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Coal chemical wastewater treatment

Electron beam (EB) irradiation has gained significant attention in industrial wastewater due to its
high efficiency and absence of chemical additives or secondary waste. However, its application re-
mains constrained by relatively high operational costs. To address this limitation, we develop a sustain-
able advanced oxidation platform by synergistically integrating EB irradiation with a bimetallic catalyst
(Cugg97C0op03/AC) for enhanced phenol (Ph) degradation. The Cu-Co bimetallic catalyst activated a dual re-
action network encompassing both radical ("OH, *0,") and non-radical ('0,, h*, e-) pathways, enabling
effective Ph degradation. Compared to EB irradiation alone, this integrated system achieved 6.92-fold and
41.43-fold enhancements in Ph degradation and total organic carbon (TOC) removal, respectively. Quench-
ing and trapping experiments confirmed !0, and ‘OH as the dominant reactive species. The system
demonstrated broad pH adaptability while avoiding sulfate byproduct formation typically associated with
10,-based processes. Toxicity assessment confirmed substantial reduction in intermediate toxicity. Mean-
while, the catalyst maintained excellent cycling stability under prolonged irradiation. This work presents
a novel approach for efficient degradation and mineralization of highly toxic organic pollutants through

radical/non-radical pathway coupling enabled by EB-bimetallic synergy.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The rapid expansion of the coal chemical industry, driven
by growing market demands and technological innovations, has
been accompanied by significant environmental challenges due to
wastewater generation. Typical coal chemical wastewater contains
refractory organic pollutants, including phenolic compounds (e.g.,
phenol, catechol, and pyrogallol) and polycyclic aromatic hydrocar-
bons (PAHs; e.g., naphthalene and biphenyl) [1]. These contami-
nants exhibit persistent biodegradation resistance and have been
classified as priority pollutants by regulatory agencies due to their
well-documented carcinogenic, teratogenic, and mutagenic proper-
ties [2,3]. Phenol (Ph) is one of the most typical organic pollu-
tants generated in coal chemical wastewater, also originates from
the production processes of industries such as textile, dyeing, and
pharmaceutical industries [4], has garnered particular environmen-
tal concerns due to its high toxicity and widespread occurrence.
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Although the advanced oxidation processes (AOPs), such as Fenton
reaction [5,6], ozonation [7-9], persulfate activation [10,11], pho-
tocatalytic [12,13], and electrochemical oxidation [14], have shown
potential for phenolic compound degradation. Their practical ap-
plication efficiency is limited by several factors including strict re-
action conditions like specific pH and temperature requirements
in Fenton reaction, along with the risk from secondary pollution
due to the residual oxidants or transformation products, and the
extremely short lifespan (<1076s) and diffusion limitations of the
primary reactive oxygen species like hydroxyl radicals ("OH), de-
spite their high oxidation potential (2.8 V) [15].

In contrast, ionizing radiation technologies such as electron
beam (EB) irradiation offer distinct advantages for wastewater
treatment. The radiolysis of water simultaneously generates mul-
tiple reactive species, such as hydroxyl radicals *‘OH, hydrated elec-
trons (eaq”), and hydrogen atoms (H"). This process demonstrates
unique advantages including chemical-free residuals, and excel-
lent environmental compatibility [16]. The overall reaction formula
for the radiolysis of liquid water can be expressed as shown in
Eq. 1 [17]. The numbers within parentheses represent the radiation
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chemical yield G-values (pumol/]) of each species.
H,0 — Hz(0.45) + H02(0.71) + e;4(2.6)
+H*(0.55) +*0H(2.7) + H30" (2.6) (1)

Despite the advantages of ionizing radiation technology, its
large-scale application remains constrained by high operational
costs, primarily attributed to the accumulation of intermediate
byproducts and suboptimal mineralization efficiency. To address
these limitations, catalysts or auxiliary reagents are increasingly in-
tegrated into ionizing radiation processes to enhance both degra-
dation rate and mineralization efficiency of organic pollutants. For
example, Chitose et al. used EB to irradiate the Ph solution con-
taining titanium dioxide nanoparticles, greatly accelerating the re-
moval of total organic carbon (TOC) [18]. Alkhuraiji et al. utilized
ionizing radiation to investigate the degradation and mineraliza-
tion of Ph and discovered that the combination of O3, Hy0,, N,O,
0,, or S,04% reagents with ionizing radiation effectively enhances
the radioactive degradation system for phenol degradation or min-
eralization [19]. Current EB-catalysis systems predominantly rely
on radical-mediated mechanisms for pollutant degradation [20].

However, studies of non-irradiated catalytic systems reveal that
synergistic integration of radical and non-radical pathways can sig-
nificantly enhance both degradation rate and mineralization ef-
ficiency of pH. For instance, some catalysts in AOPs can further
generate singlet oxygen (10,), a reactive species with distinct
advantages. Among various reactive oxygen species, 10, (2.2V)
has attracted considerable attention due to its extended lifetime
(2 x 1076 s) [15]. Notably, 10, exhibits excellent selectivity and in-
terference resistance while maintaining robust reactivity across a
wide pH range. Consequently, non-radical oxidation systems dom-
inated by 10, demonstrate promising application prospects for or-
ganic pollutant removal, making 10,-mediated reactions an emerg-
ing research focus in AOPs [21]. To achieve efficient and control-
lable generation of 10,, researchers have recently turned their at-
tention to biochar (BC)-based transition metal composites. These
materials have demonstrated remarkable potential in environmen-
tal catalysis owing to their tunable metal active sites, superior elec-
tron transfer capability, and porous structures [22,23]. Research in-
dicates that metal doping (e.g., Cu, Fe, Co), heteroatom modifica-
tion (e.g., N, 0), and pyrolysis temperature optimization can effec-
tively enhance the catalytic performance of biochar. For example,
Wang et al. discovered that Cu-doped cow dung biochar facilitates
uniform distribution of iron sites, which accelerated the generation
of "OH, 10,, and superoxide radicals (*0,") [24]. Similarly, Xi et al.
demonstrated that Fe@N co-doped biochar could activate persul-
fate (PS) to degrade 95% norfloxacin (NOR) through a dual mech-
anism involving both radical ("OH/SO4") and non-radical (10,)
species [25]. For non-metallic catalysts, Qu et al. reported that
porous hydrochar (PHC) derived from corn straw could activate PS
to generate 10, and mediate electron-transfer-dominated phenol
degradation [22]. Furthermore, Zhang et al. achieved 91.57 % tetra-
cycline hydrochloride (TC) degradation through a '0,-dominated
non-radical pathway by activating peroxymonosulfate (PMS) with
Camellia oleifera shell-derived biochar (COSB-1000) pyrolyzed at
1000°C [21]. While these studies demonstrate the feasibility of
dual radical/non-radical mechanisms in non-irradiated systems,
their potential synergy within irradiation-catalysis systems remains
unexplored. The radiolysis of water triggered by ionizing radiation
coupled with catalytic systems provides a continuous, chemical-
free source of reactive radicals. Existing studies have demonstrated
that catalysts containing unsaturated metal sites can significantly
facilitate either the rapid conversion of 'OH to '0, or the di-
rect generation of '0, [26]. These evidences suggest that EB-
catalysis systems incorporating radical/non-radical oxidation routes
may achieve breakthrough improvements in operational efficacy
and cost-efficiency. But relevant studies are still absent.
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Scheme 1. The schematic of Cuy/AC (x=1, 2, 3) and Cu;,Coy/AC (x=0.03, 0.06,
0.09, 0.12) preparation and electron beam irradiation process. The activated carbon
was derived from coconut shells. During the synthesis of Cuy/AC, the copper ion
concentration was maintained at 0.675, 1.35, and 2.025 mmol. During the synthesis
of Cuy.xCoy/AC, the molar ratios of Cu?+ and Co?* were adjusted while maintaining
the total metal ion concentration at 0.675 mmol.

In this paper, we report a novel radiation-catalytic strategy
that activates a dual reaction network comprising radical and non-
radical pathways using bimetallic catalysts (Cu;.xCox/AC) for ef-
ficient Ph degradation. EB irradiation directly generated reactive
species ("OH, eaq”, H') for primary pollutant degradation, while the
coconut shell-derived activated carbon (AC)-supported bimetallic
catalyst, fabricated via impregnation with optimized Cu/Co ratios
(97:3), effectively catalyzed radiolytically produced H,0,, thereby
constructing a dual reaction network encompassing both radical
("OH, *0,7) and non-radical ('0,, h*, e*) pathways. The degrada-
tion performance was evaluated under varying irradiation doses,
catalyst dosages, pH values, and through recycling experiments.
In addition, the catalytic mechanism and degradation performance
were systematically characterized by HPLC and X-ray photoelectron
spectroscopy (XPS). Electron paramagnetic resonance (EPR) analy-
ses were employed to validate the catalytic mechanisms involving
both radical and non-radical species formation during Ph oxida-
tion. Finally, the degradation pathways of this system were dis-
cussed. The ecological risks of Ph and its degradation intermedi-
ates were evaluated using the Toxicity Estimation Software Tool
(T.E.S.T). This study established an innovative radiation-catalytic
synergy mechanism coupling radical and non-radical pathways,
providing a groundbreaking strategy for highly efficient degrada-
tion mineralization of recalcitrant organic pollutants.

All materials used in this study are detailed in Text S1 (Sup-
porting information). The materials were prepared according to the
steps as shown in Scheme 1. Above all, coconut shell was selected
as the raw material and carbonized at 550 °C to obtain activated
carbon (AC). The AC was purified through three successive wash-
ing cycles with deionized water (18.2 MQ cm at 25 °C Milli-Q),
followed by oven-drying at 100 °C for 12h. In a typical prepara-
tion, AC (0.5g) and Cu (NO3), (0.675 mmol/1.35 mmol/2.025 mmol)
were dissolved in deionized water (5mL) under magnetic stirring
(450 rpm, 6h), then ultrasonicated for 100 min. The homogeneous
mixture was dried at 100 °C for 12 h. Finally, the resulting precur-
sor was calcined in the tube furnace under dynamic vacuum with
programmed heating (5 °C/min to 600 °C) under Ar flow (50 sccm),
maintained at 600 °C for 3 h, and cooled to room temperature nat-
urally. The obtained catalysts were designated as Cu;/AC, Cu,/AC,
and Cus/AC respectively in this article.

The Cu;_4Cox/AC was prepared in the same manner with the
addition of Co (NO3),-6H,0. The molar ratios of Cu2t and Co%*
were systematically varied while maintaining the total metal ion
concentration at 0.675 mmol in the precursor solution.
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Fig. 1. Morphological characterization of catalysts. (a-d) SEM images of C-AC,
AC, Cuy/AC and Cugg7Cogo3/AC. C-AC exhibited irregular cavities and non-uniform
pores. AC displayed wider, interconnected pore channels. Cu; /AC and Cugg7C0g,03/AC
nanocrystals adopted plate-like and spherical morphologies. (e) Elemental map-
ping of C, O, N, Cu, Co in the Cugg7;C0003/AC composite. (f, g) TEM images of
Cug97C00,03/AC. The lattice fringes demonstrated the coexistence of metallic Cu and
its oxides.

In this study, Ph was selected as the target contaminant with
an initial concentration of 50 mg/L. The adsorption and degradation
kinetics were monitored by measuring Ph concentration changes
via HPLC. In a typical experiment, 5mg catalyst was dispersed in
10 mL Ph solution and mixed for 6 h. The mixture was then irradi-
ated at room temperature using a 10 MeV, 20kW electron linear
accelerator (model: 1S1020). After syringe-filtration (0.22 wm PES
membrane), Ph concentration was analyzed by HPLC. With the in-
creasing dose of irradiation, the Ph concentration showed a regu-
lar decreasing trend. The relationship between the initial Ph con-
centration (Cp) and final concentration (C), along with degrada-
tion efficiency, could be characterized by Eq. 2. The concentration
changes of Ph was found to conform to the reaction kinetic model
presented in Eq. 3 [27].

G -C

Degradation efficiency = .

«100% )

In (Go/C) = kD (3)

where D represents the absorbed dose, and k is the degradation
rate constant (1/kGy).

The effects of different parameters including irradiation dose
(0-3.6 kGy), solution pH (2.65-10.23), and catalyst concentration
(0-0.9g/L) were investigated. All experiments were repeated twice
to ensure consistency and reproducibility of the results. The char-
acterization instruments and methods are provided in Supporting
information.

Morphology and microstructure of the catalysts were character-
ized by scanning electron microscope (SEM), transmission electron
microscope (TEM), and energy-dispersive spectroscopy (EDS). Figs.
1a-d present SEM images of commercial activated carbon (C-AC),
coconut shell activated carbon (AC), Cuy/AC, and Cugg7Coqo3/AC,
respectively. C-AC exhibited irregular cavities and non-uniform
pores on its surface (Fig. 1a), whereas AC displayed wider, inter-
connected pore channels (Fig. 1b), likely formed due to the re-
lease of volatile compounds during carbonization. This hierarchical
porous structure provided a high surface area (1339 m2/g), facil-
itating metal ion loading and enhanced reactant diffusion to im-
prove catalytic efficiency. The Cu;_,Cox/AC (x=0-0.03) nanocrys-
tals adopted plate-like and spherical morphologies, with noticeable
aggregation on the AC surface and within pore channels. Notably,
Cuy/AC nanoparticles showed significant agglomeration (Fig. 1c),
Co incorporation (Cugg7C0q3/AC) improved dispersion uniformity
and reduced the crystal size (Fig. 1d). After metal loading, the
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Fig. 2. Structural characterization. (a) XRD spectra of Cu;4Cox/AC. (b) FT-IR spec-
tra of Cuj4Cox/AC (x=0, 0.03, 0.06, 0.09 and 0.12). Specific XPS analysis of
Cup97C0003/AC before and after EB: (c) O1s, (d) Cu 2p, (e) Cu Auger and (f) Co
2p.

macropores originally present in AC surface disappeared, poten-
tially due to metal nanoparticle pore blockage or structural col-
lapse during calcination.

The porosity characteristics of AC and Cugg7C0q3/AC were in-
vestigated through nitrogen adsorption experiment at 77.3K. The
adsorption-desorption isotherms exhibited a sharp nitrogen uptake
at low relative pressure (P/Py=0-0.01) followed by a plateau, char-
acteristic of microporous materials (Fig. S1 in Supporting informa-
tion). Furthermore, the absence of hysteresis in the adsorption-
desorption isotherms of Cugg7C0qo3/AC demonstrated its minimal
mesoporous character [28]. This adsorption-desorption isotherm is
classified as Type I according to the classification of International
Union of Pure and Applied Chemistry (IUPAC) [29]. The specific
surface area and average pore size of AC and Cugg7Cogg3/AC are
summarized in Table S1 (Supporting information). After modifica-
tion with Cu-Co nanoparticles, the BET surface area increased from
1339 m2/g to 1581 m2/g, with a notable rise in micropore surface
area (from 885 m?/g to 1556 m2/g) while the external surface area
significantly decreased from 454 m2/g to 24.86 m?2/g. This contrast
suggests that metal nanoparticles preferentially occupied microp-
ores while potentially blocking larger pores. Furthermore, the to-
tal pore volume and micropore volume increased from 0.69 cm3/g
to 0.71 cm3/g and 0.43 cm3/g to 0.66 cm?3/g, respectively, while
the average pore width decreased from 2.1nm to 1.79 nm. These
structural modifications likely attributed to the uniform dispersion
of metal nanoparticles within micropores, calcination-induced pore
restructuring through sintering, and partial collapse of pore chan-
nels during thermal treatment. These factors synergistically en-
hance microporosity while reducing larger pores.

As shown in Fig. 1e, TEM imaging with corresponding EDS el-
emental mapping confirmed the coexistence of C, Cu, Co, O, and
N elements in the Cugg7C0q3/AC composite. The Cu species ex-
hibited a predominantly uniform distribution, although occasional
localized aggregation was observed. Only trace oxygen signals were
detected by EDS, suggesting negligible surface oxidation. TEM anal-
ysis (Figs. 1f and g) identified well-defined lattice fringes with
measured spacings of 0.208 nm, 0.245nm, and 0.255nm, corre-
sponding to the (111) planes of metallic Cu, Cu,0, and the (—111)
planes of CuO, respectively. These results demonstrated that the
nanoparticles consist predominantly of Cu/Cu,0 phases, with trace
amounts of CuO.

X-ray diffraction analysis (XRD) analysis was employed to char-
acterize the crystal structure of the synthesized Cu;_Cox/AC cata-
lysts. As illustrated in Fig. 2a, all samples with different Co doping
concentrations displayed similar diffraction patterns. Notably, the
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diffraction peak intensities progressively decreased with increasing
Co content, which could be ascribed to either crystallite size reduc-
tion induced by doping or lattice parameter reduction caused by
Co species substitution for Cu species [30]. XRD analysis confirmed
the coexistence of metallic Cu, Cu,0, and CuO phases in the cata-
lysts. The diffraction peaks observed at 43.2°, 50.4°, and 74.1° were
assigned to the (111), (200), and (220) crystal planes of Cu (PDF
#04-0836), respectively [31]. Notably, CugggCog12/AC exhibited a
positive 0.069° shift in these peaks compared to Cuy/AC, indicating
lattice contraction due to the substitution of Co ions with smaller
ionic radius into the original Cu sites, resulting in reduced lattice
constants. Additional characteristic peaks at 36.5°, 42.4°, 61.5°, and
73.7° were indexed to the (111), (200), (220), and (311) planes of
Cu,0 (PDF #65-3288), whereas peaks at 35.5°, 38.7°, and 48.6°
corresponded to the (—111), (111), and (—202) planes of CuO (PDF
#80-1916) [30]. Fig. 2b displays the FT-IR spectra of Cuy_yCox/AC
in the 4000-400cm™' range. The broad absorption band cen-
tered at ~3450cm™! is assigned to the O-H stretching vibration
of hydrogen-bonded hydroxyl groups. The characteristic peaks at
1635.6cm™ and 1571cm™! correspond to C=0 and aromatic C=C
stretching vibrations, respectively, while the peak at 1029 cm™! rep-
resents C-O stretching [32,33]. The absorption band at 1378 cm™!
originates from N-O stretching of surface-adsorbed nitrate species
derived from the precursor salts Co(NOs3),-6H,0 and Cu(NOj3),.
Additionally, the low-wavenumber absorptions (459-800 cm™!) are
attributed to M-O (M =Cu, Co) stretching vibrations [34].

To investigate the structural composition and elemental states
of Cugg7C0gg3/AC, XPS analyses were performed both before and
after irradiation. The survey spectrum (Fig. S2a in Supporting infor-
mation) confirmed the presence of C, O, Cu, and Co as the primary
elements. The C1s spectrum exhibited four characteristic peaks at
284.8, 285.9, 289.0, and 291.3eV (Fig. S2b in Supporting informa-
tion), corresponding to C-C, C-0, C=0 functional groups, and m-
7 interactions, respectively [4,35]. The O 1s spectrum (Fig. 2c) was
deconvoluted into four peaks at 531.0eV (Cu-0), 532.1eV (C-0),
533.6eV (C=0), and 535.2 eV (H-O-H). The Cu-O peak confirms the
coordination between C-O groups and Cu atoms, while the pres-
ence of C-0O and H-O-H functional groups enhances the surface
hydrophilicity and electrolyte permeability of Cugg7Cog3/AC [36].

In the Cu 2p spectrum (Fig. 2d), the peaks at 934.2 and 932.9eV
were assigned to Cu®* and Cu*/Cu® species, respectively. The in-
tense shake-up satellite features observed in the range of 939-
946 eV (Cu 2p3p,) further confirmed the presence of Cu?* species
[37]. After irradiation, the intensity of the Cu*/Cu® peak de-
creased, while the Cu?* peak intensified, indicating the occurrence
of Cut/Cu® oxidation to Cu?* during the reaction. Comparative
analysis revealed that the Cu?t peaks (Cu 2p3p, and Cu 2pqp)
and their corresponding satellite features in Cu;/AC (Fig. S2c in
Supporting information) exhibited greater intensity enhancement
post-irradiation than those in Cugg7Cogg3/AC. This observation
demonstrated that Co doping effectively attenuated the irradiation-
induced oxidation of Cu*/Cu® to Cu?*, thereby regulating the ma-
terial’s oxidation state.

The Cu LMM Auger spectrum (Fig. 2e) was further analyzed
to differentiate Cut and Cu® species. The deconvoluted peaks at
568.2eV and 570.4eV were assigned to Cu® and Cu™, respectively,
while other peaks represent different transition states in the Cu
Auger spectrum [38]. Although Cu?t Auger features also appear
between 569.0 and 570.0eV, their minimal intensity confirmed
negligible contribution. After irradiation, Cu® and Cu® peaks in
Cug97C0g03/AC showed a 0.1eV negative shift and 0.8eV positive
shift, respectively, whereas the Cu* peak in the Cu;/AC showed
only a 0.2eV negative shift (Fig. S2d in Supporting information).
These results demonstrate that Co doping significantly modifies
the chemical environment of Cu species. The Auger parameter val-
ues around 1849eV for all samples indicated that copper species
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in these materials predominantly adopted the characteristic spec-
tral profile of Cu*(Fig. S3 in Supporting information) [39]. Both
the Auger spectrum and Auger parameter analysis consistently
demonstrated that Cut represented the dominant copper species
in CUO'97C00.03/AC.

In the Co 2p spectrum (Fig. 2f), the peaks at 778.1 and 792.7 eV
were assigned to Co 2p3j, and Co 2py, of Cao%, respectively [40,41].
The Co 2p;, main peak exhibited asymmetric with weak satellite
features. The sharper and more intense component at lower bind-
ing energy corresponded to Co®*, while the higher binding energy
component represented Co?t species. In the Co 2p3), spectral re-
gion of the composite sample, the deconvoluted peaks centered at
779.4 and 781.4eV were assigned to Co3+ and Co?*, respectively
[42]. Similarly, in the Co 2py, region, the fitted peaks at 794.4
and 796.6eV were identified as Co3* and Co?* components, cor-
respondingly.

Owing to the multiple advantages of copper-based catalysts,
including low cost, superior catalytic performance, environmental
compatibility, wide applicability, and sustainability, copper species
were selected as the primary dopant in this study. To optimize
the metal doping ratio for achieving enhanced radiation-catalytic
degradation, a series of Cuy/AC catalysts (x =1-3) were synthesized
through impregnation with gradient molar quantities of Cu(NOj3),.
Their Ph degradation efficiencies were quantitatively assessed us-
ing C-AC and AC as reference materials. The results are presented
in Fig. 3a. Among the tested catalysts, Cu;/AC demonstrated su-
perior catalytic performance, increasing the Ph removal rate from
27.49% (EB alone) to 83.32% at 1 kGy, corresponding to a 35% im-
provement over C-AC. Intriguingly, C-AC displayed a relatively low
kinetic constant (k=0.495), comparable to that of EB irradiation
alone (k=0.322), presumably due to its pronounced adsorption ca-
pacity. By contrast, the k-value of AC and Cu;/AC reached 1.253 and
1.467, respectively. However, elevated metal loading adversely af-
fected both Ph removal efficiency and k-values, demonstrating that
excessive metal loading does not generate additional active sites
but rather causes site blocking. Thus, the ideal metal loading of
0.675 mmol was determined for subsequent studies.

To identify optimal metal elements for enhancing radiation-
catalytic degradation, we investigated the Ph degradation perfor-
mance of bimetallic catalysts with varying metal combinations
(Cu/Co, Cu/Fe, Cu/Mn, and Cu/Ni). As shown in Fig. 3b, all tested
combinations exhibited Cu2?* leaching concentrations below the
permissible limit specified in the Environmental Quality Standards
for Surface Water (GB 3838-2002; Cu?* concentration: 1.0 mg/L).
Notably, the Cu/Co bimetallic system demonstrated not only the
highest degradation performance but also the lowest Cu?* leach-
ing rate (<0.2 mg/L).

We also synthesized a series of bimetallic Cu;_4Cox/AC cata-
lysts (x=0.03, 0.06, 0.09, 0.12) and evaluated their Ph degradation
efficiency. Kinetic analysis revealed that most Cu/Co catalysts ex-
hibited higher k-values than Cu;/AC (Fig. S4 in Supporting infor-
mation), demonstrating distinct synergy between the two metals.
Both phenol degradation efficiency and k-value reached a maxi-
mum at 3 at % cobalt doping (Fig. 3c), beyond which higher Co
loading led to decreased reaction rates and removal efficiency.
Thus, Cugg7Cog03/AC was identified as the optimal catalyst and se-
lected for further studies.

Fig. 3d presents the adsorption and degradation curves of Ph
in the Cugg7Coq3/AC-EB system, reflecting the variation of Ph
concentration with increasing irradiation dose. At a dose of 0.5
kGy, Cugg7C0g03/AC exhibited remarkably enhanced catalytic activ-
ity for Ph degradation compared to C-AC, achieving removal rates
of 82.2% and 45.4%, respectively, whereas EB alone resulted in
only 14.3% removal. The pronounced degradation of Ph observed
in the initial stage is attributed to the rapid generation of reactive
radicals that drive the oxidative degradation process. Nevertheless,
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Fig. 3. Irradiation degradation performance of catalysts. (a) Degradation rate and reaction rate constant (k-value) of different catalysts at 1 kGy. (b) Ph degradation rate and
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the removal efficiency decreased gradually with prolonged reaction
time, likely due to the accumulation of intermediate byproducts
that both scavenge reactive radicals and compete with Ph for ac-
tive sites.

To evaluate the practical application of wastewater treatment
across a wide pH range, we investigated the catalytic performance
under different pH conditions. As depicted in Fig. 3e, the original
Ph solution was weakly acidic, with a pH of 4.45. The pH was sub-
sequently adjusted to 2.65 (acidic), 7.97 (near-neutral), and 10.23
(alkaline) using HCl or NaOH, respectively. While the Ph removal
efficiencies were comparable under near-neutral conditions and at
the natural pH, the k-value at 0.8 kGy decreased from 1.88 to
1.50 as the pH increased from 4.45 to 7.97. However, under alka-
line conditions, the Ph degradation efficiency dropped significantly,
reaching a maximum removal rate of only 77%. The k-value for
radiation degradation sharply decreased to 1.02. ICP-MS analyses
confirmed negligible metal ion leaching (Fig. S5 in Supporting in-
formation), ruling out the influence of dissolved metal species. The
decrease in catalytic activity may be attributed to a dual deacti-
vation mechanism: the formation of metal hydroxide complexes
at high pH induce surface passivation by physically blocking cat-
alytic active sites [32], while the alkaline environment inhibited Ph
degradation by consuming “OH through their reaction with OH™, as
illustrated in Eq. 4 [43]. These results demonstrate the crucial role
of "OH radicals in the catalytic degradation process.

*OH+OH™ — *0~ + H,0 (4)

The effect of Cugg7C0qo3/AC dosage (0-0.9g/L) on Ph removal
efficiency is shown in Fig. 3f. As the catalyst dosage increased from
0 to 0.5¢g/L, the Ph removal efficiency at 1.2 kGy improved remark-
ably from 36.1% to 94.2%. This enhancement can be attributed to
the increased number of active sites with higher Cugg7C0q3/AC
dosage, which promotes Ph degradation. However, further increas-
ing the dosage to 0.7 and 0.9g/L resulted in only marginal im-
provements of 1.75% and 5.23 %, respectively. These results indi-
cate that higher dosages of Cugg7C0go3/AC do not significantly in-
fluence the degradation efficiency of Ph.

To independently assess the contributions of adsorption and
degradation by Cugg7C0qo3/AC to Ph removal, nonlinear fitting was
performed on the adsorption data using four kinetic models: The
pseudo-first-order kinetic model as described in Eq. S1 (Support-
ing information), the pseudo-second-order kinetic model in Eq. S2
(Supporting information), the Elovich model in Eq. S3 (Supporting
information), and the Bangham kinetic model in Eq. S4 (Support-
ing information). The intraparticle diffusion behavior of Ph within

the catalyst was further analyzed using the Weber-Morris model
according to Eq. S5 (Supporting information) [44-47]. The fitting
results are presented in Fig. S6 (Supporting information), and the
corresponding parameters for the four models are listed in Table
S2 (Supporting information).

As shown in Figs. S6a-d (Supporting information), the Bang-
ham model demonstrated the best fit (R>=0.969) among all kinetic
models, indicating that Ph adsorption on Cugg;C0qo3/AC followed
a pore-diffusion-controlled mechanism. Initially, phenol molecules
occupied the active sites on the catalyst surface. Upon saturation
of these surface sites, the molecules subsequently diffused into the
internal porous structure and occupied adsorption sites within the
pore. The fitted curve of the Weber-Morris model is presented in
Fig. S6e (Supporting information). The adsorption process of Ph on
Cug 97C0g03/AC can be clearly divided into three stages based on
the slope variations of the kinetic curve. The initial stage involved
external surface diffusion of phenol molecules, where larger spe-
cific surface area of the catalyst provided more available adsorp-
tion sites, resulting in higher k; values. When the surface sites be-
came saturated, the process transitioned to intraparticle diffusion
into the pore structure, during which catalysts with higher micro-
porosity demonstrated stronger adsorption capacity. The final equi-
librium stage occurred when the adsorption sites within the micro-
pores became fully occupied, leading phenol molecules to adsorb
onto the mesoporous structures that originally served as transport
channels. Therefore, both the specific surface area and pore struc-
ture of Cugg7Cogo3/AC were found to significantly influence its Ph
adsorption performance. The adsorption experiments revealed an
optimal adsorption time of 6 h for this catalyst. The degradation
efficiency can be calculated by subtracting the adsorption quantity
from the total removal quantity.

Catalytic degradation of organic pollutants generally pro-
ceeds through both free-radical and non-free-radical pathways.
To identify the dominant reactive oxygen species (ROS) in the
Cug g97C0g 93/AC-EB system, quenching experiments and EPR anal-
ysis were performed.

As shown in Fig. 4a, the addition of 0.1 mol/L TBA reduced the
k-value of Ph degradation from 1.73 to 0.44 at 1.2 kGy, correspond-
ing to a 39.3% decrease in removal efficiency. Under the same ir-
radiation conditions, 0.01 mol/L-His decreased Ph removal by 44 %,
with this inhibitory effect intensifying at a higher L-His concen-
tration of 0.1 mol/L (54.1% inhibition at maximum; Fig. 4b). These
results confirmed that 10, played a critical role in Ph degrada-
tion. Given that 10, exhibits a significantly longer lifetime in D,0
(30-32ps) than in HyO0 (2 ps), theoretical analysis predicted that Ph
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degradation would be faster in D,0 if 10, participated in the reac-
tion [48,49]. To further verify 10, generation, D,0 was substituted
for H,0 as the reaction solvent. Notably, Ph degraded faster in D,0
than in H,O, providing conclusive evidence for 10, production in
the Cugg7Cogo3/AC-EB system (Fig. S7 in Supporting information).
The addition of 0.0001 mol/L and 0.001 mol/L p-BQ significantly in-
hibited Ph removal at 1.2 kGy, with degradation rates decreasing to
77.67% and 70.74 %, respectively (Fig. 4c). This inhibition confirmed
substantial "O," production in the system. In contrast, Mn(OAc)3
and EDTA-2Na exhibited minimal quenching effects. Even at the
higher concentration of 0.1 mol/L, Ph removal rates were only re-
duced by 18.6 % and 21 % respectively (Figs. 4d and e). These results
demonstrated that although electron transfer occurred during the
reaction process, the direct contribution of e~ and h* to the oxida-
tive reaction was limited. The quenching experiments confirmed
that the system contained ‘OH, "0,", 10,, ht*, and e-, where "OH
and 10, acted as the dominant reactive species in the degradation
process.

EPR spectroscopy was employed to verify the corresponding
ROS in different systems. Strong signals of *0,", e, and 10, were
observed in the Cugg7Coq3/AC-EB system (Figs. 4g-i), while the
‘OH signal intensity was significantly weaker (Fig. 4f). This phe-
nomenon can be attributed to the strong adsorption of “OH on
the Cugg7Cog3/AC surface, while DMPO primarily captured ‘OH
in the solution [15]. Furthermore, the high specific surface area
and porous structure of Cugg;7Coqo3/AC provided abundant active
sites for continuous recombination of *OH and "0, into 10,. This
process enhanced 10, production while consequently reducing the
‘OH signal detectable by DMPO. Notably, while the EPR signal
(Fig. 4h) confirms e~ production, the quenching data conclusively
show these e~ function indirectly, primarily mediating ROS genera-
tion rather than directly attacking Ph.

To elucidate the catalytic mechanism, we analyzed the changes
of elemental valence states and potential radical reactions. Radi-
cal quenching and trapping experiments confirmed the existence of
h* and e in the Cugg;Cogo3/AC-EB system (Eq. 5). Previous stud-
ies have demonstrated that H,0, generated during water radiolysis

H,0 — H, +H,0,+e¢,,+ H+ OH+HO"

10,
Path 4
Cu' /Co* + H,0, — Cu* /Co™ + OH + OH

OH + phenol — intermediates + H,0 + CO,

'O, Path3

Path2;
B
Cllg:Co4o/AC — b Fe
h' +e + phenol — intermediates + H,0 + CO,
Path 3:

Cu' /b /e + 0, — 0y

'Oy + phenol — intermediates + H,0 + CO,
o o Path 4:
20, + 20" - 10,+ H,0,
OH + 0y —10,+ OH
4OH —10,+2H,0

Co* ICu*+ 0y — 10, + Co?' / Cu’

10, + phenol — intermediates + H,0 + CO,

Scheme 2. Radical ("OH, "0,") and non-radical (10, h*, e”) oxidation mechanism
for Ph degradation in the Cugg7C0g03/AC-EB system. *OH and '0,, acted as the dom-
inant reactive species in the degradation process. "0, served as a crucial interme-
diate for both H,0, production and 0, formation.

participated in Fenton-like reactions with Cu/Co species (Eqs. 6-
9). Critically, the ‘OH generated by radiation served as transient
intermediates that generated ‘0,” and 10,. Cu® reacted with *OH
to form Cut (Eq. 10). These Cu't ions, along with h* and e, di-
rectly reacted with dissolved oxygen to produce *0,~ (Eqs. 11-13).
10, was generated through both disproportionation and Haber-
Weiss reactions between radicals (Eqs. 14-16). Notably, Co3* and
Cu?t further enhanced the conversion of "0, to 10, (Egs. 17 and
18), while the Co species facilitated the valence cycling of cop-
per (Eq. 19). Furthermore, "O,~ generated H,0, via single-electron
transfer, which led to H,0, accumulation and sustained Fenton-
like reactions (Eq. 20). ‘O, served as a crucial intermediate for
both H,0, production and '0, formation. The integrated mecha-
nism is schematically summarized in Scheme 2 [26,50].

Cug 97C0g.03/AC E3> h* +e” (5)

2Cu® + H,0, — 2Cu* + 20H" (6)
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Cu* +H,0, — Cu®* +*OH + OH™ (7)
Co® + H,0, — Co** + 20H" (8)
Co** + H,0, — Co®* +*OH + OH~ (9)
Cu® +°*OH — Cu*™ + OH™ (10)
Cut +0; — Cu*t +°0; (11)
h* + H,0 + 0, — H* +*OH +*0; (12)
e"+0; —°0; (13)
2°0; +2H" - '0, + Hy0, (14)
*OH +°0; — '0, + OH~ (15)
4°0H — '0, + 2H,0 (16)
Co** +°0; — 10, + Co** (17)
Cu** +°0; — '0; + Cu* (18)
Co%* + Cu?t — Co*t + Cut (19)
*0; +e” +2H" —» Hy0, (20)

*OH + *0; +'0, +h" + e~ + phenol —
intermediates + H,0 + CO, (21)

To systematically investigate the main degradation products of
Ph in the Cugg7Cogg3/AC-EB system, UHPLC-QTOF-MS was oper-
ated in negative ion electrospray ionization (ESI") mode. The de-
tailed molecular formulas and structural information of the prod-
ucts are summarized in Table S3, with the corresponding mass
spectra presented in Fig. S8 (Supporting information). Based on the
identified degradation intermediates and existing research, several
potential degradation pathways of Ph under the synergistic action
of non-radical and radical processes were proposed, as illustrated
in Fig. 5.

In the molecular structure of Ph, all carbon atoms lie in the
same plane. The presence of the phenolic hydroxyl group results
in an asymmetric electron density distribution on either side of
the benzene ring. This leads to preferential accumulation of nega-
tive charge at the ortho- and para-positions relative to the hydroxyl
group. Consequently, *OH exhibits selective electrophilic addition
at these activated positions, generating hydroquinone and catechol
(M2 and M3) [51]. Hydroquinone and catechol can undergo dehy-
drogenation to form p-benzoquinone and o-benzoquinone, respec-
tively. Alternatively, they may be further transformed by "OH attack
into 1,2,4-benzenetriol and pyrogallol (M11, M12) [19,52]. Benzoic
acid (M7) was identified as a degradation product, presumably
formed through oxidative carbonylation of Ph to benzaldehyde, fol-
lowed by further oxidation. The subsequent degradation pathway
proceeded through *OH-initiated carbon bond cleavage, resulting in
aromatic ring opening and the formation of low-molecular-weight
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unsaturated acids, such as maleic acid (M4) [14]. Under acidic
conditions (HT), maleic acid underwent isomerization to form its
trans-isomer, fumaric acid (M5). These dicarboxylic acids subse-
quently underwent further oxidative degradation to yield oxalic
acid (M6), glyoxylic acid (M10), propionic acid (M8), and acetic
acid (M9) [19,53]. Ultimately, partial intermediate products were
completely mineralized into CO, and H,O.

Furthermore, under !0, attack, the benzene ring of phe-
nol readily forms unstable hydroxycyclohexadienyl intermediates,
which reveals an alternative degradation pathway. In this process,
both "OH and "0, radicals participate cooperatively in phenol de-
hydrogenation, generating phenoxyl radicals. These radicals sub-
sequently undergo copper-catalyzed coupling with hydroxycyclo-
hexadienyl intermediates to yield hydroxylated biphenyl products
(M13-M15). Simultaneously, the hydroxycyclohexadienyl interme-
diates can undergo mutual coupling to generate a series of dihy-
droxybiphenyl isomers (M16-M18), which ultimately undergo ox-
idative ring cleavage for complete mineralization [54].

Toxicity evaluation of Ph and its degradation intermediates was
performed using T.E.S.T. (version 5.1.2) based on the quantitative
structure-activity relationship (QSAR) method [55-57]. The evalu-
ation included six parameters: Fathead minnow 50% lethal con-
centration in 96 h (LCs5¢-96 h), Daphnia magna 50% lethal concen-
tration in 48 h (LC55-48 h), Oral rat 50% lethal dose (LDsq), Devel-
opmental toxicity, Bioconcentration factor (BCF), and Ames muta-
genicity. The prediction results are presented in Fig. 6 and Table S4
(Supporting information).

The LC59-96 h value was 38.69 mg/L for Ph, which can be cate-
gorized as “Harmful” (Fig. 6a). Most degradation intermediates ex-
hibited lower LCsy values than Ph, indicating a significant reduc-
tion in toxicity. The LDsq value of Ph was 434.02 mg/kg, which
was classified as “Toxic” (Fig. 6b). Similarly, most of the inter-
mediates (except M3 and M8) demonstrated lower toxicity com-
pared to Ph. Meanwhile, the LC55-48 h value of Ph was 7.44 mg/L,
which was considered “Toxic”, while several intermediates turned
to “Harmful” or “Not harmful” (except M13-M18), as shown in
Fig. 6¢. Nevertheless, the radiolytic catalytic degradation process
reduced the developmental toxicity of most intermediates rela-
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tive to Ph (Fig. 6d). The BCF values of most intermediates were
higher than that of Ph. BCF reflects environmental accumulation
potential rather than direct toxicity. High BCF values indicate ef-
ficient chemical transfer from aquatic environments into organ-
isms. Consequently, compounds may exhibit low acute toxicity de-
spite high internal concentrations, requiring extreme body burdens
to elicit lethal effects. Such "inert accumulation” does not denote
safety: Sustained high concentrations may induce chronic toxicity
through prolonged biological residence, including reproductive im-
pairment, developmental abnormalities, and endocrine disruption.
For the mutagenicity toxicity (Fig. 6f), more than half of the degra-
dation intermediates exhibited lower mutagenicity with negative
predicted results (except M10). These results demonstrate that the
Cug97Cog03/AC-EB system effectively reduced the toxicity of Ph
and its intermediates.

Fig. 7a displays the residual Ph concentrations across multi-
ple cycles, demonstrating nearly complete Ph removal within 1.2
KkGy during the first two cycles with minimal reaction rate vari-
ation. After four cycles, the system still maintained 90.0% total
Ph removal efficiency at 2.4 kGy. The observed activity reduction
may be attributed to both partial leaching of doped metal ions
and active site occlusion by adsorbed organic intermediates [55].
XRD and FTIR analyses revealed no significant structural changes
in Cugg7Cogo3/AC before and after reaction (Figs. 7b and c). These
results collectively demonstrated that Cugg7Cogg3/AC still main-
tained a high catalytic efficiency and excellent stability during
cyclic operation.

In conclusion, the Cugg7C0qo3/AC bimetallic catalyst prepared
via the impregnation method demonstrated outstanding Ph degra-
dation and mineralization under EB irradiation. EB irradiation di-
rectly cleaved water molecules to generate reactive radicals (e.g.,
‘OH) for primary Ph degradation, while radiolytically produced
H,0, was activated by Cu/Co species. This synergy established
a dual reaction network comprising both radical (*OH, *0,") and
non-radical (105, h*, e) pathways, achieving 6.92-fold and 41.43-
fold enhancements in Ph degradation and TOC removal, respec-
tively, compared with EB irradiation alone. Quenching experiments
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and EPR analyses identified "OH and '0, as the dominant re-
active species, with ‘O, serving as a crucial intermediate for
both H,0, production and '0, formation. Compared to conven-
tional advanced oxidation processes, this EB-catalysis synergy sys-
tem achieves exceptional efficacy of high efficiency and environ-
mental compatibility, providing a novel solution for recalcitrant or-
ganic pollutant treatment.
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