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In this study, Fe–Co-modified biochar (FMBC) loaded with iron (Fe) and cobalt (Co) bimetals after NaOH

activation was prepared by pyrolysis using forestry waste cedar bark as a raw material to study its

properties and the adsorption of ofloxacin (OFX). The surface structure and chemical properties were

analyzed by BET, SEM-EDS, XRD, XPS, and FTIR characterization, and the results showed that the FMBC

possessed a larger specific surface area and abundant surface functional groups. FMBC conformed to

pseudo-second-order kinetic and Langmuir isotherm models, indicating that the OFX adsorption

process on FMBC was a monolayer adsorption process and controlled by chemisorption. The saturation

adsorption capacity of FMBC was 10 times higher than that of cedar bark biochar (BC). In addition, the

effects of initial pH and coexisting ions on the adsorption process were investigated, and FMBC showed

good adsorption, with the best adsorption capacity at pH = 7. Multiple adsorption mechanisms, including

physical and chemical interactions, were involved in the adsorption of OFX by FMBC. TG, metal leaching,

different water sources, and VSM tests showed that FMBC had good stability and was easily separated

from water. Finally, the reusability performance of FMBC was investigated by various methods, and after

five cycles it could still reach 75.78–89.31% of the adsorption capacity before recycling. Therefore, the

FMBC synthesized in this study is a promising new adsorbent.
1. Introduction

With the development of scientic technology, antibiotics were
widely and heavily used in both medical and animal husbandry
and aquaculture, leading to their frequent detection in the
environment. Mainly, antibiotics enter the environment
through four pathways: the process of antibiotic production,
sewage, land application of municipal biosolids, and incorrect
disposal of expired drugs.1 Although their concentrations may
be low in these environments, residual antibiotics could cause
serious environmental and health problems due to cumulative
effects, such as disruption of the human immune system,
growth and escalation of antibiotic resistance genes, and
damage to aquatic ecosystems.2 The UK Antibiotic Crisis Survey
analysis stated that approximately 700, thousand people
worldwide died each year from drug-resistant bacterial infec-
tions and this number was expected to reach 10 million by
2050.3
Environment and Materials, Nanning,

ological and Environmental Monitoring

tion (ESI) available. See DOI:

1662
Fluoroquinolone antibiotics, one of the most commonly
used antibacterial drugs in the world, as the third largest sales
of antibiotics, its global sales in 2009 reached 7.1 billion US
dollars.4 Ooxacin (OFX) was one of the most heavily used u-
oroquinolone antibiotics because it had a broad spectrum and
high efficiency in treating infectious diseases in urinary and
respiratory systems. It was reported that about 60–90% of OFX
was not completely metabolized by the human body and was
excreted through feces and urine,5 and subsequently discharged
into hospital or municipal wastewater, however, wastewater
treatment plants could not completely remove it and the
remaining OFX could reach surface water, groundwater and be
deposited as biosolids.6 Many studies in recent years had re-
ported the presence of OFX in fresh water at concentrations
ranging from 0.05 mg L−1 to 17.7 mg L−1,7 and OFX was detected
in the effluent of a hospital and a sewage treatment plant in
France at an average daily amount of 3.7 g and 0.09 g, respec-
tively.8 Thus OFX also became one of the most frequently
detected antibiotics in various water bodies (rivers, domestic
sewage, and hospital wastewater).

To remove uoroquinolone antibiotics from water, the main
techniques available were adsorption,9 oxidation,10 photo-
catalysis,11 and biodegradation.12 Among them, adsorption had
the advantages of simple operation, low cost, high efficiency,
and environmental friendliness, and had great potential for
© 2022 The Author(s). Published by the Royal Society of Chemistry
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large-scale applications.13 Common adsorbent materials could
be classied as activated carbon, graphene oxide, carbon
nanomaterials, biochar, and clay minerals.14–18 Among them,
biochar was a solid material rich in carbon, obtained by ther-
mochemical transformation of biomass under anaerobic/
oxygen-limited conditions,19 which was mainly applied for soil
improvement, waste resource utilization, climate change miti-
gation, and energy production in environmental management,
with good social and nancial benets.20 The conversion of
waste biomass into biochar had received increasing attention
due to its potential for resource utilization and waste manage-
ment. Biochar, a new low-cost adsorbent material, was well
demonstrated in the scientic literature, possessing many
reviews,21,22 which had a large specic surface area, porous
structure, rich surface functional groups, and mineral
composition.23

The main biomass sources used for biochar were from agri-
culture (crops, herbaceous plants, and plantations), forestry
(logging residues, wood processing by-products), and organic
wastes (food industry). The International Renewable Energy
Agency estimated that the global biomass supply potential would
reach 147 EJ in the next 10 years, of which about 24–43 EJ would
come from forestry, and the highest supply potential would
amount to about 43–77 EJ per year in Asia and Europe.24 From
the perspective of sustainable development and comprehensive
resource utilization, recycling forestry waste that was oen dis-
carded to decompose naturally or burned by factories could
effectively reduce some of the environmental impacts caused by
its combustion. Numerous studies conducted showed that bark
was one of the most widely used adsorbent materials in studies
of pollutant removal from water.25 Bark, as a waste produced in
large quantities from forest harvesting and wood processing, was
estimated to total no less than 100 million m3 per year in
industrially developed countries worldwide, and a total of more
than 3 million m3 per year in China.26 Currently, barks were
mainly used as an energy source for direct combustion in
sawmills and pulp mills, or as compost for horticultural usage,27

while most of themwere disposed of in the natural environment.
In southern China, cedar trees were widely planted, while the
abundant cedar bark resources had been neglected; therefore,
the preparation of biochar from cedar bark could reduce its
production cost and was of great practical signicance to realize
the resource utilization of forestry waste.

Since the adsorption capacity of biochar obtained by direct
pyrolysis of biomass was low, it was oen enhanced by physical
and chemical modication of biochar to enrich the functional
groups on its surface and increase its specic surface area and
porosity. The addition of activation media (such as KOH, and
NaOH) during pyrolysis could lead to higher porosity and the
addition of metal salts could help to improve the properties of
the prepared materials.28,29 In addition, the rapid separation of
biochar from water not only reduced the risk of releasing
adsorbate aer adsorption, but also solved the problem of
difficult separation and recovery of powder adsorbent from
solution during adsorption. Thus, biochar loaded with
magnetic metal elements offered the possibility to achieve
separation and recycling.22
© 2022 The Author(s). Published by the Royal Society of Chemistry
As far as we know, there has not been a study to evaluate the
adsorption of magnetic biochar prepared from cedar bark as
biomass modied with Fe and Co bimetals for the removal of
antibiotics from water. Therefore, in this study, Fe–Co-modied
biochar (FMBC) was prepared by pyrolysis using low-cost cedar
bark as raw material, which was further modied with iron (Fe)
and cobalt (Co) bimetals aer NaOH activation. The objectives
of this study were to: (1) investigate the main adsorption
mechanism of FMBC on OFX by characterization, kinetic, and
isothermal analysis. (2) The effects of initial pH and coexisting
ions on the adsorption capacity of FMBC were systematically
investigated. (3) The stability and regeneration performance of
FMBC were explored to evaluate its practical application.

2. Materials and methods
2.1 Materials

The cedar bark was collected from a wood processing plant
(Guangxi Province, China); sodium hydroxide (purity $ 98.0%),
ferric nitrate nonahydrate (purity $ 98.5%), and cobalt nitrate
hexahydrate (purity $ 98.5%) were purchased from Guangdong
Chemical Reagent Engineering Technology Research and Devel-
opment Center (Guangdong Province, China), and OFX (purity =
98.0%) was purchased from Shanghai Maclean Biochemical Co.
All chemicals in this study were of analytical purity grade, and
deionized water (DI water) was used for all solutions.

2.2 Preparation of biochars and characterization

A schematic illustration of the preparation process of biochar
was shown in Fig. S1.† Cedar bark biochar (BC), alkali modied
biochar (MBC) and Fe–Co-modied biochar (FMBC) were all
prepared by nitrogen pyrolysis, the typical preparation process
and characterization details of samples were provided in the
Text S1 and S2.†

2.3 Adsorption experiment

Unless otherwise stated, all adsorption experiments were per-
formed by putting 0.05 g of biochar into a 500 mL OFX solution
with a mass concentration of 20 mg L−1 in a 500 mL conical
ask, shaking it for 12 h in a water bath thermostatic oscillator
at 160 rpm and 25 °C. The pH of the OFX solution was adjusted
to a range of 3 to 11 using 0.1mol per L NaOH or HCl solution in
the FMBC initial pH experiment. All experiments conducted in
this study were carried out three times, and OFX solutions were
ltered through 0.45 mm microporous lter membranes before
measurement.

The detailed experimental methods of adsorption kinetics,
isotherms, recycling experiment, and data analysis were
summarized in Text S3 and S4.†

3. Results and discussion
3.1 Characterization of biochar

3.1.1 BET. As shown in Fig. 1, a further study was per-
formed using N2 adsorption/desorption analysis to measure the
pore size distribution of the FMBC. According to the
RSC Adv., 2022, 12, 31650–31662 | 31651
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Table 1 Physical properties of BC, MBC, and FMBC

Biochar
Surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Pore diameter
(nm)

BC 45.993 0.051 4.402
MBC 416.859 0.185 3.951
FMBC 496.423 0.498 4.012
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classication of adsorption isotherm-lag rings,30 FMBC showed
typical IV N2 adsorption isotherm and H4-type hysteresis loop,
which proved the existence of microporous and mesoporous
structure. Based on the Brunauer–Emmett–Teller (BET)
method, Table 1 showed that the calculated specic surface
area of BC, MBC, and FMBC were 45.993, 416.859, and 496.423
m2 g−1, respectively, with pore volumes of 0.051, 0.185, and
0.498 cm3 g−1 and average pore diameters of 4.402, 3.951 and
4.012 nm, respectively. It was indicated that the specic surface
area of FMBC aer doping of Fe/Co increased nearly 11 times
compared with that of BC before modication, and such a high
specic surface area and the presence of micropores and mes-
oporous could provide a larger contact area for subsequent
adsorption.

3.1.2 SEM-EDS. The surface morphology of BC, MBC, and
FMBC was analyzed by scanning electron microscope (SEM)
images. Fig. 2(a), (b) and (c) showed the SEM images of BC,
MBC, and FMBC magnied at 10 K magnication, respectively.
The BC surface (Fig. 2(a)) was at and smooth without pores.
However, the original smooth surface was destroyed aer NaOH
alkali modication, and the surface of MBC (Fig. 2(b)) was
eroded to form a rough porous structure, the CO, CO2, and
other gases produced at high temperatures were lost through
the pores, which resulted in the formation of micropores on the
MBC surface.31 Furthermore, the FMBC (Fig. 2(c)) showed
a more irregular, uneven, and pore-developed surface
morphology aer loading with Fe/Co metals, and the number of
micropores on the surface increased substantially. Moreover,
the FMBC at 15 K of magnication (Fig. 2(d)) could clearly be
observed to have many small particles attached to the surface,
which may be the result of doping of Fe/Co metals formed by
CoFe2O4 could provide more active sites for adsorption.32 Also,
micro-owers stacked in blade-like structures were observed on
the surface of FMBC (Fig. 2(e)), which were also Fe and Co
conjugates,33 due to the fact that the morphology of the
Fig. 1 N2 adsorption–desorption isotherms and Barrette–Joyner–
Halenda pore size.

31652 | RSC Adv., 2022, 12, 31650–31662
products was highly dependent on the Fe/Co content ratio,
showing different shapes.34

EDS was used to examine the elemental composition of the
materials, and Table S1† listed the elemental composition of
BC, MBC, and FMBC. The main component of biochars was C.
Before modication, BC had a high content of C thus forming
a relatively at carbon surface structure, which could be clearly
seen in the SEM image. Aer NaOH alkali modication, the C
content of MBC decreased from 95.83% to 88.04%, which was
due to the loss of CO, CO2 and other gases generated at high
temperatures through the pores, resulting in the formation of
more micropores on the surface of MBC and a lower carbon
content. Aer doping of metals, the percentage of C content was
further reduced due to the increase of O content and the pres-
ence of Fe and Co elements, so FMBC had the highest O/C ratio,
indicating that the modied FMBC had more oxygen-
containing functional groups.35 From the EDS spectra of mate-
rial FMBC in Fig. 3, it was clear that the main components of
FMBC were C, O, Ca, Fe and Co, and Fe and Co elements were
uniformly distributed on the surface of the material, indicating
that the preparation of material FMBC was successful.

3.1.3 XRD. The X-ray power diffraction (XRD) patterns of all
the samples were shown in Fig. 4(a). From the XRD spectra of
BC and MBC, the (002) and (100) diffraction surfaces could be
indicated at 2q of about 23° and 43°,36 which suggested the
formation of amorphous carbon with amorphous carbon
structure and graphitic structure, which contributed to the p–p
electron donor–acceptor (EDA) interactions with the aromatic
ring of OFX. The peaks of FMBC at 2q = 18.29°, 30.08°, 35.44°,
43.06°, 53.44°, 56.97°, 62.58°, and 74.01° were characteristic
peaks of (111), (220), (311), (400), (422), (511), (440) and (533) in
CoFe2O4 [JCPDS: 22-1086],37 and peaks at 2q = 44.72°, 65.10°,
and 82.42° were characteristic peaks of (110), (200) and (211) in
Co3Fe7 [JCPDS: 48-1817].38 These peaks of FMBC were stronger
and sharper, manifesting the better crystallinity of CoFe2O4 and
Co3Fe7 in FMBC. The XRD results showed that Fe and Co were
successfully introduced into the FMBC, further conrming that
the metallic small particles and micro-owers present in the
above SEM were the two elements Fe and Co in the form of
metal oxides and alloys on the FMBC.

3.1.4 XPS. As shown in Fig. 4(b), the sharp peaks at 284.21,
531.40, 399.07, 711.00, and 782.10 eV in the full spectrum of
FMBC could be ascribed to C 1s, O 1s, N 1s, Fe 2p, and Co 2p,
accounting for 82.49%, 12.68%, 1.94%, 1.62%, and 9.31%,
respectively. These results indicated that Fe and Co were
successfully supported on FMBC surface aer bimetallic acti-
vation. In addition, the full spectrum of FMBC-OFX showed that
uorine element (F 1s, 0.3%) peaks appeared, and nitrogen
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of (a) BC, (b) MBC, (c) FMBC at 10 K of magnification, and (d and e) FMBC at 15 K of magnification.

Fig. 3 EDS mapping images of FMBC.
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element (N 1s, from 1.97% to 2.51%) peaks enhanced, which
could be attributed to the adsorption of OFX containing uo-
rine and nitrogen on the surface of FMBC.

Fig. S2(a)–(d)† showed the C 1s and O 1s spectra of BC and
FMBC, the peaks in the C 1s spectra corresponded to C–C/C]C,
C–O, and O–C]O bonds.37 The peaks in the O 1s spectra cor-
responded to C–O and C]O bonds, respectively. While the peak
tted at 530.27 eV in the FMBC corresponded to O–M bonds,38
© 2022 The Author(s). Published by the Royal Society of Chemistry
indicating that metal oxides were produced during the modi-
cation process, which was consistent with the presence of
CoFe2O4 in the above SEM and XRD. Fig. S2(e) and (f)† showed
the Fe 2p and Co 2p spectra of FMBC, respectively. The Fe 2p
spectra showed peaks corresponded to Fe 2p3 and Fe 2p1,
respectively, where the peaks at 711.45 eV and 724.25 eV were
attributed to Fe2+, the peaks at 714.87 eV and 727.67 eV were
attributed to Fe3+, the peaks at 719.23 eV and 733.03 eV were
attributed to the satellite peaks of Fe3+.32,33 The Co 2p spectra
showed peaks corresponded to Co 2p3 and Co 2p1, respectively,
where the peaks at 781.37 eV and 796.06 eV were attributed to
Co3+ and the peaks at 789.45 eV and 804.14 eV were attributed to
the satellite peaks of Co2+, the peaks at 786.14 eV and 800.83 eV
peaks were attributed to Co2+.39 The X-ray photoelectron spec-
troscopy (XPS) results further conrmed that the FMBC surface
had abundant functional groups, Fe and Co were present in it in
various valence forms.
3.2 Adsorption kinetics

In this study, the obtained kinetic experimental data were tted
nonlinearly using the pseudo-rst-order model, pseudo-second-
order model, and intraparticle diffusion model. From Fig. S3(a)
and (b),† it was seen that the adsorption amounts of BC, MBC,
and FMBC increased rapidly within the initial 5, 10, and 30min,
then gradually slowed down, and reached the equilibrium
RSC Adv., 2022, 12, 31650–31662 | 31653
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Fig. 4 (a) XRD patterns of BC, MBC, and FMBC; (b) XPS full spectra of BC and FMBC before and after adsorption of OFX.
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basically at 20, 180, and 360 min, respectively. The equilibrium
adsorption capacity of biochar for OFX was FMBC > MBC > BC.
Both the alkali and metal modication improved the ability of
BC to adsorb OFX, suggesting that surface oxygen-containing
functional groups and small metal particles play an important
role in the adsorption of OFX. As shown in Table 2, the pseudo-
rst-order model was more consistent with the process of OFX
removal by BC (R1

2 = 0.9981 > R2
2 = 0.8611), indicating that the

physical adsorption mechanism dominated the process of OFX
adsorption on BC. While the pseudo-second-order model was
more consistent with the process of OFX removal by MBC and
FMBC (R2

2 = 0.9728–0.9781 > R1
2 = 0.9008–0.9539). Further-

more, the qe values of 11.9012 and 60.2306 mg g−1 obtained
from the pseudo-second-order model were closer to the exper-
imental values of 12.3862 and 58.0110 mg g−1. These results
conrmed that the adsorption of OFX on MBC and FMBC was
dominated by a chemisorption mechanism,40 which was
consistent with the kinetic behavior of adsorption reported by
Yongfei Ma et al.41

To further identify the possible rate-limiting step and
diffusion mechanisms of OFX adsorption onto BC, MBC and
FMBC, thus intraparticle diffusion model was adopted to t the
experimental data, the tted results were in Table S2.†However,
it failed to demonstrate a good agreement with the experi-
mental data since the non-linear regression coefficient (R2) of
BC was signicantly lower compared to pseudo-rst-order and
pseudo-second-order models. Thus, intraparticle diffusion was
Table 2 Parameters of pseudo-first-order model and pseudo-second-o

Biochar

Pseudo-rst-order model

qe (mg g−1) k1 R1
2

BC 3.1348 2.2419 0.9981
MBC 11.1028 0.0662 0.9008
FMBC 53.9685 0.0135 0.9539

31654 | RSC Adv., 2022, 12, 31650–31662
unlikely to be the rate controlling step in the sorption of OFX
onto BC. As shown in Fig. S3(c),† the adsorption process could
be divided into three phases. The rst stage was liquid lm
diffusion,42 in which OFX molecules were transferred from the
bulk solution toward the adsorbent surface. The diffusion rate
constant (K1 = 2.7939 mg (g min1/2)−1 of OFX adsorption onto
FMBC was greater than those of MBC and BC (K1= 1.9758 mg (g
min1/2)−1 and K1= 0.2795 mg (g min1/2)−1). It suggested that the
liquid lm diffusion on FMBC was more distinct which was due
to its larger specic surface area than the two.43 The second
stage was intraparticle diffusion, where OFX molecules diffused
from the outer surface to the inner structure of the adsorbent
through the rich pores of MBC and FMBC, and then combined
with the adsorption sites in mesopores and micropores. The
third stage was equilibrium adsorption, which took a long time
to reach and was mainly limited by the reduction of the avail-
able active sites on adsorbents. C value could be used to eval-
uate the diffusion resistance. The lower C1 values described that
weak liquid diffusion resistance in the initial stage due to the
existence of large numbers of unoccupied active sites. Aer that,
the active sites were occupied by OFX, and the migration of OFX
was hindered, the larger C value indicated a greater diffusion
resistance of OFX in mesopores and microporous relative to the
diffusion resistance of liquid membranes. A higher C value
illustrated a thicker boundary layer, which demonstrated the
main control for OFX adsorption on FMBC was intraparticle
diffusion.44 Furthermore, a non-zero C value meant that the
rder model

Pseudo-second-order model

qe (mg g−1) k2 (g mg−1 min−1) R2
2

3.1509 2.9702 0.8611
11.9012 0.0079 0.9728
60.2306 0.0003 0.9781

© 2022 The Author(s). Published by the Royal Society of Chemistry
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curve did not pass through the origin, demonstrating that
intraparticle diffusion was not the only rate-limiting step for
adsorption and liquid lm diffusion controlled the adsorption
process simultaneously.45

3.3 Adsorption isotherms

In this study, the obtained experimental data were tted non-
linearly using Langmuir, Freundlich, and Temkin isotherms
model (Fig. S3(d)–(f)†). Langmuir isotherms model was usually
to estimate the theoretical maximum adsorption amounts of
adsorbents, also it assumed that the adsorption process was
monolayer chemisorption and adsorbates were homogeneously
distributed on the surface of the adsorbent without horizontal/
longitudinal interaction. Freundlich isotherms model
described that the adsorption process was a multilayer that
occurred on the heterogeneous surface of the adsorbent.46

Temkin isotherm model assumed a uniform distribution of the
binding energies and the adsorption free energy as a function of
the surface coverage. This model mainly described the
adsorption process as chemisorption through electrostatic
interaction.47

The model parameters in Table S3† showed that BC and
MBC were more consistent with the Freundlich model, and the
adsorption of OFX was non-homogeneous multilayer adsorp-
tion. On the basis of its high correlation coefficient (R2), the
Langmuir model suited better the adsorptive mechanism of
OFX on FMBC than the Freundlich and Temkin models, indi-
cating that the adsorption behavior observed was largely
monolayer adsorption. The KF value in Freundlich represented
the strength of the interaction between the adsorbent and the
adsorbate, the larger the KF value, the greater the affinity,48 and
the order in Table S3† was FMBC > MBC > BC, indicating that
FMBC had the highest affinity for OFX. 1/n value was related to
the ease of adsorption reaction, all 1/n values were between
0 and 1, further conrming that the adsorption was favorable.49

In this study, the Temkin model for FMBC was also well tted
owing to excellent (R2 = 0.9085), indicating electrostatic inter-
action to be signicantly responsible for the adsorption mech-
anism of OFX using FMBC.47 The bT values of MBC and FMBC
(4.9763 and 13.8008 kJ mol−1) were higher than 4.2 kJ mol−1,
demonstrating that chemical adsorption was the key process in
the adsorption of OFX on biochars and therefore might have an
existence of endothermic adsorption,2 which was consistent
with the results of the kinetic analysis described above.
According to the Langmuir model, the saturation adsorption
capacity (qm) of FMBC was 142.1914 mg g−1 for OFX, which was
about 5 and 10 times higher than those of MBC (26.4475 mg
g−1) and BC (14.2864 mg g−1), respectively. Studies had shown
that the doping of Fe and Co acted synergistically to improve the
adsorption capacity of the material.50 Therefore, in this study,
Fe/Co doping further enhanced the adsorption capacity of
FMBC for OFX on the basis of alkali modication.

3.4 Adsorption process inuencing factors

3.4.1 Effect of initial pH. Solution pH was a crucial envi-
ronmental factor that affected the surface charge of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
adsorbent and the form of adsorbent ions present in water.
Fig. 5(a) showed that the adsorption of OFX by FMBC varied
with the pH of the solution. FMBC reached the maximum
adsorption capacity at pH = 7, with 160.24 mg g−1. An aqueous
solution of OFX existed in three ionic states because of two pKa

values (pKa1 = 6.10 and pKa2 = 8.28).51 It could be seen that OFX
mainly existed in the form of cations (OFX+) when pH < pKa1;
when pH > pKa2, it mainly existed in the form of anions (OFX−);
when 5 < pH < 8, it mainly existed in the form of zwitterion
(OFX�). According to Fig. 5(b), the pHpzc of FMBC was 6.76.
Therefore, when pH < 6.76, electrostatic repulsion occurred
between the positively charged surface of FMBC and OFX+ in
solution. Additionally, the presence of a large number of H+

ions in the solution might compete with OFX for surface
combining sites on the FMBC,52 leading to a decrease in
adsorption, a phenomenon that became more pronounced the
lower the pH value. And with the gradual increase of pH, this
electrostatic repulsive effect decreased. In the near-neutral
range, groups such as –OH and –NH2 in the OFX molecular
structure could form hydrogen bonds with the oxygen-
containing functional groups protonated on the FMBC surface
to promote adsorption.53 In addition, the OFX molecules that
contained zwitterions had the lowest solubility and the highest
hydrophobicity and that promoted the OFX molecules to fast
reach FMBC surfaces,54 which resulted in the highest OFX
adsorption at pH 7 under hydrogen bonding and hydrophobic
interactions. As the pH continued to increase from 7 to 12, the
adsorption capacity of FMBC was signicantly decreased due to
the greater electrostatic repulsion between the negatively
charged surface of FMBC and OFX− and the large amount of
OH− in the solution prevented OFX from entering the FMBC
surface.55

3.4.2 Effect of coexisting ions. The actual water body was
diverse and complex, usually with multiple impurities coexist-
ing. Therefore, the effect of coexisting ions on the adsorption of
OFX on FMBC was investigated. To maximize the error reduc-
tion, the experiments were performed with cationic salt of
chloride and anionic salt of sodium.

As shown in Fig. 6(a), in terms of coexisting anions, the
addition of SO4

2− had a small enhancement on the adsorption,
which may be due to ionic hydrolysis reactions and the forma-
tion of a small amount of hydrogen bonds.53,56 The addition of
Cl− had little effect on the adsorption capacity, and when the
Cl− concentration was 0.01 mol L−1, it promoted the adsorption
process, probably because the solubility of OFX was reduced by
salting out, and therefore the adsorption capacity was
enhanced.56 However, the addition of NO3

−, CO3
2−, and PO4

3−

showed a signicant decrease in the adsorption capacity. As the
adsorbent preferred to adsorb the less hydrated anions, and the
affinity of anions to adsorbent followed the order: OH− < PO4

3−

< CO3
2− < NO3

−,57 which explained why the inhibition of NO3
−

on OFX adsorption was the most. In terms of coexisting cations
(Fig. 6(b)), the addition of Na+ and K+ had a small effect on the
adsorption capacity, while the addition of Ca2+ and Mg2+

showed a signicant decrease in adsorption with increasing
concentration. This was because the priority of cations binding
to organic matter usually was expressed as follows: alkaline-
RSC Adv., 2022, 12, 31650–31662 | 31655
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Fig. 5 (a) Effect of initial pH on the adsorption of OFX and (b) pHpzc of FMBC.
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earth metal cations (Ca2+ and Mg2+) > alkali-metal cations (Na+

and K+).58 Therefore, during adsorption, Ca2+ and Mg2+ boun-
ded more strongly to the adsorption sites. Besides, the hydrated
radius of divalent Ca2+ was the largest,48 and thus the inhibition
was the most pronounced.

3.5 Adsorption mechanism

Fig. 7 showed that schematic diagram of the adsorption
removal mechanism of OFX by FMBC. The discussion on the
effect of initial solution pH showed that electrostatic interac-
tions played an important role in the adsorption process.

The SEM and BET analyses revealed that aer alkali modi-
cation and metal modication of FMBC, the specic surface
area and total pore volume highly increased, resulting in
a signicant increase in OFX adsorption capacity. The average
pore size and pore size distribution graphs indicated that FMBC
was mainly mesoporous in structure, it could be speculated that
this porosity structure of FMBC not only afforded more active
Fig. 6 Effect of (a) anions and (b) cations on the adsorption of OFX by F

31656 | RSC Adv., 2022, 12, 31650–31662
sites for OFX but also made it easier for smaller OFX molecules
to migrate into porous surroundings, causing a pore lling
effect.

As shown in Fig. 8, the peaks observed at 3434/3426 cm−1,
2923/2920/2857/2828 cm−1, 1638/1635 cm−1, 1403/1400 cm−1,
and 1084/1069 cm−1 were associated with the –OH, C–H, C]C,
C]C–O, and C–O bond stretching vibration,59–62 and obvious
sharp peaks M–O at 590 cm−1 were caused by the stretching
vibration of the Fe (Co)–O bond.42 It was clear that some
changes took place in the characteristic peaks of Fourier
transform infrared spectroscopy (FTIR) of FMBC before and
aer OFX adsorption, a new peak was found at 1446 cm−1

corresponding to a lower intensity C–H bond stretching vibra-
tion, which could be attributed to the CH2 group on OFX,63

indicating that OFX was successfully adsorbed by FMBC. The
positions of functional groups on FMBC all changed, and the
intensity of the characteristic peaks were all weakened, it could
be inferred that the corresponding functional groups were
MBC.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic diagram of the adsorption removal mechanism of OFX by FMBC.

Fig. 8 FTIR spectra of FMBC before and after OFX adsorption.
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involved in the adsorption reaction of OFX. The –OH and C–C
bonds on FMBC could act as hydrogen bond donors and
form hydrogen bonds with the hydrogen bond acceptors
(–OH and –NH2) on the OFX benzene ring. Studies conrmed
that hydrogen bonds can promote the adsorption of polar
organic compounds on biochar.64 The OFX could serve as a
© 2022 The Author(s). Published by the Royal Society of Chemistry
p-electron acceptor due to the F group of the benzene ring's
strong electron-withdrawing ability, and the C]C bond and
oxygen-containing functional groups (C]C–O and C–O) on the
surface of FMBC readily acted as a p-electron donor, thus
forming p–p EDA interactions and enhancing the adsorption of
OFX.43 The peak position of M–O stretching vibrations was also
shied to some extent, indicating that Fe (Co)–O may provide
more adsorption sites for OFX adsorption.

Fig. 9(a)–(d) showed the XPS patterns of C 1s, O 1s, Fe 2p, and
Co 2p of FMBC before and aer the adsorption of OFX. Aer
adsorption of OFX, for C1s, the peak area ratio of C–C/C]C
decreased from 66% to 57.09% for a signicant decrease, the
peak area ratio of O–C]O decreased from 8.46% to 7.86%, and
the peak area ratio of C–O increased from 24.78% to 35.05% for
a signicant increase. Probably due to that they combined with
the groups in OFX through hydrogen bonding and p–p EDA
interactions,65 which was consistent with the FTIR results. For O
1s, the peak area ratio of C]O increased from 29.97% to
31.66%, whichmight be a result of its serving as electron donors
during OFX adsorption.66 The peak area ratio of M–O in O 1s
increased from 24.72% to 25.82%, and the peak intensities and
binding energies of both Fe 2p and Co 2p also changed, indi-
cating that Fe and Co may be engaged in the adsorption of OFX
through surface complexation, which improved the adsorption
capacity of FMBC.67
RSC Adv., 2022, 12, 31650–31662 | 31657
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Fig. 9 (a–d) XPS spectra of FMBC before and after the adsorption of OFX by FMBC.
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In summary, multiple adsorption mechanisms, among
physical and chemical interactions, were involved in the
adsorption of OFX by FMBC, including pore lling, electrostatic
interactions, hydrogen bonding, hydrophobic interactions,
complexation, and p–p EDA interactions.
3.6 Material stability and recycling

3.6.1 TG analysis. The thermogravimetric (TG) curves of
CFB, BC, and FMBC were shown in Fig. 10(a), from which it
could be observed that weight loss could be mainly divided into
three stages. Stage I occurred between 25–125 °C, with weight
losses of 13.18, 11.05, and 4.89% for CFB, BC, and FMBC,
respectively, owing to the evaporation of moisture adsorbed on
the outer surface of the materials.68 Stage II occurred between
125–390 °C, with weight losses of 43.14, 8.04, and 3.44% for
CFB, BC, and FMBC, respectively, for CFB it was mainly caused
by the decomposition of cellulose and hemicellulose, the main
components of its biomass.37 While for BC and FMBC it was
mainly due to the elimination of labile oxygen-containing
functional groups.32 Stage III occurred between 390–733 °C,
31658 | RSC Adv., 2022, 12, 31650–31662
with weight losses of 18.94, 4.83, and 12.36% for CFB, BC, and
FMBC, respectively, for CFB it was mainly the thermal decom-
position of residual cellulose and lignin,69 BC was mainly due to
the decomposition of the carbon skeleton. While FMBC had two
distinct weight loss processes at this stage, between 661.84–
709.39 °C could be attributed to the loss of more stable oxygen-
containing functional groups,32 and between 709.39–733 °C to
the decomposition of the carbon skeleton. Continuously
warmed up to 800 °C, their weight remained almost unchanged.
Overall, CFB had the largest total weight loss of 75.26% and BC
had a total weight loss of 23.92%, indicating that the conversion
of biomass to biochar greatly reduced the weight loss of the
material. The comparison between FMBC and BC showed that
the weight of FMBC did not change much with the increase in
temperature (25–661.84 °C), which proved its excellent thermal
stability and high-temperature resistance, and the total weight
loss rate was only 20.69%.

3.6.2 Leaching of Fe and Co. To avoid secondary pollution
to the environment of FMBC, hence the metal of Fe and Co
concentrations leaching from FMBC at different initial pH were
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) TG curves of OFX, CFB, BC, and FMBC; (b) leaching of Fe and Co in OFX solution at different initial pH; (c) effect of different water
resources on OFX adsorption by FMBC; (d) adsorption capacity of FMBC in recycling experiment.
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determined by inductively coupled plasma emission spec-
trometer (ICP). From the results in Fig. 10(b), it could be seen
that the leaching concentration of Co decreased with the
increase of solution pH in the range of pH 3 to 11, and the
leaching concentration ranged from 0.001 to 0.648 mg L−1.
Nevertheless, the leaching concentration of Co did not exceed
the limit value of Co (1 mg L−1) in the pollutant emission
standard (GB 25467-2010). Meanwhile, the leaching
Table 3 Comparison of the adsorption capacity of OFX using FMBC
with other reported adsorbents

Adsorbents Raw materials qe (mg g−1)

KMSBC41 Sludge 47.4
BTSCa51 Textile dyeing industrial sludge 21.6
rGO-MoS2
heterostructure73

Graphite powder 37.3

AlS-KLB74 Kaolin 33.6
LaFeO3/lignin-biochar

75 Lignin 30.4
RHA76 Rice husk ash 6.3
FMBC (this study) Cedar bark 142.2

© 2022 The Author(s). Published by the Royal Society of Chemistry
concentration of Fe was detected only in pH = 3 and pH = 4 as
0.237 mg L−1 and 0.013 mg L−1, respectively, while the
concentrations in other pH conditions were below the detection
limit, and their detected concentrations were also much lower
than the limit value of Fe (2 mg L−1) in the WHO Guidelines for
Drinking-water Quality (fourth edition). The above showed that
the FMBC synthesized in this study had remarkable chemical
stability and environmental safety.

3.6.3 Different water resources. Different water resources
including water from river water, lake water, tap water, sewage
effluent, and DI water with/without humic acid (HA) were
collected and used to examine the adsorption capacity of OFX
on FMBC. The results were shown in Fig. 10(c), and it could be
seen that DI water had the highest adsorption capacity for OFX,
which could reach 146.50 mg g−1. The next highest adsorption
capacity was in tap water (129.76 mg g−1), which may be due to
salting caused by the presence of large amounts of Cl− during
the disinfection process,42 which was consistent with the above
analysis of the effect of coexisting ions. And then the adsorption
capacity was (with 5 mg L−1 HA) DI water (128.00 mg g−1) >
sewage effluent (125.57 mg g−1) > (with 10 mg L−1 HA) DI water
(123.02 mg g−1) > river water (122.58 mg g−1) > lake water
RSC Adv., 2022, 12, 31650–31662 | 31659
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(119.97 mg g−1) in order. In summary, no matter what kind of
water resources, the adsorption capacity of OFX on FMBC
exceeded 119.97 mg g−1, showing that the presence of natural
matter in the water had little effect on the OFX adsorption
process due to its unique physicochemical features.

3.6.4 Recycling experiment. Recycling and reusing were
important indicators to evaluate the cost-effectiveness of
adsorbents. Competitive adsorbents should exhibit a good
reusable and recycling capability in industrial applications,
which could substantially reduce the consumption and
economic cost of biochar, while also reducing the dependence
on continuous supply.

Thermal regeneration was an effective method to achieve
desorption. From the above TG analysis, it could be seen that
the temperature of thermal regeneration should not be higher
than 661.84 °C to ensure that the internal structure of FMBC
was not destroyed. From the TG curve of OFX in Fig. 10(a), OFX
basically nished the pyrolysis at 430.25 °C, and the weight loss
remained basically constant for the subsequent increase in
temperature. Therefore, the temperature of thermal regenera-
tion in the recycling experiment was determined to be 430 °C.
Solvent regeneration was oen used in chemical regeneration,
according to the theory of similar mutual solubility, OFX was
readily soluble in organic solvents because it was an organic
compound.70

From the comparison of the three different desorption
methods in Fig. 10(d), it could be shown that thermal desorp-
tion at 430 °C was the best. The adsorption capacity in the rst
three cycles was better than that before the cycle, and the
highest adsorption capacity was 163.26 mg g−1, which was
111.44% of the adsorption capacity before the cycle (146.50 mg
g−1). This could be that the calcination process promoted
further formation of pores inside the FMBC, thus increasing the
adsorption active sites. And it gradually decreased from the 4th
cycle, which may be due to the disruption of the internal pore
structure of FMBC caused by repeated pyrolysis and the occu-
pancy or blockage of the pores by the residual ash from the
decomposition of OFX.44 Desorption by acetic acid was superior
to the mixture (alcohol: acetic acid), probably due to the phys-
ical and chemical properties of OFX, which was soluble in acetic
acid and able to desorb from FMBC into the acetic acid solution,
and then gradually decreased adsorption may be due to the
residual OFX on the surface of the biochar, thus occupying part
of the active site and inhibiting the reactivation.71 Aer ve
cycles, the three methods were still able to reach 89.31% (130.84
mg g−1), 86.24% (126.34 mg g−1) and 75.78% (111.02 mg g−1) of
the adsorption capacity before recycling, respectively. In addi-
tion, FMBC showed a high sorption capability of Rhodamine B
(137.67 mg g−1) even aer 5 cycles in OFX removal, it was higher
than the nanosorbent material prepared by Shaswat.72 In
a word, it showed that FMBC had high reusability and improved
the utilization of biochar.

3.6.5 Magnetic properties of materials. Magnetic separa-
tion was a convenient and fast method to recycle adsorbed
material. To verify the magnetic recovery performance of the
material, the magnetic properties of FMBC before and aer
adsorption of OFX and FMBC-OFX (5 times desorption at
31660 | RSC Adv., 2022, 12, 31650–31662
430 °C) were measured using vibrating-sample-magnetometry
(VSM) at 25 °C over an applied magnetic eld range of �20
000 Oe, and the hysteresis loops were shown in Fig. S4.† The
saturation magnetization (Ms) of FMBC, FMBC-OFX, and
FMBC-OFX (5 times desorption at 430 °C) were 14.02, 10.00, and
10.98 emu g−1, remnant magnetization (Mr) were 4.68, 2.55, and
4.85 emu g−1, while coercive force (Hc) were 437.76, 218.88, and
802.55 Oe, respectively. Based on the high Hc of the three, it was
shown that FMBC was a hard magnetic property and could
maintain its magnetic properties for a long time aer magne-
tization,42 and this study showed that FMBC could maintain
high magnetic properties aer ve times thermal regeneration.
Fig. S5† exhibited the magnetic attraction effect of FMBC. The
adsorbents were tightly adsorbed towards the bottle wall for 1
minute, verifying again that FMBC had excellent magnetism
and could be easily separated, recovered, and reused from the
aqueous solution.
3.7 Comparison with other adsorbents

The capacity of the adsorbent FMBC prepared towards the
adsorption of OFX was compared with that of other adsorbents
already reported in the literature and the data was shown in
Table 3. The comparison of Table 3 showed that the adsorbent
FMBC prepared in this study was superior to previous studies
on the adsorption performance of OFX compared to those that
had been reported on the adsorbent performance of OFX in
recent years.
4. Conclusions

The residual antibiotics in water could cause potential harm to
the environment and human beings, and it was of practical
signicance to nd an efficient, green, and inexpensive adsor-
bent to remove the antibiotics from water. In this study, FMBC
was effective in removing OFX from water. The BET showed that
FMBC possessed a higher specic surface area, nearly 11 times
higher than BC, and the pore structure was predominantly
mesoporous. SEM-EDS observed the successful loading of Fe
and Co on the biochar surface, and XRD further conrmed the
presence of Fe and Co in the form of metal oxides and alloys.
XPS and FTIR analyses showed that FMBC possessed abundant
surface functional groups. The saturation adsorption capacity
of FMBC (142.19 mg g−1) was 10 times higher than that of BC
(14.2864 mg g−1). Pore lling, electrostatic interactions,
hydrogen bonding, hydrophobic interactions, complexation,
and p–p electron donor–acceptor interactions were possible
mechanisms for OFX adsorption by FMBC. In different envi-
ronmental conditions (coexisting ions, different water
resources) and tests (TG, metal leaching, VSM), it showed good
thermal stability, the leaching concentrations of both Fe and Co
were well below the environmental limits, and the good
magnetic properties made it easy to be separated from water.
The FMBC was desorbed using thermal regeneration, acetic
acid, and (alcohol : acetic acid) mixture, and aer ve cycles it
still achieved a 75.78%–89.31% of adsorption capacity before
recycling. Consequently, the FMBC synthesized in this study
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05334a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
2/

20
25

 4
:3

2:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
was an efficient, inexpensive, environmentally safe, and reus-
able adsorbent with great potential for OFX removal application
in actual water bodies.
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