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Abstract

This study investigated the adsorptive removal of target fluoroquinolones and tetracyclines by biochar made by yak dung
collected from the Qinghai-Tibet Plateau. Yak dung biochar pyrolyzed at 700 °C possessed surface area of 198.745 m? g™!
and multiple functional groups. Effects of different factors including biochar dosage, pH, temperature, and initial concen-
tration on adsorption of antibiotics were discussed. The biochar dosage of 1 g L™! was preferable for adsorptive removal of
antibiotics. Adsorption of target antibiotics did not show pH-dependent features. Adsorption capacities of fluoroquinolones
and tetracyclines positively increased with temperature and initial concentration. Pseudo-second order model and the Fre-
undlich model better fitted the experimental kinetic and isotherm data, respectively. Yak dung biochar provides a new idea
on resource utilization of solid wastes and pollution control in the Qinghai-Tibet Plateau.
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Biochar, a kind of carbonaceous functional material derived
from biomass under the anaerobic or hypoxic conditions, has
been widely used for removing various pollutants, amend-
ing soils, and sequestrating carbon (Kambo and Dutta 2015;
Matovic 2011; Peiris et al. 2017; Shimabuku et al. 2016;
Srinivasan and Sarmah 2015). Biochar generally possesses
multiple functional groups such as -COOH, alcoholic/phe-
nolic—OH, and —CHO to show excellent capacity of remov-
ing toxic metals or organic pollutants (Wei et al. 2018).
Meanwhile, biochar has also exhibited diverse advantages
for application (Kambo and Dutta 2015; Peiris et al. 2017,
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Shimabuku et al. 2016; Wei et al. 2018). Therefore, biochar
has become an effective, low-cost, and promising functional
material for removing pollutants from various aquatic envi-
ronments (Peiris et al. 2017; Shimabuku et al. 2016; Wei
et al. 2018).

Recently, animal manure has been increasingly used to
make biochar (Cao et al. 2011; Cely et al. 2015; Subedi
et al. 2016) although diverse raw materials can be used for
preparing biochar (Kambo and Dutta 2015; Srinivasan and
Sarmah 2015; Wei et al. 2018). Yak dung is a kind of unique
bio-waste in the Qinghai-Tibet Plateau to undertake multi-
ple functions (Rhode et al. 2007; Yu et al. 2013). There are
about 14 million yaks living in the Qinghai-Tibet Plateau
(Yu et al. 2013). Approximately 16.1-26.8 million tons of
yak dung is estimated to be excreted annually in the Qinghai-
Tibet Plateau considering that amount of feces excreted by
a yak is about 1150-1916 kg per year (Rhode et al. 2007).
Therefore, effective utilization of yak dung becomes a chal-
lenge for sustainability of the Qinghai-Tibet Plateau and bio-
char is a promising utilization choice for yak dung.

Antibiotics have been extensively used to prevent/treat
bacterial infections and promote yields of animal hus-
bandry (Lu et al. 2018; Zhang et al. 2015). Fluoroquinolo-
nes, sulfonamides, macrolides, and tetracyclines account
for approximately 55% of total antibiotic usage in China
that is the largest antibiotic consumer in the world (Zhang
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et al. 2015). Moreover, antibiotics widely exist in various
aquatic environments, especially wastewater (Lu et al. 2018;
Shimabuku et al. 2016) to make removal of antibiotics from
water critical to safety of aquatic environment. This study
investigated the adsorptive removal of typical antibiotics
using biochar pyrolyzed from yak dung. The final aim of
this study is to provide important information on a low-cost
and environment-friendly approach of controlling antibiotics
in waters as well as utilization of yak dung in the Qinghai-
Tibet Plateau.

Materials and Methods

Fluoroquinolone standards included ciprofloxacin (CFC) and
enrofloxacin (EFC) while tetracycline standards comprised
tetracycline (TC) and oxytetracycline (OTC). All antibiotic
standards with purity of 98% were purchased from Sinop-
harm Chemical Reagent Co. (Shanghai, China). EFC, TC,
and OTC were dissolved individually in methanol while
CFC stock solution was prepared by dissolving CFC in
1% (v/v) formic acid/methanol solution. All fresh antibi-
otic stock solutions with concentration of 100 mg L™ were
prepared biweekly and stored at —20 °C. Working solution
was prepared before each assay by diluting the stock solu-
tion using methanol. HPLC-grade methanol and acetonitrile
were purchased from Tedia Company (Fairfield, OH, USA).

Yak dung was collected from a yak breeding pasture
located at Menyuan County of Qinghai Province, China.
Yak dung was air dried under room temperature, smashed
by a crusher to pass through 0.425 mm sieve, and put into
a 100 mL crucible. The crucible was densely filled with
yak dung, covered by a lid, and placed into a KSL-1200X
muffle furnace (Hefei Ke Jing Materials Technology Co.,
Hefei, China). Heating rate of biochar preparation was set
as 10 °C min~!. Biochars were produced at an operating
temperature of 700 °C with residence time of 2 h.

The prepared biochars were homogenized and grounded
to pass through a 0.075 mm sieve, and then dried at 105 °C
for 12 h before characterization and batch assays. A CHN
analyzer (Elementar micro cube, Germany) was used to
analyze contents of C, H, and N of biochar. The pH of bio-
char was determined by measuring pH of the supernatants
(biochar-water ratio of 1:2.5) using a pH meter (Shanghai
INESA Scientific Instrument Co., China). Surface area of
biochar was determined by fitting Brunauer, Emmett and
Teller (BET) equation to nitrogen adsorption at 77 K. Scan-
ning electron microscope (SEM JSM-5610LV, JEOL, Japan)
was used to investigate the surface morphology of biochar.
Fourier transform infrared (FTIR) spectra of biochar were
obtained by Nexus (Thermo Nicolet Corporation, USA).

Except the study exploring the effect of initial concen-
tration on adsorption, the initial concentration of target
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antibiotics in the remaining experiments was 10 mg L™".
The adsorption experiments followed the below protocols
if no specific conditions were pointed out. Biochar (80 mg)
was placed in a conical flask (100 mL) and 80 mL of syn-
thetic wastewater was added. The flasks were tightly sealed
by Parafilm and shaken at 180 rpm under 25 °C (298 K) for
24 h. Then biochar was separated from solution by centrifu-
gation at 12000 rpm for 5 min. The supernatant was ready
for ultra performance liquid chromatography (UPLC) analy-
sis. All experiments were in triplicate. To discuss the effect
of adsorbent dosage on adsorption, amounts of biochar were
setas 0, 2, 4, 8, 16, 40, and 80 mg to make biochar dosages
of 0, 0.025, 0.05,0.1,0.2,0.5,and 1 g L, respectively.
To investigate the effect of pH on adsorption, solution was
prepared at pH of 2—12. To explore impact of initial con-
centration on adsorption, initial concentrations of EFC and
CFC were set as 1, 5, 10, 20, and 50 mg L~! while those of
TC were 1, 5, 10, 20, 50 and 100 mg L~! and those of OTC
were 5, 10, 20, 50 and 100 mg L. Adsorptive kinetics of
target antibiotics were performed at 25 °C (298 K), biochar
dosage of 1 g L™!, and initial antibiotic concentration of
10 mg L~! with sampling times of 0, 0.167, 0.5, 1, 2, 3, 4,
5,6, 8,10, 12, and 24 h for TC, EFC, and CFC. For OTC,
water sample at 36 h was also taken. Isotherm experiments
were performed under temperatures of 15 °C (288 K), 25 °C
(298 K), and 35 °C (308 K) with different concentrations
ranging from 1 to 50 mg L™! for EFC and CFC as well as
1-100 mg L~! for TC and OTC.

Adsorptive kinetics of target antibiotics were described by
pseudo-first order and pseudo-second order models accord-
ing to Hameed and Daud (2008). The Langmuir model and
Freundlich isotherm were used by this study (Hameed and
Daud 2008; Yao et al. 2013) and briefly listed below:
I T U
qeq kLQm Ceq Qm e

where ¢g,, and C,, are equilibrium amount of target anti-
biotics adsorbed by unit mass adsorbent and equilibrium
concentration, respectively; k; is the surface adsorption
equilibrium constant; Q,, is the adsorption capacity under
monolayer adsorption; kj is the Freundlich relative capacity
coefficient; n is the Freundlich empirical adsorption intensity
coefficient.

Concentrations of target antibiotics were analyzed on
an ACQUITY UPLC H-Class (Waters Corporation, Mil-
ford, USA). Chromatographic separation was performed on
a reversed-phase C-18 column (2.1 mm X 50 mm, 1.7 pm
particle size) obtained from Waters Corporation (Milford,
MA, USA) at a constant temperature of 40 °C. Mobile phase
was 0.02 M phosphate buffered saline (PBS) and acetonitrile
with ratio of 85:15 (v:v). The flow rate was 0.3 mL min~!
and sample injection volume was 10 uL. TC and OTC were

1
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detected at 355 nm while CFC and EFC were detected at
278 nm.

Differences in removal rates and adsorption capacities of
biochar for different target antibiotics were determined by
ANOVA (P=0.01).

Results and Discussion

The pH of biochar was 10.52, similar to that reported by
Subedi et al. (2016) but higher than that obtained by Cao
et al. (2011). The contents of C, H, and N of yak dung
biochar were 40.425%, 0.795%, and 1.375%, respectively.
The Carbon content of yak dung biochar was lower than
that of the previous reports (Cao et al. 2011; Subedi et al.
2016). Surface area of biochar was 198.745 m? g~! based
on BET analysis, higher than that previous reported (Cao
et al. 2011; Subedi et al. 2016). Biochar exhibited multi-
rod like shape with porous structure based on the surface
morphology (Fig. 1a). The absorption bands of biochar
observed by FTIR spectra (Fig. 1b) represented the exist-
ence of some functional groups including —OH (3445 cm™"),
aromatic C=C/C=0 (1562 cm™), CH,- (1415 cm™h, C-0
(1068 cm™!), aromatic CH (875 cm™), etc (Bekiaris et al.
2016; Kumar et al. 2011; Liu et al. 2018). Considering pre-
vious report on application of biochar (Wei et al. 2018),
the physico-chemical properties shown by this study make
yak dung biochar possess potential of removing pollutants
including antibiotics from waters.

It is a challenge to effectively treat antibiotics-containing
waters such as agricultural runoff, aquaculture tail water,
and soil solution. Therefore, removal of antibiotics using
yak dung biochar would provide new insights for pollution

Absorbance

Fig.1 SEM image (a) and FRIT spectrum (b) of yak dung biochar

control of antibiotics. Removal rates of target antibiotics by
yak dung biochar increased with biochar dosage (Fig. 2a,
b), reaching 77.78-91.14% under biochar dosage of 1 g L.
Removal rates of TC were higher than those of OTC when
biochar dosage was 0.1 g L™! or higher. Meanwhile, removal
rates of CFC were also significantly higher than those of
EFC when biochar dosage was 0.1 g L™! or higher based
on ANOVA analysis. Dosage of 1 g L™! was acceptable and
reasonable for adsorptive removal of fluoroquinolones and
tetracyclines if considering the treatment cost.

Effect of pH on adsorption of target antibiotics was not
significant when pH ranged from 6 to 10 although adsorp-
tion capacity of biochar for TC at pH of 6—10 was signifi-
cantly higher than that for OTC and adsorption capacity
of biochar for CFC at pH of 6-10 was remarkably higher
than that for EFC based on ANOVA analysis (Fig. 2c, d).
Interestingly, adsorption capacities of biochar for target
antibiotics reached the highest at pH of 2. Adsorption
capacities of biochar for TC and OTC showed different
variation patterns. Adsorption capacity of biochar for OTC
at pH of 12 was significantly higher than that at pH of 10
while adsorption capacity of biochar for TC at pH of 12
remarkably decreased. In contrast, adsorption capacities
of biochar for EFC and CFC showed identical variation
patterns similar with that for TC. The pH could affect the
ionization state of the target antibiotics as well as bio-
char surface (Aghababaei et al. 2017). Target antibiotics
in wastewater showed various forms such as molecule and
ionic species under different pH while surface charges
of biochar changed with pH (Aghababaei et al. 2017).
Therefore, complex variation in adsorption capacities of
biochar for fluoroquinolones and tetracyclines under dif-
ferent pH values showed pH might cause diverse impacts
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Fig.2 Effects of biochar dosage (a, b),
dung biochar

on adsorption. Moreover, the main influence mechanism
of pH on adsorption of antibiotics using yak dung biochar
still needed further exploration.

Effects of temperature on adsorption capacities of biochar
for tetracyclines were more remarkable than those for fluoro-
quinolones (Fig. 2e, f). Adsorption capacities of biochar for
target antibiotics increased with temperature, similar with
the previous report (Aghababaei et al. 2017). Adsorption
capacities of biochar for TC, OTC, EFC, and CFC at 35 °C
(308 K) were 1.17, 1.42, 1.07, and 1.07 times those at 15 °C,
respectively. Increase in temperature would be helpful to
improve the effective collision between antibiotics and yak
dung biochar as well as to enhance the number of active sites
of biochar. Temperature had limited effects on adsorption of
EFC by biochar, which might be related with the structure
of EFC and its forms in aquatic phase.

Adsorption capacities of biochar for target antibiotics
increased with initial concentrations of antibiotics (Fig. 2g,
h), similar with the previous report (Wang et al. 2015). Ini-
tial concentration of antibiotics might affect the saturation
time and adsorption equilibrium. Adsorption capacity of bio-
char for TC with the initial concentration of 100 mg L~ was
32.75 times that with the initial concentration of 1 mg L=},
reaching 32.01 mg g~!. Adsorption capacity of biochar
for OTC with the initial concentration of 100 mg L™! was
5.67 times that with the initial concentration of 5 mg L,
reaching 26.09 mg g™!. Effect of the initial concentration on
adsorption capacity of biochar for CFC was more remark-
able than that for EFC. Adsorption capacities of biochar for
CFC and EFC with the initial concentration of 1 mg L™!
were 0.95 and 0.98 mg g~!, respectively while those for CFC
and EFC with the initial concentration of 50 mg L™ were
23.97 and 14.59 mg g™, respectively.
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pH (c, d), temperature (e, f), and initial concentration (g, h) on adsorption of target antibiotics by yak

Pseudo-first order and pseudo-second order models were
used to discuss adsorption processes of target antibiotics
on yak dung biochar (Fig. 3). Biochar adsorption of TC
reached equilibrium faster than that of OTC. Desorption
rates of OTC and TC on biochar were less than 0.7% within
72 h. Biochar adsorption of EFC reached equilibrium faster
than that of CFC. Desorption rates of EFC and CFC on bio-
char were less than 0.5% within 72 h. Pseudo-second order
model fitted better with the experimental data for all target
antibiotics than pseudo-first order model when comparing
the correlation coefficients (R?). The rate constants (k,) for
pseudo-second-order model of all target antibiotics ranged
from 0.31 (CFC) to 2.76 (TC). Parameter k, values of tet-
racyclines were higher than those of fluoroquinolones. The
calculated equilibrium adsorption capacities of biochar for
all target antibiotics were similar.

The Langmuir and Freundlich models were used to inves-
tigate adsorption isotherm of target antibiotics on yak dung
biochar (Fig. 4). Adsorption of TC, EFC, and CFC on bio-
char did not follow the Langmuir isotherm while the Fre-
undlich isotherm fitted well with adsorption data of these
antibiotics. The Freundlich isotherm yielded better fitting
results for adsorption of OTC than the Langmuir isotherm.
The Freundlich isotherm fitted well with adsorption data of
target antibiotics, possibly showing that the adsorption of
fluoroquinolones and tetracyclines did not occur at specific
homogeneous sites of yak dung biochar (Yao et al. 2013).
The Freundlich relative capacity coefficients (k) of all target
antibiotics increased with temperature. The highest &, values
of TC, OTC, EFC, and CFC at 35 °C (308 K) reached 9.82,
13.16, 6.51, and 8.89, being 1.47,2.64, 1.11, and 1.25 times
those at 15 °C (288 K). Adsorption of OTC was more sensi-
tive to temperature than the other antibiotics.
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The disposal of biochar utilized for adsorbing antibiot-
ics is important for environmental safety and sustainability.
Currently, incineration and biochar re-preparation might be
two feasible approaches for treating biochar after utilization.
However, it is still necessary to develop more environmen-
tal-friendly disposal methods in the future.
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