catalysts

Article

Cu/CuO-Decorated Peanut-Shell-Derived Biochar for the Efficient
Degradation of Tetracycline via Peroxymonosulfate Activation

Jianhui Zhao !, Huan Li !, Yuanzhou Wang !, Jingjie Yu !, Ning Li 2* and Shaopo Wang 1*

check for
updates

Citation: Zhao, J.; Li, H.; Wang, Y.;
Yu, J.; Li, N.; Wang, S.
Cu/CuO-Decorated
Peanut-Shell-Derived Biochar for the
Efficient Degradation of Tetracycline
via Peroxymonosulfate Activation.
Catalysts 2023, 13, 1246. https://
doi.org/10.3390/ catal13091246

Academic Editors: Oh Wen Da,
Yueping Bao and Chong Wang

Received: 23 July 2023
Revised: 22 August 2023
Accepted: 25 August 2023
Published: 28 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Environmental and Municipal Engineering, Tianjin Chengjian University, Tianjin 300384, China
School of Environmental Science and Engineering, Tianjin University, Tianjin 300072, China

*  Correspondence: liningec@tju.edu.cn (N.L.); wsp@tcu.edu.cn (S.W.); Tel.: +86-(022)87402072 (N.L.);
+86-(022)23085117 (S.W.)

Abstract: Biochar (BC) usually has abundant surface functional groups, well-developed pore struc-
tures and high specific surface areas, which can combine with transition metals for peroxymonosulfate
(PMS) activation to degrade organics. In this paper, BC modified with Cu/CuO was prepared by
a modified impregnation pyrolysis method using peanut shells as raw materials. The morphology,
structure and physicochemical properties were analyzed. Results showed that the originally smooth
BC surface was modified into a rough structure with distributed metal particles, and the specific
surface area of the modified Cu/CuO-BC700 (i.e., Cu/CuO-BC) increased from the initial 22.57 to
192.64 m?/g. The Cu/CuO-BC was employed for PMS activation and tetracycline (TC) degradation,
achieving a removal efficiency of 93.2% at TC initial concentration 20 mg/L, PMS concentration
0.5 mM and catalyst dosage 0.1 g/L after 30 min. The influence of co-existing anions in the actual
water on TC degradation followed the order of HCO3™~ > H,PO,~ > CI~, and HA had an inhibitory
effect on TC degradation. A variety of active species participated in TC degradation, and the free
radical pathway played a dominant role. Furthermore, the Cu/CuO-BC could maintain the degra-
dation efficiency of TC up to 80% even after five consecutive cycles. The Cu/CuO-BC maintained
high activity through redox reactions between catalytically generated active species and the cycling

of metal ions (Cu*/Cu®").
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1. Introduction

Tetracyclines (TCs) with strong bacterial inhibitory action are widely used for the
prevention and treatment of human and animal diseases [1]. TCs, which are detected in
surface water, groundwater and soil as an emerging contaminant through multiple migra-
tion pathways, cannot be fully metabolized in animals [2,3]. The relevant risk assessment
shows that human daily intake of antibiotics (containing TCs) through drinking water is
1 pug/kg [4]. Even if the concentration of ng/L-ug/L of TCs exists in water for a long time,
it still poses a great danger to human health and environmental security [5]. Therefore, the
safe and highly effective removal of TCs is urgent.

Various methods, including biological treatment, adsorption, membrane filtration
and advanced oxidation, are applied to remove TCs from water [6-9]. Biological methods
have high treatment capacity and mild reaction conditions. Nevertheless, microorganisms
in water are subject to massive death when treating TC-containing wastewater [10]. The
adsorption process is effective, simple to operate and does not produce toxic substances
during the removal of TCs [11]. In addition, the membrane filtration technology has the
characteristics of low cost and simple operation. However, adsorption and membrane
treatment methods could enrich antibiotics rather than degrade them, inducing a risk
of secondary pollution [12]. Among them, advanced oxidation processes (AOPs) can
oxidize TCs to small molecules or even achieve complete mineralization, which has a bright
application prospect [13].
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In recent years, advanced oxidation based on peroxymonosulfate (PMS) has attracted
much attention in the field of refractory organics removal from water due to their high
oxidation capacity, wide range of active species, applicable pH and high selectivity [14-16].
Catalysts play a key role in the process of PMS activation and active species generation.
Biochar (BC) prepared by pyrolysis of waste biomass integrates the advantages of a well-
developed pore structure and large specific surface area [17] but suffers from insufficient
active sites and poor catalytic activity. Interestingly, transition metals exhibit high catalytic
activity [18,19]. Thus, combining transition metals with BC carriers to form transition-
metal-decorated BC composites can not only form multiple active sites and effectively
improve the catalytic capacity of the composites but also reduce metal ion leaching and
improve recyclability.

Currently, the metals used for the activation of PMS are mainly Fe, Cu, Mn, Co,
etc. [20-22]. Among them, Cu-based composites exhibit the advantages of abundant
source, low toxicity, high activity and stability [23]. As is well known, Cu/CuO-supported
catalysts were widely employed for environmental applications such as nitrophenols de-
composition [24], electrochemical energy conversion [25] and nitroaromatic compound
reduction [26]. Inspired by the above research, the Cu/CuO-decorated BC is supposed
to be an ideal catalyst. Yet, the current BC-based catalysts prepared by direct impregna-
tion of biomass with metal salts and co-pyrolysis suffer from lower metal loading, poorer
catalytic activity and relatively higher leaching rate [27]. To address these challenges, in
this study, Cu/CuO-decorated BC was prepared by the impregnation of BC (containing
abundant surface functional groups) with metal salts, followed by re-pyrolysis. Moreover,
the physicochemical properties of the Cu/CuO-BC, such as microscopic morphology, ele-
mental composition, lattice structure and functional groups, were analyzed. Tetracycline
hydrochloride (TC), as a typical TC antibiotic, was selected as the target contaminant. Fur-
thermore, the effects of common co-existing anions and organic matter on TC degradation
were investigated by Cu/CuO-BC-activated PMS. Most importantly, the dominant active
species were identified, and the pathway of active species generation was deduced. This
study is instructive for the degradation of antibiotics in water by PMS activation with
BC-based catalysts.

2. Results and Discussion
2.1. Characterization of the Prepared Cu/CuO-BC Catalysts
2.1.1. Micromorphology and Specific Surface Area

The surface morphology of the initial BC and Cu/CuO-BC composites were analyzed
by SEM, as shown in Figure 1. The morphology of pure BC showed a porous structure
with a relatively smooth outer surface. As seen in Figure 1b—d, the surface morphologies of
Cu/CuO-BC500, Cu/CuO-BC600 and Cu/CuO-BC700 became rough, with fine particulate
matter distributed on the surface and in the pore channels, which might be due to the
conversion of metal ions into metal and oxides during the pyrolysis process. The mapping
profile of Cu/CuO-BC700 is shown in Figure 1, which reveals the uniform distribution of
Cu, C, O and N in the composite catalyst. The Cu element was more uniformly distributed
on the surface of BC, which was beneficial to the catalytic activity.

The specific surface area of catalysts has an important effect on the activity, and in
general, the larger the specific surface area, the higher the activity [28]. The specific surface
area of BC was determined as 22.57 m?/g. Interestingly, the specific surface area of Cu/CuO-
BC increased from 41.43 to 192.64 m? /g with the annealing temperature. Obviously, the
pure BC had the smallest specific surface, and the specific surface area of Cu/CuO-BC700
was about 8.5 times larger than that of pure BC. More pyrolysis gas was generated at higher
annealing temperatures, which facilitated the formation of pore structure [28]. As a result,
the porous structure contributed to the increase of specific surface area. The pores of the
catalyst after modification seemed more abundant from SEM images, which facilitated
compound migration and removal.
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Figure 1. SEM images of (a) BC, (b) Cu/CuO-BC500, (c) Cu/CuO-BC600, (d) Cu/CuO-BC700; (e-h)
Elements (Cu, C, O, N) mapping patterns of Cu/CuO-BC700.

2.1.2. Phase Structure and Composition

The structural analysis of BC and Cu/CuO-BC700 was performed by X-ray diffrac-
tometer, as shown in Figure 2. The Cu/CuO-BC700 exhibited obvious diffraction peaks
of Cu at 20 = 43.39°, 50.43° and 74.13°, corresponding to the typical (111), (200) and (220)
crystal planes (Cu PDF#04-0836) [29], respectively. Diffraction peaks of Cu were found at
35.41° and 38.70°, which were identified as typical (002) and (111) crystal planes of CuO
(CuO PDF#48-1548) [30]. It can be inferred that the conversion of Cu®* in the impregnated
solution to CuO and Cu monomers occurred during the high-temperature pyrolysis.
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Figure 2. X-ray diffraction patterns of (a) BC and (b) Cu/CuO-BC700.

2.1.3. Surface Functional Groups

The FTIR spectra of the original BC and Cu/CuO-BC700 were examined, and the
results are shown in Figure 3. For BC and Cu/CuO-BC700, the characteristic peaks at
1597, 1355, 1093, 805, 875 and 469 cm ™! in the mid-high and low-frequency band regions
represented the C=C/C=0, C-H, C-O-C, C-H (1,2,4 substituted), aromatic C-H and Si-O-5i
stretching vibration peaks on BC surface, respectively [31-33]. The original BC was rich
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in surface functional groups, which contributed to the hydrophilicity and dispersibility of
the catalyst. For Cu/CuO-BC700, the characteristic peak at 619 cm~! in the low-frequency
region was caused by the stretching vibration of the Cu-O bond [34], which proved the
successful loading of Cu into the BC.
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Figure 3. Infrared spectra of BC and Cu/CuO-BC700.

2.2. Catalytic Performance of Cu/CuO-BC
2.2.1. The Effect of Pyrolysis Temperature

The effect of pyrolysis temperature on the activity of the catalysts was investigated.
As shown in Figure 4a, the adsorption efficiency of TC on Cu/CuO-BC increased from
18.9% to 29.4% as the preparation temperature rose from 500 to 700 °C, which was pos-
itively correlated with the specific surface area. At the oxidative degradation stage, the
TC concentration rapidly decreased in the first 10 min and then slowly decreased from
10 to 30 min. The TC degradation efficiency was also increased with the rise of pyrolysis
temperature (from 500 to 700 °C), increasing from 75.2% to 93.2% at 30 min. When only PMS
(0.5 mM) was added, the removal rate of TC was 27.8% in 30 min, which relied on the active
species produced by chemical bond breakage in PMS. To further investigate the degradation
kinetics of TC by PMS activation with Cu/CuO-modified BC, the first-order kinetic model
was employed, and the fitting results are shown in Figure 4b. Apparently, all degradation
data followed the first-order kinetic model (R? = 0.89-0.97). The degradation rate constant
of MB by PMS was only 0.0115 min~!, while that of Cu/CuO-BC500/PMS, Cu/CuO-
BC600/PMS and Cu/CuO-BC700/PMS systems were 0.0455, 0.0519 and 0.0921 min~?,
respectively. With the same TC/PMS concentration and lower catalyst dosage, the removal
efficiency in the Cu/CuO-BC700/PMS system at 30 min was comparable with that of the
Fe/Mn-bimetallic-composite-modified biochar/PMS system at 60 min. The degradation
rate constant by the Cu/CuO-BC700/PMS system was about twice as high as that of the
Fe/Mn-modified biochar/PMS system [35]. In summary, the Cu/CuO-BC700 (referred to
as Cu/CuO-BC) exhibited the desired activity for PMS activation and TC degradation.
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Figure 4. (a) TC adsorption and degradation process with Cu/CuO-modified BC; (b) Linear fit of
degradation data by first-order kinetic model.

2.2.2. The Recyclability of Cu/CuO-BC

The reusability of the catalyst is closely related to practical applicability. The recycla-
bility of Cu/CuO-BC was evaluated by a recycling experiment. As shown in Figure 5, the
TC degradation efficiency was reduced from 93.2% to 83.5% after using it five times. The
results indicated that the Cu/CuO-BC prepared in this study exhibited relatively good
reusability. In addition, the leaching amount of metal ions in the solution was detected by
ICP-MS. The results showed that the leaching amount of Cu?* was 0.22 mg/L, much lower
than the Chinese Sanitary Standard for Domestic Drinking Water GB 5749-2022 [36]. After
five consecutive cycles, the catalysts were analyzed by XRD, and the results are shown
in Figure S1. Compared with the fresh Cu/CuO-BC patterns, the diffraction peaks of the
Cu and CuO loaded on BC decreased slightly after usage, which might be attributed to
the leaching of copper ions. The positions of diffraction peaks of Cu/CuO-BC remained
unchanged before and after PMS activation, indicating that the catalyst was stable during
repeating utilization.
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Figure 5. TC degradation with the cycle of Cu/CuO-BC.
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2.2.3. The Effect of Co-existing Anions and Humic Acid

The common anions and natural organic matter (NOM) in water have potential
influences on the oxidation process. The effects of three co-existing anions (C1~, HCO; ™,
H,PO47) and humic acid (HA, a common NOM) on TC adsorption and degradation were
investigated, and the results were shown in Figure 6. Compared to the degradation stage,
TC adsorption on Cu/CuO-BC was less affected by the co-existing anions and humic acid.
The falling ranges of TC adsorption efficiency in the presence of C17, HCO3™ and HyPO4™
(0.5-2.0 mM) were 0.9-2.8%, 2.5-6.7% and 4.3-9.2%, respectively. The negatively charged
anions might adsorption on Cu/CuO-BC, resulting in the reduction of TC adsorption
efficiency. Interestingly, the HA enhanced the TC adsorption process. The adsorption
efficiency increased from 33.8% to 39.9% in the range of HA concentration (0.5-2.0 mM).
The numerous hydroxyl groups on the HA surface could interact with TC via complexation
reactions. Thus, the TC removal by adsorption was enhanced with co-existing HA.
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Figure 6. Effect of co-existing anions (a) CI~, (b) HCO3~, (c) HPO,~ and (d) HA on TC removal.

The effect of C1~ on TC degradation was small. As the C1~ concentration was increased
from 0 to 2.0 mM, the degradation efficiency of TC decreased from 93.2% to 86.7% at
30 min. The degradation efficiency decreased by only 6.2%. In this process, C1~ would
react with the active species to generate Cl-containing oxidants. The co-existing C1~ in
solution might converted to Cl,*~, ClI*, and HCIO (Equations (1)—~(5)). The generated
Cl*~ (E°=2.0 V) and CI* (E” = 2.4 V) possessed slightly weaker oxidation capacity than
SO4*~ (EY = (2.5-3.1 V)) [37] but were still capable of degrading TC. Thus, the system was
less effective in degrading TC but still maintained a high removal rate. However, HCO3 ™ in
solution was able to inhibit the degradation of TC significantly. The degradation efficiency
of TC decreased from 93.2% to about 50% when the concentration was increased from 0 to
2.0 mM. The HCOs™ not only consumed the SO4°~ in solution but also generated CO3°~
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with less oxidation ability (E° = 1.78 V) than the -OH (Equations (6) and (7)) [38]. The
concentration of the strongly oxidative species in the system is reduced.

Cl™ +S0, — Cl' +S0%~ )

Cl” + -OH — CIHO ™~ @)
Cl'+Cl” — Cly 3)

CIHO ™ +H' — ClI' + H,0 4)
Cl,” +OH™ — HOCI™ +Cl™ ()
HCO; 4SO, — H" +CO; +S0;~ (6)
HCO; +-OH — COj;™ + H,0 @)

As shown in Figure 6c, the degradation of TC at 30 min decreased from 93.2% to 75.3%
with increasing HyPO,4~ concentration (0-2.0 mM). The H,PO4~ adsorbed on the metal
sites of the catalyst to form complexes, thus reducing the catalytic active sites. Furthermore,
H,PO4~ could trap the SO4°~ and -OH [38] (Equations (8) and (9)), which in turn reduced
the catalytic activity. In the present experiment, the degradation of TC was not significantly
inhibited, probably because H,PO4~ reduced the activation energy of PMS, accelerated
the production of active species, and slowed down the inhibitory effect of H,PO4~ on TC
degradation. In addition, the degradation efficiencies of TC within 30 min were 93.2%,
77.2%, 65.2% and 59.5%, respectively, at HA concentrations of 0, 2.0, 4.0 and 8.0 mg/L.
As the concentration of HA increased, the inhibition effect was enhanced. The reactive
functional groups, such as amine, carboxyl and phenolic hydroxyl groups in HA, reacted
with the active species [39]. As a result, the steady-state concentration of the active species
was reduced, and the degradation efficiency of TC was inhibited.

H,PO, +SO,” — H,PO, +SO3~ 8)

H,PO; -OH — H,PO; +OH™ ©)

2.3. Mechanism of TC Degradation by PMS Activation with Cu/CuO-BC
2.3.1. Contribution of Active Species for TC Degradation

In order to investigate the contribution of active species to the TC degradation by PMS
activated with Cu/CuO-BC, typical chemical probes (trapping agents) were used to identify
the active species during the reaction process. Ethanol (EtOH) was used as a trapping agent
for SO4*~ (ksoge = (1.6-7.8) x 107 /M:s) and -OH(k.og = (1.2-2.8) x 107 /M:s), the tertiary
butanol (TBA) was employed as a trapping agent for -OH (k.oy = (3.8-7.6) x 108/M-s), and
furfuryl alcohol (FFA) was selected as trapping agents for 10, (kjop = 1.2 x 108/M:-s) and
-OH (k.o = 1.5 x 1019/M:s) [39]. Additionally, benzoquinone (BQ) was used for trapping
05* (kop.— =9.8 x 108/M:s) and -OH (k.ogz = 6.6 x 10?/M-s) [40]. The results are shown
in Figure 7. After adding 500 mM EtOH and TBA to the reaction solution, the TC removal
efficiency decreased from 93.2% to 28.2% and 45.4% within 30 min, respectively. It indicated
the TC degradation was inhibited significantly, indicating the SO4*~ and -OH played an
important role in the TC degradation. Furthermore, the addition of FFA and BQ resulted in
a decrease in TC removal efficiency—as low as 24.8% and 20.9%, respectively. Considering
the trapped -OH by FFA and BQ, the O,°*~ and 'O, played a minor role in TC degradation.
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Figure 7. TC removal with different scavengers by Cu/CuO-BC in PMS system.

2.3.2. The Possible Generation Mechanism of Active Species

In order to investigate the possible generation mechanism of active species, X-ray pho-
toelectron spectroscopy (XPS) analysis was carried out on the virginal and used Cu/CuO-
BC. The full spectrum of Cu/CuO-BC is shown in Figure S2. The main elements of
Cu/CuO-BC were Cu, O, N and C, which remained unchanged before and after PMS acti-
vation, indicating the composition stability of Cu/CuO-BC. High-resolution XPS spectra of
the metal element Cu of the virginal and used Cu/CuO-BC are shown in Figure 8. The Cu
2p spectrum of virginal Cu/CuO-BC catalyst has a characteristic peak at 932.6 and 934.2 eV,
which represents the characteristic peaks of Cu’ and Cu?* [41]. The composing proportion
of Cu (43.9%) was approximately twice that of Cu?* (22.7%), revealing the main existing
species of Cu” in the catalyst, which was consistent with the XRD phase analysis. In the Cu
2p spectrum of the used Cu/CuO-BC, the characteristic peak at 932.6 eV was ascribed to
Cu’, while the characteristic peaks at 933.3 eV and 934.2 eV were corresponded to Cu* and
Cu?*, respectively. Notably, the proportion of Cu®* increased to 37.15% after the reaction,
indicating the conversion of Cu?* during the TC degradation process. In addition, the
characteristic peak of Cu* was detected, suggesting the occurrence of a reduction reaction
from Cu?*. Meanwhile, Cu* was also oxidized to Cu?* by PMS, thus maintaining high
catalyst activity via the valence cycle of Cu* and Cu?*.

(a) Cu2p
Satellite Peak ~ Cu (D \ cu’
~ 934.2eV e 9326V
’/—vv\\‘. 7/
3
©
2| (b) Cu (ID
2 Satellite Peak 934.2¢V cu’
0] N
o .
£
i 1 i 1
950 945 940 935 930

Binding Energy (eV)

Figure 8. High-resolution XPS spectra of Cu 2p of Cu/CuO-BC (a) before and (b) after PMS activation.
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Based on the above results, the generation mechanism of active species via PMS acti-
vation with Cu/CuO-BC was proposed, as shown in Figure 9. The Cu’ site in Cu/CuO-BC
coordinated with TC through the surface Cu-N bond, where the N site belonged to
the amino group (-NHy) in TC [42]. PMS could directly interact with the newly gen-
erated complexes with electron transfer from PMS to Cu’, thus facilitating PMS activation.
Meanwhile, the Cu’ converted to Cu* via redox reaction, producing -OH and SO4*~
(Equations (10) and (11)). Also, Cu* could directly react with HSO5~ to generate SO4°~
and -OH (Equation (12)). Afterwards, the SO4°~ could further combine with H,O to
generate -OH (Equation (11)). In addition, BC-based catalysts can produce O,° and
10, via Equations (13) and (14). Then, the formed H,O, reacted with -OH to form HO,’
(Equation (15)), which in turn converted to O,*~ (Equation (16)) [43]. Importantly, the
Cu-N bridge formed between Cu?* and TC, which accelerated PMS activation and elec-
trons transferred to the Cu®* sites, reducing Cu?* to Cu* (Equation (17)). Consequently, the
Cu*/Cu?* cycle on the catalyst surface maintained the high utilization of PMS, contributing
to the effective degradation of TC.

H;0,

Figure 9. Mechanism of the process of activation of PMS by Cu/CuO-BC to produce active species.

Cu’ + HSO; — Cu™ +S0,” + OH~ (10)
SO, +H,0 — H' + S0 +-OH (11)
Cu® +HSO; — Cu*" +SO, +OH~ (12)
BC+0, -+ O, +BC* (13)

20, +2H,0 — 'O, + H,0, +2HO~ (14)
.OH + H,0, — HO, + H,0 (15)

HO, — O, +HT (16)

Cu*" + HSO; — Cut +S0;™ +H* (17)
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3. Materials and Methods
3.1. Chemicals

The peanut shell used in this study is the peanut shell waste of agricultural products.
The solutions were prepared with ultrapure water. Copper sulfate (CuSO4-5H,0) and
TC with analytical grade were purchased from Shanghai Zehuasheng Technology Co.,
LTD (Shanghai, China) and Tianjin Biaotai Technology Development Co., LTD (Tianjin,
China), respectively. Ethanol and PMS were supplied by Tianjin Jinke Fine Chemical
Research Institute. Tert-butyl alcohol (TBA) and sodium dihydrogen phosphate (NaH;PO4)
were also analytically pure, which were obtained from Tianjin Damao chemical reagent
factory. Sodium bicarbonate (NaHCO3;) and sodium chloride (NaCl) were purchased from
Tianjin Biaotai and Guangfu Technology Development Co., LTD (Tianjin, China). Furfuryl
alcohol and benzoquinone were purchased from Aladdin Reagent (Shanghai) Co., LTD
(Shanghai, China).

3.2. Preparation of Cu/CuO-BC Catalysts

In the first stage, peanut shell was used to prepare biochar-based catalyst. The peanut
shells were weighed and washed with deionized water 3 times and placed in an oven at
60 °C to dry to a constant weight. Then, peanut shells were crushed by a ball mill to obtain
a finer peanut shell powder, which was sieved through 100 mesh and then placed in a tube
furnace for pyrolysis with a heating rate of 10 °C/min, pyrolysis temperature of 300 °C
and pyrolysis time of 2 h. The black powder was removed after the tube furnace cooled
down naturally to room temperature. In the second stage, modified BC was prepared by
impregnation pyrolysis. After the beaker was filled with 1.0 g of peanut-shell-derived
powder, 200 mL of CuSO; solution with 0.1575 M was added to make the mass ratio (2)
of Cu to the powder. The mixture was stirred continuously with a magnetic stirrer for
24 h. The supernatant was removed after standing, and the impregnated powder was
dried and placed in a tube furnace for pyrolysis at 500, 600 and 700 °C with a heating
rate of 10 °C/min and a pyrolysis time of 2 h. The preparation was completed when the
tube furnace cooled down naturally to room temperature. For better comparison with the
modified biochar, the powder obtained from the first stage also experienced re-pyrolysis at
500 °C without impregnation, which was named BC. The acquired modified biochar-based
catalysts were marked as Cu/CuO-BC500, Cu/CuO-BC600 and Cu/CuO-BC700, respectively.

3.3. Characterization

The prepared BC and Cu/CuO-BC were analyzed by scanning electron microscopy
(TESCAN MIRA LMS, Brno, Czech Republic) for microscopic morphology. The samples
were scanned under energy scattering spectrometer (EDS) to detect the elemental composi-
tion on BC and Cu/CuO-BC surface. The specific surface area and pore size distribution of
the BC-based catalysts were determined using a specific surface analyzer (McMurray-Tick
Gemini VII 2390, McMurray, PA, USA). The surface functional groups of catalysts were
analyzed using Fourier infrared spectroscopy (Thermo Fisher Nicolet iS10, Waltham, MA,
USA). X-ray diffraction (Rigaku Smartlab SE, Akishima, Japan) was used to determine
the structure and crystalline phase of the catalysts with a conventional angle of 10-80°
and a scanning speed of 10 °/min. X-ray photoelectron spectroscopy (Thermo Scientific
ESCALAB 250Xi, Waltham, MA, USA) was used to detect the elemental composition of the
catalysts and their valence structure. Electron paramagnetic resonance (EPR) spectroscopy
measurement was conducted by a spectrometer (Bruker E500, Mannheim, Germany) at
room temperature in the PMS system mediated by Cu/CuO-BC.

3.4. TC Degradation Experiment

In a 250 mL conical flask, 10 mL of 200 mg/L TC solution was added, diluted to 100 mL
with deionized water, shaken well and then 0.01 g of catalyst powder was added. The cata-
lyst was ultrasonically dispersed using an ultrasonic cleaner and then sampled at 300 r/min
at a reaction temperature of 25 °C after stirring for 30 min to reach adsorption equilibrium.
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PMS solution (2.0 mL) with a concentration of 25 mM was added after adsorption equilib-
rium, and samples were taken at 5, 10, 15, 20 and 30 min, respectively. The samples were
filtered through a 0.22 pm polyethersulfone membrane, and the reaction was terminated
by adding the same volume of 0.1 M sodium thiosulfate and then loaded into liquid phase
vials for measurement. The TC concentration was detected by ultra-performance liquid
chromatography (HPLC, SIL-30AC) with a C18 column (15 cm X 4.6 mm) following mobile
phases: A: 0.1% formic acid aqueous solution; B: acetonitrile (chromatographic purity),
VA:VB = 85:15, with gradient elution; flow rate: 0.1 mL/min; column temperature: 30 °C;
injection volume: 10. The effects of co-existing anions on TC degradation were studied in
the presence of single NaCl, NaHCO3 and NaH,;POj. The effect of NOM on TC removal
was investigated with humic acid. The TC relative concentration was expressed as C;/C,
or C¢/Cy, where the C;, C, and Cy were the concentrations of adding PMS for t min, reach-
ing adsorption equilibrium and initial concentration, respectively. The pseudo-first-order
kinetic model was described as In(C;/C,) = —K X t, where K is the rate constant and t is
the degradation time.

4. Conclusions

In this study, Cu/CuO-BC catalysts were optimally prepared and characterized by a
modified impregnation pyrolysis method with peanut shells as raw material. The research
focused on the performance and mechanism of Cu/CuO-BC for TC degradation by PMS
activation. The successful loading of Cu/CuO and the increased specific surface area
(192.64 m?/g) facilitated the TC removal, achieving the degradation efficiency of 93.2%
at 30 min with the kinetic constant of 0.0921 min~!. The inhibition of TC degradation by
co-existing anions (0.5-2.0 mM) followed the order of HCO3™ > H,PO,~ > Cl™. Also, HA
had an inhibitory effect on TC degradation. The free radical (-OH and SO4°~) pathway
played a dominant role in TC degradation. The -O,~ and 'O, were also involved in TC
removal. The cycling of Cu*/Cu?* on the catalyst surface kept the high activity and good
recyclability. The TC degradation efficiency was reduced from 93.2% to 83.5% after using
five times. The prepared Cu/CuO-BC in this study was a highly active and environmentally
friendly catalyst, which was of great value for new compound degradation in water.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/catal13091246/s1. Figure S1: XRD patterns of Cu/CuO-BC
before and after recycling experiment; Figure S2: XPS Survey scan of Cu/CuO-BC (a) before and (b)
after PMS activation.
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