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Abstract Biochar-immobilized microorganism
technology is an effective way to remove antibiotic
contamination in aqueous solutions. In this study, the
effect and mechanism of immobilization of Bacillus
subtilis by honeysuckle residue—derived biochar for
the removal of chlortetracycline (CTC) were investi-
gated using corn straw biochar as a comparison. The
biochar’s structural characteristics and properties
were determined using scanning electron microscopy,
X-ray diffractometer, Fourier-transform infrared spec-
trometer, specific surface area, and pore size analyzer.
It was found that honeysuckle residue—derived bio-
char had a well-developed pore structure, which pro-
vided adequate living space for microorganisms. The
removal rate of CTC (50 mg/L) by honeysuckle resi-
due biochar-microbial complex (HBCM) was 15.31%
higher than that of corn straw biochar-microbial com-
plex, indicating that HBCM was an excellent carrier.
The mechanism of CTC removal by HBCM was a
synergistic effect of biochar adsorption and microbial
degradation. The removal process of HBCM material
was carried out for 3 days at an optimum substrate
concentration of 50 mg/L, an ambient temperature of
35 °C, a solution pH of 7, and the addition of 5 g/L
complexes, achieving a removal rate of 78.35%. In
addition, the complex possessed high storage stability
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and could be reused three times continuously and effi-
ciently. This study provides a method for preparing
an efficient biochar-microbial complex using Chinese
medicine residue waste substrate, which provides a
new idea for removing CTC from water.
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1 Introduction

Antibiotics are compounds that can inhibit or elimi-
nate microorganisms’ growth and are widely used in
the treatment and prevention of human and animal
diseases (Kummerer, 2009). As a tetracyclic antibiotic
with broad-spectrum antibacterial activity, chlortetra-
cycline (CTC) is the most commonly used antibiotic
in animal husbandry (Wei et al., 2011). During use
period, CTC cannot be fully digested and absorbed
or metabolized in the body. Approximately 65% of
CTC is excreted into the environment as metabolites
through urine and feces (Aust et al., 2008), which in
turn contaminates groundwater, surrounding surface
water and soil, leading to an increase in drug-resist-
ant bacteria and drug-resistant genes (Mosaleheh &
Sarvi, 2020), causing harm to humans and animals.
Different processes have been used to remove vari-
ous antibiotics from wastewater, including adsorption
(Rivera-Utrilla et al., 2013), precipitation, radiation
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(Gémez-Pacheco et al., 2012), membrane separa-
tion (Li et al., 2004), advanced oxidation techniques
(Daghrir et al., 2012), hydrolysis (Xuan et al., 2009),
and biodegradation (Shi et al., 2021). Biodegrada-
tion is an inexpensive and simple method that uses
enzymes and other substances produced by micro-
bial cells in their metabolic activities to degrade
and remove antibiotics, and less likely to cause sec-
ondary contamination (Shao et al., 2019). However,
biodegradation has disadvantages such as the loss of
microorganisms, inhibition by substrates, and weak
resistance to environmental stress (Lou et al., 2019;
Lin et al., 2014). Therefore, Steven proposed micro-
bial immobilization to overcome these disadvantages
by locating free cells or enzymes in a defined area
where they can remain active and be reused (Karel
et al., 1985). Carriers are central to immobilization
techniques as a site of attachment for microorgan-
isms (Kumar et al., 2016). Suitable carrier materials
should be non-toxic to cells, not easily degraded by
microorganisms, have high mechanical strength and
good mass transfer properties (Lou et al., 2019; Pino
et al., 2016). Among them, biochar has a well-devel-
oped pore structure and specific surface area, which
provides space for microbial growth and reproduction
and is conducive to increasing cell density and pollut-
ant removal rate (Ma et al., 2020; Xiong et al., 2017).
Simultaneously, biochar carriers are physicochemi-
cally stable, widely available, cheap, and simple to
prepare (Liu et al., 2012), which have more excel-
lent application value. In recent years, biochar has
been used as a carrier to inoculate microorganisms
for immobilization and has been applied to wastewa-
ter treatment (Chen et al., 2013; Zhuang et al., 2015).
Nguyen et al. (2016) used granular activated carbon
as a carrier material to immobilize laccase to reme-
diate sulfamethoxazole (SMZ) effluent. They found
that the immobilization technique improved laccase
activity and increased the removal rate of sulfameth-
oxazole in water. Yang et al. (2021) used rice straw
biochar to enhance the biodegradation of sulfameth-
oxazole (SMX) and chloramphenicol (CAP) by
Pseudomonas stutzeri and Shewanella putrefaciens.
Most studies have focused on removing antibiotics in
water; however less research has been conducted on
the removal mechanisms of biochar adsorption and
microbial degradation.

Honeysuckle can be used for both medicine and
food, which is widely used in traditional Chinese
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medicine (TCM), with a current annual demand
of around 15,000 tons (Lu & Li, 2021). Due to its
antiviral properties, the outbreak of a new coronary
pneumonia epidemic at the end of 2019 saw a con-
siderable increase in demand in the market for honey-
suckle and the consequent increase in the production
of honeysuckle residues. There are few reports related
to the effective recycling of honeysuckle residues.
The residue contains high levels of cellulose, hemi-
cellulose, and lignin (Lian et al., 2014), which can be
used to prepare biochar to remove antibiotics from the
environment. Various types of microorganisms exist
in the environment, and Bacillus subtilis is a widely
used bacterium with high physiological activity to
rapidly degrade a variety of pollutants (waxy crude
oil, Polychlorinated biphenyls, antibiotics, heavy met-
als, etc.) (Liu et al., 2013; Sakthipriya et al., 2010;
Sun et al., 2017; Zhao, 2015). Zhao (2015) screened
TJ-6# (Bacillus subtilis) for tetracycline antibiotics
as the only carbon source, with a degradation rate of
60.63% for CTC. However, the use of Bacillus subtilis
in free form has certain disadvantages, such as high
production costs, low stability, and reusability (Bin-
upriya et al., 2010). To address these problems, Liu
et al. (2013) investigated the ability of chitosan beads
immobilized Bacillus subtilis (BICB) to remove
copper ions from aqueous solutions and found that
BICB was a promising and inexpensive biosorbent
for heavy metals, with its desorption rate remaining
at 76.02% after five cycles. In addition, Wang et al.
(2018) loaded UV-irradiated mutant Bacillus subti-
lis (B38) onto corn straw and pig manure biochar to
adsorb Hg(II) and Pb(II) from solution and found that
the adsorption performance of the negative carrier
had a significant advantage over biochar alone. The
advantages of immobilized microbial techniques have
been extensively investigated in numerous research
works (Mollaei et al., 2010; Zur et al., 2016). Oyetibo
et al. (2017) isolated Bacillus subtilis (M16K and
MI19F) that degraded hydrocarbons and were toler-
ant of toxic heavy metals, with both strains achiev-
ing degradation rates of over 94% and 85% for crude
oil and phenanthrene, respectively. The simultaneous
removal of Co** (>62%) and Ni** (>85%) indicated
that Bacillus subtilis provided effective bioremedia-
tion activities for multi-pollutant systems. Therefore,
this paper investigates the mechanism and optimal
conditions for removing chlortetracycline by Bacillus
subtilis immobilized on honeysuckle residue—derived
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biochar based on the advantages of immobilized
microorganisms, using common corn stover biochar
as a comparison. This will provide technical support
for the removal of antibiotics and other contaminants
from water.

2 Materials and methods
2.1 Microorganisms and culture media

Bacillus subtilis (BSZ1) was screened and identified
as a reserve bacterium for this laboratory and could
be used as a degrading bacterium with chlortetracy-
cline as the only carbon source. LB liquid medium:
peptone 10.0 g, yeast extract 5.0 g, sodium chloride
5.0 g, distilled water 1000 mL, pH 7.0, sterilized
at 121 °C for 30 min. Inorganic salt basal medium
(MM): sodium chloride 1.0 g, dipotassium phosphate
1.5 g, potassium dihydrogen phosphate 0.5 g, magne-
sium sulphate 0.2 g, distilled water 1000 mL, pH 7.0,
sterilized at 121 °C for 30 min.

2.2 Chemical reagents and materials

Chlortetracycline hydrochloride, USP grade, >80.0%
(HPLC), was purchased from Aladdin (China). Meth-
anol and acetonitrile were chromatographic grade
reagents purchased from Beijing Meridian Technol-
ogy Co; the water used for the test was pure water
(Hangzhou Wahaha Group Co Ltd).

The test honeysuckle residue was obtained from a
traditional Chinese medicine factory in Changchun,
and the maize straw was obtained from a farm in
Changchun, China. These materials were rinsed with
distilled water and air-dried for 2 days, then dried in a
vacuum oven at 80 °C for 24 h and ground to a pow-
der and sieved, placed in a crucible and charred in a
muffle furnace with limited oxygen and controlled
temperature, and paralyzed at 400 °C for 1 h. The
samples were named HBC (honeysuckle residue bio-
char) and CSB (corn stover biochar) after pyrolysis
and stored in sealed plastic bags in the dark.

2.3 Biochar characterization analysis

To measure the pH of biochar, each sample was
mixed with ultra-pure water with CO, removed at

a ratio of 1:10, shaken at 180 rpm/min for 24 h in a
constant temperature shaker at 25 °C, centrifuged at
3000 rpm/min for 5 min on a low-speed centrifuge.
Then the supernatant was taken to determine the pH
of the biochar. The microstructural characterization
was carried out with the method of scanning electron
microscopy (SEM, SS-550, Shimadzu), the specific
surface area and pore size of the biochar were char-
acterized with the method of specific surface area
and pore size analysis (BET, 3H-2000PS1, Beishide
Instrument), and the distribution of functional groups
on the surface of the biochar was characterized with
the method of Fourier-transform infrared spectrom-
etry (FT-IR, IRAffinity-1S, Shimadzu). The crystal
structure of the biomass char was characterized with
the method of X-ray Diffractometry (XRD, XRD-
7000, Shimadzu).

2.4 Preparation of biochar-microbial complex

The degrading bacteria BSZ1 was inoculated on LB
liquid medium and shaken for 24 h at 180 rpm/min
on a constant temperature shaker at 30 °C. The steri-
lized biochar conical flask was weighed, added with
an appropriate amount of bacterial solution, placed
in a shaker at 30 °C and shaken at 180 rpm/min for
24 h, and then removed. The biochar-microbial com-
plex was sieved through a 200-mesh nylon sieve and
washed three times with 0.85% normal saline solu-
tion, and collected. HBCM and CSBM denote bio-
char-microbial complexes of honeysuckle residue and
corn straw, respectively.

The number of microorganisms adsorbed on the
biochar-microbial complex was determined by the
lipid-phosphorus method (Moll et al., 1999).

2.5 An experimental and analytical method for
the removal of chlortetracycline from aqueous
solutions

BSZ1, HBC, CSB, HBCM, and CSBM were added
to a solution of MM medium containing 50 mg/L
CTC solution. The conical flasks were placed in a
constant temperature shaker and subsequently shaken
at 180 rpm/min at 30 °C for 24 h. The supernatant
was filtered through a 0.45 pum membrane, and the
concentration of CTC was determined using an Agi-
lent 1260 high-performance liquid chromatography
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(Agilent, USA). The mobile phase was a mixture
of 0.01 mol/L oxalic acid and acetonitrile at a flow
rate of 1.0 mL/min with a detection wavelength of
266 nm. The removal amount (q) and the removal rate
of chlortetracycline can be expressed as:

100 X m

(CO - Ce)

0

Removal rate = x 100%

where q is the removal amount, mg/g; C, and C,
are the initial and equilibrium mass concentrations,
mg/L, respectively; V is the volume of tetracycline
solution, mL; and m is the amount of biochar added,

g.

2.6 Removal characteristics of CTC by
biochar-microbial complex of honeysuckle
residue

According to the control group experiment (unsteri-
lized complex, sterilized complex, single biochar,
sterilized single biochar, single microorganism, steri-
lized single microorganism), comparing the infrared
spectra before and after removal allowed us to prelim-
inarily judge the removal mechanism of CTC by the
biochar-microorganism complex.

2.7 Optimization of CTC removal conditions by
orthogonal experiments

In this experiment, pH, temperature, CTC concen-
tration, and compound dosing in the water environ-
ment were selected as influencing factors, and a level
value was set for each factor (see Table 1). Using the
orthogonal experimental design assistant II (V3.1),
an orthogonal table 125 (5%) was used to conduct
the experiments with the removal rate of CTC as the
main indicator, and the results of the range analysis
of the orthogonal experiment were shown in Table 5.

2.8 Experimental methods for the effectiveness
of continuous operation, storage stability, and

reusability of immobilized microorganisms

Based on the results of the experiments in 2.7, the
optimum conditions for the removal of CTC by
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Table 1 List of orthogonal experimental factors for optimiz-
ing microbial removal conditions for biochar immobilization

Level Factor A Factor B Factor C Factor D
Dosing quan- Tempera- pH Concen-
tity (g/L) ture (°C) tration

(mg/L)

1 25 3 10

2 30 5 20

3 5 35 7 50

4 10 40 9 100

5 20 45 11 150

immobilized microorganisms were determined. The
residual concentration of CTC in the sample was
determined by sampling at 1, 2, 3, 5, and 7 days
under the optimum conditions, thus examining the
effect of CTC treatment in aqueous solutions in
continuous operation.

The prepared complex was placed into a sterile
medium and stored in a constant temperature incu-
bator at 28 °C for 0, 3, 7, and 10 days. The prepared
complex was added to an inorganic salt medium
containing 50 mg/L CTC for 3 days, and the stor-
age stability of the complex was then tested by the
amount of CTC removed.

The prepared complex was added to an inorganic
salt medium containing 50 mg/L CTC solution and
incubated for 3 days as a degradation cycle. After
3 days of incubation, the residual concentration
of CTC in the sample was tested to calculate the
removal rate, and the number of microorganisms
on the complex was determined. The complex was
collected under sterile conditions and rinsed three
times with 0.85% saline. The complex was then
re-inoculated in a new inorganic salt medium con-
taining 50 mg/L. CTC, and the above operation was
repeated to assess the reusability of the complex.

2.9 Statistical analysis

All tests were conducted in triplicate, and the values
of the removal rates are the mean of three replicates,
and the error bars represent the standard deviations.
Microsoft excel and Origin 10.0 software were used
to analyze data and drawing, respectively.
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3 Results and discussion
3.1 Removal capacity analysis

In this study, BSZ1, HBC, CSB, HBCM, and CSBM
were added to 50 mg/L of CTC solution, and the
removal rate was used as an evaluation index. The
results are shown in Fig. 1, where the biochar-micro-
bial complex was more effective in removing CTC
than the free state bacteria and single biochar. After
immobilization, the removal rates of CTC degrad-
ing bacteria increased by 18.77% and 3.46% (HBCM
and CSBM), respectively, indicating that immobili-
zation improved the degradation performance of the
microorganisms. This may be the reason that the pore
structure of biochar can provide an internal living
environment for microorganisms to protect them from
external pollutants, allowing them to increase their
survival rate in an antibiotic-contaminated environ-
ment (Zhao et al., 2020). The removal rates of CTC
by HBCM and CSBM were 56.16% and 40.85%,
respectively. It can be seen that the degradation per-
formance of biochar-immobilized microorganisms
from honeysuckle residue was higher than that of bio-
char-immobilized microorganisms from corn straw.
According to Table 2, the pH value of HBC is lower
than that of CSB. The adsorption capacity of HBC for

7
Wl
£ / / //
N _
\ %
BSZ1 HBC HBCM CSB CSBM

Treatment

Fig. 1 Comparison of the removal capacity of different bio-
char, free state bacteria, and biochar-microbial complexes for
CTC. BSZ1, HBC, HBCM, CSB, and CSBM denote Bacillus
subtilis, honeysuckle residue biochar, honeysuckle residue bio-
char-microbial complex, corn stalks biochar, and corn stalks
biochar-microbial complex, respectively

Table 2 pH and adsorbed microorganisms of different biochar

Type HBC CSB

pH 7.64+0.14
1108+11.14

9.03+0.33

Biomass (nmolP/g) 857+9.85

degrading bacteria is greater than that of CSB, and
the more the number of adsorbed microorganisms,
the higher the removal rate of CTC by the biochar-
microbial complex. Some studies have noted that
when the pH of the biochar is too high, metal ions on
biochar will exist as micro-precipitated oxides, which
indirectly hinder the immobilization of microorgan-
isms on biochar (Pino et al., 2016). High pH will also
directly weaken the enzymatic activity of microorgan-
isms and affect the removal capacity of microorgan-
isms. The complex’s overall removal capacity is also
reduced as microorganisms occupy adsorption sites
on the surface of the biochar (Huang et al., 2020),
which explains the phenomena observed in Table 2.
Combined with the removal rate of CTC by immo-
bilized microorganisms and the amount of adsorbed
microorganisms, it was determined that HBC had a
good immobilization effect on degrading bacteria,
and HBCM had better CTC removal performance.

3.2 Structural analysis of biochar and immobilized
microorganisms

3.2.1 Scanning electron microscope analysis

Different biochar raw materials have different struc-
tural characteristics of biochar due to their different
organization (Ozgimen & Ersoy-Mericboyu, 2010).
The different cellulose, hemicellulose, and lignin
contents of honeysuckle residue and corn straw have
formed different pore structures during pyrolysis
and dehydration, which is a crucial reason that bio-
char can be a useful substrate for immobilizing bac-
teria. According to Table 3, the average pore size of
both HBC and CSB was less than 2 nm, indicating
that microporous structures dominated the surface of
these two biochars. Biochar can obtain more effec-
tive adsorption sites during the adsorption process
due to its loose and porous structure, high poros-
ity, and large total pore volume and specific surface
area (Song et al., 2014; Wang & Wang, 2018; Wang
et al., 2015a). The specific surface area and total
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Table 3 Specific surface area, total pore volume, and average
pore size of biochar

Type Specific sur- Hole volume Hole diameter

face area (crn3/g) (nm)
(m*/g)
HBC 132.110 0.7610 0.893
CSB 95.423 0.5221 0.869

pore volume of HBC are larger than those of CSB,
while the average pore sizes of both are comparable.
It indicates that the number of micropores formed by
pyrolysis on the surface of HBC is more than that of
CSB, and the pore structure of HBC is more devel-
oped, which provides space for the growth and repro-
duction of microorganisms and is more conducive to
increasing the cell density. Figure 2a and d show the

Ay Pt Mg VDDt N e
BOW 10 S L 1

AGY  Pabe Mg WO Det
SO 40 Cepm W SE

RN P Mg WD De

Fig. 2 Electron micrographs of biochar and biochar-microbial
complexes. a Honeysuckle residue biochar (X5000 magni-
fication), b honeysuckle residue biochar-microbial complex
(%5000 magnification before removal of CTC), ¢ honeysuckle
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surface morphology of biochar HBC and CSB. The
pores of varying sizes on the surface of biochar can
act as a transport channel for oxygen, nutrients, and
contaminated substrates during the metabolic pro-
cess of microorganisms, making it an ideal carrier
for microbial immobilization (Wang et al., 2012).
Also, the pore structure can adsorb part of CTC, thus
increasing its removal rate. It was observed that CBS
was distributed with a certain number of disordered
pore structures. In contrast, HBC had a smooth sur-
face with well-developed and relatively regular pore
structures, which facilitated the adsorption of micro-
organisms and pollutants. Figure 2b and e show the
surface morphology of the immobilized microorgan-
isms before CTC removal, and both biochar surfaces
are loaded with rod-shaped BSZ1-degrading bacteria.
The presence of many microorganisms on the surface

« it

sy, wiom M ow S

residue biochar-microbial complex (X 5000 magnification after
removal of CTC), d corn stalks biochar (x5000 magnifica-
tion), e corn stalks biochar-microbial complex (x 5000 magni-
fication)
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and in the pores of HBC is due to its large specific
surface area and a high number of micropores, which
have a high adsorption capacity for microorganisms.
It was also found that the morphology of the colonies
of degrading bacteria distributed on the surface of the
biochar was different, partly aggregated and partly
dispersed. This suggests that there may be two ways
of microbial immobilization by biochar, namely phys-
ical adsorption between microorganisms and electro-
static attraction between the bacteria and the carrier.
Figure 2c shows the surface morphology of HBCM
after CTC removal. It can be seen that a large amount
of particulate matter adheres to the surface, which
may be adsorbed CTC.

3.2.2 X-ray profiling

Figure 3 shows the X-ray diffraction (XRD) patterns
of HBC and CSB. Among them, HBC at 20 values of
26.601° and CSB at 20 values of 26.663° show sig-
nificant d002 diffraction peaks. They were identified
by Jade 6.0 software as graphite [002] crystalline fac-
ets, which are mainly monoatomic carbon layers lay-
ered in microcrystals (Iwashita et al., 2004; Ravenni
et al., 2020). The presence of a d10 diffraction peak
corresponding to the graphite [100] crystalline plane
at 20 values of 42.679° for HBC indicates that high-
temperature pyrolysis decomposes the cellulose in
the raw material and develops the carbon structure

902 Corn stover biochar
AR
LR P

v MG

002 |

Honeysuckle Biochar
M M

10 20 30 40 50 60 70 80
Diffraction Angle(2-Theta)

X-Ray Singnal (arbitrary units)

Fig. 3 X-ray diffraction (XRD) pattern of biochar. XRD was
operated using Cu-Ka radiation at a voltage of 40 kV, a current
of 30 mA, and a 20 range of 10-80°

towards order (Zhang et al., 2014). According to the
standard card, SiO, and CaCOj crystalline phases
were found to be predominantly present in both bio-
chars, with characteristic peaks of SiO, at 20 values
of 50.081° and 68.143° and CaCO; at 20 values of
29.337°, 35.942°, and 46.944° in HBC. CSB had
characteristic peaks of SiO, at 20 values of 77.520°
and CaCOj; at 20 values of 40.619°. The crystalline
phases of Fe,0; (20=35.942°, 60.119°) and NaCl
(20=31.655°) were present in the HBC, and some
of the crystalline phases in these substances were
favorable for the growth of microorganisms.

3.2.3 Infrared spectral analysis

Figure 4 shows the FT-IR spectra of BSZ1, HBC,
and HBCM. The absorption peaks of BSZ1 at
3291.6 cm™! were peaks of stretching vibrations of
O-H and N-H bonds (Miretzky et al., 2008); the
absorption peaks at 2965.6 cm~' and 2878.8 cm™!
were spectral peaks of C-H bending vibrations of
saturated carbon; the peaks of the protein amide I
band at 1622.7 cm~! were caused by C=0 double
bond stretching vibrations, the peak of the protein
amide II band at 1551.9 cm™! were caused by N-H
bond stretching vibration, and the absorption peak
at 1397.5 cm™' was protein amide III; the absorp-
tion peak at 1240.2 cm™! was a carboxyl (-COOH)

Microorgranism

Biochar

Transmittance(%)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers(cm™)

Fig. 4 FT-IR spectra of biochar, microorganisms, and
complex. The infrared spectrum was overlaid in the 4000—
400 cm™! region. The biochar refers to honeysuckle residue
biochar, and the microorganism refers to Bacillus subtilis
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bending vibration; and the absorption peak at
1058.9 cm™! was caused by C-N stretching vibrations
in the amine group; HBC showed a C=C stretching
vibration peak at 1567.2 cm~! and 1412.9 cm™!, indi-
cating that the carbon surface contains a stable aro-
matic skeleton, proving beneficial for cell adhesion
and proliferation (Huang et al., 2020); an absorption
peak of aliphatic C-O-C appears at 1077.3 cm™';
and an absorption peak of C-H out-of-plane bending
vibrations are at 874.7 cm™'.

HBCM possessed BSZ1 spectral peaks at
3291.6 cm™! for O-H and N-H stretching vibrations,
1240.2 cm™! for -COOH bending vibrations and
1058.9 cm™! for C-N. In addition HBCM possessed
aromatic C=C and C-H absorption peaks of HBC
at 1567.2 cm™, 1412.9 cm™', and 874.7 cm™'. The
FT-IR spectrogram indicates that the microorganisms
are successfully loaded on the biochar and that the
complex integrates biochar and microbial functional
groups, which not only improves the stability but also
the removal capacity of the biochar-microbial com-
plex (Goh et al., 2019).

3.3 Removal characteristics of CTC by
biochar-microbial complex of honeysuckle
residue

Table 4 shows that the removal rate of a single
degrading bacterium BSZ1 after sterilization was
significantly reduced compared to that with live
degrading bacteria, indicating that CTC’s intracellu-
lar degradation by degrading bacteria is much greater
than the extracellular adsorption. The weakening of
CTC adsorption by sterilized HBC may be due to
the death of the native microorganisms occupying
the adsorption sites on the biochar after sterilization,
which hinders the adsorption of CTC by the biochar.
Besides, the removal rate of HBCM after sterilization
decreased to 45.37%. However, it was still higher than
that of the single biochar after sterilization (36.72%)
and the microorganisms after sterilization (15.43%).

Table 4 Removal and removal rates for different control groups

This may be due to the residual enzymes secreted by
the bacterial community in the pores of the biochar
(Huang et al., 2020). Therefore, the mechanism of
HBCM removal is a combination of microorganisms
and biochar, including intracellular degradation by
microorganisms and adsorption by biochar.

Analysis of the infrared spectral bands of the hon-
eysuckle residue biochar-microbial complex before
and after removal in Fig. 5 shows that the positions
of the spectral peaks of some functional groups were
red-shifted. Before the removal of CTC, the peaks
at 3280.0 cm™', 1568.2 cm™', 1413.8 cm™, and
1234.5 cm™! were caused by the vibrations of O-H,
C=C, and —-COOH, respectively. After the removal
of CTC, the stretching vibration peak of -OH shifted
towards the high wavenumber 3291.4 cm™! due to
the substitution of some of the hydrogen in -OH.
At 1568.2 cm™" and 1413.8 cm™!, C=C red-shifted
to 1559.2 cm™' and 1448.3 cm™!, respectively. The
-COOH shifted from 1234.5 cm™ to 1256.7 cm™.
The corresponding peak intensities all weakened to
some extent, suggesting that O-H, C=C, and -COOH
may be involved in the reaction process.

3.4 Optimization of CTC removal conditions

In order to determine the optimum conditions for
CTC removal by HBCM, the CTC removal rate was
investigated according to the developed orthogonal
experiment table (Table 1). It could be seen from
Table 2 that the degree of influence of the four factors
is, in order, substrate concentration (D), temperature
(B), solution pH (C), and complex addition amount
(A). The optimum combination of the four factors was
50 mg/L substrate concentration, 35 °C ambient tem-
perature, pH 7, and 5 g/L of the complex. The most
influential factor among the factors was the amount
of substrate concentration on the CTC removal rate,
with a polar difference of 20.51. The least significant
factor was the amount of complex added, with a polar
difference of 9.85. The optimal level combination

Control group HBCM Sterilized HBCM HBC BSZ1 Sterilized HBC Sterilized BSZ1
Removal rate (%) 57.58 45.37 4221 37.39 36.72 15.43
Removal amount (mg/g) 14.04 11.34 10.56 9.35 9.18 3.86

Note: Biochar is HBC and BSZ1 is Bacillus subtilis
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HBCM(Before removal)

Transmittance(%)

32914 1448.3

HBCM(After removal)

1 1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers(cm™)

Fig. 5 FT-IR spectra of the honeysuckle residue biochar-
microbial complex before and after removal The infrared spec-
trum was superimposed in the 4000-400 cm™' region. The
infrared spectroscopy has been exaggerated and shifted along
the y-axis to increase visibility through the origin

D3B3C3A3 did not appear in the orthogonal table, so
the experiment was repeated three times under these
conditions. The removal rates of CTC were found
to be 63.34%, 65.87%, and 64.19%, with an average
removal rate of 64.47%. Under these conditions, the
HBCM was more efficient in the removal of CTC
(Table 5).

3.5 The effectiveness of continuous operation,
storage stability, and reusability of immobilized
microorganisms

From the results of the continuous operation experi-
ment (Fig. 6), it is clear that the removal rate of
HBCM for CTC was gradually increased with the
extension of time. This may be due to the fact that
CTC was gradually adsorbed into the complex as
the incubation time was extended, which increased
the contact area between the immobilized degrading
bacteria and CTC, and thus accelerated the degrada-
tion of CTC (Yang, 2018). In 1-3 days, the growth
and metabolic rate of Bacillus subtilis on the complex
was faster due to the richer nutrients in the medium,
which led to a greater enhancement in the magnitude
of the CTC removal effect. In 3-7 days, the magni-
tude of CTC removal was less, probably because the
nutrients in the medium were depleted after 3 days of

incubation, resulting in a smaller change in the mag-
nitude of CTC removal. With too short an action time,
the complex did not reach high values of removal,
while with too long an action time, the microbial
metabolites may have a toxic effect on the microor-
ganisms, leading to a decrease in microbial activity
affecting the CTC removal rate (Wang, 2020). There-
fore, in the actual removal process, the removal time
is chosen to be 3 days to make it more suitable.
Reusability and storage stability is an impor-
tant indicator of whether immobilized microorgan-
isms can be used in practice (Wang et al., 2015b),
because of the cost savings. With each reuse of
the microbial-biochar complex, the number of
microorganisms on the complex decreases and its
removal capacity decreases. The removal capac-
ity of the complex for CTC is a combination of
microorganisms and biochar. As a result, the num-
ber of microorganisms determines the upper limit
and durability of removal capacity of the complex
(Huang et al., 2020). Figure 7 shows that the CTC
removal rate and the number of microorganisms
immobilized by the complex did not decrease sig-
nificantly and remained above 70% removal rate
after three reuses of HBCM. After four cycles, the
removal rate dropped to 60.33%. After five cycles,
the removal rate of HMBC for CTC decreased to
51.40%, and the number of immobilized micro-
organisms was greatly reduced. This is consistent
with the results of Xu et al. (2013), who immobi-
lized laccase on PAN nanofibers through amida-
tion process and found that the immobilized lac-
case lost 30% of the initial activity after 7 cycles.
Therefore, the biochar-immobilized microorgan-
isms in this study could be reused three times
(each time for 3 days), and the removal rate of
CTC by HBCM remained above 70% during all
three cycles, which has a high practical value.
Long-term storage also has a significant impact
on the stability and activity of microorganisms.
The effect of biochar-microbial complex on CTC
removal under storage conditions at 28 °C within
10 days was investigated. The results are shown in
Fig. 8, with increasing storage time, the removal
of CTC by the complex decreased gradually from
78.83% to 38.52%, indicating that the complex has
good storage stability. This result is similar to the
study by Taheran et al. (2017), where the resid-
ual activity of laccase immobilized through PAN
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Table 5 Results of

. Experimental number Influencing Influencing Influencing Influencing CTC
or Fhogonal experiments Factor A Factor B Factor C Factor D removal
using the removal. rate of rate (%)
CTC as the experimental
index 1 1 25 3 10 36.17
2 1 30 5 20 53.00
3 1 35 7 50 62.92
4 1 40 9 100 33.01
1 1 25 3 10 36.17
6 2 25 5 50 58.22
7 2 30 7 100 54.37
8 2 35 9 150 52.89
9 2 40 11 10 35.10
10 2 45 3 20 44.54
11 5 25 7 150 55.71
12 5 30 9 10 49.19
13 5 35 11 20 59.27
14 5 40 3 50 59.62
15 5 45 5 100 34.10
16 10 25 9 20 45.58
17 10 30 11 50 56.45
18 10 35 3 100 47.05
19 10 40 5 150 21.43
20 10 45 7 10 41.02
21 20 25 11 100 34.79
22 20 30 3 150 32.89
23 20 35 5 10 46.32
24 20 40 7 20 46.83
25 20 45 9 50 51.78
Average valuel 41.73 46.09 44.05 41.56
Average value2 49.02 49.18 42.61 49.84
Average value3 51.58 53.69 52.17 57.80
Average value4 42.31 39.20 46.49 40.28
Average value5 42.52 39.00 41.83 37.29
Polar difference R 9.85 14.69 10.34 20.51
Primary and secondary order D>B>C>A
Optimum level A3 B3 C3 D3
Optimum combination D3B3C3A3
biochar nanofiber membranes retained 31% of the degradation of organic pollutants. As stated above,
initial activity after 1 month of storage at 4+ 1 °C. further research work is needed to consider how to
After the microbial cells are immobilized, the further enhance the reusability and storage stabil-
immobilized carrier can provide an independent ity of HBCM to promote its widespread applica-
and limited microenvironment in which the micro- tion in practice.

organisms will proliferate, thus promoting the
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Fig. 6 Effect of continuous operation on the removal of CTC
by honeysuckle residue biochar-microbial complex

4 Conclusion

(1) The present study clearly showed that the com-

Removal rate(%)

Fig.

bial

plex of honeysuckle residue biochar immobilized
with Bacillus subtilis could effectively remove
chlortetracycline from water. By comparing with
common corn straw biochar, honeysuckle resi-
due biochar possessed a larger specific surface
area and number of micropores and had a higher
adsorption capacity for microorganisms. There-
fore, the honeysuckle residue biochar-microbial
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Fig. 8 Effect of stability of honeysuckle residue biochar-
microbial complex on the removal of CTC

complex had a 15.31% higher removal rate of
chlortetracycline than corn stalks biochar-micro-
bial complex.

(2) Inactivation control experiments and FT-IR anal-
ysis showed that the mechanism of chlortetracy-
cline removal by honeysuckle residue biochar-
microbial complex was the synergistic effect of
adsorption by biochar and degradation by micro-
organisms. Besides, functional groups such as
O-H, C=C, and -COOH also participated in the
reaction process.

(3) Orthogonal experiments showed that the optimal
conditions for the removal of chlortetracycline
by honeysuckle residue biochar-microbial com-
plex were a substrate concentration of 50 mg/L,
an ambient temperature of 35 °C, a solution pH
of 7, and the addition of 5 g/L of the complex.
Under the optimal conditions for the removal of
chlortetracycline, 3 days was the optimum time
for chlortetracycline removal, with a removal
rate of 78.35%.

(4) In addition, the results showed that the complex
had high storage stability, with honeysuckle resi-
due biochar-microbial complex removal rates
above 38% for ten days of persistent storage, and
could also be reused three times continuously and
efficiently.
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