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New sustainable utilization approach of livestock manure:
Conversion to dual-reaction-center Fenton-like catalyst for
water purification
Yingtao Sun1, Chun Hu1 and Lai Lyu1,2✉

Rural pollution is largely caused by the accumulation of waste biomass, such as livestock manure and crop straw, which is extremely
difficult to dispose of due to the simultaneous need to non-destructively treat metal and organic matter. Untreated fecal waste
fluxes have contributed to more than 870,000 sanitation-related deaths annually worldwide. The existing disposal methods are
accompanied by large amounts of energy and resource consumption and GHG emissions, which are not conducive to achieving the
UN Sustainable Development Goals (SDGs). Herein, we pioneer a new approach to sustainable resource utilization by subjecting
unprocessed livestock manure to a Dual-Reaction-Center (DRC) Fenton-like catalyst directly through the ordered bonding of
intrinsic metal-organic species via an in situ 2-stage calcination-annealing process with zero emissions and zero pollution. The
directional electron transfers along with the generated metal cation–π interactions during the resourcelized process led to the
formation of electron-rich/-poor microregions. Through triggering by a small amount of hydrogen peroxide (H2O2), the removal of
refractory pollutants reaches 100% within a very short time in this system, which also shows a long-term purification effect on
actual wastewater, accompanied by the utilization of intrinsic energy from the pollutants and dissolved oxygen. This study is
expected to advance the resource utilization of rural waste and the sustainable development of environmental factors.
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INTRODUCTION
Rural pollution is closely related to food security, soil and water
security, global and local climate change, human diseases and the
social order1,2, and it has a profound impact on global sustainable
development and is an important problem worthy of widespread
attention. Fecal waste in particular has increased dramatically and
has not been properly disposed of in the rural areas of some
countries for a long time, causing serious environmental pollution
and health risks3. Untreated fecal waste fluxes contributed to
more than 870,000 sanitation-related deaths in 20164. In China,
more than 3.2 × 109 tons/year of livestock-poultry manure are
produced by the breeding industry5. The disposal of these wastes
has also increased pressure on rural development. The existing
treatment methods for fecal waste, including bio gasification,
composting and fermentation, often require complicated treat-
ment processes, harsh conditions and long biological metabolism
times6,7. The most obvious disadvantage is that these treatment
processes can lead to the release of heavy metals and disease-
causing microbes, the spread of odors, and large amounts of GHG
emissions4, which cause secondary damage to the environment. It
is urgent for global sustainable development that we explore new,
environmentally friendly disposal and resource utilization tech-
nologies for fecal waste.
In fact, fecal waste, especially livestock-poultry manure, contains

a large number of useful organic and metallic substances. Chicken
manure (CM), for example, contains various elements, such as Ca,
Cu, Fe, Si, C, and O8, which could provide raw components for the
development and synthesis of industrial materials, including
metal-organic frameworks (MOFs)9,10 and metal-organic complex
polymers (MOCPs)11,12. Based on their typical metal-organic
coordination structures, MOFs and MOCPs are currently widely

used in the chemical, environmental and energy fields. However,
the industrial synthesis of these materials must rely on the
addition of expensive metal species and carbon sources,
accompanied by energy-intensive coprecipitation and hydrother-
mal processes13–15, resulting in high consumption of resources
and energy and huge environmental pressure, which is not
conducive to achieving the global Millennium Development Goals
(MDGs)16,17. Waste recycling is becoming a sustainable strategy for
providing raw components for the synthesis of these materials.
In our previous work, we found that the formation of metal

cation-π structures by constructing metal-organic structures on
the catalyst surface was beneficial to the surface electron
rearrangement, to form dual-reaction-centers (DRCs) with elec-
tron-rich/poor microregions, which drove the efficient and rapid
degradation of refractory organic pollutants in the Fenton-like
reaction and revolutionized the principle of the Fenton reaction by
using the energy of pollutants to reduce the H2O2

18–25. This work
shows that there is a promising way to solve the problem of
resource and energy consumption by applying catalysts through
structural regulation. However, like other MOFs and MOCPs
materials, the resource and energy-intensive synthesis stage of
the catalyst is still insurmountable, which strongly violates the
concept of sustainable development. Using fecal waste as a raw
material to convert into an excellent Fenton-like catalyst is viewed
as an innovative strategy that can simultaneously solve the fecal
disposal problem and reduce the energy consumption needed for
water treatment26, even though it is a global challenge.
In this study, we have successfully implemented this sustainable

strategy through the direct graphitization and functionalization of
unprocessed CM to obtain high efficiency Fenton-like catalyst Cu-
CM nanoparticles (CCM-Nps) through the ordered bonding of
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intrinsic metal-organic species with zero emissions and zero
pollution for the first time, as accompanied by the fully
resourcelized utilization and harmless conversion of the metallic
and nonmetallic components in CM. The surface electron-rich/-
poor microregions generated during the resourcelization of CM
were found to be the key for using the intrinsic energy of
pollutants and dissolved oxygen to achieve water purification. As
a result, CCM-Nps show excellent performance in H2O2 activation
and removal for a variety of organic pollutants as well as during
actual wastewater treatment. The innovative transformation of CM
into a high-efficiency Fenton-like catalyst has simultaneously
achieved the harmless disposal of CM and efficient wastewater
treatment, which has great sustainability implications.

RESULTS
Resourcelized conversion of chicken manure into CCM-Nps
An innovative resourcelized conversion approach to livestock
manure based on an in situ 2-stage calcination-annealing process
is reported here. First, the CM (the morphology and elemental
content of CM are shown in Supplementary Fig. 1) was converted
into a relatively purified catalyst precursor (CM-precursor) to
remove most of the water and volatile substances. The CM-
precursor was then calcined to remove chemically bound water,
CO2 and other volatile impurities. Next, the CM-precursor was
impregnated with a trace copper nitrate solution and calcined
again to recrystallize the CM with Cu species. The resourcelized
conversion of CM to DRC catalysts was achieved through the
above process. The detailed resourcelized conversion process is
shown in the “Methods” section.

Structural characteristics of CCM-Nps
The structural characteristics of the catalyst from the resourcelized
conversion of CM were revealed by a series of characterization
technologies. The TEM image (Fig. 1a) demonstrates that CCM-Nps
possesses a typical nanosheet structure with a long strip hexagon.
Two different sizes of lattice stripes were clearly observed in the
HRTEM image (Fig. 1b), which corresponded to a graphene-like
structure (0.65 nm) and the oxygen species of copper (0.272 nm),
respectively27–29. The TEM elemental mapping (Fig. 1c) of CCM-
Nps shows that the main elements of the nanosheet are C and O,
and Cu is flocculently and amorphously distributed on its surface,
which confirms the formation of carbon-based nanosheets
decorated by Cu and O species. SEM images (Supplementary
Fig. 2) show the nanoparticle profiles of CCM-Nps at different
scales with flocculent copper species covering the surface of the
C-nanosheets. These results suggest that the successful resource
utilization of irregularly structured CM forms catalysts with specific
structures, providing the possibility of efficient and stable
pollutant degradation.
Figure 1d shows the XRD patterns of the prepared samples. The

main components of the catalyst were CaSO4 and SiO2, which are
related to the diet of the chickens. Under Cu doping, the original
lattice structure did not change dramatically, except for the
obvious (002) and (111) diffraction peaks of CuO appearing at
2θ= 35.42° and 38.76°30. The results in the XRD spectra
correspond to the peak position of CuO (PDF#89-5899), with an
average lattice stripes size of 0.251 nm, which is slightly smaller
than the lattice stripes observed by TEM. Notably, the catalyst is a
composite system, so there would be deviations in the lattice size
compared to the pure substance. The Raman spectra of CCM-Nps
(Fig. 1e) show two evident peaks at 1355.59 cm−1 (D band) and
1608.58 cm−1 (G band), corresponding to carbon atoms with sp3

hybridization owing to defects in or the distortion of the crystal
lattice and the active E2g vibration of sp2 hybridized carbon
atoms31, respectively, which are the typical characteristic peaks of
graphene, confirming the formation of graphene-like structures

on CCM-Nps. Compared with CM-Nps, the Raman spectrum of
CCM-Nps is significantly enhanced in intensity and changes in
position, suggesting that the introduction of Cu species is more
favorable to the formation of graphene-like structures. In addition,
compared with the Cu–O band (285.3 cm−1) of the CuO (pure)
sample, the characteristic peak of CCM-Nps shifted to a higher
frequency (290.7 cm−1), which suggested the conversion of the
Cu–O band to the Cu–O–C band bridges due to the graphene-like
nanosheet structure in the CM. This conclusion was confirmed in
the FTIR spectra (Fig. 1f). The broad absorption bands centered at
1635.34 cm−1 of CM-Nps were ascribed to the stretching vibration
of C=O [v(C=O)], and the C=O group exhibits a slight shift to a
higher wavenumber (1637.3 cm−1) for CCM-Nps, which is attrib-
uted to the partial conversion of C=O to C–O and binding to Cu
species to form C–O–Cu bond bridges. Moreover, one new
absorption band emerged at 538 cm−1, which is ascribed to the
Cu–O– stretching and bending vibrations, confirming the forma-
tion of C–O–Cu bonding bridges22. The broad absorption bands
centered at 3430.7 cm−1 of CM, 3446.2 cm−1 and 3361.3 cm−1 of
CCM-Nps were ascribed to the stretching vibration of OH [v(OH)]
in the water molecules on the catalyst surface. Compared with
CM-Nps, the v(–OH) bands of CCM-Nps were split from one
(3430.7 cm−1) into two (3446.2 cm−1, 3363.2 cm−1), and the
positions of the peaks were significantly shifted, indicating that
more –OH groups could be adsorbed onto the catalyst surface due
to the strong interaction with the CM-precursor after Cu doping. In
addition, the –OH group on CCM-Nps exhibited a significant
transfer to a lower wavenumber after the adsorption of BPA,
which has been shown to be due to the deprotonation of the
phenolic OH group of BPA complexing with the surface Cu via σ
bonding to the lone pairs of the oxygen atom20.
Figure 1g shows the signals of the unpaired electrons in the

prepared sample detected by EPR technology. An obvious EPR
signal with a g value of 2.14 was detected for CM-Nps, indicating
the presence of a large number of unpaired electrons, which
suggests the possibility for CM resource utilization. For CCM-Nps,
the unpaired electron signal weakened, which was attributed to
the utilization of the CM electrons by the introduced Cu species
through the transfer of electrons from the C-substrate to the Cu
surroundings, forming an electron-rich Cu center. This observation
was verified by the XPS spectra, in which a significant Cu+ signal
with a binding energy of 933.2 eV was observed (Fig. 1h), even if
only Cu2+ was added during the resource synthesis process. The
characterization results above show that the successful resource
utilization of CM has formed DRC catalysts with electron-rich/poor
centers on the surface32,33, which might be the key for displaying
excellent activity in Fenton-like reactions21.

Innovative utilization of CCM-Nps: Wastewater purification
To investigate the performance of this structure during Fenton-
like water treatment, a series of activity evaluations were
performed. The DRC catalyst CCM-Nps obtained from the resource
process is used for the purification of wastewater containing
various emerging pollutants (Supplementary Fig. 3), including the
endocrine disruptor bisphenol A (BPA), the pesticide precursor
2-chlorophenol (2-CP), the pharmaceuticals diphenhydramine (DP)
and ciprofloxacin (CIP), with trace H2O2 under natural conditions.
As shown in Fig. 2a, a very high degradation efficiency was
obtained for all the emerging pollutants. Complete degradation
was achieved within only 1 h. In particular, the refractory
pharmaceutical pollutant DP could be quickly eliminated in
1 min with a degradation rate of over 90% (inset of Fig. 2a). BPA
is a refractory plastic precursor that poses a huge risk to human
health and needs hundreds of years to degrade in nature34,35, and
it was also quickly degraded in this novel system. In addition,
efficient degradation could be achieved with various concentra-
tions of catalyst (Supplementary Fig. 4). The excellent activity of
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CCM-Nps for pollutant degradation demonstrates the amazing
potential of CM for wastewater treatment. As a comparison, the
removal rate of BPA by the CM-Nps/H2O2 system was only
approximately 20% within 60min (Fig. 2b). The reaction rate of the
CCM-Nps/H2O2 system is approximately 43 times higher than that
of the CM/H2O2 system (inset of Fig. 2b). This system showed high
pollutant removal efficiency at low concentrations of H2O2 (Fig.
2c), more than 80% of the pollutants could be removed within
60minutes even if the concentration of H2O2 was only 2 mM. In
addition, an anomaly was found in the activity evaluation: the
CCM-Nps/H2O2 system had a high degradation efficiency for
pollutants, and the system had a utilization of H2O2 that was
several times higher than that of the conventional Fenton/Fenton-
like system36. As shown in Fig. 2d, the consumption of H2O2

during the reaction for BPA degradation was surprisingly only
20%, and even in the comparison experiment without BPA, the
consumption of H2O2 was less than 40%. These results indicate
that the CM was successfully synthesized as an efficient and low-
consumption Fenton-like catalyst and showed the resource
utilization of the waste.

Further studies were conducted to investigate the practicality of
the CCM-Nps/H2O2 system, which was applied to actual kitchen
wastewater treatment (sampling points are shown in Fig. 3a,
wastewater samples were obtained from malls and restaurants
north of the Pearl River and west of a residential area. Additional
information is shown in the Supplementary Table. 2). A
comparison of the visualization of raw kitchen wastewater
samples and after treatment with the CCM-Nps/H2O2 system is
shown in Fig. 3b, which demonstrates excellent visual degradation
of actual kitchen wastewater. Then, three-dimensional excitation
emission matrix (3D-EEM) was used to detect fluorescent
substances in the wastewater to evaluate the effectiveness of
the CCM-Nps/H2O2 system for the treatment of this wastewater, as
illustrated in Fig. 3c, d, which exhibited a high degradation
efficiency. There were two principal EEM peaks in the raw kitchen
wastewater (Fig. 3c). These fluorescence peaks at Ex/Em=
220–270/330–380 nm were associated with aromatic proteins
(such as tyrosine and tryptophan)37,38, which are the main
components of kitchen wastewater. Both main EEM peaks
disappeared after 30 min of treatment by the CCM-Nps/H2O2
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Fig. 1 Characterization of catalysts. a TEM image and b HRTEM image of CCM-Nps. c TEM elemental mapping of CCM-Nps. d XRD patterns of
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system (Fig. 3d), indicating the efficient treatment rate of this
system for kitchen wastewater and the practicality of the system.
To evaluate the stability of the CCM-Nps catalyst, a reactor was

constructed to sustain the reaction and detect the degradation
efficiency of BPA (Supplementary Fig. 5). As shown in Fig. 3e, after
more than 900 h of continuous reaction, the experimental group
still maintained the degradation rate of BPA at approximately 60%,
which showed amazing stability. In contrast, the degradation rate
of BPA in the control group was less than 10%. This result
demonstrates the excellent stability of the CCM-Nps/H2O2 system
for wastewater treatment.
Figure 3f shows the high pollutant degradation efficiency for

different initial pH values in the CCM-Nps/H2O2 system. Over a
wide pH range of 3.86–9.63, CCM-Nps showed strong activity for
pollutant degradation. The BPA removal still reached more than
90% within 30min even at pH values of 3.86 and 9.63. This result
suggests that the activity of CCM-Nps is not significantly affected
by the pH.
In actual wastewater, the existence of a large amount of high-

concentration salt (anions), such as Cl−, SO4
2−, NO3

− and PO4
3−,

often results in a significant negative effect on each stage of
wastewater treatment. Unexpectedly, as shown in Fig. 3g, these
anions did not inhibit the activity of CCM-Nps during wastewater
treatment and even significantly promoted the activity in some
ion-containing systems, especially in the NO3

− and PO4
3−-

containing systems. The pollutant degradation rate exceeded
90% within only 2 min in these two systems (inset of Fig. 3g). This
strong adaptability of CCM-Nps to salt is of great significance for
the actual treatment of wastewater.

Sustainable utilization mechanism of pollutants over CCM-Nps
EPR technology was used to detect radical signals during the
reaction. Unusually, even in the absence of H2O2, obvious •OH
signals were detected in the CCM-Nps system at normal

temperature and pressure (Fig. 4a), which demonstrated that
the successful construction of DRCs on the catalyst surface could
trigger the oxidation of water and lead to the utilization of
electrons from water. Additionally, O2

•− and 1O2 signals were also
found in this system (Fig. 4b, c), indicating that the electrons
obtained from water were eventually transferred to dissolved
oxygen through interfacial processes, triggering the activation of
dissolved oxygen. After the addition of pollutants (BPA) to the
system the •OH signal was diminished (Fig. 4a), which showed that
pollutants also acted as electron donors and competed with
water, but this competition did not affect the yield of O2

•− (Fig.
4b). In contrast, the signal intensity of 1O2 was significantly
increased after adding BPA, indicating that dissolved oxygen was
activated. Without any assistance, this energy could only originate
from the breakage and formation of chemical bonds due to the
surface cleavage of pollutants. This is evidence of the energy
supply from pollutants to oxygen through the created DRC surface
under natural conditions and is also a reflection of the superior
performance of DRC catalysts.
These results were further validated in the presence of H2O2. As

shown in Fig. 4a, the signal intensity of •OH in the CCM-Nps/H2O2

system is 5 times higher than that in the pure CCM-Nps system,
which is attributed to the rapid reduction of H2O2 at the electron-
rich center on the catalyst surface. In addition, the •OH signal
intensity was further enhanced after adding BPA, indicating that
H2O2 acquired more electrons, which could only come from BPA.
This finding reaffirms the fact that pollutants provide electrons to
the system in the degradation reaction. Similarly, the O2

•− signal
intensity was also enhanced after adding BPA (Fig. 4b), but the
consumption of H2O2 decreased (from 40 to 20%) (Fig. 2d),
indicating that the generation of O2

•− comes from oxygen rather
than H2O2. The difference is that the 1O2 signal intensity was
decreased after adding BPA (Fig. 4c), suggesting that 1O2 plays a
key role in the degradation of pollutants.
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Fig. 2 Activity evaluation under different conditions. a Decomposition curves of different pollutants in CCM-Nps suspensions with H2O2.
The inset shows the degradation rate of various pollutants within 1min. b BPA degradation curves in CM-Nps and CCM-Nps suspensions with
H2O2 (the inset shows the pseudo-first-order kinetic rate plots of CCM-Nps and CM-Nps Fenton-like systems). c Decomposition curves of BPA
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[natural pH] ∼ 7, [initial pollutant] = 10mg L−1, [initial H2O2]= 10mM (except for c), [CCM-Nps] = 0.2 g L−1. Two-time parallel experiments
were conducted to calculate error bars in each figure.
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This result was verified in the radical quenching experiment
(Fig. 4d). After adding TBA (•OH quenching agent), PBQ (O2

•−

quenching agent), and FFA (1O2 quenching agent), the degrada-
tion rates of pollutants decreased by ∼70, ∼10, and ∼90%,
respectively, which suggested that •OH and 1O2 were the main
active species for pollutant degradation in the CCM-Nps/H2O2

system. The addition of a quencher agent also hindered the
interfacial interaction between the catalyst and pollutant, which
confirmed that one important factor in achieving pollutant
degradation was the fact that the pollutant actively provided
electrons and energy to the catalytic system, rather than only
being attacked by radicals39.
In combination, these results suggest that during the degrada-

tion of pollutants in the CCM-Nps/H2O2 system (shown in Fig. 4e),
pollutant as donors contributed energy/electrons via cation–π
interactions (C–O–Cu bond bridges)40 and π–π interactions with
the electron-poor center (graphene-like nanosheets)41 on the
catalyst surface; dissolved oxygen and H2O2 act together as
energy/electron acceptors in the electron-rich center (Cu species)
on the catalyst surface, which generates ROS (•OH, O2

•− and 1O2,

etc.) for further attack on the degradation18–22,31,42–45. As a
consequence, the pollutants were efficiently degraded by two
pathways (surface cleavage and ROS attack), achieving low
consumption of H2O2 simultaneously.
Liquid Chromatograph Mass Spectrometer (LC-MS) was used to

detect the decomposition products of CIP during the reaction to
verify the above conclusions (the details of each decomposition
product are shown in Supplementary Table 3). Additional
fragments were detected as the reaction proceeded (Supplemen-
tary Fig. 6), which included the hydroxylation product and the
surface cleavage product of CIP (Fig. 4f). These fragments were
the result of ROS (e.g., •OH, O2

•− and 1O2) attacking CIP and
the electron donation of CIP, respectively, and led to further
degradation of CIP until it became H2O and CO2. It is noteworthy
that the hydroxylation products (m/z= 308.2, 201, and 279)
mostly appeared at the beginning of the reaction, and the
degradation mode of CIP changed from hydroxylation to surface
cleavage over the course of the reaction, yielding special
intermediates (m/z= 263, 223, 178, etc.). Therefore, H2O2 was

proposed as the “first card of the domino” in the degradation
reaction of the CCM-Nps/H2O2 system, in which only trace H2O2

was required to trigger the chain reaction of pollutant
degradation.

DISCUSSION
In view of these findings, a strategy to resource utilization of
livestock manure into highly active and stable DRCs-catalysts is
successfully implemented by ordered bonding intrinsic metal-
organic species via an in situ 2-stage calcination-annealing
process with zero emissions and zero pollution (Fig. 5 illustrates
the implementation process of this strategy). The obtained
catalyst exhibits excellent Fenton-like performance for the
removal of various types of refractory pollutants (the removal
rate of various refractory organics exceeds 90% within only 1 min)
and shows a long-term purification effect on actual wastewater
without any other external assistance. Experimental studies have
uncovered the detailed mechanism of using the energy contained
in pollutants for wastewater treatment. CCM-Nps is highly
innovative compared to conventional heterogeneous Fenton-like
catalysts.
As shown in Supplementary Table 4, it achieves the same

catalytic performance as conventional catalysts while using a
much lower dosage of catalyst and H2O2, which could greatly
reduce resources and energy consumption in both the synthesis
of catalysts and wastewater purification with catalysts. This study
confirms that solid waste could be resourcelized converted into
the efficient DRCs-catalyst, which has important significance for
the resource utilization of rural waste and the sustainable
development of environmental factors.

METHODS
Resourcelized conversion of chicken manure into CCM-Nps
First, the CM was converted into relatively a purified catalyst
precursor (CM-precursor) after the necessary steps of natural
drying and purification. The CM-precursor was then heated to a
specified temperature in an atmosphere containing 10–30%

Fig. 3 Evaluation of stability and practical applicability. a Satellite map of actual wastewater sample sampling sites. b Comparison of
visualization of raw kitchen wastewater samples and after 30 min reaction in CCM-Nps/H2O2 system (leave to stand and take the supernatant).
Fluorescence EEMs for kitchen wastewater: c raw kitchen wastewater; d kitchen wastewater after 30min of CCM-Nps/H2O2 system treatment.
e Degradation stability of BPA by CCM-Nps/ H2O2 system in continuous reactor: experimental group is the effect of CCM-Nps mixed with
quartz sand on the removal of BPA (quartz sand plays a fixed role to prevent the loss of catalyst), and the control group is the effect of only
quartz sand on the removal of BPA. f Effect of initial pH values (adjusting pH by NaOH and HNO3) for BPA degradation in CCM-Nps/H2O2
system. g Effect of different anions (1 mmol L−1) for BPA degradation in CCM-Nps/H2O2 system, inset shows the degradation rate of CCM-Nps/
H2O2 system for BPA within 2min under the influence of different anions. Two-time parallel experiments were conducted to calculate error
bars in (f and g).
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Fig. 4 Mechanism of pollutant conversion and water purification. BMPO/TEMP spin-trapping EPR spectra for a •OH, b O2
•− and c 1O2 in

CCM-Nps suspensions with/without pollutants and H2O2. d BPA degradation curves in CCM-NPs/H2O2 system in the presence of TBA (•OH
quenching agent), PBQ (O2

•− quenching agent), and FFA (1O2 quenching agent). Two-time parallel experiments were conducted to calculate
error bars. e Schematic illustration of H2O2 activation and pollutant conversion on CCM-Nps surface. f Proposed CIP degradation pathways in
the CCM-Nps/H2O2 system. Reaction conditions: natural pH ∼ 7, [initial H2O2]= 10mM, [CCM-Nps] = 0.2 g L−1.
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oxygen at a set heating rate for 3–5 h, and annealed at
appropriate temperature conditions. Next, hydrochloric acid
solution was added to 3 g CM-precursor and stirred for 30 min.
Deionized water and trace of Cu(NO3)2·3H2O were added to
the solution. Then the pH was adjusted to 11 through NH3·H2O,
the mixture was stirred at 80 °C in thermostat water bath to
remove water, and evaporated at 140 °C in air to remove all other
volatiles. Then, the obtained product was calcined at 550 °C in a
muffle furnace at a heating rate of 5 °C min−1 for 3–5 h. The
resulting solid was washed with deionized water and ethanol
several times to remove the soluble substances on the surface of
the catalysts and dried at 100 °C for 4 h. Through these steps, CM
was successfully transformed into a novel Fenton-like catalyst
CCM-Nps. As control, CM-Nps was synthesized without adding
Cu(NO3)2·3H2O.

Characterization techniques
The surface morphology and elemental composition information
for the catalysts were detected by a field emission scanning
electron microscope (FE-SEM) (JSM-6700F, JEOL Co., Japan)
equipped with an energy dispersive X-ray (EDX) detector system.
High-resolution transmission electron microscopy (HR-TEM) (JEM-
2100, JEOL Co., Japan) was performed to further analyze the
morphology and crystal structures of the catalysts. The X-ray
powder diffraction (XRD) patterns of the catalysts were recorded
on a Philips X’Pert PRO SUPER diffractometer. Surface chemical
information for the samples was collected via the X-ray photo-
electron spectroscopy (XPS) (VG Multilab 2000, Thermo Electron
Co., America) using monochromatic Al Kα radiation (225W, 15 mA,
15 kV) and low-energy electron flooding for charge compensation.
Solid EPR spectra were obtained using a Bruker model A300-10/12
electron paramagnetic resonance spectrometer.

Degradation of pollutants in CCM-Nps/H2O2 system
All the experiments were carried out in a glass beaker (100 mL)
containing 50mL of 10mg L−1 pollutant solution (nature pH) and
the whole process was kept at 35 °C (summer room temperature),
the optimal dosages of catalyst powder (0.2 g L−1) and H2O2

(10 mM) were determined according to the best activity for
pollutant degradation and used in all the experiments unless
otherwise specified. In a typical experiment, 50 mL of the pollutant
aqueous solution with a concentration of 10 mg L−1 and 0.01 g of
the catalyst powder were placed in a beaker. Throughout the
experiment, 10mM H2O2 was added to the suspension under
magnetic stirring. 2 ml aliquots were collected at given time
intervals and filtered through a microporous filter (pore size
0.22 μm) for analysis.

Specific statistical methods
Fenton-like catalysts developed in recent years are recorded and
tabulated. The table details the reaction conditions for wastewater
purification (the dosage of catalyst and H2O2, the concentration of
pollutant, etc.) and the removal rate of the pollutant within the
specific time.
The materials used and the characterization and a part of the

experimental methods are discussed in detail in the Supplemen-
tary Information.

DATA AVAILABILITY
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