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Abstract

The problem of low adsorption capacity of pristine magnetic biochar for organic pollutants always occurs. It is of great
significance to select a suitable method to improve the adsorption performance of magnetic biochar. In this study, magnetic
biochar was treated by ball milling and tested for its fluconazole adsorption capacity. The maximum adsorption capacity of
ball-milled magnetic biochar (BMBC) for fluconazole reached nearly 15.90 mg/g, which was approximately five times higher
than that of pristine magnetic biochar (MBC). Fluconazole adsorption by BMBC was mainly attributed to z—x interactions,
hydrogen bonding, and surface complexation with oxygen-containing functional groups. The enhancement in fluconazole
adsorption by BMBC was attributed to an increase in oxygen-containing functional groups. Batch adsorption experiments
also illustrated that BMBC could be successfully applied in a wide range of pH values. The high efficiency of fluconazole
removal confirmed that ball milling was an effective strategy to enhance the adsorptive performance of magnetic biochar.
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Introduction

Magnetic biochar is usually derived from biomass and tran-
sition metal salts, and it has been confirmed as a high-effi-
ciency adsorbent for typical pollutants (such as antibiotics,
organic dyes, and heavy metals) in aqueous solution (Xu
et al. 2020; Yi et al. 2019a; Li et al. 2020a; Liu et al. 2019).
Magnetic biochar has the advantage that it can be recovered
from the reaction medium by magnetic separation (Rocha
et al. 2020; Hassan et al. 2020; Li et al. 2018a). Therefore,
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environmental remediation technology based on magnetic
biochar has been widely used.

Thus far, the methods used to synthesize magnetic biochar
have mainly included impregnation—pyrolysis, the hydro-
thermal approach, and co-precipitation (Liang et al. 2019;
Cai et al. 2018; Oladipo and Ifebajo 2017). However, irre-
spective of the method that is used to synthesize magnetic
biochar, the adsorption performance of the unmodified
product is limited. Therefore, metal element or metal oxide
doping (Li et al. 2019; Jung et al. 2017), acid—base activa-
tion (Tang et al. 2018), organic functional group grafting (Li
et al. 2018a, b, ¢; Zhou et al. 2018), and chemical oxidation
(Xu et al. 2020) are generally used to enhance the adsorp-
tion performance of magnetic biochar. For instance, Li et al.
(2018a, b, c) demonstrated that surface functional groups
of magnetic biochar were enriched by chitosan modifica-
tion, which significantly improved the material’s adsorption
capability for Cd(II). Meanwhile, the maximum adsorption
capacity of Pb(I) by CeO,-MoS,-modified magnetic biochar
was 263.6 mg/g, which was approximately 10 times higher
than that of the original magnetic biochar (Li et al. 2019).
However, despite their effectiveness in improving the
adsorption performance of magnetic biochar, the methods
mentioned above have some drawbacks, such as complex
modification processes, high costs, and the use of toxic and
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harmful substances. Therefore, it is necessary to identify a
green and efficient method to enhance the adsorption per-
formance of magnetic biochar.

Ball milling has been widely used to enhance surface
area, reduce particle size, or enrich the surface functional
groups of adsorbents, due to its advantages of simple opera-
tion, high efficiency, and low cost (Zhuang et al. 2021;
Kumar et al. 2020; Zhang et al. 2019a). Xiang et al. (2020)
revealed that ball milling effectively enhanced the specific
surface area of biochar. They also showed that the adsorp-
tion capacity of ball-milled biochar for tetracycline was three
times higher than that of pristine biochar. Similarly, Li et al.
(2020Db) revealed that magnetic biochar was transformed into
magnetic nanobiochar using ball milling, which significantly
enhanced the adsorption capacity of magnetic biochar for
tetracycline and Hg(II). Therefore, it is theoretically feasible
to improve the adsorption performance of magnetic biochar
by ball milling.

Fluconazole is a broad-spectrum antifungal drug, which
has been detected as a pollutant in water bodies (Assress
et al. 2020, 2019). Residual fluconazole poses a great threat
to aquatic ecological environments (Zhang et al. 2020; Rich-
ter et al. 2016). Therefore, it is of great significance to elimi-
nate fluconazole from wastewater. In this study, ball-milled
magnetic biochar was prepared and used for fluconazole
adsorption. The following items were investigated: (1) the
physicochemical properties of ball-milled magnetic biochar;
(2) the adsorption kinetics and adsorption isotherms of flu-
conazole by ball-milled magnetic biochar; (3) the adsorption
mechanism of fluconazole by ball-milled magnetic biochar;
and (4) the influence of pH, humic acid, and biomass type
on the adsorption of fluconazole by ball-milled magnetic
biochar.

Materials and methods
Reagents

Fluconazole (analytical purity), ferrous sulfate heptahydrate
(FeSO,-7H,0; analytical purity), sodium hydroxide (supe-
rior purity), ammonium formate, and acetonitrile were pur-
chased from Energy Chemical Reagent Company, China.
Hydrochloric acid (HCI; analytical purity) was purchased
from Guangzhou Chemical Reagent Factory, China.

Material preparation

Ten grams of rice husk was mixed in 30 mL of dilute HCI
(0.1 mol/L) for 6 h to remove impurities. This pretreated rice
husk was added to 100 mL of Fe?*solution (1.2 g/L) and
stirred for 24 h. Subsequently, the mixture was centrifuged,
and the residue was placed in a muffle furnace for 1.5 h at
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a pyrolysis temperature of 600°C in a nitrogen atmosphere.
Finally, after being milled and sieved to pass through a 100-
mesh sieve, the obtained sample was labeled as pristine mag-
netic biochar (MBC). Subsequently, MBC (1 g) and steel
balls were added into stainless steel vials and placed in a
planetary ball mill (MBC to ball mass ratio=1:100 (Zhang
et al. 2019a, b); the mass ratio of 10-mm and 6-mm balls was
8:2). Ball milling was operated at 400 r/min for 24 h in ambi-
ent air conditions, and the direction of rotation was changed
every 6 h. The obtained sample was labeled as ball-milled
magnetic biochar (BMBC).

Material characterization

A surface analyzer (ASAP2020M; USA) was used to meas-
ure the specific surface area and pore size distribution of
MBC and BMBC. The surface morphology of MBC and
BMBC was investigated using scanning electron microscopy
(SEM; Tuscan mira3, Germany) equipped with energy-dis-
persive X-ray spectroscopy (Oxford X-MAX, UK). Fourier-
transform infrared spectroscopy (FT-IR; Horiba, Emax,
Japan) was conducted to obtain information on the surface
functional groups of MBC and BMBC. The phase structures
of MBC and BMBC were analyzed by X-ray diffraction (D8
advance, Bruker, Germany). The valence states of elements
on the surface of BMBC were measured by X-ray photo-
electron spectroscopy (XPS; ESCALAB 250; Thermo-VG
Scientific, USA). The magnetic properties of BMBC were
determined with a comprehensive physical measurement
system (PPMS-9; Quantum Design, USA). The carbon (C),
hydrogen (H), nitrogen (N), and oxygen (O) contents of
BMBC were determined using an elemental analyzer (varia
EL CUBE, Germany).

Adsorption experiments

For adsorption kinetic experiments, BMBC (1 g/L) was
added to a conical flask containing 100 mL of fluconazole
solution (20 mg/L, pH=15.6). The flasks were shaken in a
thermostatic oscillator (200 r/min, 30 °C+0.5 ‘C). At the
pre-selected time, the suspensions were immediately filtered
through chemical analytical filter paper. The remaining flu-
conazole in the solutions was measured by high-performance
liquid chromatography. Detailed testing methods are shown
in our previous studies (Zhang et al. 2020). The removal
efficiency of fluconazole was calculated using the follow-
ing equation:

CO_Ce
n= o x100% (1)

where C; and C, are the initial and equilibrium concentra-
tions of fluconazole (mg/L), respectively.
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The equilibrium adsorption capacity was calculated using
the following equation:

(Cy-C,)xV

2
W @

0, =
where Q, is the adsorption capacity (mg/g), C, and C, are
the initial and equilibrium concentrations of fluconazole in
the solution, and V and W are the volume of solution (mL)
and the dosage of BMBC (g/L), respectively.

The data for adsorption kinetics were fitted by the pseudo-
first-order (Eq. 3), pseudo-second-order (Eq. 4), and Elovich
(Eq. 5) models, respectively. The kinetic models are repre-
sented as:

0,=0,(1-e™*) 3)
1, 1

0, 0. k0 “)
O, = a+plnt )

where Q, represents the adsorption capacity of fluconazole
at equilibrium, Q, (mg/g) is the adsorption capacity for flu-
conazole at time #, and k; and k, are the pseudo-first-order
rate constant (min~') and the pseudo-second-order rate con-
stant (g/mg/min), respectively. a is the initial adsorption rate
(mg/kg), and g is the desorption constant (kg/mg).

For adsorption isotherm measurement, BMBC was placed
into a conical flask containing 100 mL of solution of dif-
ferent concentrations of fluconazole (5, 10, 15, 20, 25, and
30 mg/L). The mixture was shaken for 6 h at different tem-
peratures (20 °C+0.5 °C, 30 °C+0.5 °C, and 40 °C+0.5
°C). The experimental data were fitted using the Langmuir
(Eq. 6) and Freundlich (Eq. 7) models as follows:

%o *o (©)

0, = K, ™)

where Q,, (mg/g) is the maximum adsorption capacity for
fluconazole, K; (L/mg) is the Langmuir isotherm constant,
K (mg/g (L/mg)") is the Freundlich isotherm constant, and
n is the measure of adsorption intensity.

The thermodynamic parameters, including standard free
energy change (AG), standard enthalpy change (AH), and
standard entropy change (AS), were calculated using Egs. 8
and 9 as follows:

AG = —-RTIn K 8)

In K = AS/R — AH/(RT) C))

where K is the adsorption equilibrium constant, T (K) is
the absolute temperature, and R (8.314 J/mol/K) is the gas
constant. AH and AS could be calculated from the slope and
intercept of In K versus 1/T.

Finally, the influences of pH, humic acid, and biomass
species on the adsorption of fluconazole by BMBC were
investigated. Each experiment was conducted in duplicate.

Results and discussion
Material characterization

The structure and phase compositions of MBC and BMBC
were observed by XRD (Fig. S1 (a)). For MBC, the broad
diffraction peaks at 20°-30° are generally considered to rep-
resent silica, graphitic carbon, and amorphous iron oxides
(Huang et al. 2020; Zhong et al., 2018). The peak at 44.3°
corresponded to the (110) plane of Fe’in MBC, and the
(220), (100), and (440) planes of Fe;O, were also observed
in MBC. After ball milling, the (100) plane of Fe;O, and the
(110) plane of Fe? were strengthened, indicating that ball
milling was beneficial to the crystallinity of Fe;0, and Fe”
in MBC. Meanwhile, the saturation magnetization of BMBC
(Fig. S1 (b)) was 55.15 emu/g, which was nearly 2.38 times
higher than that of MBC. The above results provide evidence
that ball milling improved the crystallinity of iron and iron
oxides in the MBC and alignment of the magnetic domains
in the crystal structure (Fu et al. 2019).

SEM images (Fig. 1) revealed that MBC exhibited an
abundant porous structure, and iron oxides adhered to the
surface of MBC. After ball milling, the pore structure of
BMBC disappeared. Additionally, the particles of iron
oxides in BMBC were significantly reduced in size, and
most of them approached the nanoscale. The results of ele-
ment mapping (Fig. 2) suggested that Fe, C, and O were
evenly distributed on the surface of BMBC. The specific
surface area of MBC (Fig. S2 (a)) was 211.18 m2/g, whereas
that of BMBC was reduced by a factor of 1.69. The above
results were possibly attributable to the pore structure of
MBC being destroyed by ball milling, which is consistent
with the results of SEM.

Surface functional groups of MBC and BMBC are
presented in Fig. S2 (b). The peak at 3429 cm™! was con-
sidered to be due to the stretching vibration of O-H (Zou
et al. 2021). The peak at 1617 cm™! represented the vibration
of aromatic C=C and C=0 (Wang et al. 2019). The vibra-
tion of -C—O—C appeared at 1099 cm™! (Zhang et al. 2018).
The peak at 805 cm™! was attributed to the vibration of C—-H
in pyridine or furan, which are heterocyclic compounds
(Wang et al. 2019). A peak at 469.1 cm~! was assigned to
the stretching of Si—O (Zhou et al. 2018). The results of
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Fig. 1 Scanning electron microscopy images of pristine magnetic biochar (a, b) and ball-milled magnetic biochar (c, d)

FT-IR demonstrate that ball milling had little effect on the
surface functional groups of magnetic biochar.

XPS spectra of MBC and BMBC are indicated in Fig. 3.
Three diffraction peaks of C, O, and Fe were observed in
MBC and BMBC. The Fe2p spectra of MBC and BMBC
could be deconvoluted into three peaks of Fe°(707 eV),
Fe(II) (710.0 and 724.0 eV), and Fe(III) (712.0 and
726.3 eV) (Jiang et al. 2019a; Zhang et al. 2018; Yang
et al. 2016). Compared with MBC, the characteristic peak of
Fe” in BMBC decreased slightly, indicating that ball milling
reduced the content of Fe® in MBC. In addition, the intensity
ratio of Fe(II)/Fe(IIT) in MBC decreased from 1.7 to approxi-
mately 0.9 after ball milling, demonstrating that Fe(II) was
oxidized during ball milling. The O1s spectra of the materi-
als showed binding energies of 531.1-531.8, 532.2-533.3,
and 534.0-535.4 eV, which corresponded to -C=0, -C-0O,
and —OH groups, respectively (Jiang et al. 2019b; Zhou
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et al. 2017). It is worth mentioning that compared with
MBC, the content of —OH groups in BMBC decreased sig-
nificantly, while the proportion of —-C =0 increased signifi-
cantly. In the Cls spectra, the binding energies of 284.0,
284.5, and 285.0 eV corresponded to -C=C/-C-C, —-C-0,
and —C =0 groups, respectively (Reguyal and Sarmah 2018;
Ahmed et al. 2017). The relative content of —C = O increased
after ball milling, implying that ball milling could signifi-
cantly increase the content of —C =0 functional groups in
MBC.

The elemental compositions of MBC and BMBC are
listed in Table 1. In BMBC, the content of C was lower
than that in MBC, while the contents of H, O, and N were
higher. In addition, the O/C, H/C, and (N + O)/C values of
the magnetic biochar increased after ball milling, suggesting
that ball milling reduces the hydrophobicity and improves
the polarity of magnetic biochar.
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Fig.2 Element mapping of
ball-milled magnetic biochar
(a), carbon mapping of ball-
milled magnetic biochar(b),
oxygen mapping of ball-milled
magnetic biochar(c), and iron
mapping of ball-milled mag-
netic biochar(d)
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Fig.3 X-ray photoelectron 0 ——BMBC
spectra (a), Fe2p spectra (b), —MBC
Ols spectra (c¢), and Cls spectra
(d
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Table 1 Element analysis

T I Material Element analysis (%) Atomic ratio
of pristine magnetic biochar
(MBC) and ball-milled N C H (0] o/C H/C (N+0)/C
magnetic biochar (BMBC)
MBC 0.79 31.33 0.892 11.06 0.26 0.34 0.29
BMBC 0.76 28.22 1.656 21.69 0.58 0.70 0.60

Adsorption of fluconazole by MBC and BMBC

The adsorption kinetics of fluconazole by MBC and BMBC
are shown in Fig. 4a. Although MBC and BMBC had dif-
ferent adsorption capacities for fluconazole, both reached
adsorption equilibrium within approximately 6 h. The equi-
librium adsorption capacity of BMBC for fluconazole was
nearly 13.5 mg/g, which was approximately three times that
of MBC. Furthermore, the fitting results of the three adsorp-
tion kinetic models are shown in Table S1. The correlation
coefficient (R?) of the Elovich model was>0.99, which
was greater than that of the pseudo-first-order and pseudo-
second-order kinetic models, indicating that fluconazole
adsorption by BMBC mainly occurs by chemical adsorption
(Han et al. 2016; Zhang et al. 2013).

The experimental data were fitted by the Langmuir and
Freundlich models (Fig. 4b), and the adsorption model
parameters are listed in Table S2. With an increasing con-
centration of fluconazole, the adsorption capacity of the
magnetic materials for fluconazole increased and gradually
reached adsorption equilibrium. For MBC, the correlation
coefficient of the Freundlich model was lower than that of
the Langmuir model, illustrating that the adsorption of flu-
conazole by MBC was dominated by monolayer physical
adsorption, and the adsorption capacity of MBC for flucona-
zole increased with an increase in reaction temperature. In
contrast, the adsorption of fluconazole by BMBC was con-
sistent with the Freundlich model, which may be attributable
to the change in particle size and the surface structure of
magnetic biochar caused by ball milling. In addition, 1/n is
generally considered to be related to adsorption strength.
For BMBC, the 1/n value decreased with an increase in

temperature, but remained between 0.3 and 0.4, indicating
that BMBC had a strong adsorption capacity for fluconazole
(Yan et al. 2015). Finally, according to the Langmuir fitting
data, the adsorption capacity of BMBC for fluconazole was
higher than that of MBC, which again showed that ball mill-
ing could effectively improve the adsorption performance of
magnetic biochar.

The main adsorption thermodynamic parameters are pro-
vided in Table S3. The AG values were negative at all three
temperatures for both MBC and BMBC, suggesting that
adsorption was feasible and spontaneous (Jung et al. 2017).
The absolute values of AG indicated that the driving force of
adsorption for BMBC was higher than for MBC. The posi-
tive AS values revealed that fluconazole adsorption by MBC
or BMBC was random rather than orderly (Yan et al. 2015).
The AH values of BMBC and MBC indicate that the adsorp-
tion process was endothermic. The AH value of BMBC was
nearly two times higher than that of MBC, showing that
the endothermicity was increased (Jung et al. 2017; Yan
et al. 2015).

Mechanism of fluconazole adsorption by BMBC

The XPS spectrum (Fig. 5) illustrates that the main compo-
nents of spent BMBC were C, Fe, and O, and the peaks of
O and C functional groups changed after BMBC was used
(Table S4). Specifically, the binding energy of -C=C/-C-C
shifted from 284.0 to 284.22 eV, that of —C—O shifted from
284.49 to 284.862 eV, and that of —-C =0 changed from
285.0 to 285.61 eV. Moreover, the relative content of these
functional groups also changed after BMBC was used. For
example, the relative content of —C =C/-C-C increased

Fig.4 Adsorption kinetics (a) 16
. . ® MBC-293K
and adsorption isotherms (b) of 16- | b ® MBC303K
fluconazole by pristine magnetic ® MBC313K
. . 4 BMBC-293K
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Fig.5 X-ray photoelectron
spectra (a), Fe2p (b), Ols (c), a

and Cls (d) spectra of spent
ball-milled magnetic biochar
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from 24.84 to 31.13%, indicating that fluconazole was suc-
cessfully adsorbed by BMBC (Zhang et al. 2019b; Zhou
et al. 2018). Conversely, the relative content of —C—O and
—C =0 in BMBC decreased, suggesting that these functional
groups participated in fluconazole adsorption. The Ols spec-
trum also showed that the binding energy of O-containing
functional groups in BMBC changed after the reaction.
Specifically, the relative content of the functional group
—C-0 decreased from 55.97 to 48.05%, revealing that there
was a chemical reaction between BMBC and fluconazole.
Finally, from the Fe2p spectrum, it can be seen that the bind-
ing energy and content of Fe with different valence states
changed only weakly after the reaction, indicating that Fe
oxides in BMBC have little effect on fluconazole adsorption.
Therefore, the C— and O-containing functional groups in
BMBC contributed to fluconazole adsorption.

FT-IR (Fig. S3a) revealed no obvious difference in the
infrared spectra of fresh and spent BMBC, illustrating that
the types of functional groups in BMBC were unchanged.
However, the peaks of some functional groups in BMBC
shifted. For example, the peaks of aromatic C=C and C=0
shifted from 1620.88 to 1618.15 cm™!, the peaks of -C—O-C
shifted from 1095.21 to 1097.95 cm™', and the peaks of
C—H shifted from 802.73 to 806.77 cm™". This confirms that
the functional groups in BMBC participated in fluconazole

adsorption (Li et al. 2018c; Ahmed et al. 2017). The results
of XRD (Fig. S3b) illustrated that the phase composition
and crystal structure of BMBC were relatively unaffected
in the process of fluconazole adsorption, providing further
evidence that Fe oxides, silica, and other components in
BMBC contributed less to fluconazole adsorption. Finally,
the results of SEM, specific surface area, and the effect of
pH on fluconazole adsorption by BMBC (Fig. S4) identified
that the contributions to pore-filling and electrostatic interac-
tion on fluconazole adsorption were negligible.

Based on the above analysis, the mechanism of flucona-
zole adsorption by BMBC can be summarized as follows
(Fig. 6): (1) The aromatic structure of fluconazole makes it
a m-electron acceptor; meanwhile, the results of XRD show
that the BMBC had a graphite-like structure. Therefore, 7—n
electron donor—acceptor interactions were responsible for
fluconazole adsorption; (2) the results of XPS and FT-IR
illustrate that fluconazole adsorption was also attributable
to H bonding; (3) O-containing functional groups in BMBC
complexed with fluconazole, which also contributed to flu-
conazole adsorption; (4) the pore-filling and hydrophobic
effects had little contribution to fluconazole adsorption by
BMBC. Therefore, z—z interactions, H bonding, and the
complexation of O-containing functional groups were the
main contributors to fluconazole adsorption, and the increase
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Fig.6 The adsorption mechanism of fluconazole by BMBC

in O-containing functional groups was the key reason for the
improvement in fluconazole adsorption by BMBC.

Influence of pH, humic acid, and biomass type
on fluconazole adsorption by BMBC

Effects of pH

The influence of pH on fluconazole adsorption by BMBC
is shown in Fig. S4. Acidic conditions were slightly more
conducive to fluconazole adsorption, and the maximum
adsorption capacity reached 13.5 mg/g at pH=3.0. With an
increase in pH, the adsorption capacity of BMBC for flu-
conazole decreased. However, even at pH=11.0, the adsorp-
tion capacity of BMBC for fluconazole only decreased by
3.3 mg/g, indicating that BMBC has better pH shock resist-
ance, and will undoubtedly have good practical application
prospects.

Effects of humic acid

Humic acid commonly exists in water bodies. Previous
studies have confirmed that the presence of humic acid can
significantly affect the adsorption of target pollutants by
adsorbents (Yang et al. 2017; Lian et al. 2015). Therefore, it
is necessary to explore the effect of coexisting humic acid on
fluconazole adsorption by BMBC. The effect of humic acid
on fluconazole adsorption by BMBC is shown in Fig. S5.
With the increase in humic acid concentration, the capac-
ity of BMBC to adsorb fluconazole decreased only slightly,
reaching 12.4 mg/g when the concentration of humic acid
was 30 mg/L, which was only 1.4 mg/g lower than that of
the system without humic acid. This illustrated that the influ-
ence of humic acid on fluconazole adsorption by BMBC
was weak.
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Effect of biomass type

The performance of magnetic biochar is closely related to the
type of biomass from which it is prepared (Yi et al. 2019b).
The influence of biomass type on fluconazole adsorption
by MBC and BMBC is shown in Fig. S6. The best adsorp-
tion capacity for fluconazole (nearly 3 mg/g) was observed
with the magnetic biochar prepared from rice husk, while the
fluconazole adsorption capacity of magnetic biochar synthe-
sized from wheat straw was lowest (< 1.5 mg/g). However,
no matter what type of biomass was used as a raw material
to synthesize magnetic biochar, the adsorption capacity for
fluconazole significantly improved after ball milling and
ranged from 3 to 11 times that of magnetic biochar without
ball milling. These results show that the benefits of ball mill-
ing are effective for all types of magnetic biochar.

Conclusion

In this paper, magnetic biochar was prepared by impreg-
nation—pyrolysis and treated by ball milling. Ball milling
effectively improved the adsorption rate and capacity of
magnetic biochar for fluconazole. The mechanism of flu-
conazole adsorption by BMBC included n—= interactions,
H bonding, and complexation with O-containing functional
groups. Batch experiments for fluconazole adsorption con-
firmed that BMBC was applicable across a wide range of pH
and was resistant to interference. The results of fluconazole
adsorption by BMBC from different biomass sources con-
firmed that ball milling is beneficial for different types of
magnetic biochar.
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