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ABSTRACT: Antibiotics used in the swine industry to treat yeiine o
diseases and improve animal growth are poorly absorbed by swine ‘
and have been classified as micropollutants due to their occurrence
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in surface water, wastewater, and soil. This study investigated the L 4 ol

capacity of biochar produced from eastern red cedar to remove 1 Pyoisisatasoxc | A\ d
e : : - -~ ) = =

target antibiotics that have been extensively used in the swine 3 ) Sulfonamides

industry. Biochar was produced by pyrolysis from eastern red cedar Biochar [
at 450 °C. The sorption tests were performed by mixing biochar J 2 1) . {j
and a solution (1:10 ratio) containing each antibiotic in 100, 300, = AT Y\(T o

600, and 900 ug L™ concentrations. The results indicate that red
cedar biochar was able to effectively remove up to 99.93%
tetracycline, 96.23% oxytetracycline, 98.28% chlortetracycline, 76.4% sulfadiazine, and 78.6% sulfamethazine at the lowest
concentrations. The removal efficiencies at higher concentrations declined up to 83.52, 47.23, 64.16, 69.8, and 58.4% for tetracycline,
oxytetracycline, chlortetracycline, sulfadiazine, and sulfamethazine, respectively. The biochar exhibited stronger adsorption capacity
for chlortetracycline and sulfamethazine compared to the other antibiotics. The likely adsorption mechanisms driving the removal of
tetracyclines and sulfonamides are hydrogen-bonding and 7— electron-donor—acceptor, supported by FTIR analyses of the biochar
itself. Overall, the results highlighted the potential utilization of eastern red cedar biochar for practical applications, mitigating
antibiotic residues from swine wastewater in a cost-effective and environmentally friendly manner due to its relatively low pyrolysis

Sulfadiazine Sulfamethazine

temperature (450 °C) and sustainable repurposing of an invasive tree species.

Bl INTRODUCTION

The swine industry is among the top users of antibiotics in the
animal industry and uses antibiotics widely to treat, prevent,
and control the diseases caused by bacterial infections and
hence improve the growth of pigs."” Due to the overdosage
and low assimilation by animals, most antibiotics (70—90%)
are excreted into the environment through liquid manure and
feces, threatening the health of humans and other organisms by
inducing the prevalence of antibiotic-resistant genes in
pathogenic bacteria.”* Several antibiotics have been identified
in different environmental compartments, such as livestock
farms, river water and sediment, soils, and groundwater.5
Sulfonamides and tetracyclines are two classes of antibiotics
most common in swine wastewater, frequently detected at
concentrations of up to 710 and 1000 ug L', respectively.””*
Li et al.” investigated the concentrations of 10 commonly used
veterinary antibiotics in samples of treated slurries and
groundwater to understand the effect of swine feedlot as
sources on the groundwater quality downstream. They
concluded that all types of antibiotics were detected in either
discharged wastewater or groundwater samples; however,
tetracyclines and sulfonamides were detected in high
concentration and frequency in the wastewater samples. The
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mean concentrations of tetracyclines and sulfonamides were
416 and 442 pg L™ in wastewater samples.” Thus, there is a
need for cost-effective wastewater treatment techniques to
remove antibiotics in animal waste, thereby protecting human
health and the environment."’

Different treatment technologies including biological,
physical, chemical, or a combination of these techniques
have been employed to treat wastewaters to comply with
allowable effluent discharge limits."" Biological approaches to
treat swine wastewater have focused on anaerobic fermenta-
tion, biofilm reactors, sequentially combined aerobic and
anaerobic batch reactors (SBR), and denitrification in
constructed wetlands. In contrast, physical and chemical
methods have emphasized on recovering nitrogen and
phosphorus based on precipitation and adsorption mecha-
nisms.'" Biochar, for example, is an excellent biomass-derived
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carbonaceous sorbent for organic contaminants due to its pore
structures and surface characteristics that can be applied to
treat swine wastewater in combination with other treatment
technologies such as anaerobic digestion.'” Antibiotic removal
by biochar adsorption has several advantages, including the use
of locally available adsorbent materials, high efficiency (>90%)
and selectivity due to its polar functional groups effective in the
sorption of polar compounds, and cost-effectiveness when
compared to other treatment techniques such as advanced
oxidation processes, membrane filtration, and activated carbon
adsorption.'>"*

Additionally, biochar production can contribute to waste
management and carbon sequestration efforts by converting
organic waste into a beneficial product.'® These carbonaceous
materials are produced through pyrolysis of organic materials,
such as plant residue, agricultural waste, or wood chips at high
temperatures (usually <800 °C).'®"” For instance, Zhang et
al.’ found that biochar derived from corn straw pyrolyzed at
600 °C had the highest adsorption capacity for tetracycline
removal in soil when compared to temperatures ranging from
100 to 600 °C. Similarly, Hu et al.'"® demonstrated
effectiveness in removing sulfonamides from water using an
attapulgite-modified rice straw biochar pyrolyzed at 700 °C.
However, when high pyrolysis temperatures are used, the use
of biochar is not feasible for practical applications due to the
high costs associated with their production (i.e., high energy
requirements for high pyrolysis temperatures) and surface
modification.'”

Pyrolysis is the most costly stage when producing biochar,
accounting for 36% of the total production cost due to the
consumption of large amounts of energy.'” The pyrolysis
process also generates bio-oil, a liquid coproduct that may be
used to generate energy or as feedstock to generate
chemicals.”’ Therefore, reducing the energy requirements for
biochar production would improve its economic feasibility for
large-scale application.”’ Another crucial factor in the wide-
spread production and commercialization of biochar is the
identification of abundant, sustainable, and readily available
feedstock options that have significant environmental and
economic implications.22

The objective of this study, therefore, was to investigate the
capacity of eastern red cedar biochar pyrolyzed at a relatively
low temperature of 450 °C to remove tetracycline and
sulfonamide antibiotics. Specifically, the adsorption mecha-
nisms of three tetracyclines (tetracycline, oxytetracycline, and
chlortetracycline) and two sulfonamides (sulfadiazine and
sulfamethazine) at different concentrations were investigated.

Eastern red cedar is native to the eastern United States and
southern Canada but is considered an invasive species in areas
of the Great Plains where it is displacing ideal native grass
species.”” Unfortunately, eastern red cedar rapid expansion
into grassland prairies has led to several environmental
problems, including greater wildfire risk, reduced water yield,
unfavorable wildlife habitat, changes in nutrient cycling and
carbon sequestration, and reduced forage.”* Biochar produced
from hardwood was found to have high porosity and thus may
be effective in absorbing large amounts of organic chemicals.”
However, there is a lack of research regarding the adsorption of
antibiotics using biochar derived from eastern red cedar
(Juniperus virginiana L.), which is a softwood tree. This
research offers unique contributions by demonstrating the
novel use of eastern red cedar biochar for removing antibiotics
from swine wastewater, providing insights into the adsorption

mechanisms at lower pyrolysis temperatures and highlighting
practical implications for sustainable wastewater treatment in
agricultural settings.

B MATERIALS AND METHODS

Chemicals and Materials. Tetracycline hydrochloride
(CAS: 64-75-5, C,,H,,N,04-HCI), oxytetracycline hydro-
chloride (CAS: 2058-46-0, C,,H,,N,04-HCI), chlortetracy-
cline hydrochloride (CAS: 64-72-2, C,,H,;CIN,O4HCI),
sulfadiazine (CAS: 68-35-9, C,oH;,N,0,S), and sulfametha-
zine (CAS: 57-68-1, C,,H;,N,0,S) were purchased from
Sigma-Aldrich. Eastern red cedar biochar was obtained from
Blue Earth LLC, located in Manhattan, Kansas, USA. Biochar
was produced by pyrolysis from eastern red cedar at 450 °C.
The pyrolyzed biochar was ground and passed through a sieve
of <595 pym.

Characterization of Biochar. The biochar was produced
using all the parts of the eastern red cedar (stem, leaves, and
branches). The surface morphology and elemental composi-
tion of the eastern red cedar biochar were determined using a
scanning electron microscope (SEM) (Nova NanoSEM 450,
FEI, USA) with an integrated energy dispersive X-ray
spectroscopy analysis (EDS) (X-Max 20 mm?, Oxford, United
Kingdom) silicon-drift detector located at the Electron
Nanoscopy Instrumentation Facility, University of Nebraska,
Lincoln, USA, with a working voltage of 15 kV.

Fourier transform infrared spectroscopy (FTIR) was
performed to identify the main chemical groups on biochar
using the Thermo iS-50 FTIR spectrometer (Thermo Fisher
Scientific, USA) in the range 450—4000 cm ™" with a diamond
attenuated reflectance.

The elemental analysis was done using a 2400 Series II
CHNS/O Elemental Analyzer (PerkinElmer, USA). The
mineral phases and crystal structure of the biochar were
identified by means of an EMPYREAN X-ray diffractometer
(XRD) (PANanalytical, Netherlands) at a scanning rate of
10°/min from 0 to 90° (2-theta).

The specific surface area, pore volume, and pore size
distribution of the biochar were measured from N,
adsorption—desorption isotherms at 77 K using a surface
area analyzer (ASAP 2460, Micrometrics, USA). The surface
area (Sppr) was calculated by the Brunnauer—Emmett—Teller
(BET) method.

Adsorption Experiments. Sorption tests were performed
to evaluate the removal of tetracycline, oxytetracycline,
chlortetracycline, sulfadiazine, and sulfamethazine, both
individually and as a mixture, from an aqueous solution.
Sorption tests were performed in quadruplicate. Two milli-
grams of biochar was dispersed in a scintillation vial with screw
caps containing 20 mL of deionized water with a known
concentration of each antibiotic (100, 300, 600, and 900 ug
L™"). Combinations of antibiotics were prepared to evaluate if
the biochar would preferentially sorb certain antibiotics:
tetracyclines (tetracycline, oxytetracycline, and chlortetracy-
cline) and sulfonamides (sulfadiazine and sulfamethazine)
were both mixed separately to yield separate mixtures, with the
same final concentrations each (100, 300, 600, or 900 ug L™").
Then, all tetracyclines and sulfonamides were combined at
concentrations of 600 and 300 ug L', respectively.
Concentrations for tetracyclines and sulfonamides ranging
from 100 to 1000 ug L™ can be found in the literature for
swine and other livestock and can vary depending on the
specific antibiotic, the dosing regimen, and the intended
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Figure 1. SEM images of eastern red cedar biochar 400 ym (a), SO um (b), 10 ym (c), and energy dispersive X-ray spectroscopy analysis (EDS)

(d) from the eastern red cedar biochar surface (e).

purpose, such as disease prevention and treatment of
infection.”*”**

Sodium hydroxide and HCl solutions (0.01—1 M) were used
to change the pH of the solution containing antibiotics to 7.
For the majority of adsorbents, the adsorption affinity is
favorable within a limited range of solution pH or the
adsorption decreases with the increase in the negative surfaces
of the sorbents with increasing pH, since acidic functional
groups become more negative due to deprotonation.””

Samples were placed in a thermostatic oscillator at 150 rpm
for 24 h of contact time at room temperature (25 °C) to
achieve adsorption equilibrium. The residual antibiotics were
analyzed in 0.22 um filtered samples by a high-performance
liquid chromatography (HPLC) system (Waters Acquity
HPLC System with a Xevo TQ-S Mass Spectrometer).

The amount of antibiotic adsorbed on biochar (Q., mg/g)
was calculated from the difference in concentration between
the initial (Cp, mg/L) and the equilibrium (C, mg/L)
solutions (eq 1).

_ G -G \%

X
m 1000 (1)

Q.

where V (mL) is the volume of the antibiotic solution and m
(g) is the weight of the biochar used.

Adsorption Isotherm Models. In order to better
understand the adsorption process, Langmuir and Freundlich
adsorption isotherm models were utilized to fit the
experimental data. The Langmuir model (eq 2) hypothesizes
that a monolayer or shorter adsorption process is groportional
to the homogeneous energy on the surface sites:’

bg C

T T+oc )
The Freundlich model (eq 3) describes multilayer
adsorption on a heterogeneous adsorbent surface:*

1/n
qe = KFCe (3)

where g, (mg g7') and C, (mg L") are the equilibrium
adsorption capacity and concentration, respectively; g, (mg
g™!) denotes the maximum adsorption capacity; b (L mg™")
refers to the Langmuir model parameters; and K and n are the
Freundlich model parameters.

Statistical Analysis. Statistical analyses were performed in
R statistical software.’’ One-way ANOVA and Fisher’s LSD
test were used to assess statistically significant differences (p <
0.05) among the antibiotic concentrations.

B RESULTS AND DISCUSSION

Biochar Characterization. The surface morphology and
chemical composition of the biochar were determined by using
SEM and EDS (Figure 1). According to SEM images in Figure
la,b, eastern red cedar biochar had an irregular surface with a
wide range of pore openings. The biochar surface was smooth,
containing rod-like structures and pores (Figure 1c). Previous
research demonstrated that the microporous structure and
high surface area of biochar would provide more adsorption
sites for adsorbate.>” The EDS indicated traces of elements,
such as magnesium (Mg), potassium (K), and calcium (Ca) on
the biochar surface (Figure 1d). These minerals were
distributed across the surface (Figure le) and the Mg, K,
and Ca contents were found to be 16.76, 12.29, and 70.95%,
respectively. Sharma and Ratner’® compared the mineral
composition of wood biochar from previous studies using
surface area analysis and concluded that most studies indicated
the presence of these minerals next to porous regions. The
presence of these Mg, K, and Ca can be a result of the pyrolysis
process.*

The results of the physicochemical characteristics of eastern
red cedar biochar showed that the surface of biochar is mainly
composed of carbon (C), oxygen (O), and Ca (Table 1). A
high C content was exhibited in the biochar, which can be
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Table 1. Physicochemical Characteristics of Eastern Red
Cedar Biochar

Element analysis (wt %)

C (¢} H N Na Mg Si Ca K P
70.1 14.5 2.3 0.6 0.2 24 0.7 6.1 0.6 1.8
SpET (m2 gil) Simic (mz Vror b Vgliv Dy (nm)d

g—l)u (Cm g—l) b (cm g—l)L
262.13 203.92 0.1528 0.1060 2.33

“Micropore surface area calculated using the t-plot method. bTotal
pore volume. “Micropore volume calculated with the t-plot method.
dAverage pore diameter.

explained by the biochar preparation temperature (450 °C). As
can be seen in Table 1, at 450 °C, the carbon content in
biochar is relatively high due to the thermal breakdown of
organic matter, resulting in a material rich in carbon. Typically,
a high pyrolysis temperature can lead to a greater level of
carbonization and the formation of more aromatic structures,
which are associated with the dehydration and condensation
reactions. This process removes volatile compounds and leads
to a concentrated carbonaceous residue with aromatic carbon
bonds.’*** As previously indicated by Yargicoglu et al,*
biochars with higher ratios of carbon to nitrogen (C:N) and
lower ratios of hydrogen to carbon (H:C) are more likely to
have experienced significant thermal alterations due to the
greater loss of hydrogen and nitrogen relative to carbon, which
can be observed in the eastern red cedar biochar. The eastern
red cedar biochar had a BET specific surface area of 262.13 m*
g~!, a total pore volume of 0.1060 cm® g”', and an average pore
size of 2.33 nm. Liu et al.’® found similar results in their
evaluation of the surface characteristics of biochar from cedar
sawdust pyrolyzed at temperatures between 450 and 600 °C.
They reported a surface area ranging from 250 to 300 m* g, a
pore volume between 0.15 and 0.17 cm® g”', and an average
pore size between 2.16 and 2.42 nm. Several authors have
noted that the surface area and pore volumes of biochar
increase with higher pyrolysis temperatures.””*”*® For
instance, Vaughn et al.”> produced eastern red cedar biochar
using pyrolysis temperatures from 780 to 850 °C and obtained
a surface area of 490 m* g~".

Figure 2 presents the FTIR spectra and XRD analysis of
eastern red cedar biochar. The cracking of aliphatic groups,
such as methyl, methylene, and methoxyl, and reformation of
other functional groups such as carbonyl and carboxyl occur
with a temperature around 400 °C.”” The aromatic groups in
the eastern red cedar biochar sample give rise to C=C
stretching at 1605 cm™' and aromatic C—H deformation
modes around 711 cm™, which were also observed by other
researchers (Figure 2a).”> The 2080 cm™ peak could be
arising from >C=C=0 (ketone group). The FTIR spectra
show a strong peak at 1408 cm™, which corresponded to the
—COOH (carboxyl) symmetric stretching vibration and C—C
stretching vibrations in the aromatic ring, which can be
confirmed by Shao et al.”* The peak at 1063 cm™' can be
related to stretching from the C—O bonds in ethers, esters, and
carbonates. The peaks appearing below 1000 cm™ might be
related to Si—O, Si—O-Si, and Si—O—Mg stretching
vibrations.”” XRD patterns indicate the presence of calcite,
dolomite, calcium silicate, and bassanite as the primary
crystalline phases in eastern red cedar biochar (Figure 2b).
The peaks at 26.7 and 19.5° correspond to silicon and calcium
oxides, respectively.*’ The strong bands at 1408 and 871 cm™"
in the FTIR spectra (Figure 2a) can be assigned to calcite,*”
which is consistent with the XRD analysis of the eastern red
cedar biochar. The obtained sharp peaks for biochar pyrolyzed
at 450 °C indicate that the structure of calcite is well-
crzﬁtallized, which is supported by the study of Al-Wabel et
al.™

Adsorption Capacity. The removal efficiencies of
tetracycline (TC), oxytetracycline (OTC), chlortetracycline
(CTC), sulfadiazine (SDZ), and sulfamethazine (SMZ) were
significantly affected by their initial concentrations (p < 0.0S)
(Figure 3). At the lower concentrations (100 to 300 ug L"),
the removal efficiencies of TC, OTC, CTC, SDZ, and SMZ
were 99.93, 96.23, 98.28, 76.4, and 78.6%, respectively, which
indicates an overall antibiotic removal between 115 and 150 ug
mg ™! of biochar. These relatively high removal rates may be
due to the existence of many available binding sites on the
surfaces of the eastern red cedar biochar and the formation of a
large driving force during the mass transfer process.”* When
the initial concentration of the antibiotics was 900 ug L™, the
mean removal efficiencies decreased to 83.52, 47.23, 64.16,
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Figure 2. FTIR spectra of eastern red cedar biochar (a) and X-ray diffraction patterns of eastern red cedar biochar (b).
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Figure 3. Removal efficiency of tetracycline (TC) (A), oxytetracycline (OTC) (B), chlortetracycline (CTC) (C), sulfadiazine (SDZ) (D), and
sulfamethazine (SMZ) (E) at different concentrations (for each individual compounds). Means followed by the same letter are not statistically
different according to Fisher’s LSD test at 5% level. Individual points represent outliers.

69.8, and 58.4% for TC, OTC, CTC, SDZ, and SMZ,
respectively, indicating antibiotic removal between 212 and
375 ug mg™" of biochar. This decrease in antibiotic adsorption
efficiency onto the biochar surface may be attributed to the
saturation of the binding sites with higher antibiotic
concentrations.”* There are other findings in the literature in
agreement with the results found in this research.***
According to the results shown in Figure 3, the eastern red
cedar biochar presents a diverse range of adsorption sites with
different affinities and capacities. The differences in removal
efficiency among replicates are likely explained by the
heterogeneity of the biochar structure (Figure 1). As
mentioned by Kong et al,*® even if the biochar is from the
same source, its substantial heterogeneity results in a complex
structure and diverse physical properties, thereby affecting the
adsorption behavior. The biochar surface contains various
functional groups such as carboxyl and carbonyl groups
(Figure 2) and the distribution and availability of these groups
are not uniform across the surface. This heterogeneity explains
the large standard deviations observed for some concen-
trations. In addition, at lower concentrations, the high-affinity
sites, which have stronger binding interactions with the
antibiotics, are more likely to be occupied first. These sites
are particularly effective in adsorbing the OTC and CTC at
lower concentrations, leading to higher removal efficiencies. As
the concentration of these antibiotics increases, these sites
become saturated (Figure 3b,c). The remaining sites are
probably of lower affinity and cannot adsorb the antibiotics as

effectively, leading to a more significant drop in the removal
efficiency.

In the mixture, where each class of antibiotics was mixed at
the same individual concentrations (100, 300, 600, and 900 ug
L), the removal efficiencies of CTC and TC at the lowest
concentrations were 96.24 and 87.01%, respectively (Figure
4a), which shows a removal of 48 ug mg™" of biochar for CTC
and of 43 ug mg ™' of biochar for TC. The removal efficiency of
OTC with the initial concentration of 100 ug L™" was 84.40%,
showing a removal of 42 ug mg™' of biochar. At the highest
concentrations, the removal efficiencies declined up to 72.85%
for CTC, 35.19% for OTC, and 7.78% for TC, indicating that
CTC preferentially binds to the biochar surface compared to
that of OTC and TC. The removal of CTC, OTC, and TC was
328, 158, and 35 ug mg ™' of biochar, respectively. The
sorption affinity can be written in the following order: CTC >
OTC > TC. The sorption affinity presumed that when
antibiotics are sorbed onto the surface of biochar in
competitive mode, they all share the same sorption sites.
However, the degree of sorption depends on the phys-
icochemical properties of antibiotics and biochar. As a result,
the eastern red cedar biochar is capable of adsorbing a mixture
of antibiotics onto its surface, which was consistent with the
study of Ahmed et al.*” on eucalyptus wood biochar. The
additional chlorine atom in the chemical structure of CTC has
a potential effect on the electric density of the whole molecules
and enhanced polarity of CTC’s functional groups, leading to
stronger adsorption and increased affinity for the biochar
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compared to OTC and TC. Moreover, the eastern red cedar
biochar (Figure 2a) can form hydrogen bonds with the
hydroxyl groups of the hydroxyl groups of the OTC.
Therefore, the adsorption capacity of the eastern red cedar
biochar to the OTC is higher than the adsorption capacity of
the TC.

Sulfadiazine removal efficiencies were 70.92, 50.05, 33.93,
and 43.25% at concentrations of 100, 300, 600, and 900 ug
L™, when mixed with SMZ (Figure 4b), indicating a removal
of 35, 75, 102, and 195 ug mg_1 of biochar, respectively. The
mean SMZ removal when combined with SDZ was 81.23% at
concentrations of 100 and 900 g L™' and 71.84% at
concentrations of 300 and 600 ug L™'. Thus, SMZ removal
for the concentrations of 100, 300, 600, and 900 ug L™" were
40, 108, 215, and 366 ug mg_1 of biochar, respectively. Overall,
SMZ showed a higher removal efficiency compared to SDZ.
Similarly, Zhao et al.*® observed that SMZ exhibited an
adsorption affinity on the biochar surface that was an order of
magnitude higher compared to SDZ. The varying adsorption
behavior of these sulfonamides can be attributed to the
different substituents connected to the amino groups
(-NH-),*® which lies in the extra dimethyl group that is
present in the fourth and sixth carbon of the pyridine ring
having much stronger -electron-conjugating potential (4-
amino-N-(4,6-dimethylpyrimidin-2-yl) benzene-sulfonamide
for SMZ and 4-amino-N-(pyrimidin-2-yl) benzene-1-sulfona-

mide for SDZ, respectively).”” The presence of an aromatic
ring in SMZ may enhance its affinity for the hydrophobic
carbonaceous structure of biochar, leading to higher adsorption
capacities compared to SDZ, as previously supported by ref 50.

Overall, when the single effect was evaluated, higher
adsorption efficiencies were achieved for tetracyclines
compared to sulfonamides. According to Peiris et al,'” this
increased adsorption of tetracyclines is related to their
relatively high hydrophobicity compared to sulfonamides.
Tetracyclines act as triprotic acids (Table 2), and their
amphoteric behavior is due to the dominance of neutral and
differently charged species at varying pH values. Additionally,
cation bridging plays a significant role in tetracycline
sorption.

Tetracyclines and sulfonamides were mixed at concen-
trations of 600 and 300 ug L. These concentrations were
selected based on the relative proportions of tetracyclines and
sulfonamides previously reported in the literature for swine
wastewater.””® The removal efficiency was significantly
affected by the co-occurrence of the antibiotics (p < 0.05)
(Figure 5). The highest removal efficiencies are 77.35 and
50.26% for CTC and SMZ, respectively. As previously stated,
the presence of functional groups in the molecular structures of
CTC and SMZ can enhance adsorption onto the surface of
eastern red cedar biochar, resulting in higher removal
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Table 2. Physico-Chemical Properties of TC, OTC, CTC,
SDZ, and SMZ*

Antibiotic  Chemical structure  Chemical formula pKa Log Kow

pKa;=3.30
pKa, =7.68
pKa; =9.69

TC ! CpHoaN,Og -1.30

pKa; =3.27
pKa, =7.32
pKa; =9.11

OTC CH24N509 -0.90

pKa; =3.30
pKa, =7.55
pKa; =9.15

crc 'L LT CyoHasCIN,Og -0.62

pKa; =2.0
pKa, =6.5

SDZ CioH10N4O,S -0.90

¥ pKa; =2.65
C12H14N4O,S

SMZ -
w pKa, = 7.65

0.89

“Data obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/
), U.S. National Library of Medicine.

efficiencies of CTC and SMZ compared with TC, OTC, and
SDZ.

Adsorption Isotherms. The Langmuir and Freundlich
models are two common isotherm models used to describe the
adsorption of antibiotics onto solid surfaces.”’ The Langmuir
isotherm model assumes that the adsorption process is a
monolayer process, where each molecule adsorbs onto a

specific site on the solid surface.’’ On the other hand, the
Freundlich isotherm model assumes that the adsorption
process is multilayer and that the adsorption sites have
different energies. The value of n (slope) provides information
about the adsorption mechanism. A value of n close to 1
indicates a physical adsorption process, while a value of n
greater than 1 suggests a chemical adsorption process.””

The results for the Langmuir and Freundlich models for the
tetracycline class indicate that the Langmuir model has the best
fit for the experimental data with a larger correlation coeflicient
(Figure S1—single effect = R* > 0.93 and Figure 6a—mixture
effect = R* > 0.50), suggesting that the adsorption of
tetracyclines onto eastern red cedar biochar is a monolayer
sorption mechanism. On the other hand, the experimental data
for the sulfonamide class displayed stronger correlation with
the Freundlich model, as evidenced by the higher correlation
coefficients R? (Figure S1—single effect = R?> > 0.67 and
Figure 6b—mixture effect = R > 0.86) than those in the
Langmuir model.

Adsorption Mechanisms. The functional groups of
tetracyclines can undergo numerous electronic coupling
interactions including electrostatic interactions, 7—7 electron-
donor—acceptor, and Lewis acid—base interactions.'> Sim-
ilarly, the adsorption of sulfonamides was attributed to various
mechanisms, such as hydrogen bonds, 7—7 electron-donor—
acceptor interactions, van der Waals forces, hydrophobicity,
and pore-filling.'**” Generally, hydrogen bonding and 7—7x
electron-donor—acceptor seem to be the major mechanisms
that drive the adsorptive removal of these two classes of
antibiotics from aqueous solutions using carbon-based
materials.'”

On eastern red cedar biochar, hydrogen bonds played an
important role in both tetracycline and sulfonamide removal
due to the carboxyl group confirmed by the FTIR spectra
(Figure 2a), which indicates a possible adsorption mechanism
involving hydrogen bonds between the antibiotics and the
carboxyl group around 1408 cm™'. Phenol, amine, hydroxyl,
and enone moieties of tetracyclines can form hydrogen
bonding with carboxyl functional groups on biochar surfaces.'”
Likewise, the amino and amine groups from sulfonamides can
interact with carboxyl and hydroxyl groups on the surface of
eastern red cedar biochar through hydrogen bonding."*

Removal (%)
< o

N
&)
1

Oxytetrz'acycline

Tetraéycline

Chlortetnlacycline

o

Sulfadiazine Sulfamethazine

Figure 5. Removal efficiency of a mixture of tetracyclines (each at 600 ug L™") and sulfonamides (each at 300 ug L™"). Means followed by the same
letter are not statistically different according to Fisher’s LSD test at the 5% level.
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Conjugated enone structures of tetracyclines can act as 7 electron acceptors due to the presence of amino and aromatic
electron acceptors considering the strong electron-withdrawing groups in the molecular structure. On the other hand, the
ability of the ketone group.”® Sulfonamides can be strong 7 presence of a significant number of oxygen-containing
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functional groups on the eastern red cedar biochar surface
(Figure 2a) indicates its potential to act as an electron donor.”*
Thus, the 7—7n electron-donor—acceptor interaction is crucial
in the adsorption process of tetracyclines and sulfonamides on
eastern red cedar biochar.

Lewis acid—base interactions can also occur between Lewis
acids (—OH and C=0) on the eastern red cedar biochar
surface and Lewis base (—NH,) on tetracyclines and
sulfonamides.'” Furthermore, since the surface area (Sgpr)
and pore volume (Vior) (Table 1) of the eastern red cedar
biochar provides abundant adsorption sites (Figure 1), the
favorable adsorption between the antibiotics and the biochar
could be due to the pore-filling effect (SEM and BET analysis).

Nevertheless, the different adsorption efficiencies obtained
for tetracyclines and sulfonamides onto biochar can be linked
to particular properties of the antibiotics (Table 2). Chemical
properties, specifically the octanol—water partitioning coef-
ficient (K,,) and acidity constant (pK,), play major roles in
assessing the adsorption behavior of different tetracyclines and
sulfonamides. The K, is commonly used as an indicator of the
adsorbate’s hydrophobicity, and thus, antibiotics with low log
K,, are more hydrophilic.”® The pK, is related to the
speciation of the antibiotics. Hence, the adsorption capacities
of different antibiotics under the same conditions result from a
combination of multiple forces.*®

In this study, hydrophobicity can play a more important role
in the sorption of SMZ and CTC on eastern red cedar biochar
because these antibiotics had higher log K, than SDZ, OTC,
and TC. In addition, based on the pK,, values (Table 2), SDZ
molecules (pK,, = 6.5) were negatively charged at a pH of 7,
while SMZ molecules (pK,, = 7.65) existed in more neutral
species. Since neutral molecules tend to be more strongly
sorbed on biochar than negatively charged molecules,’® SMZ
with its more neutral species likely has a higher affinity for
sorption on eastern red cedar biochar compared to SDZ with
its negatively charged species at pH 7. Likewise, TC (pK,, =
7.68), OTC (pK,, = 7.32), and CTC (pK,, = 7.55) existed in
both neutral and negatively charged forms at pH 7, but OTC is
more neutral as indicated by its lower pK,,, which explains the
higher sorption capacity when compared to TC. However, the
higher sorption behavior of CTC may be explained by the
enhanced polarity of CTC’s functional groups due to the
additional chlorine atom and thus stronger polar—polar
interactions with the eastern red cedar biochar surface, which
is coherent with the results found by Chen et al’’ on
aluminum oxide surfaces.

The molar ratios of O/C, H/C, and (N+0O)/C represent the
hydrophobicity, aromaticity, and polarity of a biochar.*®
Eastern red cedar biochar had relatively low ratios of O/C
(0.20), H/C (0.03), and (N+0)/C (0.22) (Table 1),
suggestinbg its high hydrophobicity, aromaticity, and low
polarity.”® Usually, these ratios are low with a high pyrolysis
temperature, and thus, biochars produced under high temper-
ature are highly carbonized and more hydrophobic and
exhibited a highly aromatic structure.”® However, these
features are present in eastern red cedar biochar produced at
a pyrolysis temperature of 450 °C (Table 1 and Figure 2a),
which contributes to its adsorption efficiency.

The outcomes of this study provide a foundation for an
optimistic extrapolation to real-world swine wastewater
treatment scenarios. The demonstrated effectiveness of eastern
red cedar biochar in removing antibiotics, even in the presence
of complex chemical mixtures, suggests its potential applic-

ability in the treatment of swine wastewater. The focus on
anaerobically treated swine wastewater as a practical
application can be especially valuable. By incorporating the
biochar as a polishing step postanaerobic treatment, potential
interferences from other wastewater constituents, such as
chemical oxygen demand (COD) and solids, can be
minimized. Anaerobic treatment processes typically target
and remove organic matter and solids, creating a more
controlled environment for biochar to specifically address
antibiotic residues. This approach aligns with a cost-effective
and environmentally friendly wastewater treatment strategy,
further underscoring the versatility and feasibility of utilizing
eastern red cedar biochar in addressing antibiotic contami-
nation in swine wastewater.

B CONCLUSION

In summary, the adsorptive removal of tetracyclines (TC,
OTC, and CTC) and sulfonamides (SDZ and SMZ) from
swine wastewater by eastern red cedar biochar was investigated
at four different antibiotic concentrations. At the lowest
concentrations (100 to 300 g L™"), the removal efficiencies of
TC, OTC, CTC, SDZ, and SMZ were 99.93, 96.23, 98.28,
76.4, and 78.6%, respectively. At higher concentrations (600 to
900 pug L), the removal efficiencies decreased to 83.52, 47.23,
64.16, 69.8, and 58.4% for TC, OTC, CTC, SDZ, and SMZ.
‘When antibiotics were combined, the eastern red cedar biochar
exhibited stronger adsorption capacity for CTC and SMZ
compared to TC, OTC, and SDZ. The adsorption capacity and
mechanism can be significantly influenced by the chemical
properties of each antibiotic and the surface properties of the
biochar. Sorption of tetracyclines was described by the
Langmuir adsorption isotherm model adequately, indicating
that it is a monolayer sorption on the biochar surface. On the
other hand, sorption data of sulfonamides were better fitted to
the Freundlich model, implying that electrostatic interactions
existed in the midst of heterogeneous sites on eastern red cedar
biochar. Mostly, the major adsorption mechanisms driving the
removal of both sulfonamides and tetracyclines from the
aqueous solution are hydrogen bonding and 7—n electron-
donor—acceptor interactions, whereas Lewis base—acid inter-
actions and pore-filling may be auxiliary sorption mechanisms.
The results highlighted that eastern red cedar biochar may be a
promising adsorbent to be used for practical applications,
mitigating antibiotic residues from swine wastewater in a cost-
effective and environmentally friendly manner due to its
relatively low pyrolysis temperature (450 °C) and beneficial
use of an invasive species.
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