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Abstract Magnetic biochar (M-BC) was derived from herbal
medicine waste, Astragalus membranaceus residue, and was
used as an adsorbent for ciprofloxacin removal from aqueous
solutions. The M-BC was characterized by Brunauer–
Emmett–Teller surface area analyses, Fourier transform infra-
red spectrometry, X-ray diffraction analysis, hysteresis loops,
scanning electron microscopy energy-dispersive spectrome-
try, and X-ray photoelectron spectroscopy. The BET surface
area increased from 4.40 to 203.70 m2/g after pyrolysis/
magnetic modification. Batch experiments were performed
at different dosages, initial concentrations, contact times, and
solution pHs. Adsorption performances were evaluated using
Langmuir and Freundlich isotherm models, and the results
indicated that the Langmuir model appropriately described
the adsorption process. The kinetic data were better fitted by
a pseudo-second-order kinetic model. The maximum cipro-
floxacin removal was observed at pH 6 (adsorption capacity
of 68.9 ± 3.23 mg/g). Studies demonstrated that magnetically
modified biochar might be an attractive, cost-effective, and
easily separated adsorbent for contaminated water.
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Introduction

Antibiotics, which have been widely used in veterinary
and human medicine in recent decades, have become a
serious threat to the environment and public health. The
consumption of antibiotics has gradually increased be-
cause of rapid global economic and population growth.
An estimated 162,000 tons of antibiotics was used in
China in 2013 (Zhang et al. 2015), which could have
dangerous effects on non-target organisms because of
their intrinsic bioactivity and bioavailability. A very clear
example is the increased antibiotic resistance genes
(ARGs) in environment. The bacterial antibiotic resistance
may be intrinsic or acquired through spontaneous muta-
tions, but the cumulative effect is responsible for this
phenomenon (Sharma et al. 2016). Additionally, many
antibiotics cannot be completely absorbed and metabo-
lized; the majority is excreted unchanged in feces and
urine and then discharged directly into an aquatic envi-
ronment and indirectly as domestic and industrial waste
effluents, animal manure, and municipal wastewater treat-
ments (Zhang et al. 2015). However, their parent com-
pounds and metabolites are potentially toxic to humans
through the food chain and drinking water (García-Galán
et al. 2011). From a biological perspective, the evolution
of the microbial structure can be influenced by antibiotics
and may thus break the ecological balance (Berendonk
et al. 2015). Many investigations have been conducted
to control the threats of antibiotics to human health and
the environment using such methods as chemical oxida-
tion (Ji et al. 2015), sorption (Martins et al. 2015), and
membrane separation(Cheng et al. 2016). The use of a
high-capacity adsorbent to remove various contaminants
in the aqueous phase is considered to be the best method.
Examples include adsorption of bacteriocins from clay
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nanoparticles (Meira et al. 2015) and removing ciproflox-
acin with carbon nanotubes and activated carbon (Li et al.
2014).

Biochar is biomass with a stable porous structure that
is heated by a carbon-rich solid in limited oxygen or an-
aerobic conditions and is typically considered to be a
highly efficient, cost-effective, and environmentally
fr iendly adsorbent (Ahmad et al . 2014; Inyang
&Dickenson 2015). Example applications of biochar in-
clude the adsorption of heavy metals, such as Fe, Mn, Cu,
Cr, Pb, and Zn; preparations from Concarpus, wood,
straw, or dairy manure biochar(Al-Wabel et al. 2015;
Tytłak et al. 2015; Wu et al. 2016; Xu et al. 2013); re-
moval of nitrogen with palm biochar from leaf sheaths(Li
et al. 2016); removal of methylene blue by pine wood, pig
manure, and cardboard biochar(Lonappan et al. 2016);
adsorption of aromatic compounds with biochar prepared
from bamboo (Yang et al. 2016); and removal of sulfa-
methoxazole with biomass biochar(Lian et al. 2014).

However, it is difficult to separate the biochar powder
from solution. Previous studies proved that modifying the
adsorbent with magnetic nanoparticles would be a useful
method to separate small particle powders in solution with
external magnetic fields; this method has a higher effi-
ciency than the traditional centrifugation or filtration
method, particularly in high suspended solids or oil-
contaminated water. Ambashta et al. (2010) reviewed the
magnetic materials used for water pollution control. Many
magnetic adsorbents have been used to remove pollutants
from water, including magnetite zeolites to remove heavy
metals; magnetite activated carbon to remove Pb2+ and
tetrabromobisphenol in the aqueous phase; magnetic
graphene oxide for the removal arsenic; and magnetic
biochar to remove cadmium, lead, and arsenic (Zhang
et al. 2013; Mohan et al. 2014; Zhou et al. 2014a; Zhou
et al. 2014b; Nodeh et al. 2016). In addition, magnetic
adsorbents can be easily separated by a simple magnetic
method from high suspended solids or oil-contaminated
water.

Several million tons of herb residues are produced every
year in China. Converting herb residues into biochar is a
Bwin–win^ solution for both Chinese herbal medicine
manufacturing and environmental protection. In the present
research, magnetic biochar (M-BC) derived from Astragalus
membranaceus residues was used to adsorb ciprofloxacin
(CIP). The main objectives of this study are to (1) prepare
M-BC to improve the capacity of adsorption and (2) investi-
gate the adsorption ability ofM-BC for ciprofloxacin removal.
The magnetic hysteresis curve, BET surface area (SBET),
Fourier transform spectroscopy (FTIR), X-ray diffraction
analysis (XRD), and scanning electron microscopy energy-
dispersive spectrometry (SEM-EDS) were also used to char-
acterize the structure of the M-BC.

Materials and methods

Preparation and characterization of M-BC

A. membranaceus residue, a traditional Chinese herbal med-
icine, was ground with a 100-mesh sieve and then subjected to
thermal activation at 700 °C for 3 h under oxygen-limited
conditions. After pyrolysis activation, the residues were treat-
ed with 1 mol/L HCl to remove the suspended ash. M-BCwas
prepared using the method described by Wang et al. (2014).
Ferric and ferrous mixed solutions were prepared from 20 g of
FeCl3·6H2O and 11.1 g of FeSO4·7H2O with 600 mL of de-
ionized (DI) water. Then, the Fe3+/Fe2+ mixed solution was
dropped into the biochar suspension (20 g of biochar with
200 mL of DI water) and stirred vigorously under 25 °C for
60min in a N2 atmosphere. The pH of the mixed biochar/Fe3+/
Fe2+ suspension was adjusted to 10.5 with NaOH solution
(10 mol/L). After being stirred for 60 min, the suspension
was boiled under a N2 atmosphere for 1 h and aged overnight
at room temperature; then, the suspension was filtered and
rinsed with DI water and ethanol several times and dried at
70–80 °C.

The specific surface area (SBET) was evaluated from the
N2 adsorption isotherms with an ASAP2020 surface area
and porosity analyzer (Micromeritics, Norcross, GA,
USA). The surface morphologies and EDS data were ex-
amined using JEOL-7800 scanning electron microscopy
(JEOL Ltd., Tokyo, Japan) and energy-dispersive spec-
troscopy (EDS) analysis with an Oxford INCA EDS de-
tector. The X-ray diffraction (XRD) measurements were
recorded on a Shimadzu XRD F-7000 using Cu-
Kα(k = 1.54 Å) radiation at 40 kV and 30 mA; samples
were scanned from 5 to 90 °C with a step size of 0.02°.
The magnetic properties of M-BC were assessed using a
vibrating sample magnetometer (SQUID-VSM, Quantum
Design, USA).

Sorption experiments

Batch sorption experiments were carried out to study the
behaviors of ciprofloxacin on the M-BC. The effects of
different adsorbent doses, solution pH levels, sorption
thermodynamics, and sorption kinetics were discussed.
The influence of M-BC doses (1–20 g/L) was studied at
room temperature and a CIP concentration of 200 mg/L.
All of the centrifuge tubes were kept in the dark and
shaken for 12 h to reach apparent sorption equilibrium
according to the preliminary experiment. In the study of
the effects of sorption kinetics, 0.05 g of M-BC and
25 mL of CIP (55, 110, and 220 mg/L) solution was
added into 50 mL of Nalgene Oak Ridge centrifuge tubes
at room temperature (25 °C). All of the centrifuge tubes
were then kept in the dark and shaken at 160 rpm. The
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samples were separately shaken for 0 min, 10 min,
30 min, 1 h, 2 h, 3 h, 4 h, 6 h, and 12 h. In the sorption
isotherm experiments, the initial CIP concentrations were
set in the range of 5–300 mg/L. In the experiment on the
effect of pH on CIP sorption, the pH of the initial solution
was adjusted from 3.0 to 10.0 using HCl or NaOH solu-
tion, and 0.05 g of M-BC was added to 50 mL Nalgene
Oak Ridge centrifuge tubes containing 25 mL of different
pH levels of CIP solutions. Each treatment had three rep-
lications. After adsorption, the solution was filtered with a
0.22-μm filter membrane. The CIP concentrations were
analyzed directly by an Agilent 1260 Infinity HPLC sys-
tem (Agilent, USA) with a reversed-phase C18 column
(250 mm × 4.60 mm, I.D., 5 μm, Agilent Technologies)
at 270 nm. The mobile phase was 75/25 citric acid
(0.05 mol/L)/acetonitrile, and the pH of the mixed

solution was adjusted to 3.5 using triethylamine. The flow
rate was 1.0 mL/min, and the injection volume was
10 μL.

Results and discussion

Biochar characterization

The SBET ranged from 4.40 m2/g (natural residue) to
203.70 m2/g (MBC). This significant increase in SBET could
be attributed to the pyrolysis processes. The surface area char-
acteristics of theM-BC are shown in SEM-EDS (Fig. 1). XRD
analyses (Fig. 2) were carried out to further investigate the
MBC characteristics. The surface of the M-BC was covered
by iron oxide, as suggested by the morphology of the

Fig. 1 SEM and EDS spectra of
magnetic biochar (M-BC)

Fig. 2 Power XRD of magnetic
biochar (M-BC)
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composite. According to the analysis of the element compo-
sition of the composite, the M-BC mainly contained carbon,
oxygen, and iron. The content of iron was 7.59%, which is
higher than that of the magnetic carbon composite prepared
from waste hydrochar (3.39%) (Zhu et al. 2014). The differ-
ences in iron content may result from the different methods
that were used to prepare magnetic composites and different
biochar composition and structures. Furthermore, although
some of the pores of M-BC are blocked by the presence of
iron oxide particles, the composites still retain a large BET

surface area, which provided higher adsorption sites for the
adsorbate (Ahmad et al. 2012).

The structure and phase composition of the M-BC are
shown in the XRD patterns (Fig. 2). Multiple sharp iron oxide
phase peaks were observed in the 2θ range of 5–90 °C. These
peaks demonstrate the existence of crystallinity in phases
present in the M-BCs. The peaks at 27.86, 30.24, 35.63,
43.3, and 57.27 are assigned to iron oxide and Fe2O3

(Maghemite-C/Q, PDF Number 01–025-1402, 00–039-
1346) in M-BC. These peaks correspond to the five indexed

Fig. 3 Magnetic hysteresis loop
of M-BC

Fig. 4 FTIR spectra of M-BC
and herb residue
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planes (205), (220), (311), (400), and (511) of Maghemite.
The M-BC peaks at 43.3, 53.6(422), and 62.94 are assigned
to Fe3O4 (PDF Number 01–088-0315). The results of the
XRD analysis confirmed that M-BC was prepared.

The magnetic behaviors of theMBCwere studied using the
vibrating sample magnetometer (VSM) at 25 °C. The magnet-
ic hysteresis curves for M-BC are shown in Fig. 3. The results
demonstrated that the saturation magnetization value was
23.96 emu/g. This result is lower than those for the magnetic
field of pure ferriferrous oxide (54.3–88.7 emu/g) (Fan et al.
2011) and the Fe3O4/HNTs@C nanohybrid (24.5 emu/g at
25 °C) (Tian et al. 2016) but higher than that for magnetic
energy cane biochar (0.82 emu/g at 27 °C), as described by
Mohan (Mohan et al. 2015). The difference among the satu-
ration magnetization may result from the existence of biochar
and the small size of the magnetic particles (Do et al. 2011).

The EDS results demonstrate that the iron content was 7.59%
in M-BC. The EDS and magnetic hysteresis loop results dem-
onstrated that M-BC could be attracted by magnets, which
would be beneficial for pollutant separation and adsorbent
recycled with magnets.

The FTIR spectra of the adsorbent before the adsorption
experiments are shown in Fig. 4. The peak at approximately
572.4 cm−1 is assigned to Fe–O bands(Lim et al. 2009); the
broad band at 3383 cm−1 is assigned to the stretching vibration
of the hydroxyl groups (–OH) and the peak at 777 cm−1 is
ascribed to aromatic C–H. The bands at 2918 and 1564 cm−1

correspond to CH2 and C = O, respectively. The peak at
1014 cm−1 is assigned to aromatic C–O–C stretching vibra-
tion. These relative peaks indicate that massive original organ-
ic residues, including polymeric CH2, lignin and fatty acids,
are present on the surface of M-BC.

Fig. 5 Adsorption capacity and
removal efficiency for CIP.
(Experiment conditions: initial
CIP concentration of 100 mg/L,
temperature of 25 °C)

Fig. 6 Pseudo-first-order (a) and second-order (b) kinetic models for CIP adsorption by M-BC at different initial concentrations
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Effect of adsorbent dosage

The removal efficiency and adsorption capacity of cipro-
floxacin onto M-BC with an initial concentration of
200 mgL−1 are shown in Fig. 5. The adsorption capacity
of CIP(qe) decreased with increasing M-BC dosage,
whereas the removal efficiency increased from 23.4 to
99.1%. Similar behavior was reported with biochar pre-
pared from anaerobic digestion residue, palm bark, and
eucalyptus for the adsorption of methylene blue dye
(Sun et al. 2013), and the increase in removal efficiency
is likely the result of the increased size of the available
sorption surface(Ahmad et al. 2014).

Adsorption kinetics

The sorption of CIP on M-BC exhibited two phases. The
adsorption increased rapidly during the first 2 h and then
increased more gradually until reaching sorption equilib-
ria after approximately 12 h (Fig. 6). The M-BC exhibited
a rapid adsorption of CIP, which was attributed to the
greater sorption of the contaminant on the surface of the

adsorbent compared to in the micropores (Shan et al.
2016).

To predict the mechanism of the adsorption process of
CIP onto M-BC, the pseudo-first-order (Eq. 1) and
pseudo-second-order models (Eq. 2) were tested to fit
the adsorption experimental data; the values of the rate
constant (k1), the regression coefficients (R2) and the ad-
sorption capacity are listed in Tables 1 and 2.

log qe−qtð Þ ¼ logqe−k1t ð1Þ
t
qt

¼ 1

k2qe2
þ t

qe
ð2Þ

where qe and qt (mg/g) correspond to the amount of CIP
adsorbed per gram of adsorbent at equilibrium and at time t,
respectively. k1 (min−1) and k2(g mg−1 min−1 ) are the rate
constants of the pseudo-first-order and pseudo-second-order
adsorption, respectively.

The regression coefficients (R2 > 0.999) for the
pseudo-second-order models were higher than those for
the pseudo-first-order models (R2 > 0.639), as shown in
Fig.6 and Table 2. These results indicate that the adsorp-
tion kinetics are better represented by the pseudo-second-
order kinetic model.

The reactions involved in the pseudo-second-order
model are greatly influenced by the amount of CIP on
the M-BC surface and the amount of CIP adsorbed at
equilibrium. This relationship means that the rate of the
adsorption processes is directly proportional to the num-
ber of active sites on the M-BC surface. This well-fit
pseudo-second-order model implies that the rate limiting
step is correlated with the chemical adsorption and elec-
tronic forces through the sharing or exchange of electrons
between the M-BC and ionized CIP species.

Adsorption isotherms

As shown in Fig. 7, the adsorption capacity of M-BC in-
creased with increasing CIP concentration. To provide a better
description of the adsorption mechanism, two typical adsorp-
tion models, the Langmuir (Eq. 3) and Freundlich (Eq. 4)

Table 1 Surface area
characteristics of M-BC
and natural Astragalus
mongholicus residue

Surface area characteristics of MBC and
herb residuea

SBET (m
2/g) 203.70 (4.40)

Smic (m2/g)b 89.34 (NDc)

VT (cm
3 /g)d 0.187 (0.023)

Vmic (cm3/g)e 0.041 (ND)

aValues in the parentheses are for natural
Astragalus mongholicus residue
bMicropore surface area calculated using
the t-plot method
cND: The value was not sufficiently large
to measure
d Total pore volume
eMicropore volume calculated with the t-
plot method

Table 2 Kinetic parameters of
adsorption kinetics C0 (mg/L) qe (mg/g) Pseudo-first-order kinetics Pseudo-second-order kinetics

qe, cal (mg/g) k1
(min−1)

R2 qe, cal (mg/g) k2
(g/mg min)

R2

55

110

26.24

44.17

30.47

255.9

0.0079

0.009

0.639

0.799

26.25

44.44

0.0106

0.0040

0.999

0.999

220 60.37 1052.2 0.0057 0.701 60.61 0.0013 0.999
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isotherm models, were applied to simulate the adsorption iso-
therms of CIP onto the M-BC.

Ce

qe
¼ Ce

qm
þ 1

qmKL
ð3Þ

logqe ¼ logK f þ 1

n
logCe ð4Þ

Ce is the equilibrium concentration after adsorption (mg/L),
qe is the amount of CIP adsorbed per gram of AMBC (mg/g),
KL (L/mg) is the Langmuir constant, qm (mg/g) is the maxi-
mum adsorption capacity of the isotherm model, Kf is the
constant indicative of the relative adsorption capacity of
MBC (mg/g) and 1/n is a constant.

According to the fitting parameters listed in Table 3, the R2

values of the Langmuir and Freundlich isotherms were 0.9999
and 0.9885, respectively. The experiment data demonstrated
that the Langmuir model fit the isotherms better than the
Freundlich model. This is in agreement with other relevant
study on oxytetracycline adsorption with maize straw biochar
pyrolyzed at 600 °C (Jia et al. 2016). The Langmuir model is
based on the assumption that the sorption occur at specific

sites on the surface of M-BC and is typically used to estimate
whether the sorption process was favorable or unfavorable
according to the constant separation factor (RL) defined by
McKay (McKay 1982).

RL ¼ 1

1þ KLC0
ð6Þ

where C0 is the highest initial CIP concentration (mg/L). The
value of RL indicates whether the shape of the isotherm is
irreversible (RL = 0), favorable (0 < RL < 1), linear (RL = 1)
or unfavorable (RL > 1). In the present study, the RL value was
0.0072, indicating that the adsorption was favorable. The val-
ue of n in the Freundlich model was 4.065, suggesting that the
adsorption condition was beneficial (a value of n > 1 repre-
sents a beneficial adsorption condition).

Effect of pH

The initial pH level that influences the surface charge of M-
BC and the CIP species is an important factor for adsorption.
Batch experiments with an initial pH ranging from 3 to 10, a
CIP concentration of 200 mg/L and 0.05 g of M-BC were
conducted for 12 h to study the optimum pH conditions for
CIP adsorbed onto M-BC.

As shown in Fig. 8, the results demonstrated that the solu-
tion pH had significant effects on the efficiency of ciproflox-
acin removal. The adsorption capacity increased with increas-
ing pH from 3.0 to 6.0 and then greatly decreased with an
increase in pH from 6.0 to 10.0. When the solution pH was
approximately 6, the efficiency of ciprofloxacin removal

Fig. 7 Adsorption isotherms for
CIP on M-BC

Table 3 Isotherm model
parameters for the
adsorption of CIP by BC

Freundlich Langmuir

Kf 15.223 qm (mg/g) 47.62

n 4.065 KL (L/mg) 0.4605

R2 0.9885 R2 0.9999
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reached a maximum value of 68.9 ± 3.23 mg/g; this result
indicates that if M-BC is used to remove wastewater contain-
ing ciprofloxacin, the removal efficiency can be increased by
adjusting the pH of the wastewater to 6.

The surface charge of CIP is pH dependent, according to
Vasudevan et al. (2009), CIP contains amino and carboxyl
(pKa1 = 6.18 and pKa2 = 8.76). When pH < 6.18, cationic
form was dominant and the biochar surface was typically neg-
atively charged (Ahmad et al. 2014), which could facilitate the
electrostatic attraction of cationic form, resulting in higher
sorption. In the pH range from 6.18 to 8.76, zwitterionic form
(CIPH2

±) was dominant and the electrostatic interaction may
be not responsible for the CIP sorption. At pH > 8.76, anionic
form was dominant, and the qe values greatly declined be-
cause of the electrostatic repulsion between CIP− and nega-
tively charged M-BC. Similar results were obtained for re-
moval of ciprofloxacin from aqueous with natural clay mont-
morillonite by Jalil et al. (2015).

Conclusions

M-BC was successfully prepared by combining Fe2+/ Fe3+

solution and biochar in alkaline conditions; they were ana-
lyzed using BET surface area, VSM, SEM-EDS, XRD, and
FTIR techniques. M-BC was effective for CIP removal from
the aqueous solution and can be separated with a magnet. The
overall sorption of CIP on M-BC was both concentration and
pH dependent, with a maximum adsorption capacity of ap-
proximately 68.9 ± 3.23 mg/g at pH 6.0. The adsorption of
CIP by M-BC was found to follow the pseudo-second-order
model, and it was better described by the Langmuir isotherm.

The results presented in this study indicate that the M-BC
presents great potential as a low-cost, readily available, and
recyclable adsorbent for the removal of CIP in wastewater
treatments.
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