GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/171091/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Zhang, Xiaorong, Gong, Zongqiang, Chen, Xin, Ludlow, Richard A. and Guo, Shuhai 2024. Enhanced
removal of antibiotics and heavy metals in aquatic systems using spent mushroom substrate-derived biochar
integrated with Herbaspirillum huttiense. Environmental Science and Pollution Research 31, pp. 47674-
47689. 10.1007/s11356-024-34192-y

Publishers page: http://dx.doi.org/10.1007/s11356-024-34192-y

Please note:
Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may
not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




10

11

12

13

14

15
16
17

Enhanced removal of antibiotics and heavy metals in aquatic systems using spent
mushroom substrate-derived biochar integrated with Herbaspirillum huttiense
Xiaorong Zhang *°, Zongqiang Gong ***, Xin Chen *°, Richard A Ludlow ¢, Shuhai
Guo *®

4 Key Laboratory of Pollution Ecology and Environmental Engineering, Institute of
Applied Ecology, Chinese Academy of Sciences, Shenyang 110016, PR China

® National-Local Joint Engineering Laboratory of Contaminated Soil Remediation by
Bio-physicochemical Synergistic Process, Institute of Applied Ecology, Chinese
Academy of Sciences, Shenyang 110016, PR China

“Key Laboratory of Conservation Tillage and Ecological Agriculture, Liaoning, 110016,
PR China

4 School of Biosciences, Cardiff University, Cardiff CF10 3TL, UK

*Corresponding author: Zonggiang Gong, Professor and PhD

Email: zgong@iae.ac.cn

Telephone:+86 13236654493


mailto:zgong@iae.ac.cn

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Abstract

A novel integrated removal strategy was developed to enhance the concurrent
elimination of copper (Cu), zinc (Zn), oxytetracycline (OTC), and enrofloxacin (ENR)
from the aqueous environments. The underlying adsorption mechanisms of spent
mushroom substrate (SMSB) and the Herbaspirillum huttiense strain (HHS1), and their
efficacy in removing Cu, Zn, OTC, and ENR were also examined. Results showed that
the SMSB-HHS1 composite stabilized 29.86% of Cu and 49.75% of Zn and achieved
removal rates of 97.95% for OTC and 59.35% for ENR through a combination of
chemisorption and biodegradation. Zinc did not affect Cu adsorption, and ENR did not
impact the adsorption of OTC on SMSB. However, the co-presence of OTC and ENR
modified the adsorption behaviors of both Cu and Zn. Copper and Zn enhanced the
adsorption of OTC and ENR by serving as bridging agents, facilitating the interaction
between the contaminants and SMSB. Conversely, OTC and ENR inhibited the
adsorption process of Cu by obstructing its interaction with the SMSB and occupying
the oxygen-containing functional groups. The -OH (3415 cm™) and C-O-C (1059 cm™)
functional groups were identified as the principal active sites to form hydrogen bonds
and interact with Cu and Zn, leading to the formation of CuP40O1; and ZnsCO3(OH)H20.
HHST1 also enhanced antibiotic removal through biodegradation, as evidenced by the
decrease of -C—O and increase of —C=0 groups. This study underscores the innovative
potential of the SMSB-HHS1 composite, offering a sustainable approach to addressing

multifaceted pollution challenges in the aquatic environments.
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1 Introduction

The burgeoning presence of veterinary antibiotics (VAs) and heavy metals (HMs) in
aquatic ecosystems has emerged as a formidable challenge, threatening both the
environmental and public health. Oxytetracycline (OTC) and enrofloxacin (ENR),
alongside HMs such as copper (Cu) and zinc (Zn), are particularly concerning due to
their widespread agricultural use and environmental persistence (Zhang et al., 2024a).
These substances can cause a range of deleterious effects, with HMs such as Cu and Zn
found to cause significant human health risks after entering drinking water or food
production systems, while VAs contribute to the propagation of antimicrobial resistance
(Liu et al., 2021; Komijani et al., 2021). It is therefore important to develop effective
and sustainable remediation technologies for reducing VAs and stabilizing HM
pollutants in the aquatic environment simultaneously.

Biochar, a product derived from organic materials such as fungus chaff, stands out in
environmental remediation for its impressive contaminant adsorption capabilities,
attributable to its large surface area and diverse functional groups. Tao et al. (2019)
reported that magnesium-modified biochar significantly improved the sorption of
sulfamethoxazole and cadmium in sediments, reducing their bioavailability and
phytotoxicity. Wang et al. (2020) pointed out that bamboo-derived biochar showed
excellent performance for synergistic removal of Cu?** and tetracycline. Hydroxyl,
carboxyl, and phenolic groups on biochar provide crucial reactive sites, which facilitate

the binding of HMs through complexation, ion exchange, and precipitation,
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significantly reducing the mobility and bioavailability of such HMs in aquatic systems
(Meena et al., 2020; Cheng et al., 2021). Expanding on the versatility of biochar, Zhou
et al. (2023) explored its interaction with VAs. They identified n-m interactions as
pivotal in the adsorption process, where biochar's carboxyl, nitro, and ketone groups
serve as electron acceptors, fostering interactions with aromatic VAs. This highlights
the potential of biochar in tackling a spectrum of contaminants, a point further
illustrated by Wang et al. (2021), who demonstrate biochar's efficacy in removing
penicillin from water, achieving a removal rate of 93.3% and an adsorption capacity of
44.05 mg g!. Although these studies highlight biochar's application in environmental
remediation, a gap remains in understanding the simultaneous interaction of biochar
with HMs and VAs. Antibiotics can form complexes with HMs, which may influence
the removal efficiency of pollutants. This interaction is crucial for devising effective
treatment strategies. Krasucka et al. (2021) revealed the complexity of interactive
dynamics between various pollutants, which can significantly influence remediation
outcomes.

Simultaneously, the exploitation of bacterial strains for biodegradation presents a
biological avenue for detoxifying polluted waters, leveraging their metabolic processes
(Lou et al., 2019). Burkholderia sp. Z-90 can chelate HMs and decrease their mobility,
and the bacteria strain Providencia sp. LLDRAG6 is shown to absorb HMs including Pb,
Cr, Cd, and Cu with high efficiencies (Li et al., 2020a). Moreover, a strain of S.

changzhouense, named TC931, shows high efficacy at removing tetracycline at a rate
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of 73.84% (Tan et al., 2021). Likewise, a strain isolated by Leng et al. (2016) showed
that 44.43 mg L' of tetracycline could be degraded within 4 days. Additionally, the
application of bacterial strains like Herbaspirillum huttiense (HHS1) offers a
biodegradation approach that complements the adsorptive properties of biochar. Zhao
et al. (2020) show HHSI1's effectiveness in degrading pollutants under suboptimal
conditions, suggesting a synergistic potential when combined with biochar. A number
of bacteria have been studied in regard to their ability to remove VAs or HMs, but few
have been identified which can remediate both. However, the complimentary effects
when combined with biochar into a microbially inoculated-biochar are promising, but
thus far are poorly documented in the literature, and the mechanism of this type of
remediation is not fully described.

Although the individual adsorptive capacities of biochar and the biodegradation
potential of microbial strains like HHS1 are well-documented, the interplay between
these two remediation strategies, particularly in the context of mixed contaminant
scenarios, remains underexplored. The removal mechanisms of HMs and VAs
combined are much more complicated than those in single systems (Wang et al., 2020).
The existing literature provides limited insights into how adsorptive mechanisms of
biochar and microbial degradation processes can be synergistically harnessed to
enhance the removal of a complex mixture of antibiotics and heavy metals from the
aquatic environments. This highlights a critical need for studies that investigate the

integrated application of biochar and microbial action, particularly focusing on their
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combined effects on contaminant removal efficiency.

Our study aims to address the complex challenge of mixed contaminant removal in the
aquatic environments by hypothesizing that an integrated system utilizing spent
mushroom substrate biochar (SMSB) and the bacterial strain Herbaspirillum huttiense
(HHS1) can effectively remove a mixture of OTC, ENR, Cu, and Zn. The specific
objectives are: (1) to investigate the concurrent adsorption processes of heavy metals
(Cu and Zn) and veterinary antibiotics (OTC and ENR) on SMSB; (2) to delineate the
role of functional groups of SMSB in immobilizing heavy metals and facilitating the
degradation of VAs by HHS1 by employing isothermic and kinetic models, and other
analysis (Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), and X-ray diffraction (XRD)); (3) to evaluate the synergistic
impact of adsorption by SMSB and degradation by HHS1 on the removal efficiency of
the targeted contaminants.

By unveiling the synergistic potential of biochar and bacterial degradation, we identify
the contributions and mechanisms of each component in the composite material in
relation to the removal of HMs and VAs. This provides valuable insights for developing
effective and sustainable water treatment technologies to address the growing challenge
of mixed contamination.

2 Materials and methods

2.1 Raw Material and Chemicals

Oxytetracycline (purity > 99%) and ENR (purity > 98%) were purchased from
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Biotopped (Beijing, China) and stored at -20 ‘C. Analytical-grade CuSO4-5H>0 and
ZnSO4-7H>0 were obtained from Damao Chemical Reagent Factory (Tianjin, China).
High-performance liquid chromatography (HPLC) methanol and acetonitrile were
sourced from Sigma-Aldrich (St. Louis, MO). All solutions were prepared using
ultrapure water (18 MQ cm). Lysogeny broth (LB) medium was prepared with 5 g L™!
yeast extract, 10 g L'! tryptone, and 10 g L"! NaCl (pH = 7.0). Mineral medium (MM)
was composed of 1 g L' (NH4)2SO4, 1 g L' KH2PO4, 1 g L' KbHPO4, 0.5 g L™ NaCl,
0.05 g L! FeCl3-6H,0, and 0.02 g L' CaCl,-2H>O (pH = 7.0).

2.2 Isolation of cultivation of HHS1

To isolate bacteria capable of degrading OTC and ENR, 1 g of VA-contaminated soil
from a poultry farm was added to 100 mL of MM containing 50 pg L' of OTC. The
mixture was incubated at 15 °C, with shaking at 150 rpm to enrich low-temperature
resistant bacteria. After a 7-day incubation period, the enrichment culture was
transferred to 100 mL of fresh MM with an increased OTC concentration of 100 pg L~
!, This process was repeated until the concentration of OTC in the MM reached 1 mg
L.

The enrichment culture was then plated on the MM agar (containing 500 pug L' OTC)
and incubated for three days. Single colonies were isolated and inoculated into fresh
MM solution (containing 1 mg L' OTC). These cultures were incubated at 15 °C with
shaking at 150 rpm in the dark for 3 days, during which the concentration of OTC in

the solution was monitored. Bacteria exhibiting high OTC degradation efficiencies
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were further screened for their ability to remove ENR. Ultimately, 11 strains capable of
degrading both OTC and ENR were isolated.

Among these isolates, the strain HHS1 demonstrated a superior ability to remove both
OTC and ENR. Strain HHS1 was identified by Sangon Biotech Co., Ltd (Shanghai,
China). The genomic DNA of HHS1 was extracted using a Genomic DNA Extraction
Kit and amplified using a PCR protocol targeting the 16s rRNA gene. The PCR
amplicon was purified using the PCR clean up kit (Shanghai, China). The obtained
sequences were aligned with those in the NCBI library (Leng et al., 2016). Results
showed that the strain HHS1 was identified as Herbaspirillum huttiense strain. This
strain is not only resistant to tetracycline but also promotes the growth of eucalypts (de
Toledo Pocoli et al., 2005), highlighting its potential applicability in bioremediation and

agricultural settings.
2.3 Preparation of SMSB

Spent mushroom substrate (SMS) was used as the feedstock for biochar preparation
without further treatment. The SMS composition (sawdust: wheat bran: calcium sulfate:
excipients=80:18.5:1:0.5, w:w:w:w) used in this study was sourced from Xiuyan
county in the southern region of Northeast China, renowned for its mushroom
production and significant output of SMS. Xiuyan county is also home to numerous
poultry farms, where VA and HM contaminants have been detected frequently. The
usage of SMSB for water and soil remediation in Xiuyan county not only addresses

environmental contamination but also promotes resource re-utilization.
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To prepare the SMSB, the SMS precursor was placed in a tube-shaped furnace for 10
minutes to ensure complete replacement of air with nitrogen gas. The subsequent
heating procedure in the muftle furnace was as follows: the temperature was increased
to 500 °C at a ramp rate of 5 °C/min and maintained for 4 hours. After the pyrolysis
process, the furnace was allowed to cool down to room temperature (Zhang et al., 2021).
The resulting biochar (SMSB) was then ground and sieved to a 100-mesh grade to
ensure uniformity. To prepare the composite material, the SMSB was mixed with the
bacterium and then incubated on a shaker at 15 °C and 120 rpm for 12 hours. Under
these conditions, the fungus chaff-derived biochar with HHS1 was prepared.

2.4 Remediation experiment design

To evaluate the removal efficiency of OTC and ENR, as well as the adsorption
efficiency of Cu and Zn using the SMSB-HHS1 composite, the composite was created
with 2 % (w/v) SMSB and 10 % (w/v) HHS1 in 100 mL of water contaminated with
Cu, Zn, OTC, and ENR over a period of three days. Samples were collected at the start
of the experiment and subsequently at 24-hour intervals (0, 24, 48, and 72 hours) to

quantify the concentrations of these pollutants.
2.5 Batch adsorption experiment

Batch kinetic and isothermal adsorption experiments were conducted to investigate the
adsorption of Cu, Zn, OTC, and ENR on SMSB (0.2 wt%). The experimental scenarios
included the adsorption of only Cu, only Zn, Cut+Zn, and a mixture of

Cut+ZntOTC+ENR (Table 1).
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Table 1 Test for HM and VA adsorption

Adsorption test Solution pH
AT 1 Control 6.78+0.10
AT 2 Cu 5.7540.12
AT 3 Zn 5.88+0.11
AT 4 Cut+Zn 5.82+0.15
AT S5 Cut+Zn+OTC+ENR 6.12+0.10
AT 6 OTC 6.16+0.05
AT 7 ENR 6.31+0.12
AT 8 OTC+ENR 6.28+0.10

The kinetic adsorption assays were carried out as described by Guo et al. (2019) and
Joseph et al. (2020). Briefly, the initial concentrations of Cu and Zn were set to 100 mg
L in a spiking solution using CuSO4-5H>0 and ZnSO4-7H>0 (Zhou et al., 2003). The
samples were then incubated in a constant temperature shaker at approximately 200
rpm for 24 hours. Adsorption kinetics were measured at various time points: 0.25, 0.5,

1,2,4,8, 12, and 24 hours. The models are represented by equations (1)-(2):

Q¢ = Qc[1 —exp (—k;t)] (1)
_ kpQit
Q: = TT k0.t (2)

where Qe (mg g!) is the amount of HM or VA adsorbed at equilibrium, and ki and k>
are the pseudo-first-order rate constant (h'!) and pseudo-second-order rate constant (h”
1, respectively.

For the isothermal adsorption experiments, the initial concentrations of Cu and Zn were
set to 10, 20, 40, 80, 160, 320, and 640 mg L', with the pH ranging from 5.78 to 6.52.
Residual Cu and Zn concentrations in the aqueous phase were measured after
contacting with the SMSB for 6 h. The Freundlich model, an empirical model based on

multilayer adsorption theory, and the Langmuir equations, based on single-layer
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adsorption theory were used to fit the data as follows (Li et al., 2021):

_ KLQmCe
Qe = 1+K,C, 3)
qe = K C)'" @

Where Q. (mg g!) represents the amount of HM or VA adsorbed at equilibrium, Qm
refers to the maximum adsorption capacity (mg g!), Ce is the concentration of HM or
VA at equilibrium (mg L), kr. is the Langmuir constant relating to the affinity between
adsorbent and sorbate (L mg™!), and krand # are the Freundlich adsorption constant and
linearity index (dimensionless), respectively. The obtained results were expected to
elucidate the adsorption mechanism of Cu and Zn and demonstrate the adsorption
effects in the presence of OTC and ENR.

The adsorption of OTC and ENR was investigated using similar kinetic and isothermal
methods as described for Cu and Zn. For isothermal adsorption, the initial
concentrations of OTC and ENR were set to 10, 20, 40, 80, 160, and 320 mg L,
considering their solubility. The centrifuge tubes containing the samples were wrapped

in aluminum foil to prevent photodegradation.
2.6 Characterizations of SMSB and HHS1

Heavy metals can react with VAs that contain functional groups such as carboxyl,
hydroxyl, and amino groups (Li et al., 2020a; Tabrizian et al., 2019). A FTIR was used
to identify the functional groups of extracellular polymeric substances and bacterial cell
surfaces so as to elucidate the mechanisms of absorption by microorganisms (Tan et al.,

2021; Cao et al., 2019). The SMSB and HHS1 samples were freeze-dried for FTIR
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analysis (Nicolet 6700, Thermo Fisher Scientific, USA) (Zhang et al., 2021). The FTIR
spectra of the prepared SMSB, over the range of 4000 cm™! to 400 cm™!, were obtained
with 200 scans at a resolution of 4 cm™ (Yuan et al., 2020). Additionally, the variations
in surface functionality and mineral components of the SMSB samples were analyzed
using XPS and XRD, respectively (Naggar et al., 2021), to analyze the mechanisms that
control the adsorption of Cu, Zn, OTC, and ENR on SMSB. X-ray Photoelectron
Spectroscopy measurements were conducted using a K-Alpha spectrometer (Thermo
Scientific, USA) equipped with an Al Ka X-ray source (6 kV) as the excitation source.
The spectra binding energy was calibrated using the Cls peak of aliphatic carbons at
284.8 eV, and spectral interpretation was performed with Advantage software,
employing the Gaussian-Lorentzian sum function for peak fitting (Guo et al., 2019). X-
ray diffraction analysis was performed using an Ultima IV diffractometer (Rigaku,
Japan) with Cu Ka radiation over the 20 range of 10 - 90° (L1 et al., 2020b), and target

peaks were identified using Jade 6.0 software.
2.7 HM and VA analyses

The concentration of Cu and Zn in the filtrate was measured using an inductively
coupled plasma optical emission spectrometry (ICP-OES, 5100, Agilent, Co., USA)
after the mixture had been filtered through a 0.45 um nylon membrane filter (Zhang et
al., 2024b). The extraction of VAs from soils followed the procedures outlined by Wang
et al. (2019a), and VA levels were determined by high-performance liquid

chromatography-tandem mass spectrometry (HPLC-MS/MS, 1290 Infinity II, Agilent).
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Briefly, 1 mL of the water sample was added to 1.5 mL microfuge tubes with the
sorbents (3 mg of Na2EDTA and 40 mg of primary-secondary amine). The samples
were vortexed, followed by centrifugation at 8000 g for 10 minutes at 4°C.
Subsequently, the supernatant was filtered through a 0.22 um membrane filter prior to
analysis by UPLC-MS/MS.

2.8 BET analysis

The specific surface area of the biochar was determined using the Brunauer-Emmett-
Teller (BET) method (Sahoo et al., 2021). Prior to analysis, biochar samples were
degassed under vacuum at 300°C for 24 hours to remove adsorbed gases and moisture.
The BET surface area was then measured using nitrogen gas adsorption at liquid
nitrogen temperature (77 K) with a BET surface area analyzer (ASAP 2460,

Micromeritics, USA).
2.9 Statistical analysis

Statistical differences between samples were determined using SPSS. 19.0 (SPSS, Inc.,
Chicago, IL, USA), and Origin 2017 Lab was utilized to analyze the pollutant removal.
All measurements were performed in triplicate.

3 Results

3.1 Treatment efficiency of HMs and VAs by fungus chaff-derived biochar with HHS1
The efficacy of SMSB-HHS1 for the co-removal of HMs and VAs from the
contaminated wastewater are shown in Fig.l. The SMSB-HHSI composite

demonstrated substantial removal capabilities for Cu and Zn in the aqueous solution.
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Following a three-day treatment period, the concentrations of Cu and Zn were reduced
from 100 to 70.14 and 50.25 mg L!, respectively, corresponding to removal efficiencies
of 29.86% and 49.75%, respectively. In terms of VA removal, the levels of OTC and
ENR reduced to 2.05 and 40.65 mg L!, respectively, achieving removal rates of 97.95%

for OTC and 59.35% for ENR.
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Fig.1 VA and HM residue after treated by SMSB-HHSI1

3.2 Thermal kinetics of adsorption of heavy metals and antibiotics

3.2.1 Heavy metal adsorption

Figure 2 illustrates the dynamic adsorption processes of Cu and Zn on SMSB, with the
fitted kinetic parameters presented in Table 2. Adsorption experiments were conducted

for single Cu, single Zn, both Cu and Zn, and a solution containing Cu, Zn, OTC, and
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ENR, with the corresponding kinetic parameters aforementioned.

Copper and Zn were rapidly adsorbed onto the SMSB over time, followed by a slower
increase in adsorption capacity until equilibrium was reached after 4 hours of treatment
(Fig. 2). The highest value of rate constant ki (3.185 h™!) was observed in the Cu-only
solution (AT 2) while ki of Cu in Cu+Zn solution (AT 4) was lower at 0.580 h''. The
result suggested that Cu in the Cu-only solution reached adsorption equilibrium more
quickly, whereas the presence of Zn delayed the equilibration time of Cu in the Cu+Zn
solution. The adsorption capacities for single Cu and Zn in solution were 49.717 mg g’
"'and 58.988 mg g’!, respectively. In contrast, the adsorption capacities for Cu and Zn
containing OTC and ENR (AT 5) were only 18.212 and 13.038 mg g’!, respectively.
Zinc could not influence the adsorption capacity of Cu, but the co-existence of OTC
and ENR greatly affected Zn adsorption on the surface of SMSB. Chemical
equilibration of Zn in AT 5 was achieved faster than that in the Zn-only solution (AT 3),
with a relatively high kinetic rate constant (k2) of 0.300 g mg! h''. The result shows
that Zn could quickly reach its maximum adsorption capacity in the mixture containing
Cu, Zn, OTC, and ENR.

The adsorption of Cu reached an equilibrium in the absence of OTC and ENR. However,
the equilibrium of Cu adsorption was not observed in the presence of OTC and ENR.
The amounts of OTC and ENR adsorbed on the SMSB increased as their Ce increased.
Tables 2 and 3 present the calculated kinetic and thermodynamic model parameters for

Cu and Zn. When the OTC and ENR concentrations were 0 mg L', the pseudo-second-
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order model better fitted the adsorption of Cu (in AT 2 and AT 4) and Zn (in AT 3 and

298 AT 5) (R>>0.998), implying that chemisorption dominated the adsorption process.
299  However, the adsorption of Cu in AT 5 and Zn in AT 4 was better fitted by the first-
300  order pseudo model.
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. - -~ Langmuir model — 5k - -~ ~Freundlich model i
T_‘ 30 -
N Rl A A E/D 4}
Sl g
@ 3k
D
10 - B
0 -
(I) 5‘0 1 (I)O 1 ;0 2(')0 2;0 3(I)0 3;0 4(I)0 450 :
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302  Fig. 2 Adsorption isotherms of Cu and Zn by SMSB with an adsorbent dosage of 2 g
303 L':(a) First-order kinetic model, (b) Second-order kinetic model, (c) Langmuir model,
304  and (d) Freundlich model
305 Table 2 Kinetic parameters of Cu and Zn adsorption on SMSB
First-pseudo order Second-pseudo order
Heavy metal Oe / Ka/ R? Qe/ ko / m?
-1 -1 -1 -1, p-1
(mg-g~) (h™) (mg-g7) (g:mg™-h")
Cu 49.717 3.185 0.995 50.865 0.267 0.999
Zn 58.988 0.580 0.950 60.827 0.045 0.999



Cu (Cu+Zn) 49.858 0.847 0.910 50.226 0.248 0.9998

Zn (Cu+Zn) 23.328 0.134 0.990 35.423 0.003 0.878
Cu
(Cu+Zn+OTC+ENR) 18.212 0.167 0.990 23.004 0.008 0.956
Zn
(Cu+Zn+OTC+ENR) 13.038 1.633 0.853 13.156 0.300 0.998

306  Table 3 Langmuir and Freundlich adsorption isotherm parameters of Cu and Zn

307  adsorption on SMSB

Langmuir Freundlich
Heavy metal qm/ Ku/ R? Kt/ Un R?
(mg-g") (L'mg?) (mg*"-g*-L™)

Cu 59.137 0.810 0.971 17.585 0.504 0.919

Zn 48.170 1.821 0.993 28.285 0.158 0.990

Cu (Cu+Zn) 79.051 0.467 0.992 25.152 0.525 0.854

Zn (Cu+Zn) 36.337 0.005 0.911 0.669 0.610 0.987
Cu

(CU+Zn+OTC+ENR) 8.331 0.022 0.989 0.553 0.516 0.953
Zn

(CU+Zn+OTC+ENR) 65.833 0.004 0.994 0.809 0.672 0.989

308  3.2.2 Antibiotic adsorption

309  Figure 3 demonstrates that the adsorption of OTC and ENR was better fitted by the
310  pseudo-second-order model (R?>>0.904) than the pseudo-first-order model (Table 4,
311 R>>0.491). The maximum adsorption capacities for OTC and ENR in each treatment
312  reached within 4 h. It was observed that k; of OTC in AT 5 was the largest with a value
313  of 5.425 h'!, suggesting that the adsorption of OTC in AT 5 could more quickly reach
314  equilibrium compared to other treatments.

315  The adsorption of Cu and Zn with and without the presence of OTC and ENR fitted
316  well to the Langmuir model (except Zn in AT 3, Fig. 3). The Langmuir model, indicative

317  of monolayer adsorption, was also more suitable for describing the adsorption of OTC
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and ENR on SMSB when these antibiotics were present individually (Table 5). Once
Cu and Zn were added to the system, multiple-layer adsorption occurred as reflected by
the Freundlich model.

The adsorption capacity of OTC in the OTC+ENR solution (AT 8) by SMSB was
similar to that in the OTC-only solution (AT 6), suggesting that the presence of ENR
could not influence the absorption capability of SMSB for OTC. The BET result
indicated that VA adsorption decreased the surface area of SMSB (Table 6). The surface
area of SMSB decreased to 76.92 m? g'! after adsorbing Cu (AT 1) and 82.10 m? g’!
after adsorbing Zn (AT 2). However, the BET surface area dropped to 9.80 m? g™! after
absorbing Cu, Zn, OTC, and ENR simultaneously (AT 5), and from 105.32 (AT 1) to
18.30 m? g'! when SMSB was used to adsorb OTC and ENR simultaneously (AT 8).
These changes implied that the presence of OTC and ENR influenced the adsorption

behaviors of Cu and Zn.
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332  Fig. 3 Adsorption isotherms of OTC and ENR on SMSB with an adsorbent dosage of
333 2 gL (a) First-order kinetic model, (b) Second-order kinetic model, (c) Langmuir
334  model, and (d) Freundlich model
335 Table 4 Kinetic parameters of OTC and ENR adsorption on SMSB

Veterinary antibiotic

Pseudo-first order

Pseudo-second order

Qe/ ki/

Qe/ ko/

2 2
(mg-gh) () (mg-g™) (g-mg™h?)
OoTC 24.152 1.085 0.579 26.731 0.038 0.994
ENR 28.535 0.567 0.650 33.841 0.017 0.988
oTC
(OTC+ENR) 26.785 1.150 0.584 29.967 0.037 0.987
ENR 18.197 0.523 0.678 19.794 0.035 0.993
(OTC+ENR)
ore 43.859 5.425 0.491 49.407 0.044 0.997
(Cu+Zn+OTC+ENR)
ENR 27.725 0.310 0.842 37.651 0.005 0.904
(Cu+Zn+OTC+ENR)
336  Table 5 Langmuir and Freundlich adsorption isotherm parameters of OTC and ENR
337  adsorption on SMSB



Langmuir Freundlich

Veterinary antibiotic Om / K/ ) Kr/ )
R 1/n R
(mg-gh) (L-mg?) (mg'™-g™-L™M)
oTC 63.573 0.030 0.928 4.958 0.455 0.882
ENR 76.805 0.031 0.958 5.573 0.479 0.948
otTc 102.459 0.011 0.920 2.046 0.693 0.993
(OTC+ENR) ' ' ' ' ' '
ENR 104.603 0.009 0.962 1.476 0.754 0.987
(OTC+ENR)
oTC
(CU+ZN+OTCENR) 276.243 0.007 0.740 2.866 0.763 0.994
ENR 103.627 0.022 0.746 3.401 0.646  0.997
(Cu+Zn+OTC+ENR)
338  Table 6 BET surface area of the SMSB (0.2%wt) after 6 h treatment
Group Concentration (mg L) BET (m? g!)
Adsorption test 1’ (AT 17) 0 105.32
AT 2’ 100 for Cu 76.92
AT 3 100 for Cu 82.10
AT 4 100 for both Cu and Zn 79.88
AT S’ 100 for Cu, Zn, OTC, and ENR 9.80
AT 6’ 100 for OTC 26.64
AT 7 100 for ENR 54.73
AT 8’ 100 for both OTC and ENR 18.30
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3.3 FTIR, XRD and XPS analyses of adsorption

Figure 4 illustrates FTIR spectra of SMSB and HHS1 before and after absorbing the
contaminants. After the adsorption of HMs and VAs onto SMSB, the stretching
vibrations of ~OH and —-C—O-C at approximately 3415 cm ™! and 1059 cm™! exhibited
both red- and blue-shifts (Fig. 4 (a)). These shifts suggested the formation of H-bonds
between SMSB and the single contaminants, as well as coordination between these

groups and Cu and Zn. The FTIR spectra also showed peaks around 1617 cm’,

corresponding to —C=C or —C=0 vibrations, which influenced the variations of -COOH.

A new peak at about 599.63 cm™! assigned to Cu-O significantly increased after the



348  SMSB adsorbed Cu.

349  According to Fig. 4 (b), the —OH stretching vibration peaks at 3419 cm™ and 1653 cm”
350 ! for HHS1 before adsorbing and degrading VAs were observed. There was an
351  asymmetric vibration of -CHz (2926 cm™), and a band at 1385 cm™! assigned to O=C—
352 O group. After VA treatments by HHS1 (single OTC addition, Fig. 4 (b)), the peaks at
353 1080 and 1241 cm! disappeared, and a new peak at 1733 cm™ emerged, implying a

354  decrease in —C—O and an increase in —C=O0 stretching vibrations of -CO2-CH3.
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355

356  Fig. 4 FTIR spectra of the SMSB and HHS1 before and after HM and VA adsorption:

357  (a) SMSB and (b) HHS1. The control sample showed absorbance of SMSB and HHS1
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in deionized water

X-ray diffraction analysis was performed to explore the crystal structure variations of
SMSB before and after adsorption (Fig. 5), and XPS was used to identify the chemical
elements and speciation on the surface of SMSB (Fig. 6). The XRD data indicated
significant changes in the crystalline structure of SMSB after exposure to Cu and Zn.
Before adsorption, SMSB had several diffraction peaks, corresponding to silica (SiO2)
and calcium carbonate (CaCOs3), suggesting the presence of these compounds within
the pores or on the surfaces of SMSB. New substances with great crystal structure, such
as CuP4O11 and ZnyCO3(OH)sH20 were formed after the adsorption of Cu and Zn (Fig.
5 (a)). Oxytetracycline and ENR are mainly composed of carbon, hydrogen, oxygen,

and nitrogen. As such, no new crystal structure formed on the surface of SMSB (Fig. 5

(b))

Foo(q % SiO, —CK —CK
@ & & o, Cu ® CutZn+OTC+ENR
® Zn(CO)OH) H,0 —7Zn - 0OTC

& CuP0, CutZn ——ENR
CutZn+OTCH+ENR —— OTC+ENR

ML
*

Intensity

R SV gy

VSN

20 (degree) 20 (degree)

Fig. 5 XRD patterns of SMSB before and after HM and VA adsorption: (a) HMs and
(b) VAs

As for XPS, the peaks belonged to Zn2p, Cu2p, Cls, Ols, Nls, and Fls (Fig. 6). The
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peaks of Cu2p and Zn2p were observed to be modified by the Cu and Zn solutions,
which proved that Cu and Zn successfully adsorbed onto the surface of the SMSB (Fig.
6). N1s and Fls discovered inferred that OTC and ENR could adsorbed on SMSB
surface as well (Fig. 7). Although the intensities of Cu2p and Zn2p increased after
absorbing Cu and Zn, Zn2p exhibited weak intensity in solution containing Cu, Zn,
OTC, and ENR simultaneously. These results were consistent with the first-order model
(Fig. 2 (a)). As for Cu2p, the characteristic peaks of the Cu 2p3/2 and Cu 2p1/2 were
around 933.31 eV (49.7%) and 954.40 eV (12.4%) respectively, which was not present
before adsorption. The peak of 963.10 eV was assigned to shake-up satellites and was

only found in AT 4, AT 6, and AT 7.
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Fig. 6 XPS of the SMSB before and after HM adsorption: (a) wide-scan XPS spectrum

of SMSB, (b) Cu2p and (c) Zn2p of the SMSB surface
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Fig. 7 N1s and F1s bonding states of SMSB before and after treating VAs as determined
by XPS, respectively: (a) wide-scan XPS spectrum of SMSB, (b) N1s, and (c) Fls of
the SMSB surface

Peaks of Cls and O1s were seen in Fig. 8. The relative content of C—C bond in CK was
59.9%, and that of -C—O-C bonds were 30.6%, and the percentage of O—C=0O or
inorganic -C—O (CO3*") was lower than 10%. The molar ratio of C—C bond ratio after
absorbing Cu, Zn, OTC, and ENR was 4.3% higher than that before adsorption, while
the ratios of -C—O—C and —O—C=0 bonds reduced. After the co-adsorption of OTC,
ENR, Zn, and Cu, in comparison with single OTC and ENR adsorption, the relative
ratio of the —-C—O—C for OTC decreased from 47.4% to 23.8%, and for ENR the relative
ratio decreased from 25.8% to 23.8%. That said, oxygen-containing functional groups

were occupied by HMs and VAs gradually.
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Fig. 8 C1s and O1s bonding states and their relative percentages (%) on the surface of
SMSB after treating HMs and VVAs as determined by XPS, respectively

Fig. 8 (a)-(h) showed Cls bonding states of SMSB before and after HM and VA
adsorption: (a) Cu, (b) Zn, (¢) Cut+Zn, (d) Cut+Zn+OTC+ENR, (e) OTC, (f) ENR, (g)
OTC+ENR, and (h) control. Fig. 8 (i)-(p) showed Ols bonding state before and after
HMs and VAs treatments: (i) Cu, (j) Zn, (k) Cu+Zn, (1) Cu+Zn+OTC+ENR, (m) OTC,

(n) ENR, (0) OTC+ENR, and (p) control.
4 Discussion

4.1 Influence of co-contaminants on adsorption dynamics

The adsorption of VAs increased with the increasing contact time due to the readiness
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of adsorption sites for interactions with the adsorbate molecules attaining the maximum
adsorption at 240 min (Meghani et al., 2023). The kinetic rate constant (kz) of OTC
increased in the Cu+Zn+OTC+ENR solution, indicating that the addition of Cu and Zn
accelerated the stabilization processes of OTC and ENR. The adsorption kinetics were
best described by the pseudo-second-order model, suggesting that chemisorption is a
dominant mechanism governing the adsorption process (Meghani et al., 2023). Chang
et al. (2018) pointed that the pseudo-second-order model was based on the conception
that the rate-limiting step may involve valence forces by sharing or exchanging
electrons between the adsorbent and adsorbate. According to this assumption, the
adsorption rate limiting step of OTC and ENR by HHS1 could be connected to
chemisorption, which likely occurred via surface complexation reactions at a specific
adsorption site (Song et al., 2018). The pseudo-second-order kinetic model indicated a
strong interaction between the adsorbent and adsorbates, driven by the functional
groups on the surface of the adsorbents (Laddha et al., 2023). This strong surface
interaction is responsible for the higher adsorption capacity and removal efficiency
observed for OTC and ENR. After the adsorption sites were occupied by OTC and ENR,
the adsorption rate of Cu became low and the adsorption process gradually stabilized.
Under these conditions, Cu and Zn adsorption was affected. A similar observation was
reported by Guo et al. (2019). Furthermore, the adsorption data were well-described by
the Freundlich isotherm model, suggesting that the adsorption of OTC and ENR onto

the adsorbent occurs via multilayer adsorption with heterogeneous binding sites. This
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finding indicates the potential for strong interactions, including chemisorption, between
the VA molecules and the adsorbent surface, which likely contributes to the effective
contaminant removal observed.

4.2 Characterization of adsorption mechanisms of HMs and VAs using FTIR, XRD,
and XPS analysis

It has been reported that Zn had low affinity with functional groups (e.g. -OH and -
COOH) in biochar (Yang et al., 2021), suggesting that SMSB preferably stabilized Cu
in Cut+Zn solution. Adsorption of Cu and Zn was achieved by occupying adsorption
sites on the SMSB. Thus, stabilization of Cu was inhibited in the presence of Zn (Figs.
1-2). The addition of OTC and ENR also slowed down the adsorption process of Cu.
These phenomena were related to two mechanisms. On one hand, the coexistence of
Cu and Zn can accelerate the adsorption of OTC and ENR through the “bridging” role
(Yao et al., 2020). On the other hand, the presence of OTC and ENR can slow down the
adsorption of Cu and Zn by hindering the collision between HMs and SMSB. The
competition effect was enhanced, and the adsorption capacity and enhancement were
decreased (Wang et al., 2020).

The complexation capacity of carboxyl functional groups for HMs is higher than that
of m-m* bonds (Gao et al., 2020). Carboxyl functional groups (1617 cm™) on the surface
of SMSB were observed (Fig. 4). HMs were thus prone to being stabilized in this study.
The peak of stretching vibration of —OH shifted (blue shift) after adsorption with Cu,

Zn, OTC, and ENR. It was also noted that red shifts occurred with a peak of 1436 cm”



454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

!, which suggested that coordination effects increased average masses of vibration
systems of —OH and —C=0, and (metal-O)-H and C=(O-metal) formed. In contrast,
the elastic coefficient of -C—O—C became larger once the oxygen atom was coordinated
with Cu and Zn, leading to an increase of wavenumber of -C—O—C and blue shifts (Yao
et al., 2020). Clear changes confirmed that interactions between the oxygen-containing
functional groups of the SMSB/HHS1 and HMs/VA molecules occurred. Moreover, the
1616 cm™! adsorption band generated blue shift, which could be interpreted as m-n
interactions between Cu/Zn/OTC/ENR and SMSB (Gao et al., 2020). The n-bonds
(C=C) in biochar can facilitate the interaction between the adsorbent and adsorbate
molecules via electrostatic and n—m interactions enabling efficient chemisorption of the
target contaminants on the biochar surface (Fu et al., 2021; Wang et al., 2021). Copper
and Zn had stronger affinity to biochar (via coordination) than OTC and ENR (via n-n
stacking and H-bonding) (Li et al., 2017). Under these conditions, Cu and Zn, instead
of OTC and ENR, were preferentially oriented towards and fixed onto the surface of
SMSB. The conjugate ability reduced, which gave an explanation for the fact that
pollutants aforementioned were absorbed on SMSB and HHSI steadily.

As magnesium and calcium were added as the nutrients for Lentinus edodes, and silicon
was bonded to C and O elements, Mg2p, Ca2p, and Si2p were found on the surface of
SMSB (Fig. 6). Co-presence of Si0; and CaCOj3 in raw SMSB was helpful in improving
the adsorption of HMs (Sakhiya et al., 2021). Available Cu decreased after reacting with

calcium by ion exchange, and CuPsO11 and ZnsCO3(OH)¢H>O, which were not
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discovered before adsorption, verified the occurrence of stabilization of Cu and Zn
directly. This suggests that phosphorous and carbonate substances on the SMSB
precipitated with Cu and Zn in solution directly. When only Cu was absorbed on the
surface of SMSB, the percentages of Cu 2p3/2 and Cu 2pl/2 changed to 51.70%
(935.59 eV) and 19.66% (954.97 eV). In terms of binary contaminants of heavy metal-
antibiotic, the percentages of Cu 2p3/2 and Cu 2p1/2 varied to 59.76% (933.7 eV) and
16.98% (953.61 eV), respectively after the addition of OTC, ENR, and Zn in solution
(Fig. 6 (b)). More importantly, strong coordination species were confirmed to shift to
high bond energy when organic molecules coexisted with Cu. A new shakeup satellite
appeared at about 942.90 eV, which was representative of a new coordination state of
Cu-antibiotics (Ling et al., 2013). Abundant oxygen-containing functional groups on
the surface of the biochar were able to react with Cu to form organic-bound Cu, thus
increasing oxidizable fractions (Su et al., 2016; Zhang et al., 2020). Likewise, a new
satellite band at about 1023 eV was found in Zn2p spectra as well (Fig. 6 (c)), which
meant that Zn might form complex with OTC or ENR (Huang et al., 2017). Under these
conditions, Cu and Zn could be stabilized. For Cls, the relative —-C—O content decreased
as the -C—C/C=C increased, indicating the C—O functional groups were occupied after
contaminant adsorption and Cu** was adsorbed on the SMSB by surface complexation
(Fig. 8). The surface complexation between Cu®" and oxygen-containing functional
groups played a role in the removal of Cu?>" (Meghani et al., 2023). A previous study

suggested that some of the oxygen-containing functional groups (-C=0, C-O, and —
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OH) on biochar could combine with Cu(Il), and OTC/ENR-Cu complexes might be
formed (Li et al., 2020b). Due to the presence of Cu and Zn, areas of —C=0 and O—
C=0 also showed obvious decrease in this study. Based on O1s analysis, a decrease of
—C=0 indicated that the HM and VA adsorption on SMSB were attached to the —-C=0
groups. Similar loss of —C=0O groups was also mentioned by OTC pathways. Wang et
al. (2019b) also noted that oxygen-containing functional groups in biochar adsorbed
HMs and OTC via hydrogen bonding and n-m interaction. These results inferred that
the amounts of oxygen-containing functional groups on the surface of SMSB played
essential roles in absorbing Cu, Zn, OTC, and ENR in the soil. Nevertheless, the oxygen
functional groups decreased, resulting in a reduction of the available adsorption sites
on SMSB as the adsorption process progressed. Subsequently, the adsorption capacity
diminished and eventually stabilized (Fig. 2).

4.3 Contributions of adsorption and degradation on VA removal

The interplay between OTC, ENR, Cu, and Zn in water treatments utilizing SMSB
reveals intriguing insights into the removal mechanisms of antibiotics. Notably, the co-
presence of these elements and compounds significantly enhances the removal
efficiency of OTC on SMSB surfaces, as evidenced by the reduction of OTC
concentration from 100 mg L' to 2.72 mg L! (Table 7). This phenomenon suggests a
synergistic effect that facilitates OTC adsorption, underlining the potential of SMSB in
treating antibiotic-contaminated waters.

The observed adsorption rates of OTC and ENR are noteworthy, with averages of 9.63



o17

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

mg h'! and 6.18 mg h’!, respectively, within the initial 4 hours (Fig. 9). This rapid
adsorption indicates that SMSB acts almost instantaneously, a characteristic beneficial
for immediate reduction of antibiotic levels in aquatic environments. Furthermore, the
degradation rates of OTC and ENR increase significantly after 24 hours, indicating a
shift in the dominant removal mechanism. This shift points towards the microbial action
of HHS1, which starts to degrade the antibiotics more extensively, using them as
sources of carbon and nitrogen. Specifically, HHS1 was able to reduce OTC
concentrations from 997.50 pug L' to 427.76 nug L', showing its potential in
biodegradation processes. The sequential removal dynamics, where adsorption plays a
crucial role in the initial stages followed by pronounced biodegradation, suggest a
comprehensive approach to VA removal from aquatic systems. The initial findings,
including the substantial decrease in OTC and ENR concentrations, align with those
shown in Fig. 2, confirming the effectiveness of the combined adsorption and
biodegradation strategy. This integrated approach not only highlights the efficiency of
SMSB in adsorbing antibiotics but also showcases the critical role of biodegradation by
HHSI1 in the longer-term treatment of contaminated water, offering a promising avenue

for enhancing water treatment methodologies.



538 Table 7 OTC and ENR residues (mg L) in wastewater after treated by SMSB and

539 HHSI1
Treatment SMSB
Time OTC ENR OTC ENR
OTC ENR

(h) (OTC+ENR) (OTC+ENR) (CutZn+OTC+ENR)  (Cut+Zn+OTC+ENR)

0 100.00  100.00 100.00 100.00 100.00 100.00

1 80.35 76.01 73.11 89.65 21.40 92.86

2 68.94 70.05 67.27 86.31 20.60 80.00

4 65.71 64.87 64.76 85.09 17.56 73.43

8 62.53 62.81 60.97 70.33 14.84 72.29
12 62.26 48.06 58.91 64.20 5.84 61.26
24 54.46 45.83 54.74 63.20 2.72 48.09

Treatment HHS1
Time OTC ENR OTC ENR
OTC ENR
(h) (OTC+ENR) (OTC+ENR) (CutZn+OTC+ENR)  (Cut+Zn+tOTC+ENR)
0 997.48  980.50 1008.43 1015.40 1081.92 1000.48
4 990.82  972.38 1004.24 1010.28 1074.29 996.84
12 950.33 943.25 904.37 1000.38 980.79 970.38
24 843.89 848.01 803.09 962.71 969.93 920.61
48 699.61 686.39 788.879 855.50 920.19 817.98
72 427.76  576.19 621.19 699.25 596.66 545.00
120 1.2
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541  Fig. 9 OTC and ENR residues treated by (A) SMSB absorption and (B) HHSI

542  degradation
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To assess the practical applicability of this biochar-microbial system, our laboratory
findings were compared with studies conducted in the real-world aquatic environments.
Zhang et al. (2023) prepared a novel magnetized biochar via hydrothermal
carbonization and pyrolysis activation of starch-rich rice waste. Results showed that 2
g L1 of the biochar showed 96.52% removal of OTC in contaminated water. Enaime et
al. (2020) found that addition of biochar increased 24% removal efficiency of Zn in
storm water effluent. These results indicate that the SMSB-HHS1 composite has the
promising potential for HM-VA water treatment applications.

Overall, the SMSB-HHS1 composite effectively removes HMs and VAs from
contaminated water through a combination of chemisorption and biodegradation
mechanisms. The-OH and —C—O—C groups in the SMSB form hydrogen bonds and
coordinate with Cu and Zn, leading to the formation of stable complexes. HHS1
enhances VA removal through biodegradation, as evidenced by changes in functional
group vibrations, including the disappearance of —C—O peaks and the appearance of —
C=0 peaks. The SMSB provides a high surface area and reactive sites for initial
adsorption of HMs and VAs, while HHS1 subsequently degrades VAs, improving their
removal efficiencies. This integrated system offers an effective and sustainable solution
for environmental remediation, highlighting its potential for practical applications.

5 Conclusion

A novel integrated strategy using SMSB and HHS1 was developed for the concurrent

removal of Cu, Zn, OTC, and ENR from water. The SMSB-HHS1 composite stabilized
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29.86% of Cu and 49.75% of Zn, and removed 97.95% of OTC and 59.35% of ENR
through a synergistic mechanism of chemisorption and biodegradation. The presence
of Cu and Zn significantly enhanced the adsorption of OTC and ENR onto the SMSB.
Conversely, the presence of OTC and ENR appeared to decelerate the adsorption of Cu.
The —OH and —C—O-C groups on SMSB were identified as key active sites for binding
HMs and VAs, with Cu and Zn coordinating with SMSB to form stable compounds
such as CuP4011 and ZnsCO3(OH)¢H2O, thereby stabilizing these HMs. The
composite's high surface area and reactive sites facilitated the initial adsorption of HMs
and VAs, with subsequent degradation by HHS1 improving overall VA removal
efficiencies. This study demonstrates the promising potential of integrating SMSB
adsorption with HHS1 biodegradation as a sustainable and effective approach for
remediating HM-VA contamination in aquatic environments.
Statements and Declarations
® Ethics approval and consent to participate

Not applicable
® Consent for publication

Written and signed consent to publish the case was obtained from the patient.
® Availability of data and materials

Data sharing not applicable to this article as no datasets were generated or analyzed

during the current study.

® Competing interests



585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601
602

The authors declare that they have no competing interests.

Funding

This research is funded by the National Key Research and Development Program
of China (grant number 2019YFD1100504) and Liaoning Provincial Natural
Science Foundation of China (grant number 2023-BS-024).

Author contributions

All authors contributed to the study conception and design. Original and revised
draft preparation, material preparation, data collection and analysis were performed
by Xiaorong Zhang. Original and revised drafts were reviewed by Richard A.
Ludlow. Conceptualization, methodology were proposed by Zongqiang Gong, Xin
Chen and Shuhai Guo. Funding acquisition was provided by Zongqiang Gong and
Xiaorong Zhang. All authors commented on previous versions of the manuscript.
All authors read and approved the final manuscript.

Acknowledgements

Authors thank the Environmental and Ecological Engineering Technology
Innovation Group for their research platform and valuable suggestions on the

manuscript.



603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

References
Cao, D.Q, Yang, W.Y, Wang, Z., Hao, X.D., 2019. Role of extracellular polymeric
substance in adsorption of quinolone antibiotics by microbial cells in excess

sludge. Chem. Eng. J. 370, 684—694. https://doi.org/10.1016/j.cej.2019.03.230

Chang, P.H., Jiang, W.T., Li, Z., 2018. Mechanism of tyramine adsorption on Ca-
montmorillonite. Sci. Total. Environ. 642, 198-207.

https://doi.org/10.1016/j.colsurfa.2011.06.013

Cheng, N., Wang, B., Wu, P., Lee, X.Q., Xing, Y., Chen, M., Gao, B., 2021. Adsorption
of emerging contaminants from water and wastewater by modified biochar: A
review. Environ. Pollut. 273, 116448.

https://doi.org/10.1016/j.envpol.2021.116448

De Toledo Picoli, E.A., Alfenas, A.C., Gongalves, R.C., Carnevalli Dias, L.L., Neves,
D.A., Otoni, W.C., da Silva Romeiro, R., 2005. Detection and antibiotic treatment
of Herbaspirillum huttiense isolated from in vitro explants of Eucalyptus sp. Crop.
Breed. Appl. Biot. 5, 191-198.

https://www.researchgate.net/publication/228632569

Enaime, G., Bacaoui, A., Yaacoubi, A., Liibken, M., 2020. Biochar for Wastewater
Treatment—Conversion Technologies and Applications. Appl. Sci. 10, 3492.

http://doi.org/10.3390/app10103492

Fu, S., Fang, Q., Li, A., Li, Z., Han, J., Dang, X., Han, W., 2021. Accurate

characterization of full pore size distribution of tight sandstones by low


https://doi.org/10.1016/j.cej.2019.03.230
https://doi.org/10.1016/j.colsurfa.2011.06.013
https://doi.org/10.1016/j.envpol.2021.116448
https://www.researchgate.net/publication/228632569
http://doi.org/10.3390/app10103492

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

temperature nitrogen gas adsorption and high-pressure mercury intrusion
combination method. Energy Sci. Eng. 9, 80—100.

https://doi.org/10.1002/ese3.817

Gao, R.L., Hu, H.Q., Fu, Q.L., Li, Z.H., Xing, Z.Q., Ali, U., Zhu, J., Liu, Y.H., 2020
Remediation of Pb, Cd, and Cu contaminated soil by co-pyrolysis biochar derived
from rape straw and orthophosphate: Speciation transformation, risk evaluation
and  mechanism  inquiry. Sci.  Total.  Environ. 730,  139119.

https://doi.org/10.1016/i.scitotenv.2020.139119

Guo, X., Wang, P.C., Li, Y.M., Zhong, H., Li, P, Zhang, C.J., Zhao, T.K., 2019. Effect
of copper on the removal of tetracycline from water by Myriophyllum aquaticum:

Performance and mechanisms. Bioresource. Technol. 291, 121916.

https://doi.org/10.1016/j.biortech.2019.121916

Huang, B.Y., Liu, Y.G,, Li, B, Liu, S.B., Zeng, G.M., Zeng, Z.W., Wang, X.H., Ning,
Q.M., Zheng, B.H., Yang, C.P., 2017. Effect of Cu(Il) ions on the enhancement of

tetracycline adsorption by Fe;O4@SiOz-chitosan/graphene oxide nanocomposite.

Carbohydr. Polym. 157, 576-585. https://doi.org/10.1016/j.carbpol.2016.10.025
Joseph, I.V., Tosheva, L., Doyle, A.M., 2020. Simultaneous removal of Cd(II), Co(Il),

Cu(II), Pb(II), and Zn(II) ions from aqueous solutions via adsorption on FAU-type

zeolites prepared from coal fly ash. J. Environ. Chem. Eng. 8, 103895.

https://doi.org/10.1016/j.jece.2020.103895

Komijani M., Shamabadi, N.S., Shahin, K., Shahin, J., Eghbalpour, F., Tahsili, M.R.,


https://doi.org/10.1002/ese3.817
https://doi.org/10.1016/j.scitotenv.2020.139119
https://doi.org/10.1016/j.biortech.2019.121916
https://doi.org/10.1016/j.carbpol.2016.10.025
https://doi.org/10.1016/j.jece.2020.103895

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

Bahram, M., 2021. Heavy metal pollution promotes antibiotic resistance potential
in the aquatic environment. Environ. Pollut. 274,  116569.

https://doi.org/10.1016/j.envpol.2021.116569

Krasucka, P., Pan, B., Ok, Y.S., Mohan, D., Sarkar, B., Oleszczuk, P., 2021. Engineered
biochar — A sustainable solution for the removal of antibiotics from water. Chem.

Eng. J. 405, 126926. http://doi.org/10.1016/j.cej.2020.126926

Laddha, H., Sharma, P.. Jadhav, N.B., Avedeen, M.Z.. Gupta, R., 2023. Batch

experimental studies and statistical modeling for the effective removal of

tetracycline  from wastewater using bimetallic Zn—Cu-metal—organic

framework@hvdrogel composite beads. Langmuir 39. 17756-17769.

https://doi.org/10.1021/acs.langmuir.3¢02385

Leng, Y.f., Bao, J.G., Chang, G.F., Zheng, H., Li, X.X., Du, J.K., Snow, D., Li, X., 2016.

Biotransformation of tetracycline by a novel bacterial strain Stenotrophomonas

maltophilia DTI. J. Hazard. Mater. 318(15), 125-133.

http://dx.doi.org/10.1016/j.thazmat.2016.06.053

Li, M.F,, Liu, Y.G., Liu, S.B., Shu, D., Zeng, G.M., Hu, X.J., Tan, X.F., Jiang, L.H.,
Yan, Z.L., Cai, X.X., 2017. Cu(Il)-influenced adsorption of ciprofloxacin from
aqueous solutions by magnetic graphene oxide/nitrilotriacetic acid nanocomposite:
Competition and enhancement mechanisms. Chem. Eng. J. 319, 219-228.

https://doi.org/10.1016/j.cej.2017.03.016

Li,D.,Li,R.Y., Ding, Z.X., Ruan, X.F., Luo, J., Chen, J.Y., Zheng, J., Tang, J.X., 2020a.


https://doi.org/10.1016/j.envpol.2021.116569
http://doi.org/10.1016/j.cej.2020.126926
https://doi.org/10.1021/acs.langmuir.3c02385
http://dx.doi.org/10.1016/j.jhazmat.2016.06.053
https://doi.org/10.1016/j.cej.2017.03.016

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

Discovery of a novel native bacterium of Providencia sp. with high biosorption
and oxidation ability of manganese for bioleaching of heavy metal contaminated
soils. Chemosphere 241, 125039.

https://doi.org/10.1016/j.chemosphere.2019.125039

Li, Z.,, Li, M., Wang, Z.Y., Liu, X., 2020b. Coadsorption of Cu(Il) and
tylosin/sulfamethoxazole on biochar stabilized by nano-hydroxyapatite in aqueous
environment. Chem. Eng. J. 381, 122785.

https://doi.org/10.1016/j.cej.2019.122785

Li, B., Zhang, Y., Xu, J., Mei, Y.L., Fan, S.S., Xu, H.C., 2021. Effect of carbonization
methods on the properties of tea waste biochars and their application in

tetracycline removal from aqueous solutions. Chemosphere 267, 129283.

https://doi.org/10.1016/j.chemosphere.2020.129283

Ling, C., Liu, F.Q., Xu, C., Chen, T.P., Li, A.M., 2013. An integrative technique based
on synergistic coremoval and sequential recovery of copper and tetracycline with
dual functional chelating resin: roles of amine and carboxyl groups. ACS. Appl.

Mater. Interfaces. 5, 11808—11817. https://doi.org/10.1021/am403491b

Liu, C., Feng, C.L., Wang, P., Yu, L.P,, Liu, D.Q., Sun, S.H., Wang, F.K., 2021.
Distribution characteristics and potential risks of heavy metals and antimicrobial
resistant Escherichia coli in dairy farm wastewater in Tai’an, China. Chemosphere

262, 127768. https://doi.org/10.1016/j.chemosphere.2020.127768

Lou, L.P., Huang, Q., Lou, Y.L., Lu, J.R,, Hu, B.L., Lin, Q., 2019. Adsorption and


https://doi.org/10.1016/j.chemosphere.2019.125039
https://doi.org/10.1016/j.cej.2019.122785
https://doi.org/10.1016/j.chemosphere.2020.129283
https://doi.org/10.1021/am403491b
https://doi.org/10.1016/j.chemosphere.2020.127768

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

degradation in the removal of nonylphenol from water by cells immobilized on
biochar. Chemosphere 228, 676—684.

https://doi.org/10.1016/j.chemosphere.2019.04.151

Meena, M., Sonigra, P., Yadav, G., 2020. Biological-based methods for the removal of
volatile organic compounds (VOCs) and heavy metals. Environ. Sci. Pollut. Res.

28(3): 2485-2508. http://doi.org/10.1007/s11356-020-11112-4

Meghani, R., Lahane, V., Kotian, S.Y., Lata, S., Tripathi, S., Ansari, K.M., Yadav, A.K.,

2023. Valorization of ginger waste-derived biochar for simultaneous multiclass

antibiotics remediation in aqueous medium. ACS Omega. 8, 11065-11075.

http://doi.org/10.1021/acsomega.2c07905

Naggar, A.E., Chang, S.X., Cai, Y.J., Lee. Y.H., Wang, J.X., Wang, S.L., Ryu, CK,,
Rinklebe, J., Ok, Y.S., 2021. Mechanistic insights into the (im)mobilization of
arsenic, cadmium, lead, and zinc in a multi-contaminated soil treated with different

biochars. Environ. Int. 156, 106638. https://doi.org/10.1016/j.envint.2021.106638

Sahoo, S.S., Vijay, V.K., Chandra, R., Kumar, H., 2021. Production and characterization
of biochar produced from slow pyrolysis of pigeon pea stalk and bamboo. Clean.

Eng. Technol. 3, 100101. https://doi.org/10.1016/j.clet.2021.100101

Sakhiya, A.K., Baghel, P., Anand, A., Vijay, VK., 2021. A comparative study of
physical and chemical activation of rice straw derived biochar to enhance Zn*?
adsorption. Bioresour. Technol. Rep. 15, 100774.

https://doi.org/10.1016/j.biteb.2021.100774



https://doi.org/10.1016/j.chemosphere.2019.04.151
http://doi.org/10.1007/s11356-020-11112-4
http://doi.org/10.1021/acsomega.2c07905
https://doi.org/10.1016/j.envint.2021.106638
https://doi.org/10.1016/j.clet.2021.100101
https://doi.org/10.1016/j.biteb.2021.100774

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

Song, B., Xu, P., Zeng, G., Gong, J., Wang, X., Yan, J., Wang, S., Zhang, P., Cao, W.,
Ye, S., 2018. Modeling the transport of sodium dodecyl benzene sulfonate in
riverine sediment in the presence of multi-walled carbon nanotubes. Water. Res.

129, 20-28. https://doi.org/10.1016/j.watres.2017.11.003

Su, H., Fang, Z., Tsang, P.E., Zheng, L., Cheng, W., Fang, J., Zhao, D., 2016.
Remediation of hexavalent chromium contaminated soil by biochar-supported
zero-valent iron nanoparticles. J. Hazard. Mater. 318, 533-540.

https://doi.org/10.1016/j.thazmat.2016.07.039

Tabrizian, P., Ma, W., Bakr, A., Rahaman, M.S., 2019. pH-sensitive and magnetically
separable Fe/Cu bimetallic nanoparticles supported by graphene oxide (GO) for

high efficiency removal of tetracyclines. J. Colloid. Interface. Sci. 534, 549-562.

https://doi.org/10.1016/].jcis.2018.09.034

Tan, Z.W., Chen, J.C., Liu, Y.L., Chen, L., Xu, Y.Q., Zou, Y.X., Li, Y.T., Gong, B.N.,
2021. The survival and removal mechanism of Sphingobacterium changzhouense
TC931 under tetracycline stress and its’ ecological safety after application.

Bioresour. Technol. 333, 125067. https://doi.org/10.1016/j.biortech.2021.125067

Tao, Q., Li, B, Li, Q.Q., Han, X., Jiang, Y., Jupa, R., Wang, C.Q., 2019. Simultaneous
remediation of sediments contaminated with sulfamethoxazole and cadmium
using magnesium-modified biochar derived from Thalia dealbata. Sci. Total

Environ. 659, 1448-1456. https://doi.org/10.1016/j.scitotenv.2018.12.361

Wang, Z., Wang, X.Y., Tian, H., Wei, Q.H., Liu, B.S., Bao, G.M., Liao, M.L., Peng,


https://doi.org/10.1016/j.watres.2017.11.003
https://doi.org/10.1016/j.jhazmat.2016.07.039
https://doi.org/10.1016/j.jcis.2018.09.034
https://doi.org/10.1016/j.biortech.2021.125067
https://doi.org/10.1016/j.scitotenv.2018.12.361

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

J.L., Huang, X.Q., Wang, L.Q., 2019a. High through-put determination of 28
veterinary antibiotic residues in swine wastewater by one-step dispersive solid
phase extraction sample cleanup coupled with ultra-performance liquid
chromatography-tandem mass spectrometry. Chemosphere 230, 337-346.

https://doi.org/10.1016/j.chemosphere.2019.05.047

Wang, J., Zhang, W., Wei, J., 2019b. Fabrication of poly(b-cyclodextrin)-conjugated
magnetic graphene oxide by surface-initiated RAFT polymerization for synergetic
adsorption of heavy metal ions and organic pollutants. J. Mater. Chem. A. 7(5),

2055-2065. https://doi.org/10.1039/C8TA09250H

Wang, R.Z.. Huang. D.L.. Liu, Y.G., Zhang, C.. Lai, C., Wang. X.. Zeng, G.M., Zhang,

Q.. Gong, X.M.. Xu, P.. 2020. Synergistic removal of copper and tetracycline from

aqueous solution by steam-activated bamboo-derived biochar. J. Hazard. Mater.

384, 121470. https://doi.org/10.1016/j.jhazmat.2019.121470

Wang, Q.J., Zhang, Z., Xu, G.R., Li, G.B., 2021. Pyrolysis of penicillin fermentation
residue and sludge to produce biochar: Antibiotic resistance genes destruction and
biochar application in the adsorption of penicillin in water. J. Hazard. Mater. 413,

125385. https://doi.org/10.1016/j.jhazmat.2021.125385

Yang, S., Wen, Q., Chen, Z.Q., 2021. Effect of KH,POs-modified biochar on

immobilization of Cr, Cu, Pb, Zn and as during anaerobic digestion of swine

manure. Bioresource. Technol. 339, 125570.

https://doi.org/10.1016/i.biortech.2021.125570



https://doi.org/10.1016/j.chemosphere.2019.05.047
https://doi.org/10.1039/C8TA09250H
https://doi.org/10.1016/j.jhazmat.2019.121470
https://doi.org/10.1016/j.jhazmat.2021.125385
https://doi.org/10.1016/j.biortech.2021.125570

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

Yao, N., Li, C., Xu, Q.Q., Wei, S.Y., Tian, Z.Q., Yang, Z., Yang, W.B., Shen, J., 2020.
Insight into adsorption of combined antibiotic-heavy metal contaminants on
graphene  oxide in water. Sep. Purif. Technol. 236, 116278.

https://doi.org/10.1016/j.seppur.2019.116278

Yuan, Z., Ma, X., Wu, X., Zhang, G., Wang, X., Wang, S., Jia, Y., 2020. Characterization
of Fes(AsO3);Cl2(OH)4-5H20, a new ferric arsenite hydroxychloride precipitated
from FeCl3-As203-HCI solutions relevant to arsenic immobilization. J. Environ.

Sci. 90, 205-215. https://doi.org/10.1016/1.jes.2019.12.009

Zhang, H., Shao, J.G., Zhang, S.H., Zhang, X., Chen, H.P., 2020. Effect of phosphorus-
modified biochars on immobilization of Cu (II), Cd (II), and As (V) in paddy soil.

J. Hazard. Mater. 390, 121349. https://doi.org/10.1016/j.jhazmat.2019.121349

Zhang, X.R., Liao, X.Y., Gong, Z.Q., Li, X.J., Jia, C.Y., 2021. Formation of fatty acid

methyl ester based microemulsion and removal mechanism of PAHs from

contaminated soils. J. Hazard. Mater. 413, 125460.

https://doi.org/10.1016/j.jhazmat.2021.125460

Zhang, F.F.. Wang, J.N.. Tian, Y.J., Liu, C.X., Zhang, S.Q., Cao, L.C., Zhou, Y.M.,

Zhang, S.C.., 2023. Effective removal of tetracycline antibiotics from water by

magnetic functionalized biochar derived from rice waste. Environ. Pollut. 330,

121681. https://doi.org/10.1016/j.envpol.2023.121681

Zhang, X.R., Gong, Z.Q., Jia, Y.J., Zhao, X., Jia, C.Y., Chen, X., Guo, S.H., Ludlow,

R.A., 2024a. Response characteristics and functional predictions of soil


https://doi.org/10.1016/j.seppur.2019.116278
https://doi.org/10.1016/j.jes.2019.12.009
https://doi.org/10.1016/j.jhazmat.2019.121349
https://doi.org/10.1016/j.jhazmat.2021.125460
https://doi.org/10.1016/j.envpol.2023.121681

771

772

773

774

775

776

7

778

779

780

781

782

783

784

785

786

787

788

789

microorganisms to heavy metals, antibiotics, and their resistance genes originating
from different animal farms amended with Herbaspirillum huttiense. Environ. Res.

246, 118143. https://doi.org/10.1016/j.envres.2024.118143

Zhang, M.Z., Liu, G.J., Liu, R.J., Xu, J.Z., Si, W., Wei, Y., 2024b. High-efficient co-
removal of copper and zinc by modified biochar derived from tea stalk:
Characteristics, adsorption behaviors, and mechanisms. J. Water Process Eng. 57,

104533. https://doi.org/10.1016/j.jwpe.2023.104533

Zhao, L., Xiao, D.L., Liu, Y., Xu, H.C., Nan, H.Y., Li, D.P., Kan, Y., Cao, X.D., 2020.
Biochar as simultaneous shelter, adsorbent, pH buffer, and substrate of
Pseudomonas citronellolis to promote biodegradation of high concentrations of
phenol in wastewater. Water Res. 172, 115494.

https://doi.org/10.1016/j.watres.2020.115494

Zhou, Q.X., Cheng, Y., Zhang, Q.R., Liang, J.D. 2003. Quantitative analyses of

relationships between ecotoxicological effects and combined pollution. Sci. China

Ser. C. Life Sci. 33(6), 556-573. http://doi.org/10.3969/].issn.1674-

7232.2003.06.011

Zhou, Y.C., Leong, S.Y., Li, Q.L., 2023. Modified biochar for removal of antibiotics
and antibiotic resistance genes in the aqueous environment: A review. J. Water

Process Eng. 55, 104222. http://doi.org/10.1016/j.jwpe.2023.104222



https://doi.org/10.1016/j.envres.2024.118143
https://doi.org/10.1016/j.jwpe.2023.104533
https://doi.org/10.1016/j.watres.2020.115494
http://doi.org/10.3969/j.issn.1674-7232.2003.06.011
http://doi.org/10.3969/j.issn.1674-7232.2003.06.011
http://doi.org/10.1016/j.jwpe.2023.104222

