenerated Cu@GC-
Al,O3 catalyst can utilize raw materials from waste catalysts and
requires lower copper loading, significantly reducing the utilization of
various chemical agents and energy consumption, thus minimizing
environmental impacts.

Supplementary Table 14 presents the subdivided costs for the two
strategies of regeneration and disposal-production. The total cost for
these two strategies, implemented in 84 petrochemical wastewater
treatment plants, amounts to US$87,525,198.23 and US
$48,220,834.44, respectively. This signifies a 44.91% reduction in costs
with this regeneration strategy compared to disposal-production
strategy. Specifically, the regeneration strategy not only reduces the
production of carrier (25.71%) but also avoids the landfill disposal of
wasted catalysts (13.30%). These results emphasize the potential of the
proposed regeneration strategy for waste catalysts, warranting further
development from both economic and environmental perspectives.

Discussion

Industrial wastewater treatment plants with catalytic ozonation and its
combined process as advanced treatment units produce over one
million tons of waste catalysts annually in China®. However, the present
catalyst-activity recovery strategy, such as in-situ backwashing, is
energy-consuming and environmentally polluting, which slows down
the achievement of carbon peaking and carbon neutrality goals. Here,
we proposed a greener catalyst regeneration strategy, which over-
comes the unsustainable limitations of carbon nanomaterials that
feedstock derived from commercial chemicals (Supplementary
Table 15). It is worth noting that all petroleum refining waste catalysts
could be applied to this regeneration strategy, underscoring the
application potential of this innovative strategy.

Since in-situ backwashing regeneration not only presents low
catalyst efficiency, but also causes metal resource loss and secondary
pollution®7**, it is challenging to develop efficient and green catalyst
regeneration technologies. This work, unlike most reported Cu SACs
on graphene or C3N,, utilizes biological secretions doped from waste
catalysts as a carbon source to regenerate into Cu NSASCs. This is the
demonstration of converting waste AOP catalysts into NSASCs via bio-
carbonization. It is worth noting that over one million tons of waste
catalysts could be recycled annually in China alone*, underscoring the
application potential of this innovative strategy. Furthermore, as
shown by cradle-to-gate LCA, our strategy presents a promising
alternative to landfill disposal of waste catalysts, addressing both
economic and environmental concerns for society.

To validate the generality of our work, we analyzed another
sample from a petroleum refining industry wastewater treatment plant
in China (see Supplementary Figs. 39-40 and Supplementary Table 16
for details). Despite elemental variation in waste catalysts due to the
differences in wastewater sources and treatment processes from the
two plants, the waste ozonation catalysts adsorbed substantial EPS, an
inherent component of biological effluent. The NSASC-2 synthesized
from this sample demonstrated a consistent coexistence structure of
single-atom and clusters (Supplementary Fig. 39c), and the TOC
removal of PSE remained above 50% in 30 cycles, reflecting its excel-
lent activity and stability. (Supplementary Fig. 40).

To extend the generality of our work, we verified the function of
EPS secreted by pure cultured microorganisms on atomic dispersion.
Typical Pseudomonas and Bacillus subtilis 168 among Gram-negative
bacteria and Gram-positive bacteria were respectively selected to
culture and produce EPS, and then prepared into Cu@P-EPS-Al,O5 and
Cu@B-EPS-ALL,O; through IWI with carbonization (Supplementary
Fig. 41 and Supplementary Note 9). Supplementary Fig. 42 shows the
remarkable dispersion ability of EPS on Cu, yielding NSASC with Cu;
and Cu,,. The result gives a great hint to the related material research
field, that is, by adjusting the pure culture bacteria to secrete different
EPS, we can adjust and realize the atomic dispersion of metal, and
prepare fine materials for medicine, industrial catalysis, and
other fields.

Methods

Materials

The fresh catalysts (y-Al,O5 particles as supports and Cu oxides as
active components) used in this study were purchased from Kaisai
Chemical (Dalian) Co., LTD, and have become waste catalysts after
Syears of continuous operation in the catalytic ozonation unit of
China’s largest petrochemical wastewater treatment plant. The waste
catalysts were obtained from the same batch sampled on 14th April
2021, with a detailed sampling process depicted in Fig. 1a. The authors
affirm that human research participants provided informed consent
for publication of the images in Figs. 1a and 3a. Other materials and
reagents are provided in Supplementary Note 2.

Regeneration of catalysts

The waste catalyst was first pretreated by naturally air-drying and then
dried in an oven at 105 °C to a constant mass. This step cleverly pre-
served the self-doped biological secretions (mainly EPS) of the waste
catalyst as carbon precursors during the pyrolysis process. The pre-
treated waste catalyst served as the adsorbent with a water absorption
of 1.67 gmL™. Cu** was impregnated controllably by the IWI method
based on the result of water absorption, effectively preventing the loss
of the deposited biological secretions in the waste catalyst. 100 g of
pretreated waste catalysts were dispersed in a 60 ml solution of
3.0 wt.% Cu*" with continuous shaking at 100 rpm for 1 h, and then left
to stand for 8 h to complete the impregnation. The impregnated cat-
alysts were subsequently dried in an oven at 105°C to obtain pre-
cursors. These precursors were pyrolyzed by heating to 600 °C in a
tubular furnace under an N, atmosphere with a heating rate of 10 °C
min® and kept for 4 h. The regenerated Cu@GC-Al,O5 catalyst was
obtained without any further treatment. Regenerated catalysts were
prepared with Cu* solutions of 0.5, 1.0, and 5.0wt.%, noted as
CUO.S@GC'AIZO:;, CUL()@GC'A|203, and CU5_0@GC'A1203, respectively.
The synthesis of regenerated GC-Al,05 did not involve the IWI of Cu?*
solution before pyrolysis, compared with the Cu@GC-Al,O; regen-
eration process.

Characterization

HRTEM and aberration-corrected HAADF-STEM images were col-
lected with an aberration-corrected scanning transmission electron
microscope (JEM ARM 200 F, Japan) with a cold field emission gun
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operated at 80 kV. XPS analysis was obtained by an ESCALAB 250 X-ray
photoelectron spectrometer with Al Ka as the excitation source. The
carbothermal reduction of the catalysts was analyzed using TGA-MS
(Netzsch STA, Germany). The Cu K-edge X-ray absorption fine struc-
ture spectra were collected at the BL14W1 station of the Shanghai
Synchrotron Radiation Facility. Data reduction, data analysis, and
EXAFS fitting were performed and analyzed with the Athena and
Artemis programs of the Demeter data analysis packages that utilize
the FEFF6 program to fit the EXAFS data” (See the Supplementary
Notes 3-5 for detailed analysis).

Theoretical calculations

First-principles calculations were carried out based on periodic DFT
using a generalized gradient approximation within the Perdew-Burke-
Ernzerh exchange correction functional with Vienna Ab initio Simula-
tion Package (VASP). The wave functions were constructed from the

expansion of plane waves with an energy cutoff of 500 eV. Gamma-
centered k-point of 3 x 3 x 1 has been used for geometry optimization.
The consistency tolerances for the geometry optimization are set as
1.0 x10-6 eV/atom for total energy and 0.05eV/A for force, respec-
tively. To avoid the interaction between the two surfaces, a large
vacuum gap of 15A has been selected in the periodically repeated
slabs. The climbing image nudged elastic band (CI-NEB) was used for
transition state searching. In free energy calculations, the entropic
corrections and zero-point energy (ZPE) have been included. The free
energy of the species was calculated according to the standard
formula:

AG=E+AZPE+AH — ATS (08
Where ZPE was the zero-point energy, AH was the integrated heat
capacity, T was the temperature of the product, and S was the entropy.
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LCA methods

The LCA of the landfill disposal-fresh catalyst production strategy and
self-doped biological secretions regeneration strategy was conducted
using GaBi 10.5 software, the functional unit (FU) is defined as 27662
tons of catalyst. Inventory analyses for both strategies involved back-
ground data from the GaBi and Ecoinvent databases, as well as pro-
duction data collected from the enterprises. Detailed information is
shown in Supplementary Tables 12-13 and Supplementary Note 8.

Data availability
All data provided in this manuscript are available in the paper and its
Supplementary Information. Source data are provided with this paper.
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