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a b s t r a c t
Residual antibiotics in the environment pose a serious threat to the environment. To solve the 
problems of inter-particle agglomeration, metal ion leaching and difficult recovery of transition 
metal oxides as catalysis in advanced oxidation processes for the treatment of antibiotic wastewater, 
pine needle biochar loaded with iron–nickel bimetals (Fe/Ni@PNBC) were successfully produced 
by the impregnation–co-precipitation method to activate peroxymonosulfate (PMS) for degrada-
tion of oxytetracycline (OTC). The Fe/Ni@PNBC catalyst has good surface properties, abundant 
functional groups and catalytic stability. Under the optimal conditions, the degradation efficiency 
of OTC with initial concentration of 10~60 mg/L is close to 90%. In addition, 1O2 and O2

•– played 
a major role in OTC degradation. The reaction mechanism for generation of active species and 
OTC degradation in the reaction system was proposed from two perspectives including redox of 
iron and nickel ions in different valence states and interconversion between the active substances. 
After 5 cycles, Fe/Ni@PNBC still maintained a high catalytic activity for OTC degradation. This 
study provides a new method to prepare an economical and environmentally friendly catalyst for 
activating PMS to treat antibiotic wastewater.
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1. Introduction

Oxytetracycline (OTC) is extensively used in medicine 
and animal husbandry as one of the broad-spectrum 
antibiotics [1]. However, OTC is released into the envi-
ronment without being fully used, which has led to the 
widespread presence of OTC residues in the environment 
and caused a significant risk to human and aquatic wild-
life [2]. Meanwhile, wastewater treatment plants cannot 
effectively remove antibiotics using biotechnology due 
to most antibiotics are less biodegradable [3]. Therefore, 
it is particularly important to develop processes for the 
efficient reduction of OTC and its derivatives.

In order to effectively degrade antibiotics in the envi-
ronment, predecessors have used physical, biological and 
chemical methods among which advanced oxidation pro-
cesses (AOPs) have been extensively researched [4–6]. 
AOPs based on highly reactive radicals have the abil-
ity to degrade antibiotics into less toxic substances. The 
highly reactive radicals involved in the reaction include 
hydroxyl radicals (•OH), sulfate radicals (SO4

•–) and super-
oxide radicals (O2

•–) [7]. In previous studies, researchers 
have constructed AOPs by using ozone (O3) [8], hydrogen 
peroxide (H2O2), UV light and ultrasound and so forth 
[9]. Among them, compared to other oxidation meth-
ods, the oxidation process based on persulfate exhibits 
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longer half time, greater selectivity, acidity range adap-
tation, as well as higher redox potential (SO4

•–, E0 = 2.5–
3.1 V) [10,11]. Therefore, SO4

•–-AOPs are widely used 
to treat organic wastewater. According to the research 
results, peroxymonosulfate (PMS, HSO5

–) can generate 
surface radicals through thermal activation, transition 
metal, UV and ultrasonic activation [12,13]. Although 
these methods are effective in activating PMS, they suf-
fer from high costs, secondary pollution from heavy 
metal leaching and high energy consumption [14,15]. As 
a result, the exploitation of an environmentally friendly 
and economical catalyst is of great importance.

New carbonaceous materials, represented by biochar, 
are widely used in the field of environmental remediation 
thanks to their low economic cost, environmental friendli-
ness, high adsorption capacity, wide range of sources and 
simplicity of preparation [16]. Metals are also very hotly 
researched in the direction of catalyzing persulfate, such as 
iron, nickel, cobalt, copper and so on. Studies have shown 
that iron–nickel composites exhibit synergistic effects in the 
persulfate system, which can effectively degrade organic 
matter in groundwater [17]. However, the use of metal-
lic materials alone suffers from problems such as second-
ary contamination of water bodies due to the leaching of 
metal ions and the agglomeration of catalytic materials 
[18]. Therefore, this project combines biochar and bimetal 
to give full play to the stability of biochar and the syner-
gistic function of iron–nickel bimetal activating PMS, 
making up for the shortcomings of physical adsorption of 
biochar and catalysis of using metal alone and optimizing 
the performance of catalyst, the researchers constructed 
biochar-based metal non-homogeneous catalytic materials.

Consequently, in this research, pine needle biochar 
(PNBC) with large specific surface area, abundant pores and 
structural defects was prepared by high temperature pyrol-
ysis using pine needle as raw biomass material, and Fe–Ni 
bimetal supported PNBC (Fe/Ni@PNBC) was prepared by 
impregnation–co-precipitation process, which was utilized 
to activate PMS for the degradation of OTC as a heteroge-
neous catalyst. The main purpose of this study involved (1) 
investigating the optimum Fe/Ni molar ratio in the prepared 
catalysts with maximum catalytic capacity; (2) analyzing 
the physical properties and chemical composition of cata-
lysts using a variety of characterization methods; (3) explor-
ing the optimal process parameters for OTC degradation 
in Fe/Ni@PNBC/PMS systems; (4) resolving the activation 
mechanism of PMS by Fe/Ni@PNBC catalyst; (5) verifying 
the catalytic stability and reusability of Fe/Ni@PNBC.

2. Materials and methods

2.1. Reagents

Oxytetracycline (C22H24O9N2·2H2O, 97%), potassium 
monopersulfate (KHSO5·0.5KHSO4·0.5K2SO4, >42% KHSO5 
basis), nickel chloride hexahydrate (NiCl2·6H2O, 99.9%), 
iron nitrate nonahydrate (Fe(NO3)3·9H2O, AR, 99%), sodium 
hydroxide (NaOH, 96%), sodium hydrogen carbonate 
(NaHCO3, 99.5%), potassium nitrate (KNO3, 99%), potas-
sium phosphate monobasic (KH2PO4, 99.5%), sodium chlo-
ride (NaCl, 99.5%), sodium carbonate anhydrous (Na2CO3, 

99.8%), ethanol (EtOH, AR, >99.5%), methanol (MeOH, 
AR, 99.5%), p-benzoquinone (p-BQ, 99%), tert-butyl alco-
hol (TBA, GR, >99.5%), furfuryl alcohol (FFA, CP, 97%) and 
humic acid (HA, FA > 90%) were purchased from Shanghai 
Aladdin Corporation. Throughout the experiment, all the 
reagents used were of analytical grade, and the ultrapure 
water was used for dissolution and dilution.

2.2. Preparation of Fe/Ni@PNBC

PNBC was prepared from pine needles (Pinus tabulae-
formis) collected from the campus of Northeast Forestry 
University. After repeatedly cleaning with ultrapure water, 
clean pine needles were dried in a 60°C oven. Then, the 
dried pine needles were roasted for 3 h in a muffle furnace 
at 500°C and passed through a 120-mesh sieve after being 
ground in a mortar. To remove the pyrolysis ash, the biochar 
was rinsed with ultrapure water. After drying for 24 h at 
60°C, it was placed in a brown sample bottle.

The catalyst was prepared by impregnation–co-pre-
cipitation with PNBC as raw material. First, using a mag-
netic stirrer, 0.2 g biochar was thoroughly disseminated in 
30 mL ultrapure water. Then, 0.04 mol/L Fe(NO3)3·9H2O 
and an amount of NiCl2·6H2O were dissolved in 10 mL 
ultrapure water and then added into the above solution. 
It should be noted that catalysts with Fe/Ni molar ratios 
of 1:1, 2:1 and 3:1 were obtained by keeping the amount of 
Fe(NO3)3·9H2O and changing the amount of Ni to 0.04, 0.02 
and 0.013 mol/L, respectively. After being stirred evenly, 
the materials were soaked for 0.5 h. Then 0.4 mol/L NaOH 
was added to the mixed solution at a constant rate until 
the pH value reached 10–11 and the tan precipitate was 
produced. After the precipitation was complete, the mix-
ture was agitated for 1 h at 80°C, after which the precip-
itate was detached and rinsed with ultrapure water until 
the pH value was neutral. It was then dried overnight 
at 60°C and kept in a brown glass bottle until needed. 
Fe–Ni materials supported by PNBC with load ratios of 
1:1, 2:1 and 3:1 were prepared and named Fe/Ni1@PNBC, 
Fe/Ni2@PNBC and Fe/Ni3@PNBC, respectively.

2.3. Experimental procedures

All degradation experiments were performed in a 
250 mL conical flask. At room temperature, 50 mL PMS 
solution and 50 mL OTC solution were added to the reac-
tor, followed by rapid addition of Fe/Ni@PNBC, capping 
and placing the reactor in a thermostatic air shaker. At a 
specific time interval, a syringe was used to retrieve 3.0 mL 
of supernatant and injected it into a colorimeter through a 
0.45 μm filter. The OTC residual concentration was immedi-
ately measured at 355 nm with a UV-Vis spectrophotometer 
to evaluate the catalytic effect of the catalyst. The adsorp-
tion tests were performed under the same conditions except 
that there was no PMS solution.

Moreover, a number of experiments by controlling with 
a single variable were conducted in order to acquire the 
ideal degradation conditions, including the load Fe–Ni ratio 
(1:1, 2:1 and 3:1), catalyst dosage (0.5, 1.0, 1.5 and 2.0 g/L), 
PMS concentration (0.5, 1.0, 1.5, 2.0 and 2.5 g/L), initial OTC 
concentration (10, 20, 40, 60 and 80 mg/L), and initial pH 
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value (5.0, 7.0, 9.0 and 11.0). In the influence experiment 
of coexistence anions (Cl–, HCO3

–, CO3
2–, NO3

– and H2PO4
–), 

three gradients (20, 40 and 60 mmol/L) were set for each 
ion. To explore the effect of organic matter on degrada-
tion, HA (5, 10 and 20 mg/L) was added to the reactor. In 
the free radical quenching experiments, TBA was utilized to 
quench OH, p-BQ and FFA were used to quench O2

•– and 1O2, 
respectively, while the purpose of using EtOH was used to 
quench SO4

•– and OH. For the catalyst cycling experiments, 
the used catalyst was fully cleaned three times with ultra-
pure water, then dried at 60°C for 4 h and repeated the 
experiment according to the above process to estimate the 
stability and reusability of the catalyst. All of the preceding 
experiments were repeated three times in a row, with the 
average findings utilized to process the data.

2.4. Analytical methods

The OTC concentration was measured by a TU-1901 
ultraviolet spectrophotometer (PGENERAL, China) at 
355 nm, based on the standard curve of absorbance and 
concentration (Fig. S1). The pH of the solution was deter-
mined using a FE20 Precision pH meter (Mettler Toledo, 
Zurich, Switzerland). The morphology and microstructure 
of Fe/Ni1@PNBC before and after reaction were analyzed 
by using a SU8020 scanning electron microscope (SEM, 
Hitachi, Japan). ASAP 2460 physical adsorption analyzer 
(Micromeritics, China) was used to determine the spe-
cific surface area and porosity of PNBC and catalyst. The 
loaded X-ray diffraction patterns for each Fe–Ni ratio were 
obtained by X-ray diffractometer (XRD, TD-3500, Tongda) 
and phase composition was determined. The elemental 
composition and valence state before and after reaction 
were analyzed by ESCALAB 250 Xi X-ray photoelectron 
spectroscopy (XPS, Thermo Fisher, America). The func-
tional groups of the catalyst were analyzed by iS10 FTIR 
Spectrometer (FTIR, Nicolet, US). Electron paramagnetic 
resonance spectra were attained with an A300-10/12 elec-
tron paramagnetic resonance spectrometer (EPR, Bruker, 
Germany) to capture free radicals produced by the Fe/Ni1@
PNBC/PMS system. The total organic carbon (TOC) was 
measured by a TOC-LCPN analyzer (Shimadzu, Japan). 
A thermogravimetric analyzer (TG, NETZSCH, Germany) 
was used to evaluate the thermal stability of Fe/Ni1@PNBC.

3. Results and discussion

3.1. Effect of Fe–Ni ratio on the removal of OTC

In the experiment, investigating the adsorption and 
degradation capacity of OTC by prepared materials with 
different Fe–Ni ratios when the initial OTC concentra-
tion was 80 mg/L, the PMS concentration was 2.0 g/L, and 
the catalyst dosage was 2.0 g/L. According to Fig. 1a, the 
adsorption rate of OTC by PNBC was as high as about 
60%, while when the Fe–Ni metals were loaded in PNBC, 
the adsorption rate of OTC decreased significantly. The 
adsorption rate of Fe/Ni1@PNBC to OTC was 19%, which 
was close to that of Fe/Ni2@PNBC (20%), while that of 
Fe/Ni3@PNBC was 38%, after 60 min. The adsorption effi-
ciency of Fe/Ni@PNBC to OTC increased with the increase of  

Fe/Ni ratio. The possible mechanism is that the adsorption 
sites exposed on the surface of PNBC increased with the 
decrease of Ni2+ content, so the adsorption rate increased. It 
has been reported that iron ions can form stable complexes 
with OTC [19], and the reduction of Ni2+ content may lead 
to the increase of Fe3+ content in biochar pores, which form 
complexes with OTC and increased adsorption capacity.

The OTC degradation effect of the PMS system with-
out catalyst was poor (about 40%), as shown in Fig. 1b. 
Moreover, the degradation efficiency of OTC was signifi-
cantly improved after adding the catalysts, that is, Fe/Ni1@
PNBC/PMS system had the best OTC removal effect and 
the highest reaction rate. The main reaction of PMS with 
the Fe–Ni redox cycle has been reported to form reactive 
oxygen species (ROS) such as SO4

•–, and the degradation 
of OTC is mainly based on ROS [5]. Therefore, the possi-
ble mechanism was that the amount of ROS generated by 
the reaction system decreased with the decrease of nickel 
ion content, leading to the decrease of degradation rate. 
It was noteworthy that the catalyst Fe/Ni1@PNBC had the 
lowest adsorption rate to OTC and the highest removal 
efficiency. According to these results, Fe/Ni1@PNBC was 
selected as the experimental catalyst, and its structural 
characteristic was further characterized to discuss the 
activation mechanism of PMS.

3.2. Characterization of Fe/Ni1@PNBC

The microstructure of the catalyst was observed using 
scanning electron microscopy (SEM). As indicated in 
Fig. 2a and b, the morphology of the catalyst is irregularly 
granular with the pore structure. At the same time, the 
large specific surface area and layered pore size of PNBC 
can promote the uniform distribution of metals on the 
surface of PNBC, and reduce the agglomeration of metal 
attached to PNBC, which generates more active sites and 
helps to activate PMS, thus effectively removing contam-
inants [20]. The morphological image of the reacted cat-
alyst is shown in Fig. 2c and d. It can be observed that 
the metal particles are more uniformly distributed and the 
agglomeration phenomenon is reduced, indicating that 
the catalyst has excellent morphological characteristics 
and catalytic stability.

The Brunauer–Emmett–Teller (BET) specific surface 
area, total pore volume and average pore diameter of 
PNBC and Fe/Ni1@PNBC (before and after the reac-
tion) were analyzed and the results are shown in Table 1. 
When the PNBC was loaded with Fe and Ni, its BET spe-
cific surface area increased significantly from 193.6327 to 
241.2181 m2/g. The t-plot external surface area increased 
from 55.1104 to 268.1128 m2/g. The average pore diame-
ter increased from 2.53229 to 2.89952 nm, while the total 
pore volume from 0.122583 to 0.174854 cm3/g. These results 
indicate that both the surface structure and physical prop-
erties of the catalyst were changed during the preparation 
of the catalyst, so that the catalysts exhibited a large spe-
cific surface area. However, in previous adsorption exper-
iments, the adsorption capacity of Fe/Ni@PNBC for OTC 
instead decreased, and the possible reason are that the 
adsorption performance is not only related to the specific 
surface area and pore size, but also related to the molecular 
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Fig. 1. Adsorption (a) and degradation (b) of OTC in different treatment systems, where Fe/Ni1, Fe/Ni2 and Fe/Ni3 mean that the 
molar ratio of Fe/Ni in the catalyst is 1:1, 2:1 and 3:1.

Fig. 2. SEM images of Fe/Ni1@PNBC before (a, b) and after (c, d) the reaction.



Y. Chen et al. / Desalination and Water Treatment 282 (2023) 220–236224

structure of the organic pollutants, and the aromaticity, 
polarity and stability of the adsorbent and other factors 
[21]. What is more, based on the comparison of the cata-
lysts before and after the reaction, it is not difficult to find 
that there is a slight decrease in the t-plot external surface 
area and total pore volume of pores. Combined with the 
SEM images of the materials, we speculate that this phe-
nomenon is due to the uniform distribution of metals on 
the catalyst after the reaction. All in all, the pore charac-
teristics and specific surface area properties of the cata-
lysts are relatively stable. Moreover, combined with Fig. 3, 
the adsorption isotherms of the catalysts before and after 
the reaction conform to the IUPAC IV-type isotherm and 
hysteresis loop H2-type, which exhibits the adsorption 
characteristics of a mesoporous material.

Exploring the elemental composition of the Fe/Ni1@
PNBC before and after a reaction by using XPS. And 
through using XRD to explore the phase composition of 
the catalyst before and after the reaction. Fig. 4a shows that 
the catalyst contains elements C, Fe, Ni and O, indicating 
that Fe and Ni were successfully loaded onto PNBC. Fig. 4b 
shows the high-resolution C1s spectra of used and fresh 
catalyst, and the spectra can be divided into three peaks at 
284.8, 286.4 and 289.0 eV, independently, attributed to the 
functional groups C–C, C–OH, COOH of PNBC [22]. The 
high-resolution O1s spectra of fresh catalyst is divided into 
two peaks at 529.9 and 531.5 eV (Fig. 4c), which puts down 
to the formation of metal oxygen bond and the surface 
O–H group, respectively [23,24].

To investigate the valence state of the metal elements 
in the Fe/Ni1@PNBC, peak fits were made for Fe and Ni 
separately. The results showed that the fresh and used 
catalysts contained Fe(III), Fe(II) and Ni(II). The peak 
at 710.3 eV matched Fe(II), while the peaks at 711.7 and 
714.7 eV matched Fe(III) [22] (Fig. 4d). The fresh catalyst 
contained 27.64% of Fe(II) and 72.36% of Fe(III). After the 
reaction, the Fe(II) content and the Fe(III) content decreased 
and increased by 4.81%. The Ni2p spectrum (Fig. 4e) exhib-
its a pair of intense spin-orbit doublets and satellite peaks. 
A pair of intense spin-orbit doublets of fresh catalyst at 
856.1 and 873.5 eV were correlated with the characteristic 
peak of Ni2p3/2 and Ni2p1/2, which indicated that Ni(II) 
was located in the catalyst [25]. Meanwhile, comparing 
the spectrum of the Ni2p before and after the reaction, the 
content of Ni(II) was found to decrease by 2.06%. All in all, 
Fe(III), Fe(II), Ni(II) all were involved in activating PMS 
depending on the change in the content, while between 
Fe(III) and Fe(II), there were redox cycles.

As in Fig. 5a, Fe/Ni1@PNBC before the reaction dis-
plays characteristic peaks of Ni(OH)2·0.75H2O (PDF#38-
0715). The diffraction peaks at 2θ = 11.35°, 22.74°, 33.46°, 
33.40°, 38.77°, 45.98°, 59.98° and 61.25° corresponds to 
(003), (006), (101), (012), (015), (018), (110), (113) reflection 
of Ni(OH)2·0.75H2O. Meanwhile, the FeO(OH) (PDF#75-
1594) and Fe2O3·H2O (PDF#08-0093) match the XRD pattern 
of the fresh Fe/Ni1@PNBC. Obviously, the results of the 
XRD analyses match those of the XPS analyses. Fe(III), Fe(II) 
and Ni(II) were loaded onto the catalyst. By comparing 
the patterns of Fe/Ni1@PNBC before and after the reaction  
(Fig. 5b), Fe/Ni2@PNBC and Fe/Ni3@PNBC, it is not difficult 
to find that the intensity of the peaks has become less, which 
is probably because the nickel content is relatively low. 
Therefore, nickel has an important role in activating PMS. It 
was noteworthy that there was no significant change in the 
XPS full spectrum of the catalyst before and after the reac-
tion, and the intensity of the peaks between fresh Fe/Ni1@
PNBC and used Fe/Ni1@PNBC didn’t change significantly, 
which indicated the stability of the Fe/Ni1@PNBC.

Functional groups on catalyst surfaces were researched 
using Fourier-transform infrared spectroscopy (FTIR) anal-
ysis. By comparing the FTIR spectra (Fig. 5c) before and 
after the reaction, there was a little difference in the posi-
tion of the vibration peaks, which advised that the reac-
tive groups were almost identical. The vibration peak at 
3,423.46 cm–1 was attributed to –OH stretching which pos-
sibly is ascribed to interlayer crystal water in the catalyst 
or hydroxyl groups in the PNBC [26]. The band of C–O 
stretching vibration was observed at 1,625 cm–1 around [27]. 
From the FTIR spectrum of the catalyst after the reaction, 

Fig. 3. Adsorption isotherms of Fe/Ni1@PNBC before and after 
reaction.

Table 1
Surface structure characterization of PNBC and Fe/Ni1@PNBC

Material BET surface  
area (m2/g)

t-Plot external  
surface area (m2/g)

Total pore volume  
of pores (cm3/g)

Average pore  
diameter (nm)

PNBC 193.6327 55.1104 0.122583 2.53229
Fresh Fe/Ni1@PNBC 241.2181 268.1128 0.174854 2.89952
Used Fe/Ni1@PNBC 192.2796 189.1435 0.136581 2.84130
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Fig. 4. XPS survey spectra (a) and high-resolution spectra of C1s (b), O1s (c), Fe2p (d) and Ni2p (e) of Fe/Ni1@PNBC before and 
after reaction.
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a vibration peak of 1,109 cm–1 was discovered, which was 
linked to the stretching vibration of S–O of SO4

2–, indicat-
ing that the PMS was decomposed on the catalyst surface 
during the reaction and also indicated that the catalyst pos-
sessed the function of activating the PMS [28]. The vibra-
tional peaks that appeared around 1,384 cm–1 were related 
to the C=O of the carboxylic group [27]. By comparing the 
intensity of the peaks before and after the reaction, it was 
found that the intensity of the peaks greatly reduced after 
the reaction, presumably due to the release of the proton 
from the COOH in PNBC, which activated the PMS in solu-
tion [22]. The stretching vibration of Fe–O–Fe is relevant 
for the bands at 631.48 and 617.10 cm–1 [29]. Meanwhile, 
the peaks at 439.87 and 454.45 cm–1 were related to ferrite 
characteristic of octahedral metal stretching in the low-fre-
quency band [30].

The TG curve of Fe/Ni1@PNBC was shown in Fig. 5d. 
As can be seen from the figure, the mass loss of samples 
below 100°C was about 2.18%, which was regarded to be 
the removal of physical adsorption water [31]. When the 

temperature continued to rise, two steps of weightlessness 
appeared on the corresponding TG curve. The first step of 
weightlessness was due to the loss of crystal water, and the 
second-step was the removal of hydroxyl and carbonate ions 
in the form of H2O and CO2, respectively [32,33]. At about 
400°C, the weight of the catalyst tended to be stable, and 
the total mass loss of the catalyst was about 23.6% when 
the heat treatment temperature was increased from room 
temperature to 800°C, showing excellent thermal stability.

3.3. Effect of experimental conditions on removal of OTC in Fe/
Ni1@PNBC/PMS system

3.3.1. Initial concentration of OTC

The effects of different OTC concentrations on the sys-
tem are shown in Fig. 6a (the catalyst dosage was 1.0 g/L, 
the PMS concentration was 1.0 g/L and without pH adjust-
ment). When the initial concentration of OTC was 10 mg/L, 
the degradation rate was slower than that of other initial 

Fig. 5. XRD physical phase analysis of Fe/Ni1@PNBC (a), XRD patterns of Fe/Ni1@PNBC, Fe/Ni2@PNBC and Fe/Ni3@PNBC (b), 
FTIR spectra of Fe/Ni1@PNBC (c), and TG curve of Fe/Ni1@PNBC (d).
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Fig. 6. Degradation rate of OTC at different initial concentrations (a), the kinetic curves of OTC degradation (b), the effect of the 
PMS concentration (c), catalyst dosage (d), initial solution pH (e) on the OTC degradation, and pH changes of reaction solutions at 
different initial pH values (f) in the Fe/Ni1@PNBC/PMS system, and the degradation of OTC under different air atmospheres.
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concentrations at the initial stage of the reaction, but then the 
degradation rate continued to increase, reaching the maxi-
mum of 88.17% at 60 min of the reaction. When the initial 
OTC concentration is 20–80 mg/L, the degradation efficiency 
of OTC can reach more than 80% after 60 min, indicating 
that the system is capable of degrading OTC in a wide con-
centration range, suggesting that the Fe/Ni1@PNBC is sta-
ble over a wide range of OTC concentrations. Furthermore, 
the degradation rate of OTC reduces with increasing initial 
concentration, as evidenced by a comparison of the pseu-
do-second-order rate constant (Kapp) comparing different 
treatments. This is because the production of ROS is lim-
ited at a fixed PMS dose in the reaction system. When the 
OTC concentration is too high, more target substances com-
pete with ROS, and OTC molecules cannot be completely  
degraded.

In order to further analyze the reaction rates of OTC at 
different initial concentrations, the OTC degradation curves 
were fitted by zero-order, quasi-first-order and quasi-sec-
ond-order kinetic models, and the fitting results show that 
OTC degradation conforms to the quasi-second-order kinetic 
model, and the fitting correlation R2 is higher than the fit-
ting correlation of zero-order and quasi-first-order kinetic 
models (Fig. 6b). Therefore, the corresponding second-order 
equation is used to calculate the rate constant, the reaction 
formula is as follows [Eq. (1)].

1 1

0C C
kt

t

� �  (1)

where Ct represents the OTC concentration (mg/L) at time 
t (min), C0 represents the initial OTC concentration (mg/L), 
and k represents the reaction rate.

3.3.2. PMS concentration

Fig. 6c shows the effect of PMS concentration on the 
degradation rate of OTC in the Fe/Ni1@PNBC/PMS system 

(the initial OTC concentration was 60 mg/L, the catalyst 
dosage was 1.0 g/L and without pH adjustment). At the ini-
tial step of the reaction, when the initial concentration of 
PMS was adjusted from 0.5 to 1.0 g/L, the rate of OTC deg-
radation increased considerably. For example, it increased 
by about 25% in the first 10 min. After 20 min of reaction, 
the difference of degradation rate between the two treat-
ments gradually decreased, and the difference narrowed to 
less than 10% at the 60 min. However, it can be seen from 
the changes of degradation rate and k value that the deg-
radation rate begins to decrease with the increase of PMS 
concentration to more than 1.5 g/L, and the higher the PMS 
concentration is, the lower the degradation rate is. When 
the PMS concentration is 2.5 g/L, the final degradation rate 
decreases to be basically the same as when the PMS con-
centration is 0.5 g/L. Overall, the degradation efficiency 
does not increase with the increase of PMS concentration. 
The reasons for this phenomenon are as follows: when the 
dosage of PMS is low, the Fe/Ni1@PNBC can promote PMS 
to produce a huge quantity of active free radicals with the 
increase of concentration of PMS. However, when the con-
centration of PMS increases to a certain extent, additional 
HSO5

•– will trigger the quenching effect of free radicals, 
the reaction formulas are as follows [Eqs. (2) and (3)] [34].

HSO5
•− + SO4

•– → SO5
2− + H+ + SO4

2– (2)

HSO5
•− + •OH → SO5

2− + H2O (3)

3.3.3. Catalyst dosage

Fig. 6d shows the degradation rate curve of OTC in 
Fe/Ni1@PNBC/PMS system when the dosage of catalyst 
is 0.5, 1.0, 1.5 and 2.0 g/L (the OTC concentration was 
80 mg/L, the PMS concentration was 1.5 g/L and without 
pH adjustment). This result shows that the degradation rate 
of OTC continued to increase with the increase of catalyst 
dosage from 0.5 to 2.0 g/L, and Kapp values also increased 

Fig. 6. (g) and its pseudo-second-order kinetic curve (h) (the inset represents the pseudo-second-order rate constant of OTC 
degradation).
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with the dosage of catalyst. This is because the increase 
of the catalyst dosage can provide more active sites, thus 
promote PMS activation, produce more ROS and acceler-
ate the reaction rate [34]. It should also be noted that the 
increase in the OTC degradation rate at the later stage of 
the reaction is small when the catalyst dosage is from 1.0 
to 2.0 g/L. This may be because when the catalyst dosage 
exceeds optimal values, the PMS was over activated and 
excess ROS were generated, which induced mutual scav-
enging effect between ROS, thereby leading to that the 
degradation rate of OTC was not noticeable changes [27].

3.3.4. Initial solution pH

One of the most crucial exploration elements that influ-
ences the activity of PMS and the performance of catalyst is 
initial solution pH. The effect of initial solution pH on OTC 
degradation in the Fe/Ni1@PNBC/PMS system is shown in 
Fig. 6e (the OTC concentration was 60 mg/L, the catalyst 
dosage was 1.0 g/L and the PMS concentration was 1.0 g/L). 
The difference in degradation rate between different pH 
settings was small in the first 5 min of the reaction, but as 
the reaction progressed, the variation in degradation rate 
between different treatments began to expand gradually. 
The degradation curve ranging from 5 to 60 min showed 
that the concentration of OTC hardly changed in the reac-
tion systems with pH 5 and 11, while the concentration of 
OTC continued to decrease in the reaction systems with 
pH 7, 9 and no pH adjustment (initial pH 6). It was discov-
ered that when the initial solution pH was not changed, 
the degradation rate of OTC was ideal.

It can also be found from the results in Fig. S2 that except 
in the system without pH adjustment, the OTC degradation 
in the systems with different pH values did not agree well 
with the quasi-second-order kinetic models, which may be 
related to the pH change of the solution in the reaction pro-
cess. Therefore, the change of pH in the reaction solution 
with different initial pH is measured. As shown in Fig. 6f, 
the pH change curve in each system presents a similar type, 
that is, in the first 30 min of the reaction, the pH value in 
each treatment system decreases by about 1.0, and then there 
is basically no change. Although the pH of the solution has 
not changed significantly, it can still be considered that the 
reaction will cause the system to reduce the pH, thereby 
affecting the reaction rate in this system. This finding is 
consistent with the results of previous studies [10].

Overall, the reaction system was suitable for milder 
pH values. The specific reasons were as follows: in acidic 
environments, there was a large amount of free H+ that can 
combine with the reactive free radicals SO4

•– and OH to 
reduce the degradation rate of OTC [26], and the reaction 
formula was as follows [Eqs. (4) and (5)]. Secondly, the PMS 
produced relatively less reactive species at lower pH val-
ues because PMS was relatively stable resulting in reduc-
ing the reaction between the PMS and the catalyst [27]. 
Therefore, although the total amount of iron ions in solution 
was highest with pH 5, the degradation rate of OTC was 
not ideal (Fig. S3). Under strong alkali conditions, although 
the reaction of generating active free radicals by PMS will 
not be hindered, it will promote its conversion to SO5

•–, 
leading to a decrease in the degradation rate [35].

SO4
•– + H+ + e– = HSO4

•–
 (4)

•OH + H+ + e– = H2O (5)

3.3.5. Gas atmosphere

Under the optimal conditions (the OTC concentra-
tion was 60 mg/L, the catalyst dosage was 1.0 g/L, the 
PMS concentration was 1.0 g/L and without pH adjust-
ment), different gases were introduced into the system to 
explore the effect of dissolved oxygen on the degradation 
of OTC by Fe/Ni1@PNBC activated PMS (Fig. 6g and h). 
When O2 was introduced into the system, the degrada-
tion efficiency of OTC reached 89.88%, which was slightly 
higher than that in air, and the reaction rate constant was 
not significantly different from that in air environment. 
When N2 was introduced into the system, the degradation 
efficiency was decreased to 66.03%, and the reaction rate 
constant was only 0.00062 L/mg·min, which indicated that 
dissolved oxygen played an important role in the degrada-
tion process of OTC. When oxygen was decreased in the 
system, it was not conducive to the generation and trans-
formation of free radicals, thus affecting the degradation  
of OTC.

3.3.6. Inorganic anions

There are many anions in natural water, including NO3
–, 

Cl–, CO3
2–, H2PO4

– and HCO3
–, etc. Therefore, it is necessary 

to design experiments to explore the influence of anions in 
the reaction system (the OTC concentration was 40 mg/L, 
the catalyst dosage was 1.0 g/L, the PMS concentration 
was 1.0 g/L and without pH adjustment). It can be seen 
from Fig. 7a that NO3

– in the range of 20~60 mmol/L has a 
slight inhibitory effect on OTC degradation in the system, 
which may be because NO3

– reacted with SO4
•– and OH 

radicals [Eqs. (6) and (7)] [36]. Fig. 7b showed that Cl– also 
had a certain inhibitory effect on OTC degradation, which 
was mainly reflected in the later stage of the reaction. The 
inhibition was more severe with increasing concentration of 
Cl–. In the presence of Cl– at a concentration of 60 mmol/L, 
the degradation rate decreased by about 16% compared 
with the treatment without Cl– within 60 min. Because Cl– 
will react with free radicals to produce Cl and Cl2

•–, but the 
activities of Cl and Cl2

•– are lower than SO4
•– and OH, so the 

reaction degradation rate reduced [Eqs. (8) and (9)] [37].
It can be seen from Fig. 7c and d that in the existence of 

different amounts of CO3
2– and HCO3

–, the curve and Kapp val-
ues for OTC degradation showed almost the same change 
rule. At the end of the reaction, the two ions inhibited about 
20% of OTC degradation compared with the control, which 
is because CO3

2– and HCO3
– can react with SO4

•– and OH 
[Eqs. (10)–(13)] [27]. Moreover, the presence of H2PO4

– in 
the reaction system significantly limited the degradation of 
OTC, with the inhibition increasing from 20% within 5 min 
to 27% within 60 min (Fig. 7e). However, this inhibition 
degree does not seem to be related to the increase of H2PO4

– 
concentration. The reasons for this phenomenon are H2PO4

– 
reacts with SO4

•– then produces PO4
2– [Eq. (14)] [38]. At the 

same time, the inhibition of CO3
2–, HCO3

– and H2PO4
– may also 

be due to the influence of pH. The three ions can be hydrolyzed 
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Fig. 7. Effect of inorganic anions NO3
– (a), Cl– (b), CO3

2–, (c) HCO3
–, (d), H2PO4

–, (e) and humic acid (f) at different concentrations on 
the OTC degradation (the inset represents the pseudo-second-order rate constant of OTC degradation).
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to increase the pH of the system and inhibit the reaction. 
In conclusion, all anions inhibited the reaction system.

•OH + NO3
– → OH− + NO•

3 (6)

SO4
•– + NO3

– → NO•
3 + SO4

2–
 (7)

SO4
•– + Cl– → Cl• + SO4

2–
 (8)

SO4
•– + 2Cl– → •Cl2 + SO4

2–
 (9)

CO3
2– + SO4

•– → CO3
•− + SO4

2– (10)

CO3
2– + •OH → CO3

•− + OH− (11)

HCO3
– + SO4

•– → HCO3
•− + SO4

2– (12)

HCO3
– + •OH → CO3

•− +H2O (13)

H2PO4
– + SO4

•– → PO4
•2– + H2SO4 (14)

3.3.7. Humic acid

Dissolved organic substances also exist in natural water, 
so the experiment explored the effect of HA on degradation 
capacity of the reaction system (the OTC concentration was 
60 mg/L, the catalyst dosage was 1.0 g/L, PMS concentra-
tion was 1.0 g/L and without pH adjustment). As shown in 
Fig. 7f, at the beginning of the reaction, the system adding 
HA promoted the degradation rate by about 10% compared 
with the control, but after 40 min, the difference between 
the treatment adding HA and the control gradually nar-
rowed. In addition, the degradation rate was similar 
between different HA concentrations, and further increas-
ing HA concentration would not significantly improve the 
promotion effect of degradation rate. The reason for this 
phenomenon is that when the HA concentration is low, it 
could activate PMS which is propitious to the degradation 
of OTC. While as the HA concentration increases, it com-
petes with OTC for PMS and reduces the effective degra-
dation of OTC. Thus, it may be possible to set the appro-
priate HA addition to take advantage of the activation of 
PMS and facilitate the removal of organic pollutants [39].

3.3.8. Degradation efficiency of other pollutants

To further explore the catalytic performance of Fe/
Ni1@PNBC for other pollutants, the catalyst was used to 
activate PMS to degrade methyl blue (MB) (5, 10, 15 and 
20 mg/L), methyl orange (MO) (20, 30, 40 and 50 mg/L) and 
tetracycline (TC) (10, 20, 40 and 60 mg/L) at different con-
centrations (the catalyst dosage was 1.0 g/L, the PMS con-
centration was 1.0 g/L and without pH adjustment). After 
60 min of reaction, the degradation efficiency of MB, MO 
and TC was between 83.47%–91.49%, 77.37%–90.87% and 
78.94%–91.12%, respectively (Fig. S4). The highest degra-
dation rate for various pollutants can reach more than 90%, 
indicating that Fe/Ni1@PNBC/PMS system could degrade 
not only OTC, but also other types of pollutants, which is 
suitable for the treatment of complex polluted water.

3.4. Reactive species identification and mechanism 
of PMS activation

3.4.1. Free radical quenching experiment

To resolve the reactive mechanism and determine 
the ROS leading the reaction, the free radical quenching 
experiments were carried out (the OTC concentration was 
60 mg/L, the catalyst dosage was 1.0 g/L, PMS concentra-
tion was 1.0 g/L and without pH adjustment). In the exper-
iments, FFA is the quencher of 1O2 (K = 1.2 × 108 M/S), and 
p-BQ is the quencher of O2

•– (K = 0.9–1 × 109 M/S). Moreover, 
EtOH was used to quench OH (K = 1.2–2.8 × 109 M/S) and 
SO4

•– (K = 1.6–7.7 × 107 M/S), and TBA was used to quench 
OH (K = 3.8–7.6 × 108 M/S) [40]. As illustrated in Fig. 8a, in 
the absence of free radical quencher, the degradation rate 
of OTC was as high as 90.16%. However, the addition of 
quenchers reduced the efficiency of OTC degradation to 
varied degrees, demonstrating that these four free radicals 
were present in the system and all played a part in OTC 
degradation. It was worth mentioning that after adding 
FFA and p-BQ (10 mmol/L), the degradation efficiency of 
OTC decreased to 51.72% and 53.93%, respectively, the Kapp 
values also decreased significantly, indicating that 1O2 and 
O2

•– acted as a significant role in the degradation process 
OTC in the system. In contrast, when 30 mmol/L EtOH 
and TBA were added to the system, the degradation effi-
ciency and Kapp values decreased less, indicating that OH 
and SO4

•– contributed little to the degradation process of 
OTC, and 1O2 and O2

•– were the dominant ROS in Fe/Ni1@
PNBC/PMS system.

3.4.2. EPR experiments

In order to further examine the ROS generated in the 
reaction system, EPR experiments were carried out using 
DMPO and TEMP as trapping agents. The TEMP was uti-
lized to trap 1O2, while the DMPO was applied to trap O2

•–, 
SO4

•– and OH. The EPR signals included two moments at 1 
and 5 min. As the Fig. 8b shows, the EPR typical signals of 
DMPO-•OH with 1:2:2:1 peaks and DMPO-SO4

•– adducts 
with the 1:1:1:1:1:1 peaks, where the strong signals stand 
for OH and the relatively weak signals mean SO4

•–. Fig. 8c 
indicates EPR spectral of O2

•–, which exhibited character-
istic peaks with an intensity ratio of 1:1:1:1. Moreover, in 
Fig. 8d, the EPR spectral of 1O2 with an intensity ratio of 
1:1:1 can be observed. Meanwhile, the intensity of peaks 
of O2

•–, 1O2, OH and SO4
•– were stronger at 5 min than at 

1 min, which indicates that these ROS were being gen-
erated and involved in the reaction as time passed. The 
results of EPR experiments were in line with the quench-
ing experiments, which illustrated the essential role of 
the Fe/Ni1@PNBC in promoting the generation of ROS.

3.4.3. Mechanism of PMS activation by Fe/Ni1@PNBC

Through combining the results of XPS, the valence 
state of iron and nickel has been determined. For the gen-
eration of ROS in Fe/Ni1@PNBC/PMS system, the follow-
ing mechanism are proposed (Fig. 9). According to the 
literature [41], Fe(III) can activate PMS to produce Fe(II) 
and SO5

−, while Fe(II) can also be oxidized by HSO5
– to Fe(III) 
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to obtain OH or SO4
•–, realizing the redox cycle between 

Fe(III) and Fe(II) [Eqs. (15)–(17)]. Similarly, there is a redox 
cycle between Ni(II) and Ni(III), generating OH and SO4

•– 
[Eqs. (18)–(20)] [25]. Noteworthy, for Ni(OH)2 in the Fe/

Ni1@PNBC, its main function is to produce SO4
2– and OH 

by cleaving the O–O bond in the PMS, which could be the 
reason for the decrease of nickel content based on the XPS 
spectrum of Ni2p [Eq. (21)] [42]. Moreover, Fe(II) can react 

Fig. 8. Effect of free radical quencher on the OTC degradation (a), and EPR spectra of SO4
•–, OH (b), O2

– (c) and 1O2 (d).

Fig. 9. Generation mechanism of ROS in Fe/Ni1@PNBC/PMS system.
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with Ni(III) to form Fe(III) and Ni(II) [Eq. (22)] because the 
redox potential of Fe(III)/Fe(II) (0.77 V) is lower than that 
of Ni(III)/Ni(II) (1.74 V) [27,43]. The transfer of electrons 
from Fe(II) to Ni(III) is thermodynamically spontaneous. 
The redox cycle reaction of Fe(III)/Fe(II) and Ni(III)/Ni(II) 
realizes the continuous production of SO4

•– and OH and 
promotes the activation of PMS through electron transfer. 
At the same time, SO4

•– can react with water in the sys-
tem to produce OH [Eq. (23)] [41]. For O2

•–, two produc-
tion pathways are proposed, one of which relies on the 
involvement of metal ions and transforms O2 into O2

•– [Eq. 
(24)] [26], which is also the reason for the low degradation 
rate of OTC in the previous N2 atmosphere experiment, 
and the other is the hydrolysis of PMS to generate O2

•– 
[Eqs. (25)–(29)]. In addition, O2

•– can be converted into 1O2 
by reacting with OH or H+ in solution [Eqs. (30) and (31)] 
[44]. In conclusion, with the involvement of active sub-
stances, OTC can be successfully degraded and mineralized 
into inorganic substances (H2O and CO2) [Eq. (32)].

Fe(III) + HSO5
– → Fe(II) + SO5

•−+ H+ (15)

Fe(II) + HSO5
– → Fe(III) + SO4

•– + OH−
 (16)

Fe(II)+ HSO5
– → Fe(III) + •OH + SO4

2–
 (17)

Ni(II) + HSO5
– → Ni(III) + •OH + SO4

2–
 (18)

Ni(II) + HSO5
– → Ni(III) + SO4

•– + OH−
 (19)

Ni(III) + HSO5
– → Ni(II) + SO4

•– + OH+
 (20)

Ni(OH)2 + HSO5
– → •OH + SO4

2–
 (21)

Fe(II) + Ni(III) → Fe(III) + Ni(II) (22)

SO4
•– +H2O → SO4

2– + OH + H+ (23)

Fe(II) + O2 → Fe(III) + O2
•–

 (24)

HSO5
– + H2O → HSO4

– + H2O2 (25)

SO5
2– + H2O → SO4

2– + H2O2 (26)

H2O2 → H+ + HO2
•–

 (27)

H2O2 + •OH → HO2
•– + H2O (28)

HO2
•– → H+ + O2

•– (29)

O2
•– + •OH → 1O2 + OH– (30)

2O2
•– + 2H+ → 1O2 + H2O2 (31)

SO4
•– + •OH + 1O2 + O2

•– + OTC → intermediate →  
CO2 + H2O (32)

3.5. Mineralization of OTC

TOC is an important indicator to evaluate the degrada-
tion effect of pollutants and is used to evaluate the degree 
of mineralization of OTC in this study. The experimental 
conditions were the best conditions (the OTC concentration 
was 60 mg/L, the catalyst dosage was 1.0 g/L, PMS concen-
tration was 1.0 g/L and without pH adjustment), and the 
TOC change during OTC degradation is shown in Fig. 10a. 
In the first 30 min of the reaction, TOC in the reaction sys-
tem decreased rapidly by about 35%, then TOC continued to 
decrease slowly, and the mineralization rate reached nearly 
45% at 120 min. The OTC mineralization rate slowed at the 
later stage of the reaction, which may be caused by the defi-
ciency of oxidants in the reaction system. The above results 
indicate that OTC was broken down into small molecule 
organic compounds through ring-opening reactions [45]. 
Some of the degradation products were eventually mineral-
ized to carbon dioxide and water.

3.6. Reusability of Fe/Ni1@PNBC

In order to explore the stability and reusability of the Fe/
Ni1@PNBC in the reaction system, the cycling experiments 
were carried out (the OTC concentration was 60 mg/L, the 
Fe/Ni1@PNBC dosage was 1.0 g/L, PMS concentration was 
1.0 g/L and without pH adjustment). The catalyst after 

Fig. 10. TOC removal during OTC degradation in Fe/Ni1@PNBC/PMS (a) and reusability of Fe/Ni1@PNBC (b).



Y. Chen et al. / Desalination and Water Treatment 282 (2023) 220–236234

60 min of reaction was recovered and cleaned many times 
using ultrapure water. After the pH had reached neutral, 
we dried and weighed the catalyst and repeated the exper-
iment for the next time for a total of 5 times. As illustrated 
in Fig. 10b, the degradation rate of OTC decreased by about 
20% in the third use of the catalyst, but the degradation 
rate was basically stable in the last two degradation exper-
iments. The reduction in catalytic efficiency of the catalyst 
may be caused by the following factors: (1) the residual 
OTC on the surface of Fe/Ni1@PNBC prevented the catalyst 
from interacting with PMS; (2) various products produced 
in the process of OTC degradation remain on the surface 
of the catalyst, which was not conducive to the reaction; (3) 
during the cleaning and drying process, Fe or Ni may be 
lost in the Fe/Ni1@PNBC [46]. The results showed that Fe/
Ni1@PNBC had good reusability and relative stability in the 
PMS activation for the treatment of antibiotic wastewater.

4. Conclusions

In summary, in this experiment, a pine needle bio-
char-based catalyst loaded with Fe and Ni was success-
fully prepared using the impregnation–co-precipitation 
method. From the characterization results, the catalyst has 
excellent surface properties as well as great stability. In the 
degradation experiment, the degradation rate of OTC by 
the prepared Fe/Ni1@PNBC in the presence of PMS could 
reach more than 90% under optimal conditions. In addi-
tion, through free radical quenching and EPR experiments, 
the active substances including 1O2, O2

•–, OH and SO4
•– in 

Fe/Ni1@PNBC system were determined, and 1O2 and O2
•– 

played a major role. And the degradation mechanism of 
OTC in this system is proposed from the two perspectives 
which include the redox of metals and the interconversion 
between the active substances. The catalyst also showed 
good reusability in the reuse experiment. This experiment 
provides a foundation for the preparation of heterogeneous 
catalysts and activation of PMS for the treatment of antibiotic  
wastewater.
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Fig. S1. Standard curve on absorbance vs. OTC concentration.
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Fig. S4. Degradation of MB (a), MO (b), and TC (c) by PMS activated by Fe/Ni1@PNBC.

Fig. S2. Model fitting curves of pseudo-second-order rate con-
stants for OTC degradation at different initial pH values.

Fig. S3. Total iron content in solution after 60 min of reaction at 
different initial pH values.
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