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Insights into the mechanisms of biochar-derived
dissolved organic carbon-facilitated transport of
oxytetracycline in saturated porous media
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Biochar-derived dissolved organic carbon (BDOC) may influence the environmental fate and behavior of

tetracycline antibiotics in subsurface environments. In this study, BDOC derived from the pyrolysis of wheat

straw at three distinct temperatures (300 °C, 450 °C, and 600 °C) was used to investigate its influence on

the transport of oxytetracycline (OTC) through saturated quartz sand. The findings demonstrated that

BDOC enhanced OTC mobility due to steric hindrance caused by organic matter accumulation,

competition for retention sites between OTC and BDOC, and increased electrostatic repulsion between

anionic species, including OTC− ions and quartz sand. Notably, the mobility-enhancing effects of BDOC

became significantly more pronounced at higher pyrolysis temperatures, likely resulting from increased

organic matter deposition on sand surfaces and intensified electrostatic interactions. However, the

promoting effect of BDOC on OTC transport was attenuated as pH increased from 5.0 to 9.0, which was

attributed to reduced competitive deposition and steric effects caused by BDOC retention. Furthermore,

cation-bridging, particularly with Cu2+ in the background solution, amplified BDOC's promotion effects.

These results highlight that dissolved organic carbon released from biochar exerts a notable influence on

the antibiotics' mobility within the aquifers.

1. Introduction

Biochar, produced through the thermal decomposition of
biomass under oxygen-limited (anoxic or hypoxic) conditions,1,2

is a highly efficient and environmentally friendly carbon-based

material, with wide applications in agriculture and
environmental management, including soil remediation and
pollutant removal from diverse water sources,3,4 partly due to its
excellent properties including large specific surface area, high
cation exchange capacity, low cost, and the presence of
numerous surface functional groups.5,6 However, as biochar is
increasingly applied to agricultural and contaminated soils for
carbon sequestration and soil improvement, the leaching of
BDOC into groundwater raises growing environmental
concerns.7–9 Numerous studies have demonstrated that BDOC
possesses high stability and mobility in aquatic
environments,10,11 and can interact with various environmental
contaminants, such as amine and phenolic compounds,
antibiotics, and heavy metals.12–14 Thus, these organic
substances may affect the mobility, deposition, adsorption, and
environmental fate of contaminants in soil–water systems.15,16
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Environmental significance

This study highlights the critical role of biochar-derived dissolved organic carbon (BDOC) in influencing the environmental behavior of antibiotics,
specifically oxytetracycline (OTC), in porous media. The findings demonstrate that BDOC enhances the mobility of OTC through mechanisms such as
electrostatic repulsion, steric hindrance, and competitive interactions, which are affected by temperature, pH, and the presence of metal ions. These results
underscore the importance of incorporating BDOC dynamics into environmental risk assessments to improve their predictive accuracy. The insights gained
are essential for the design and optimization of biochar-based remediation strategies, ensuring their effectiveness and safety in real soil and water systems.
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Given these effects, understanding how BDOC influences the
transport of typical contaminants is essential for developing
effective risk management and control strategies when using
biochar in environmental and agricultural applications.

Oxytetracycline (OTC) is a broad-spectrum antimicrobial
agent known for its potent bacteriostatic activity. It is extensively
utilized as an effective medicine for treating human and animal
diseases.17 However, this drug undergoes incomplete
metabolism in living organisms, and its metabolites are
excreted and subsequently released into the environment,18,19

where these compounds may have detrimental effects on
human health, animal welfare, non-target organisms, and
ecosystems.20 Up to now, OTC has been increasingly detected in
the natural environment.21 Recently, this antibiotic has been
reported to have the highest concentration (32.0 mg L−1) in
wastewater during antibiotic manufacturing.22 Moreover, the
concentrations of OTC in livestock manures have been
determined to fall within the range of 17 to 18.54 mg kg−1.23

Notably, OTC discharged into soil, sediment, and surface water
can potentially leach into groundwater systems,24 resulting in
irreversible changes in groundwater quality.25,26 Given these
concerns, a comprehensive investigation of the mobility
characteristics of OTC within the water–soil environment is
imperative and pivotal for elucidating the environmental fate
and conducting an accurate risk assessment of this antibiotic.21

Numerous studies have been conducted in recent years to
investigate the movement and retention characteristics of OTC
within aquifer systems.27–30 The findings obtained from these
works displayed notable mobility within porous media
characterized by quartz sand, sandy soil, and loamy soil.29,30

Moreover, the enhancement of OTC transport through porous
media has been attributed to colloidal substances like
microplastics or engineered nanoparticles (e.g., carbon
nanotubes), which is ascribed to the carrier effect provided by
these substances, along with the competitive deposition
phenomena.28,30 Additionally, our recent study revealed that the
impact of rhamnolipid, a prototypical biosurfactant, on OTC
behavior significantly varied with biosurfactant concentrations
(1–10 mg L−1) and was influenced by the chemical heterogeneities
of aquifers.31 Given that OTC molecules can form strong
associations with dissolved organic carbon (DOC) through
various processes, such as hydrogen bonding, hydrophobic
interactions, and π–π interactions,32–35 it is anticipated that DOC
will affect the transport and deposition characteristics of this
compound. In addition, compared with other dissolved organic
matter (DOM), less attention has been paid to the BDOC, which
differs from natural DOM in both composition and
environmental behavior. BDOC is typically enriched in aromatic,
redox-active, and thermally altered compounds, which can alter
sorption behavior, enhance mobility, or even participate in redox
transformations of pollutants.36–38 Thus, BDOC may exert a more
pronounced influence on contaminant transport. Nevertheless,
the role of biochar-derived dissolved organic carbon (BDOC) in
regulating OTC fate remains poorly understood. Further research
is urgently needed to elucidate BDOC-mediated OTC transport
mechanisms in groundwater systems.

This study systematically investigated the co-transport
behavior of biochar-derived dissolved organic carbon (BDOC)
and tetracycline antibiotics (e.g., oxytetracycline, OTC) in
saturated porous media. Transport experiments were conducted
using various BDOC samples extracted from biochars produced
by pyrolyzing wheat straw at temperatures ranging from 300 to
600 °C. In addition, several spectroscopic techniques were
employed to characterize the physicochemical properties of
these representative organic substances. Furthermore, a broad
range of pH values (5.0–9.0) and the inclusion of Cu2+ ions were
chosen to further investigate the impact of aqueous
environmental factors on the BDOC-mediated transport of OTC.
The underlying mechanisms governing BDOC-OTC co-transport
are critical for predicting antibiotic mobility and designing risk
management strategies in biochar-amended environments.

2. Materials and methods
2.1. Materials

Quartz sand with a grain diameter of 200–300 μm was obtained
from Sigma-Aldrich (Bornem, Belgium). The average diameter
of the sample was 260 μm. The purification methodology for
the quartz sand followed our previous research.39 Briefly, the
grains underwent sequential washing steps with 0.1 M HCl, 5%
H2O2, and deionized water (DI water). After washing, the quartz
sand grains were dried at 90 °C in an oven. In order to clarify
the surface charges of sand grains under different solution
chemistry conditions, the ζ-potential values of the sand grains
under different experimental conditions were measured using a
Nano ZS 90 Zetasizer (Malvern Instruments Ltd., UK), following
the method described by Mitropoulou et al.40 Further
operational details can be referenced in the SI, specifically in
section S1.

Oxytetracycline (OTC) with a purity greater than 99% was
obtained from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). The physicochemical characteristics of OTC
are detailed in Table S1 and are available in the online
supplementary material. To prepare the OTC solution, the
powder form was dissolved into DI water, achieving a
concentration of 100 g L−1. Subsequently, the solution was
preserved at 4 °C in a cold room. All other reagents, including
NaCl, HCl, CuCl2, and NaOH, were of analytical reagent (AR)
grade.

2.2. Preparation of biochars

Wheat straw was collected from farmland in Henan province,
northern China. Initially, the straw underwent rinsing with
DI water to eliminate debris. Subsequently, the cleaned straw
was dried in a hot air oven, maintaining a temperature of 80
°C. Following drying, the feedstock was subjected to pyrolysis
at three distinct temperatures (i.e., 300 °C, 450 °C, and 600
°C) using a conventional quartz tube furnace (O-KTF1200,
Jiangsu, China). The process was maintained at each
designated temperature for 3 hours, with a heating rate of 20
°C min−1. The air-limited condition was achieved by omitting
the use of carrier gas. Before employing the sample in
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thermochemical conversion processes, the tube was initially
filled with approximately 8 L of air at atmospheric pressure
and ambient temperature. After cooling to ambient
temperature, the sample was collected. It was then subjected
to milling in a ball mill under dry conditions, followed by
sieving through a 100-mesh sieve.

2.3. Extraction of BDOC

The BDOC was extracted following a previously described
procedure.41 Specifically, 10 g of biochar powder was added
to containers filled with 200 mL DI water. These containers
were securely sealed and subjected to continuous agitation at
a constant speed of 100 rpm, maintained at a temperature of
20 °C for 3 days to facilitate interaction between the biochar
and aqueous medium. Following the agitation phase, the
mixtures were allowed to settle undisturbed for 3 h to enable
the separation of suspended particles. The remaining
aqueous suspensions were then filtered using 0.45 μm filters
for the removal of undissolved or larger particulate matter.
The concentrations of BDOC in the solutions were analyzed
by a Shimadzu total organic carbon analyzer (TOC-VT). The
BDOC derived from biochars produced at specific pyrolysis
temperatures (300 °C, 450 °C, and 600 °C) were labeled as
BDOC_300, BDOC_450, and BDOC_600, respectively.

2.4. BDOC characterization

A BDOC solution with a concentration of 10 mg L−1 was analyzed
using a TU-1810PC UV spectrophotometer (Purkinje, China) to
obtain its UV-vis absorbance characteristics. Absorbance
measurements were recorded at a wavelength resolution of 1 nm.
From the obtained spectral data, the key indicators, such as
SUVA254 (L mgC

−1 m−1) and S275–295, were derived (detailed
information is provided in section S2 of the SI).42 Additionally, a
portion of the BDOC sample was freeze-dried and subsequently
analyzed for its elemental composition and spectral properties.
The specific weight percentages (wt%) of C, H, O, S, and N were
determined using an elemental analyzer (Flash EA1112, Thermo
Fisher Scientific). Surface chemical analysis was conducted via
X-ray photoelectron spectroscopy (XPS) using an ESCALAB 250XI
X-ray photoelectron spectrometer (Thermo Electron, USA).
Fourier transform infrared (FTIR) spectra were recorded through
an infrared spectrophotometer (Nicolet 6700, Thermo Fisher
Scientific) over the wavenumber range of 400 to 4000 cm−1 with 2
cm−1 stepwise increments.

2.5. Transport experiments

The OTC transport in porous media was investigated through
sand column experiments, focusing on understanding the
influence of BDOC. ∼15 g pretreated dry sand grains were
meticulously packed into a robust borosilicate glass tube with
an internal diameter of 1.1 cm and a length of 10.3 cm,
ensuring uniform distribution throughout the column. The
porosity of the packed sand columns was determined to be 0.42
± 0.01. At the initiation of the experiment, the column was
saturated by injecting 20 pore volumes (PV) of DI water at a

constant flow rate of 0.27 cm min−1, using a syringe pump
(LSP01-1A, Baoding Longer Precision Pump Co., Ltd.) via an up-
flow method.43–45 Then, the sand column was flushed with 20
PV of electrolyte solution to standardize the chemical condition.
Finally, ∼17 PV of the influent, which contained either 5 mg L−1

OTC, 5 mg L−1 BDOC, or 1 mg L−1 OTC with 10 mg L−1 BDOC,
along with a defined electrolyte composition, was introduced
into the column using the syringe pump at the same flow rate.44

These solutions were formulated by diluting stock solutions of
BDOC and/or OTC in DI water enriched with designated
electrolytes, and their pH was adjusted using 0.1 M NaOH or
HCl. Note that the concentrations of electrolytes were used in
this work according to the previous studies about the transport
of environmental pollutants (e.g., antibiotics and engineering
nanoparticles) in porous media.28,46–49 Meanwhile, effluent
samples (∼3.5 mL) were collected at ∼30 minute intervals for
BDOC and OTC concentration analysis. For single-component
mobility experiments, the BDOC or OTC concentrations were
quantified by the pre-established calibration lines (refer to Fig.
S1).50 For the co-mobility experiments, the concentrations of
BDOC were also determined by measuring its absorbance using
a UV-vis spectrometer at a wavelength of 430 nm (Fig. S1), a
wavelength specifically selected due to OTC's negligible
absorbance at this wavelength (Fig. S2).51 Meanwhile, the
concentrations of OTC were determined using a high-
performance liquid chromatography system (e2695, Waters
Alliance) following solvent extraction. Detailed procedures for
the extraction and analysis are provided in the SI (section S3).
All column experiments were performed in at least duplicate to
ensure reproducibility and reliability of the results.

3. Results and discussion
3.1. Characteristics of BDOC

The essential physicochemical parameters of the obtained
BDOC are presented in Fig. 1 and detailed in Table 1. As the
pyrolysis temperature increased from 300 °C to 600 °C, the C
content decreased from 21.96% to 13.20% (refer to Table 1).
This decline is primarily attributed to the oxidation of carbon
fractions within the biomass and the production of volatile
compounds, including CO and CO2, under conditions of
limited oxygen availability.52 Furthermore, the O content
exhibited a decline from 35.85% to 18.59% with an increase
in pyrolysis temperature. This reduction can be attributed to
the heightened pyrolysis temperature, which promotes the
volatilization of compounds through decarboxylation and
demethylation. As a result, there was a decrease in surface
oxygen-containing functional groups.53 Note that both the H/
C ratio, which serves as a measure of aliphaticity,54 and the
O/C ratio, indicative of polarity,55 also displayed a downward
trend as pyrolysis temperatures increased. This demonstrates
that both aliphaticity and polarity of the BDOC decreased
with rising temperature.56,57 Furthermore, the SUVA254 value
obtained from ultraviolet spectral data reflects the
aromaticity level of the organic substance, with a lower
SUVA254 value signifying a decrease in aromatic intensity.57,58
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Additionally, the SUVA254 values of BDOC increased with the
rise in pyrolysis temperature (Table 1), which was consistent
with the trend observed in the aliphaticity indicator,
specifically the variations in H/C values. Meanwhile, studies
have demonstrated that as the molecular size of DOC
decreases, there is a corresponding rise in S275–295 values.

59,60

In this study, the values of S275–295 for BDOC exhibited an
increase from 0.015 to 0.022 as pyrolysis temperatures rose
from 300 °C to 600 °C (as shown in Table 1), indicating a
reduction in the molecular size of BDOC at higher
temperatures. Moreover, the FTIR analysis of BDOC revealed
the presence of various surface functional groups in these
organic compounds (Fig. 1a). For instance, the absorbance
peak observed within the 1100–1250 cm−1 range was
attributed to the vibration of the nitrogen-based functional
groups (Table S2).61 The absorption bands detected at 1700–
1750 cm−1 and 3300–3490 cm−1 confirmed the presence of

CO and –OH groups, respectively.59,62 The findings from
the XPS revealed a reduction in the overall abundance of
oxygen-containing functional groups on the surface, such as
–C–O, –COO, and –CO, as pyrolysis temperatures increased.
Conversely, an inverse trend was noted in the content of C–C/
CC bonds (Fig. 1b), pointing to the thermal breakdown of
surface functional groups as biomass pyrolysis progressed.63

3.2. BDOC-mediated transport of OTC in porous media

The influences of BDOC on OTC transport are illustrated in
Fig. 2. Generally, BDOC demonstrated a capacity to facilitate
OTC mobility. Notably, the maximum C/C0 values (i.e., the
ratio of antibiotic concentration in the effluent, C, to the
antibiotic concentration in the influent, C0) of OTC increased
from 81.9 ± 1.4% (without BDOC) to 89.1 ± 0.7% (with
BDOC_600) (Table 2). This phenomenon can be primarily

Fig. 1 (a) Fourier transform infrared spectra of biochars (the assignments of functional groups were shown in Table S2); (b) X-ray photoelectron
spectroscopy (XPS) spectra of biochar. Four pseudo-subpeaks were identified and quantified in the C 1s spectra: 284.8 eV (C–C/CC bonds),
286.5 eV (C–O bonds), and 288.1 eV (CO bonds), and 289.7 eV (O–CO bonds).

Table 1 Elemental compositions and amorphous carbon structure proportion of biochar-derived dissolved organic matter

BDOCa

Bulk element composition

O/Cb H/Cb

Surface element
composition

O/Cc SUVA254 S275–295C (wt%) O (wt%) N (wt%) H (wt%) S (wt%) C (at%) O (at%) N (at%)

BDOC_300 21.96 35.85 0.28 1.39 3.45 1.22 0.76 44.54 53.09 2.37 1.19 11.65 0.015
BDOC_450 17.48 26.68 0.2 1.01 2.84 1.14 0.69 39.98 59.25 1.17 1.48 13.47 0.017
BDOC_600 13.20 18.59 0.15 0.71 2.96 1.05 0.65 30.58 67.83 1.59 2.22 15.48 0.022

a “BDOC” presents wheat straw biochar-derived dissolved organic matter; the suffixes range from 300 to 600 represent the pyrolysis
temperature. b Bulk atomic ratio, O/C: atomic ratio of oxygen to carbon, H/C: atomic ratio of hydrogen to carbon. c Surface atomic ratio of
oxygen to carbon.
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attributed to several factors. Firstly, BDOC can be deposited
on sand surfaces through multiple mechanisms, such as
H-bonding (via the Si–OH groups of sand surfaces and the
deprotonated –COOH of BDOC), hydrophobic, and
electrostatic forces.64,65 In this scenario, BDOC and OTC
molecules engaged in competition for the adsorption sites on
the surface of sand grains. As a result, the accumulation of
BDOC reduced the number of available sites for effective
OTC adsorption,33,46,66 ultimately leading to improved
mobility of OTC. Secondly, BDOC has the capacity to form
associations with OTC molecules via π–π interactions, H-
bonding, and hydrophobic contacts.32–35 Consequently, the
steric hindrance, a molecular-scale repulsion, between OTC
molecules and quartz sand particles could be amplified by

BDOC adsorption onto sand grains and interactions with
OTC, due to BDOC macromolecules occupying interfacial
spaces, altering local pore structures, or forming spatial
barriers.32,67–70 Thirdly, as shown in Fig. S3, a fraction of
OTC molecules existed in their deprotonated (anionic) form
(OTC−, 25.7%) in the aqueous phase at pH 7.0. At the same
time, the quartz sand exhibited negatively charged at pH 7.0
(Table S3). Hence, an electrostatic repulsion existed between
OTC molecules and sand grains, which contributed to OTC
movement.66,71,72 Table S3 revealed a shift towards a more
negative surface charge on sand grains with BDOC presence.
Therefore, the addition of BDOC exhibited a facilitating
influence on OTC mobility, attributed to the enhanced
electrostatic repulsion.46,66,67,73

Fig. 2 Co-transport of BDOC and OTC (in 1 mM NaCl at pH 7.0) in saturated sand columns: (a) breakthrough curves of BDOC (columns 2–4,
Table 2) and (b) breakthrough curves of OTC (columns 1–4, Table 2).

Table 2 Experimental setups and breakthrough results of column experiments

Column
no.

Influent properties Effluent propertiesc The retained
mass of BDOC
in columne (%)

The retained
mass of OTC
in columne (%)BDOCa

OTC conc.b

(mg L−1)
Background
solution pH C/C0

d_ BDOC (%) C/C0_OTC (%)

1 — 5 10 mM NaCl 7.0 — 81.9 ± 1.4 — 57.2 ± 1.1
2 BDOC_300 5 10 mM NaCl 7.0 94.4 ± 0.7 82.6 ± 1.2 13.4 ± 0.1 56.4 ± 0.1
3 BDOC_450 5 10 mM NaCl 7.0 96.9 ± 2.3 86.1 ± 1.2 11.0 ± 0.3 47.0 ± 1.6
4 BDOC_600 5 10 mM NaCl 7.0 95.2 ± 0.2 89.1 ± 0.7 10.7 ± 0.7 43.6 ± 0.6
5 BDOC_450 — 10 mM NaCl 7.0 94.8 ± 0.9 — 14.6 ± 0.1 —
6 BDOC_450 — 10 mM NaCl 5.0 89.1 ± 0.2 — 26.0 ± 0.6 —
7 — 5 10 mM NaCl 5.0 — 47.4 ± 2.5 — 81.5 ± 0.1
8 BDOC_450 5 10 mM NaCl 5.0 90.1 ± 0.4 60.3 ± 3.7 24.4 ± 0.4 63.2 ± 0.1
9 BDOC_450 — 10 mM NaCl 9.0 96.9 ± 0.2 — 13.9 ± 0.3 —
10 — 5 10 mM NaCl 9.0 — 91.7 ± 0.4 — 29.3 ± 0.2
11 BDOC_450 5 10 mM NaCl 9.0 93.6 ± 0.9 11.4 ± 1.3 98.4 ± 0.5 26.4 ± 0.1
12 BDOC_450 — 0.1 mM CuCl2 5.0 68.7 ± 0.4 — 42.1 ± 0.3 —
13 — 5 0.1 mM CuCl2 5.0 — 14.3 ± 1.4 — 95.8 ± 0.3
14 BDOC_450 5 0.1 mM CuCl2 5.0 70.7 ± 0.5 20.6 ± 0.8 36.3 ± 0.6 90.8 ± 1.1

a “BDOC” presents wheat straw biochar-derived dissolved organic carbon; the suffixes range from 300 to 600 represent the pyrolysis
temperature. b Conc. represent concentration. c Average value of last three data points of respective breakthrough curve. d C/C0 denotes the
normalized effluent concentration. e Mass retained in column = 100 − effluent mass.
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Furthermore, as mentioned above, BDOC produced at
lower temperatures had a small molecular size. Intuitively,
smaller-sized BDOC exhibited a higher mobility due to the
decrease of the straining effect.59,74,75 However, in this work,
irrespective of the presence or absence of OTC, the mobility
of BDOC exhibited a slight increase with ascending pyrolysis
temperature (Fig. 2a and S4 and Table 2). As noted above, the
polarity of BDOC decreased while its aromaticity increased
with rising pyrolysis temperature. At the same time, the
abundance of organic functional groups on the BDOC surface
declined, as shown in Fig. 1. More importantly, certain
functional groups (e.g., –COOH groups) could deprotonate at
pH 7.0 in this work.59,76,77 Hence, the pronounced mobility
of BDOC produced at lower temperatures could be attributed
to the weaker hydrophobic interaction as well as the stronger

electrostatic repulsion between the dissociated BDOC
molecules and the negatively charged quartz sand grains
(Table S3).61,78–80 Interestingly, the mobility-enhancing effects
of BDOC considerably depended on the BDOC species. That
is, the observed enhancement generally aligned with the
order BDOC_600 > BDOC_450 > BDOC_300 (Fig. 2b). The
observed pattern may be explained by several underlying
mechanisms. On the one hand, as discussed earlier, the
aromaticity of BDOC increased with rising pyrolysis
temperature. As a result, compared to the other two organic
matters, more BDOC_600 could contact OTC molecules due
to the stronger hydrophobic interactions (e.g., hydrophobic
and π–π stacking interactions).32,34,35 Consequently, the most
pronounced steric hindrance effect was observed in the case
of BDOC_600, leading to the most significantly enhanced

Fig. 3 Co-transport of BDOC_450 and OTC in saturated soil columns at different pH conditions (the ionic strength was 10 mM NaCl): (a) and (b)
breakthrough curves of BDOC and OTC at pH 5.0 (columns 6–8, Table 2), respectively; (c) and (d) breakthrough curves of BDOC and OTC at pH
7.0 (columns 1, 3, and 5, Table 2), respectively; and (e) and (f) breakthrough curves of BDOC and OTC at pH 9.0 (columns 9–11, Table 2),
respectively.
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effect of this BDOC on OTC mobility.66 On the other hand,
the quartz sand displayed the highest negative ζ-potential in
the case of BDOC_600 among the three BDOC variants (Table
S3). Hence, the pronounced electrostatic repulsion force
between the anionic forms of OTC and sand grains
significantly contributed to the enhanced mobility of OTC
observed with BDOC_600.46,81

3.3. Impact of pH on BDOC-mediated transport of OTC

The co-transport of BDOC (choosing BDOC_450 as the model
BDOC) and OTC at three different pH values (5.0, 7.0, and
9.0) were also explored (Fig. 3). In general, BDOC exhibited
the potential to enhance the transport of OTC across diverse
pH conditions. The mechanistic basis for BDOC-mediated
enhancement of OTC mobility is attributed to a combination
of (1) amplified electrostatic repulsion between negatively
charged OTC species and sand particles, (2) steric hindrance
impeding adsorption interactions, and (3) competitive
retention dynamics favoring BDOC over OTC at binding
sites.32,33,46,66,71

Intriguingly, the enhancement of OTC transport by
BDOC_450 demonstrated pH-dependent attenuation,
progressively diminishing under elevated pH conditions
(from 5.0 to 9.0). As shown in Table 2 and Fig. 3, the retained
mass of OTC decreased by 22.5% (from 81.5 ± 0.1% (in the
absence of BDOC_450) to 63.2 ± 0.1% (in the presence of
BDOC_450)), 17.8% (from 57.2 ± 1.1% to 47.0 ± 0.6%), and
9.9% (from 29.3 ± 0.2% to 26.4 ± 0.1%) when background
solution pH values were 5.0, 7.0, and 9.0, respectively. This
phenomenon was related to the varied deposition capacities
of BDOC onto sand grains at different solution pH values. As
demonstrated in Table S3, the surface charge of sand
particles exhibited increasing negative character under
elevated pH conditions, evidenced by ζ-potential progressively
decreasing from −32.7 ± 1.3 mV (pH 5.0) to −55.1 ± 0.8 mV
(pH 9.0). The surfaces of BDOC molecules exhibited
enhanced negative surface charge under elevated pH
conditions, attributed to the deprotonation of ionizable
functional groups, including–COOH and–OH moieties,
thereby strengthening electrostatic repulsion forces.54,82 In
this instance, the retention of BDOC in the sand column
diminished with the rise in solution pH, primarily because of
enhanced electrostatic interaction. This, in turn, diminished
both steric hindrance and the competitive retention that
existed between BDOC and OTC. Thus, the facilitative impact
of BDOC was more pronounced under acidic conditions
compared to alkaline environments.

Furthermore, the mobility of BDOC was enhanced as the
pH values of the solution were raised (Fig. S5). This
observation primarily originated from the surface charges of
both sand particles and BDOC molecules. It is worth noting
that the ζ-potential values of sand grains demonstrated an
increased negativity at high pH values (Table S3). Also, BDOC
molecule surfaces possessed greater negative charges at
elevated pH levels, a result of deprotonating organic

functional groups.54,80,82 Consequently, the increased
electrostatic repulsion between BDOC and sand grains could
facilitate BDOC transport at a high pH.7,59,83 Moreover, the
transport of OTC demonstrated an increase with increasing
solution pH values, observed under both BDOC-addition and
BDOC-free conditions (Fig. S6). The results are mainly
ascribed to the species transformations of OTC molecules
prompted by variations in solution pH.29,84 As demonstrated
in Fig. S3, with the elevation of pH from 5.0 to 9.0, the
presence of OTC molecules in their anionic forms, OTC− and
OTC2−, notably increased. Thus, the intensified electrostatic
repulsion between anionic OTC species and sand particles
further enhanced the mobility of this antibiotic at higher pH
levels.84–86 Moreover, it is worth noting that the observed
decline in BDOC's facilitative effect at higher pH does not
solely result from reduced BDOC retention. As pH increases,
OTC itself becomes more mobile due to its transformation
into anionic forms, which experience stronger electrostatic
repulsion from the sand surface. Consequently, the baseline
mobility of OTC increases with pH, reducing the relative
contribution of BDOC to further enhancing its transport. In
this situation, although BDOC remains more mobile at
higher pH and may still contribute to OTC transport, its net
facilitative effect becomes less pronounced because OTC
migration is already substantially elevated under alkaline
conditions.

3.4. BDOC-mediated transport of OTC in the presence of
divalent cations

Besides monovalent cations (e.g., Na+ and K+), certain
divalent cations, such as Ca2+, Mg2+, Pb2+, and Cu2+, are
abundant in subsurface environments,87 which may affect
the transport and fate of tetracycline antibiotics.88,89 Thus,
research into the mobility of OTC in the shadow of divalent
cations would be beneficial in learning more about the
deposition mechanism of this antibiotic in aquifer media.
Mobility of OTC in the presence of Cu2+ (a representative
divalent cation) mediated by BDOC_450 is depicted in Fig. 4.
Similar to observations with Na+, BDOC also enhanced OTC
mobility in the background solution containing Cu2+. As
detailed in Table 2, the retained mass of OTC in the column
decreased from 95.8 ± 0.3% (without BDOC_450) to 90.8 ±
1.1% (with BDOC_450). The main mechanisms controlling
the co-mobility of BDOC and OTC in quartz sand columns
were closely consistent with those described in section 3.2.

Notably, the OTC transport was significantly enhanced in
the presence of 0.3 mM Na+ compared to 0.1 mM Cu2+,
despite the similar ionic strengths of the two solutions, as
shown in Fig. S7. As mentioned previously, functional groups
were present on the surfaces of both the sand grain and OTC
molecules. Consequently, the cation-bridging effect exerted
by Cu2+ demonstrated a marked influence on the co-mobility
of OTC and BDOC when compared to Na+.61,67,90,91

Specifically, the adsorption of Cu2+ onto quartz sand surfaces
created supplementary reactive sites for OTC deposition
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through metal ion coordination, facilitating the formation of
ternary surface complexes (sand–Cu2+–OTC).29,88,89,92,93

Meanwhile, Cu2+ ions functioned as cationic bridging
mediators, facilitating interfacial binding between ionized
functional groups (–COOH) on BDOC molecules and sand
surfaces through the formation of supramolecular
assemblies,94–96 which led to more BDOC molecules being
deposited on the sand surfaces. These findings established
the cation-bridging effect as the main mechanism controlling
the OTC transport under the influence of BDOC in the
presence of Cu2+.

4. Conclusions

Recently, biochar has received significant attention owing to
its potential environmental applications in various fields.
Notably, this emerging carbon-based material exhibits a
propensity for releasing BDOC under environmental
conditions. More importantly, BDOC holds the potential to
eventually influence the environmental behaviors of
contaminants within both soil and aquatic systems.
Therefore, understanding how these organic substances
influence antibiotic mobility is critical for assessing and
predicting the environmental fate and risks of organic
pollutants. The findings obtained from this study
demonstrate that BDOC could promote OTC transport in
quartz sand arising from the heightened electrostatic
repulsion between the anionic OTC species (i.e., OTC−/
OTC2−), and sand grains, the steric hindrance resulting from
the BDOC retention and the competitive deposition
interactions between OTC and BDOC. Meanwhile, the
enhanced effects of BDOC obtained at higher temperatures
(e.g., 600 °C) exhibited greater mobility-enhancement effects,
attributed to increased electrostatic repulsion and steric
interactions. Notably, the transport-enhancing effects of
BDOC diminished progressively with increasing pH ranging
from 5.0 to 9.0. This pattern primarily resulted from the
reduced competition for effective deposition sites and the
weakened steric effect, both of which decreased BDOC
deposition onto sand surfaces. Furthermore, the cation-
bridging of OTC mobility when the solution contained Cu2+.

In summary, this study elucidates that BDOC substantially
alters the transport and retention of tetracycline in porous
media, underscoring the necessity of integrating BDOC
interactions into the assessment and design of biochar-based
environmental remediation strategies. It is important to note
that the release characteristics of BDOC vary significantly
with biochar type, which is influenced not only by feedstock
source and pyrolysis temperature but also by factors such as
heating rate, residence time, and pyrolysis atmosphere. These
differences suggest that the BDOC behavior observed in this
study may not be generalizable to all biochar types. Further
systematic studies are needed to evaluate how these
parameters affect BDOC dynamics. Additionally, natural
environments contain various kinds of heavy metal ions (e.g.,
Zn2+, Ca2+, Mn2+, and Cr6+). These metal ions may have
significantly different influences on the mobility of
tetracycline antibiotics. Thus, more studies are needed to
understand the mobility of tetracycline antibiotics as a
function of different metal ions. Meanwhile, in order to
comprehensively understand the fate of antibiotics in
groundwater systems, more environmental factors (e.g., the
moisture content of the aquifer, the porous media containing
different minerals, the grain size, and flow rate) controlling
DOM-mediated transport of OTC should be considered.
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Fig. 4 Co-transport of BDOC_450 and OTC in saturated soil columns in the presence of 0.1 mM Cu2+ (pH 5.0): (a) and (b) breakthrough curves of
BDOC_450 and OTC (columns 12 and 13, Table 2), respectively.
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