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The preparation of magnetic biochar usually requires additives and additional synthesis steps, which leads to
a significant increase in preparation costs. In this study, self-endowed magnetic biochar derived from iron-
rich sludge was prepared via one-step pyrolysis to adsorb carbamazepine in water. The results show that
when the initial concentration of carbamazepine is 5 mg L™! and the dosage of self-endowed magnetic
biochar is 0.9 g L%, the removal efficiency of carbamazepine by self-endowed magnetic biochar can
reach 90.1%, and the adsorption performance is excellent in a wide pH range. The adsorption of
carbamazepine by self-endowed magnetic biochar can be well fitted by Langmuir an adsorption
isotherm and pseudo-second-order adsorption kinetic model, which indicates that the adsorption

process is single molecular layer chemisorption. In addition, self-endowed magnetic biochar has good
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Accepted 3rd November 2025 magnetic properties, and can be effectively separated and recovered by an external magnetic field after

use, and the adsorption rate of carbamazepine can still reach 81.4% after repeated use for 5 times. The

DOI: 10.1035/d5ra03580e adsorption mechanism of carbamazepine by self-endowed magnetic biochar includes pore filling,
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Introduction

Pharmaceuticals are widely used to prevent and treat human
and animal diseases. According to statistics, the global per
capita annual consumption of pharmaceuticals is approxi-
mately 15 g, reaching as high as 50-150 g in industrialized
countries." Among them, carbamazepine (CBZ) as a typical drug
is widely used in the treatment of seizures and neuralgia, the
annual consumption has exceeded 1000 ¢, and the rate of
release to water bodies is about 30 ¢ per year.> Due to its strong
hydrophilicity and resistance to biodegradation at low concen-
trations, CBZ can exist stably in aquatic environments.* It is one
of the most frequently detected pharmaceuticals worldwide,
even in the raw water sources of drinking water treatment
plants.*® However, long-term ingestion of CBZ may lead to
decreased platelet, granulocyte, and leukocyte counts, and even
hepatic and renal function failure, posing a serious threat to
human health and ecosystem safety.’> Therefore, it is crucial to
develop an efficient, effective, and economical method for the
removal of CBZ from aquatic environments.
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complexation, w— interaction and hydrogen bonding.

Currently, the methods for removing CBZ from aquatic
environments include membrane separation,® advanced oxida-
tion processes,” electrochemical treatment® and adsorption.’
Compared to the above-mentioned technologies, adsorption is
considered to be the most promising method for the CBZ
removal based on its high efficiency, simple operation, cost and
practicality.’® Numerous adsorbents have been produced and
utilized for the removal of CBZ, including activated carbon,™
silica-based materials,” chitosan-based materials”® and bi-
ochar.”? Among them, biochar is an ideal biomass adsorbent due
to its abundant raw materials, low cost and environmental
friendliness."*** The main raw materials for the preparation of
biochar include agricultural*® and forestry wastes,"” wood,®
livestock manure® and sludge.*® Nevertheless, cost consider-
ations of raw materials have limited the widespread application
of biochar for adsorption of pollutants. Therefore, it is signifi-
cant to find the value-added materials as raw materials for bi-
ochar production. Sludge is a by-product of water treatment,
and it is estimated that China's annual sludge production will
exceed 90 million tons in 2025.>* Owing to its low cost and high
organic content, sludge is an ideal value-added material for
biochar. Recently, sludge-based biochar has been widely used in
the removal of heavy metals, dyes, phenols, inorganic salts and
various pollutants.”*~>*

However, separating biochar from solid-liquid mixtures is
challenging. Traditional separation processes such as coagula-
tion, filtration, and sedimentation are inefficient and costly,
limiting practical applications.?® Magnetic biochar is prepared

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by loading magnetic materials such as iron, cobalt and nickel,
which retains the excellent adsorption properties of biochar and
overcomes the separation challenges of the materials.”®
However, the preparation of magnetic biochar typically involves
additives and additional synthetic steps, the high cost and
complicated process greatly limit the practical application of
magnetic biochar. On the other hand, there are a large quan-
tities of iron-rich sludges produced in wastewater plants
because iron salts are widely used as flocculants and condi-
tioners in wastewater treatment industries and sludge dew-
atering processes,” such as coagulation, phosphorus recovery,
sulfide control and Fenton process. In the pyrolysis process of
iron-rich iron sludge, biomass decomposes into reducing gases
such as H,, CO and CH, in an inert atmosphere,*® which can
reduce Fe,Oj; in iron-rich sludge to Fe;O, or even zero-valent
iron.” Therefore, it is rational to hypothesize that self-endowed
magnetic biochar can be produced from iron-rich sludge
directly.

In this study, self-endowed magnetic sludge biochar was
prepared by pyrolysis of iron-rich sludge in an inert atmo-
sphere. CBZ was selected as the target pollutant, and the
structure and properties of biochar was characterized by scan-
ning electron microscopy (SEM), specific surface area and
porosity analyzer (BET), organic element analyzer (EA), and X-
ray photoelectron spectrometer (XPS). The adsorption kinetics,
adsorption isotherm and characterization results before and
after adsorption were investigated. The mechanism of CBZ
adsorption by self-endowed magnetic sludge biochar was
systematically revealed. This study aims to develop a low-cost
method of magnetic biochar preparation for treating pharma-
ceutical wastewater and provide a new strategy for the resource
utilization of iron-rich sludge.

Materials and methods
Reagents and materials

The iron-rich sludge was obtained from Guangxi Huahong
Mingyang Industrial Wastewater Treatment Co.,Ltd located in
Mingyang Industrial Park, Nanning City, and also treated iron
salt wastewater generate from energy storage plants in addition
to treating general industrial wastewater. The sewage treatment
plant used the A*/O process to treat industrial wastewater from
the park. The metal oxide content of the iron-rich sludge listed
in Table S1. The heavy metal level of the iron-rich sludge listed
in Table S2. Anhydrous ethanol (C,HeO) and carbamazepine
(C1sH15N,0) were procured from Shanghai McLennan
Biochemical Technology Co., Ltd. Sodium hydroxide (NaOH)
was purchased from Chengdu Jinshan Chemical Reagent Co.,
Ltd. Hydrochloric acid (HCI) was obtained from Shanghai
Wokey Biotechnology Co., Ltd. All chemical reagents and drugs
used in this study were used as received without further puri-
fication. Ultra-pure water was used for all experiments.

Preparation of magnetic sludge biochar

The iron-rich sludge was dried to constant weight and passed
through a 100-mesh sieve, and 5 g was put into a corunjade
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boat, and then placed in a vacuum tube furnace (SK-G10123K,
Tianjin Zhongyuan Electric Furnace Co., Ltd) for pyrolysis and
carbonization under 0.1 L min~" N, atmosphere. The heat
treatment procedure was set as follows: the initial temperature
was 25 °C, the target temperature was 300, 500, 700 and 900 °C
respectively, and the rise rate of temperature was 5 °C min .
After reaching the target temperature, it was kept constant for 2
h, cooled to room temperature, cleaned repeatedly with ultra-
pure water until the solution was colorless, and FBCr samples

were prepared after drying and sifting (T = 300-900 °C).

Characterization

Refer to the SI materials for the characterization of biochar (Text
S1).

Adsorption experiments

Firstly, the adsorption performance of FBC at different pyrolysis
temperatures for CBZ were investigated. In a typical test, 90 mg
of FBCy (T = 300-900) and 100 mL of 5 mg L™' CBZ solution
were added to 250 mL glass bottles successively, and the
resulting mixture was shaken in a constant temperature oscil-
lator at a rate of 200 r-min~" for 4 h. A syringe was used to
sample 0.5 mL of mixture, filtered through a 0.22 pm filter, and
quantitative analysis was performed by high performance liquid
chromatograph (LC-16, Shimadzu Company, Japan) equipped
with a UV detector and an Inter Sustain C18 column (4.6 x 250
mm). The specific conditions for chromatographic analysis are
as follows: the column temperature maintained at 35 °C, the
mobile phase consisting of water and acetonitrile (volume ratio
of 20:80), the flow rate was 1 mL min~", and the detection
wavelength was set at 286 nm.

In the batch adsorption experiment, the effects of adsorbent
dosage (0.1-1.3 g L") and pH value (3-11) on the adsorption
performance of FBCyq, for CBZ were investigated. The adsorp-
tion capacity ¢ (mg g~ ') and removal efficiency R (%) were used
to evaluate the adsorption performance of FBCgq, for CBZ. The
calculation formulas for g; and R are shown in eqn (1) and (2):

o= 102G @

m
G -G

R=—
Co

x 100% )
where Co (mg L™") and C, (mg L") are the concentrations of
CBZ at initial and time ¢, V (L) is the initial solution volume, m
() is the adsorbent dose.

Adsorption kinetics

The experiment was conducted by dispersing 90 mg of FBCgq, in
100 mL of 5 mg L' CBZ solution. The resulting mixture was
oscillated for adsorption at a constant temperature of 25 °C in
a constant temperature oscillator at a speed of 200 r-min .
Samples were taken at predetermined time intervals from 0 to 4
hours, and the remaining concentration of CBZ was measured
and calculated. Two sets of parallel experiments were per-

formed. The experimental results were analyzed and fitted
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using pseudo-first-order kinetics and pseudo-second-order
kinetics models, represented by eqn (3) and (4) respectively:

In(g. — ¢) =Inq, — kyt 3)
t 1 t
—= 4 — 4
g kg’ qe @)

where g. and g, represent the adsorption capacity at equilibrium
and time ¢ respectively (mg L™"); ¢ is the adsorption time (h); &,
and k, are the pseudo-first-order kinetic rate constants (h™*)
and pseudo-second-order kinetic rate constants (g-[mg h™]™%),
respectively.

Adsorption isotherm

In 250 mL glass bottles, 90 mg of FBCyo, and 100 mL of CBZ
solution (5-130 mg L") were added successively and adsorbed
in a constant temperature oscillator at 25 °C for 4 h, respec-
tively. Two parallel experiments were set up. Langmuir and
Freundlich models were used for linear fitting of the experi-
mental results, and the model formulas were shown in eqn (5)
and (6) respectively:

G Gy 5
qe Gmax qmaka
1
In g =In kr + Zln C. (6)

where C. represents the concentration of CBZ at adsorption
equilibrium (mg L™"); ge and gmay are the equilibrium adsorp-
tion capacity and the maximum theoretical adsorption capacity
(mg g, respectively. k, and ky represent Langmuir and
Freundlich constants respectively. n is an empirical constant.

Regeneration and recycling of adsorbent

The FBCy,, after adsorbing CBZ, was isolated using a magnet,
and the supernatant was decanted. It was then washed three
times with methanol, repeating the magnetic separation and
decantation process after each wash, followed by three washes
with deionized water to ensure complete desorption. The des-
orbed mixture was then separated by applying a strong
neodymium magnet with a magnetic field strength of 0.5 T for
10 min and dried in a constant temperature oven at 65 °C for
later use. In order to test its regeneration performance, the
adsorption performance of the regenerated FBCyo, on CBZ was
tested as follows: 90 mg of regenerated biochar was dispersed in
5 mg L™' CBZ solution for shock adsorption for 4 h, and the
remaining concentration of the filtrate was measured. Under
the same experimental conditions, the adsorption and regen-
eration cycles were carried out five times.

Adsorption of different pharmaceuticals

Ibuprofen (IBP), tetracycline (TC), oxytetracycline hydrochloride
(OTH), levofloxacin (LEV), and diclofenac (DCF) were used to
investigate the adsorption properties of FBCyy, to other
contaminants. Specific as follows: 90 mg FBCyo, was added to
100 mL of IBP, CBZ, OTH, LEV and DCF solutions with different
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concentrations, and the resulting mixture was adsorbed in
a constant temperature oscillator at the rate of 200 r-min~".
After reaching adsorption equilibrium, the residual concentra-
tion of pharmaceuticals was measured to explore the adsorp-

tion performance for the different pharmaceuticals.

Results and discussion
Characterization of FBC samples

The surface morphology of biochar samples was analyzed by
scanning electron microscopy (SEM). As shown in Fig. 1, the
morphology evolves significantly with pyrolysis temperature.
The FBCj;o sample exhibits a relatively smooth surface with
large, flat, plate-like structures and minimal porosity. FBCsgo
shows a similar but slightly more eroded structure with the
initial formation of some cavities. In stark contrast, FBC-,, and
FBCyg have significantly rough and loose porous surfaces. It
can be found that with the gradual increase of pyrolysis
temperature, the surface of biochar sample becomes rougher
and the porosity also shows a gradual increase, a trans-
formation attributed to the more intense volatilization and
carbonization processes at higher temperatures. The rough and
porous structure can increase the specific surface area of bi-
ochar and increase the surface adsorption sites.

To further investigate the specific surface area and pore
structure characteristics of the samples, nitrogen adsorption-
desorption isotherms (BET) tests were conducted on the FBC
samples. As shown in Table 1, when the pyrolysis temperature
of FBC increased, the average pore size of samples was 24.25,
17.07, 13.58 and 8.58 nm, respectively, all of which are meso-
porous structures. With the increase of pyrolysis temperature,
the specific surface area of the sample increased from 4.36 m?*
g 1 in FBC;0 to 57.28 m* g~ in FBCoqy, the total pore volume
increased from 0.05 cm® ¢™* to 0.16 ecm® g™, but the pore size
decreased from 24.25 to 8.58 nm. This indicates that more
micropores are formed during the thermal transformation
process, and the development of this porous structure may lead
to the increase of specific surface area.*

In order to further analyze the elemental composition of
biochar samples, organic element analysis of FBC was carried
out, and the analysis results are listed in Table 2. The C, H and O
elements in biochar constitute its carbon skeleton and form
functional groups, in which the H/C ratio reflects its aromaticity
and carbonization degree, and the smaller the ratio, the
stronger the aromaticity.*® The O/C ratio is related to the
hydrophilicity of biochar, and the lower the ratio, the weaker
the hydrophilicity.*> (O + N)/C indicates the polarity of the bi-
ochar, and a smaller ratio indicates a lower polarity.*® As indi-
cated in Table 2, with the increase in pyrolysis temperature, the
H/C ratio of FBC continuously decreases. This is attributed to
the thermal conversion of organic components into aromatic
ring and other carbonized structures, indicating that the
aromaticity and stability of FBC increase with the rise in
pyrolysis temperature. The enhancement in aromaticity can
strengthen the -7 interactions between the biochar in waste-
water and pollutants.*® The change in the O/C ratio with
pyrolysis temperature is relatively small, indicating a weak

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM spectrum of FBC sample.

Table 1 Specific surface area and pore structure parameters of FBC
samples

Specific surface Pore volume Pore size

Sample area (m* g™ ") (em® g™ (nm)
FBCs00 4.36 0.05 24.25
FBCsoo 25.01 0.09 17.07
FBCyo 40.45 0.14 13.58
FBCooo 57.28 0.16 8.58
Table 2 Elemental composition analysis of FBC samples

C H o) N H/C O/C (0+N)C
Sample  wt% Atomic ratio
FBC3q9 14.61 1.92 10.68 2.60 1.57 0.55 0.70
FBCs9 10.16 0.95 7.89 1.58 1.36 0.71 0.87
FBC;oo 9.77 0.49 6.52 1.00 0.60 0.50 0.59
FBCyg 5.61 0.18 4.12 0.23 0.39 0.55 0.58

variation in its hydrophilic properties. However, the (O + N)/C
atomic ratio continuously decreases with the increase in
pyrolysis temperature, indicating the continuous decomposi-
tion of polar functional groups in FBC.

The surface chemical composition of FBC samples was
analyzed by XPS. As shown in Fig. 2, three characteristic peaks
were observed at 288.6, 286.2, and 284.8 eV of the C1S XPS
spectrum (Fig. 2a), corresponding to C=0, C-0, and C-C/C=C,
respectively. By calculating the proportion of peak area of C-O
and C=O (Table S3), it is observed that with the increase of
pyrolysis temperature, the proportion of C-O shows an

© 2025 The Author(s). Published by the Royal Society of Chemistry

increasing trend (14.8 — 22.2 — 22.7 — 36.7%), while the
proportion of C=0 shows a decreasing trend (14.8 — 11.2 —
10.6 — 5.2%). In addition, high-resolution Fe 2p XPS spectra
show characteristic peaks for Fe(ur) (713.4 and 726.6 eV) and
Fe(u) (711.1 eV and 724.2 eV) species, along with their satellite
peaks (labeled as ‘sat’). As shown in Table S2, the relative
proportions of Fe(m) and Fe(u) in FBC;, are 58.9% and 41.1%,
respectively. With the increase of pyrolysis temperature, the
content of Fe(u) increases gradually, and the maximum relative
proportion of Fe(u) in FBCy, increases to 62.8%. In general,
high-valence iron is reduced to low-valence iron (Fe,O; —
Fe;04) by reaction with organic molecules and the fission
products of biological macromolecules (reducing substances
such as C, CO, and CH,) during anaerobic pyrolysis.** There-
fore, with the continuous rise of pyrolysis temperature, iron
oxide is gradually transformed from Fe,O; to Fe;0,.

As shown in Fig. 3, the magnetic properties of the FBC
samples were analyzed using a vibrating sample magnetometer
(VSM). The magnetization curves show that all biochars exhibit
ferromagnetic behavior. The saturation magnetization (M)
value, read from the vertical axis at the highest applied field
(horizontal axis, Applied Magnetic Field), increases progres-
sively with pyrolysis temperature. The results show that with the
increase of pyrolysis temperature, the saturation magnetic
susceptibility of FBC increases gradually, and the magnetic
susceptibility of FBCoq, is the highest, reaching 0.85emu g™ ". As
a result, FBC samples can be recovered by magnetic separation,
overcoming the high cost problems caused by traditional
separation techniques such as coagulation, precipitation, and
filtration. With increasing pyrolysis temperature, the original
Fe,0; in iron-rich sludge transforms into Fe;0,. Theoretically,
without the need for any additives, iron-rich sludge can be

RSC Adv, 2025, 15, 44486-44494 | 44489
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Fig. 3 Magnetic hysteresis loops of FBC samples measured by VSM.

pyrolyzed under anaerobic conditions to produce magnetic
biochar.

Adsorption properties of FBC for CBZ

The adsorption performance of FBC at different pyrolysis
temperatures on CBZ is depicted in Fig. 4. As the pyrolysis
temperature increased 300 °C to 900 °C, the removal efficiency
of CBZ by FBC increased from 7.5% to 90.5% This enhancement
is attributed to the increase in specific surface area and pore
volume; higher surface area and a more abundant pore struc-
ture offer additional active sites, thereby augmenting the
adsorption capacity of FBC for pollutants. Simultaneously, the

100

90.5%

80

604 54.8%

40

20 19.7%

11.9% 7.5%

Removal efficiency (%)

0 300
Roasting Temperature (°C)

500 700 9200

Fig. 4 Adsorption properties of FBC for CBZ. Experimental
conditions:Co = 5mg L™, m =09 g L™ V=100 mL pH = 7;
adsorbents: sludge, FBCzpo, FBCs00, FBC700, FBCogo.
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adsorption results showed the adsorption capacities were
remarkably superior to that of the pristine iron-rich sludge.
Considering the temperature requirements for preparing bi-
ochar and its outstanding adsorption capacity, FBCyo, Was
selected for subsequent adsorption studies.

The effect of different dosage of adsorbents on the adsorp-
tion of CBZ by FBCyoo was shown in Fig. 5. With the increasing
dosage of FBC900, the removal efficiency of CBZ also increased,
because the increase of adsorbents provided more adsorption
sites. Simultaneously, the adsorption capacity decreased from
6.4 to 4.5 mg g~ ' with the dosage increasing from 0.1 to 1.3 g
L', indicating reduced utilization efficiency of adsorption sites
at higher dosages. When the dosage of FBCqgo Was 0.9 g L™, the
removal efficiency of CBZ can reach 90.5%, and then with the
increased of the dosage of adsorbents, the removal efficiency of
CBZ increased slowly. Therefore, 0.9 g L™" was selected as the
best dosage for subsequent adsorption experiments.

The pH value of the solution is a crucial factor in most of
adsorption process. The effect of pH on the removal of CBZ
from FBCyg, was studied at different pH values (3, 5, 7, 9 and
11). As shown in Fig. 6a, the highest removal efficiency of 88.4%
and adsorption capacities ranging from 3.9 to 4.4 mg g~ '. Was
observed at pH 7. The As shown in Fig. 6a, the highest removal
efficiency of 88.4% was observed at pH 7. The point of zero
charge (pHpyzc) of FBCqq, is 5.86 (Fig. 6b), indicating that the
surface of FBCqq is positively charged when the solution pH <
5.86, and the surface of FBCq, is negatively charged when the

[0 Adsorption capacity b 100
—

—»— Removal efficiency
/ 75

6 i1

50

9. (mg/g)

25

Removal efficiency (%)

0 0
00 02 04 06 08 10 12 14
Biochar dosage (g/L)

Fig. 5 Effect of FBCgo dosage on adsorption of CBZ. Experimental
conditions: Co=5mgL™t m=01-13gL% V=100mLand pH =7.

© 2025 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/d5ra03580e

Open Access Article. Published on 14 November 2025. Downloaded on 11/22/2025 11:30:04 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(a)e
[ Adsorption capacity
— 41 [
K=
=]
é +50
@
o,
k25
04 0
2 4 6 8 10 12

pH

View Article Online

RSC Advances

(b) 40
—~ »
S Z 2 \
3 S » PHpzc=5.86
88 of N ——
Q =
— -20
S g. \>
o \
g & -40 - »
x

-60
2 4 6 8 10 12
pH

Fig.6 Effect of solution pH on adsorption of CBZ by FBC (a) and Zeta potential of FBC (b). Experimental conditions: Co=5mgL™t, m=09gL?,

V =100 mL and pH = 3-11.

solution pH > 5.86. However, the experimental results showed
that regardless of the surface charge of FBCgo9, CBZ can be
adsorbed well in a wide pH range. In the pH range studied (3-
11), the CBZ molecule remained neutral,® indicating a low
electrostatic attraction with the charged FBCyo Or was not
controlled by electrostatic interactions.

Adsorption kinetics and isotherm

In order to further study the relationship between adsorbents,
pollutants and adsorption time, adsorption kinetics experi-
ments were conducted (Fig. 7), and pseudo-first-order and
pseudo-second-order kinetic models were used to fit the
adsorption experimental data. These models were selected
because they are widely used in adsorption studies to distin-
guish between physical and chemical adsorption processes.
Kinetic fitting parameters were shown in Table S4. The calcu-
lated values of pseudo-first-order kinetic equilibrium adsorp-
tion capacity were 2.62 mg g ', and the correlation coefficient
R> of the fitting curve was 0.402. The calculated values of
pseudo-second-order kinetic equilibrium adsorption capacity
were 4.76 mg g ', respectively, and the correlation coefficient R
of the fitting curve was 0.999. The results showed that the
calculated adsorption capacity was closer to the experimental
value (4.79 mg g~ ') and had a higher correlation coefficient,
indicating that the adsorption of CBZ by FBCy,, was more
consistent with the pseudo-second-order kinetics. The pseudo-

second-order kinetics included adsorption processes such as
liquid film diffusion, surface adsorption, in-particle diffusion,
and electron sharing or transfer,*” while the pseudo-first-order
kinetics is generally only suitable for describing the initial stage
of adsorption.*® Therefore, the pseudo-second-order kinetic
model can more reasonably describe the adsorption process,
indicating that the adsorption of CBZ by FBCqq, is mainly
chemisorption.*®

The adsorption capacity was explored when the adsorption
reached equilibrium at 25 °C. The Langmuir model and
Freundlich model were both used to fit the experimental data
(Fig. 8), and the fitting parameters were shown in Table S5. The
linear fitting correlation coefficient of Langmuir model(R*) was
0.962, while that of Freundlich model was 0.919. The fitting
effect of the Langmuir model was significantly better than that
of the Freundlich model, and the calculated saturation
adsorption value (18.83 mg g~ ') was closer to the experimental
value (18.23 mg g~ '), indicating that the adsorption of CBZ by
FBCyoo Was more consistent with the Langmuir model, and the
adsorption is a single molecular layer adsorption on a uniform
surface.’>*!

Reusability

The reusability of adsorbent is an important index to evaluate
the adsorption performance of adsorbent. The adsorbed FBCy,
was separated from the wastewater, and the adsorption effect of
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(a) Adsorption kinetics of FBCggo. (b) Pseudo-first-order kinetic model. (c) Pseudo-second-order kinetic model.
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Fig. 8 (a) Adsorption isotherm of FBCgqg (b) Langmuir isotherm (c) Freundlich isotherm. Experimental conditions: Co(CBZ) = 5-30 mg L%,

M(FBCo00) = 0.9 g L™, V=100 mL and pH = 7.

five cycles were investigated. As shown in Fig. 9, the removal
efficiency of CBZ was some reduction while the adsorption-
desorption cycles of FBCq, increased,this may be due to the
blockage of the pore structure of FBCyy, and the reduction of
binding sites.** In spite of this, the removal of CBZ by FBCgygo
was still able to exceed of 81.7%. In addition, leaching experi-
ments were carried out on FBCgyo. As shown in Table S6, the
leaching of organic matter and heavy metals in the system was
insignificant. These results indicateed that FBCyo, has good
stability and safety, and remained efficient for reuse even after
multiple cycling experiments.

The adsorption of different pharmaceuticals

Through the aforementioned experimental studies, it was found
that FBCog, a biochar adsorbent prepared by pyrolysis of iron-rich
sludge, can effectively remove CBZ from water bodies while
enabling magnetic recovery and recycling. However, in order to
investigate its universality for pollutants adsorption, the adsorp-
tion performance of FBCqy, on other kinds of pharmaceuticals was
investigated. As shown in Fig. 10, the removal rates of 3 mg L™"
IBP, 20 mg L' CBZ, 15 mg L' OTH, 10 mg L' LEV, and 10 mg
L™ DCF can reach over 90% when the dosage of FBCgyqo was 0.9 g
L%, which fully demonstrated that it could effectively remove CBZ
from the water body and achieve magnetic recovery and recycling
at the same time. more than 90%, which fully demonstrated its
excellent general applicability.
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Fig. 9 The reusability of FBCgqg. Experimental conditions: Co =5 mg
LY m=09gL™* V=100mLand pH =7.
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Adsorption mechanism

In this study, according to the SEM image of the adsorption of
CBZ by FBCyg (Fig. S1), it can be observed that the surface of
the adsorbent material is covered with more uplift parts,
showing an uneven structure. It is speculated that CBZ mole-
cules may be adsorbed to the interior of the carbon material
through pore filling and eventually aggregate on the surface. By
comparing BET data before and after adsorption of CBZ by
FBCy(, (Table 2 and S7), it can be found that after adsorption,
the specific surface area and pore volume of FBCyy, decrease
from 57.28 to 29.55 m> g~ ', and the pore volume decreases from
0.16 to 0.08 cm® g, and both the specific surface area and total
pore volume decrease. This indicates that CBZ is adsorbed to
the surface and inside the pores of FBCqq, through pore filling.

According to the infrared spectra before and after CBZ
adsorption by FBCgo (Fig. 11), the Fe-O peak at 548 cm™ ' of
FBCyo Was shifted by 563 cm ™" after adsorption, indicating that
the presence of Fe-O may provide additional adsorption sites
for complexation. The peaks of C=0, O=C-0O, and C-H func-
tional groups shifted to a certain extent, indicating that the w-m
interaction between FBCqgo and pollutant CBZ participated in
the adsorption process.** The C-O and O-H stretching vibration
peaks of FBCoqo at 1060 and 3239 cm ™' migrated to 1075 and
3214 ecm ™" after adsorption, indicating that oxygen-containing
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Fig. 10 The adsorption of different pharmaceuticals. Experimental
conditions: Co=(3 mg L™t IBP, 20 mg L™* CBZ, 15 mg L™ OTH, 10 mg
L' LEV, 10 mg L™* DCF), m=0.9g L™, V=100 mL and pH = 3-11.
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functional groups participated in CBZ binding through
hydrogen bonding.*> In summary, the adsorption of CBZ by
FBCy includes pore filling, complexation, 7w— interaction and
hydrogen bonding.

Conclusion

(1) Self-endowed magnetic biochar (FBCogo) was prepared by
using iron-rich sludge as raw material at the pyrolysis temper-
ature of 900 °C. When the initial concentration of CBZ was 5 mg
L' and the dosage of FBCogo was 0.9 g L™, the removal effi-
ciency of CBZ can reach 90.1%.

(2) The adsorption of CBZ by FBCyy, conformed to the
Langmuir adsorption isotherm and the pseudo-second-order
adsorption kinetic model, and the adsorption process was
single molecular layer chemisorption.

(3) FBCygo has good magnetic properties, which can be
effectively separated and recovered by an external magnetic
field after use. After repeated use for 5 times, the removal effi-
ciency of CBZ can still reach 81.7%

(4) At the dosage of 0.9 g L™ " of FBCqqo, the removal rates of 3
mg L~ IBP, 20 mg L' CBZ, 15 mg L' OTH, 10 mg L' LEV,
and 10 mg L' DCF reached more than 90%. It demonstrated
that FBCyg had a excellent adsorption properties for different
pharmaceuticals.
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