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biochars using cow dung as raw material, and investigating these biochars as antibacterial
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agents for water decontamination. By coating the biochars with N-halamine polymer and
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loading them with active chlorine (i.e., Cl+ ), we were able to regulate them on demand by
tuning the polymer coating and bleaching conditions. The obtained N-halamine-modified
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biochars were found to be extremely potent against Escherichia coli and Staphylococcus aureus.
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We also investigated the possibility of using these N-halamine-modified biochars for bac-
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terial decontamination in real-world applications. Our findings indicated that a homemade
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filter column packed with N-halamine-modified biochars removed pathogenic bacteria from

Antibacterial agent

mining sewage, dairy sewage, domestic sewage, and artificial seawater. This proposed strat-
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egy could indicate a new way for utilizing livestock pollutants to create on-demand decontaminants.
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Sciences. Published by Elsevier B.V.

Introduction
Infectious diseases associated with emerging and reemerging pathogenic bacteria that raise global fears of
pandemics pose an unprecedented challenge to public
healthcare (Li et al., 2011). In particular, the emergence and
spread of so-called “superbugs” has made people extremely
fearful of bacterial infections, and these microorganisms
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∗∗

pose major threats to modern medicine (Bai et al., 2015). As
public and professional attention has increasingly turned to
the prevention and control of microbial contamination, the
intelligent use of antibacterial agents is beginning to play
a crucial role in combating pathogenic bacteria (Wei et al.,
2017a). Antibacterial materials that effectively inactivate
pathogenic bacteria provide an ideal strategy for fighting bacteria-associated crises in healthcare (Chen et al.,
2020). A variety of research groups have been exploring and
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developing novel antibacterial materials that can prevent
infectious diseases arising from pathogenic bacteria before
they show toxicity toward human beings (Huang et al., 2016;
Zhou et al., 2017; Wang et al., 2020; Geng and Finn, 2017;
Xu et al., 2016; Su et al., 2017). To date, numerous chemicals
have been developed as antibacterial materials, including
silver nanostructures (Zhu et al., 2020; Shang et al., 2020), twodimensional nanosheets (Zhang et al., 2019b; Liu et al., 2020),
quaternary ammonium/phosphonium salts (Wei et al., 2017b),
peptides (Zhou et al., 2020; Gao et al., 2017a, 2020; Zhang et al.,
2019a; Qian et al., 2018), povidone-iodine (Gao et al., 2017b,
2019; Borjihan et al., 2019), N-halamines (Hui and DebiemmeChouvy, 2013; Barnes et al., 2006; Chen and Sun, 2006; Ren
et al., 2009a; Padmanabhuni et al., 2012; Liang et al., 2007),
and others. Among the diverse antibacterial agents capable
of inactivating bacteria, N-halamines have been successful in wiping out harmful bacteria because of their rapid
bactericidal action, as well as their activity against a broad
spectrum of pathogenic microorganisms, their stability and
weather resistance, and the renewability of their antibacterial
function and chemical structure (Ren et al., 2009b). Scientists
and engineers have employed antibacterial N-halamines for
water disinfection, air purification, and other public health
measures, and in textiles, building materials, animal husbandry, and other applications (Zhou and Kan, 2015; Jie et al.,
2013; Worley et al., 2003, 2005; Kou et al., 2009; Liu et al., 2013;
Yu et al., 2015).
Cattle farming is a major component of modern agribusiness (Qin et al., 2019). As cattle numbers have risen, pollution
from disposal of their waste has begun to pose serious threats
to public safety in diverse settings (Chen et al., 2018b). Cow
dung in particular has raised grave environmental and public health concerns because of the high risk of microorganism
transmission (Chen et al., 2018a). Hence, the safe disposal of
cow dung pollutants is recognized as one of the great challenges for the livestock industry. The conversion of cow dung
to biochar is well known as an effective strategy for reusing
livestock pollutants (Poucke et al., 2019). To date, many reports have demonstrated that cow dung-derived biochars can
be utilized as soil remediation agents and wastewater adsorbents, and both techniques have been widely applied for environmental remediation (Qin et al., 2016; Yue et al., 2019;
Clancy et al., 2013; Khan et al., 2020). However, few reports have
considered the reuse of cow dung-derived biochars to combat
pathogenic bacteria. The safe disposal of cow dung, coupled
with its conversion into an effective antibacterial resource,
could be an important strategy for achieving the sustainable
development of cattle farming and protecting the ecological
environment as well as public health.
Herein, we have designed cow dung-derived N-halaminemodified biochars and explored their performance as an
effective bacterial scavenger, using seed polymerization in
which the biochars are the seeds and the N-halamine polymers serve as coatings. The cow dung-derived N-halaminemodified biochars were achieved via a three-step synthesis
process (Fig. 1): (1) pyrolysis of the cow dung, (2) polymer coating, and (3) chlorination treatment. After a series of optimization experiments on the synthesis conditions, we were able to
control the N-halamine loadings so the material’s properties
could be regulated on demand. The antibacterial activity of

the obtained biochars was examined against Escherichia coli (a
Gram-negative bacterium) and Staphylococcus aureus (a Grampositive bacterium). We believe this proposed strategy to be
a good start toward utilizing cow dung-based biochars as antibacterial agents to fight against pathogens. Our study also
provides novel insights into the disposal of cow dung pollutant and its reuse in antibacterial applications.

1.

Materials and methods

1.1.

Materials

All chemical reagents, including 5,5-dimethylhydantoin
(DMH), allyl bromide, methyl methacrylate (MMA), potassium
persulfate (KPS), sodium hypochlorite (NaClO), and sodium
chloride (NaCl), were purchased from Sinopharm Chemical
Reagent in China. Yeast extract powder, tryptone, and agar
were obtained from Beijing Aoboxing Biotech in China. Beef
cream was purchased from Guangdong Huankai Biotech in
China. The above materials were of analytical purity. Distilled
water was supplied by a Millipore system (Millipore, Bedford,
MA, USA).

1.2.

Characterization

The Fourier transform infrared (FT-IR) spectra of the products
were measured using a FT-IR spectrometer (NICOLET6700,
Thermo Fisher, USA) in the wavenumber range between 500
and 3700 cm–1 with the KBr spectrum as background. X-ray
photoelectron spectroscopy (PHI-5000CESCA, Thermo Fisher,
USA) measurements were run on a Thermo Scientific system
with Mg K-alpha radiation. The morphology, size, and surface
state of the products were detected using a field emission
scanning electron microscope (SSX-550, Shimadzu, Japan) at
15.0 kV. The elemental contents of the products were quantified using a elemental analyzer (Vario EL cube, Elementar, Germany). The specific surface area was measured on a BrunauerEmmett-Teller (BET) analyzer (BSD-PS(M), BeiShiDe, China) using N2 adsorption.

1.3.

Synthesis of cow dung-derived biochars

The cow dung-derived biochars were synthesized using a
method previously described (Rajabathar et al., 2020). Fresh
cow dung was collected locally in Hohhot, Inner Mongolia Autonomous Region, China, and air-dried for one week. After
powdering and sieving to 2 mm size, dried cow dung was obtained, then pyrolyzed in a tube furnace at different temperatures (from 200, to 400, to 600, then to 800°C) using a heating rate of 10°C/min and a nitrogen flow rate of 300 mL/min.
Herein, we refer to the final products as cow dung-derived
biochars. The average yield of pyrolyzed cow dung-derived
biochar was calculated to 38.36 wt.%. The specific surface area
of cow dung-derived biochars (1.565 m2 /g) was higher than
that of cow dung (0.517 m2 /g).

1.4.

Coating of poly(ADMH-co-MMA) on biochars

ADMH (3-allyl-5,5-dimethylhydantoin) was synthesized using
the Gabriel reaction of 5,5-dimethylhydantoin with allyl bro-
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Fig. 1 – Schematic illustration of N-halamine coatings on cow dung-derived biochars.

mide (Liu and Sun, 2008). Then the poly(ADMH-co-MMA) was
coated onto the biochars via seed copolymerization (Jang and
Kim, 2008). Typically, 1.0 g of biochar was added to 100 mL
of distilled water and dispersed well using mechanical agitation and ultrasound for 30 min. After a mixture containing 2.0 g of ADMH, 0.6 mL of methyl methacrylate (MMA),
and 0.3 g of initiator potassium persulfate (KPS) solution was
added slowly into the above dispersion, seed polymerization
was carried out at 75°C for 12 hr under nitrogen gas. The obtained products were dialyzed with distilled water for four
days and freeze-dried to achieve poly(ADMH-co-MMA)-coated
biochars.

1.5.

Bleaching treatment

Chlorination of the poly(ADMH-co-MMA)-coated biochars was
performed via a regular bleaching treatment (Gutman et al.,
2014). Typically, 0.5 g of poly(ADMH-co-MMA)-coated biochars
was dispersed in 50 mL of distilled water, then a commercial sodium hypochlorite (NaClO) solution was added dropwise into the dispersion under mechanical agitation. After the
bleaching treatment was conducted for a certain aging period, the final products, i.e., N-halamine-coated biochars, were
obtained by repeated washing and then drying in a vacuum.
As a comparative control, the pristine cow dung-biochars
were chlorinated using the same procedure. The active chlorine (i.e., Cl+ ) loaded on the N-halamine-coated biochars was
tested by the iodometric/thiosulfate titration method.

1.6.

Antibacterial testing

The products’ antibacterial activities were tested via the
colony counting method using S. aureus and E. coli as the two
model strains (Qiu et al., 2015). The bacterial suspensions employed for this test contained 105 colony-forming units per
milliliter (CFU/mL). Briefly, 100 μL of bacteria suspension (106
CFU/mL) was added into 900 μL of the sample dispersion (sample concentration = 0.5 mg/mL), then incubated via shaking at
220 r/min for different aging periods. The mixed suspensions
formed smooth coatings on the surface of a Luria–Bertani
growth medium and were incubated at 37°C for 12 hr. The surviving colonies were visible as small dots on the surface of the
growth medium, and the antibacterial activities of the samples were calculated by comparing the bacterial survival on
the growth medium in the absence and presence of the samples.

1.7.

Bacterial decontamination evaluation

The feasibility of using N-halamine-coated biochars for bacterial decontamination in real-world applications was assessed using a filter column packing test, as previously described (Borjihan et al., 2020). Prior to the evaluation, a homemade filter column was created by passing a suspension of
N-halamine-coated biochars through a column containing a
piece of cotton fabric at the outlet. In the bacterial decontamination test, four different types of sewage were collected
and used to evaluate the efficiency of the N-halamine-coated
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Fig. 2 – FT-IR spectra of (a) BC, (b) BC@pAM, and (c)
BC@pAM-Cl.

biochars at eliminating bacteria from polluted sewage. Typically, 20 mL of sewage was passed through a homemade column packed with N-halamine-coated biochar, at a flow rate of
1 mL/min, and bacterial survival in the sewage before and after column filtering was determined via the colony counting
test. The bacterial decontamination efficiency was evaluated
over multiple filtration cycles, during which the active chlorine (i.e., Cl+ ) was not reloaded.

2.

Results and discussion

Our cow dung-derived antibacterial biochars (BC@pAM-Cl)
were achieved by coating cow dung-derived biochars with
pAM-Cl polymers. Fig. 1 illustrates the aforementioned threestep synthesis: (1) pyrolysis of the cow dung, (2) polymer coating, and (3) chlorination treatment. The biochars were prepared by pyrolyzing the cow dung powder at 600°C under
N2 -limited conditions. The surfaces of the pyrolyzed biochars
(BC) were rich in oxygenated functional groups (-COOH, -OH,
-COOR, etc.) (Navarathna et al., 2020), facilitating their dispersion in water and their modification for further use. A
mixture of ADMH and MMA was deposited on the biochars’
surfaces, then a poly(ADMH-co-MMA) coating (abbreviated as
pAM) was formed via seed polymerization, with the biochars
as seeds and KPS as the initiator. The thickness of the polymer coatings could be regulated by tuning the aging period to
achieve a thick pAM coating. Finally, the hydantoin groups of
the pAM coatings were transformed into N–Cl structures after
chlorination treatment with chlorine bleaching (i.e., sodium
hypochlorite solution) at room temperature (Demir et al.,
2015). The obtained pAM-Cl coatings carried active chlorine
species (Cl+ ), endowing the biochars with the ability to deactivate pathogenic bacteria.
The coating of N-halamines on the biochars was confirmed by characterization using FT-IR, XPS, and SEM analysis. Fig. 2 presents the FT-IR spectra of BC, BC@pAM, and
BC@pAM-Cl. A broad band attributed to hydroxyl (-OH) groups
from BC is shown in the wavenumber range from 3600 to

3200 cm–1 (Zhang et al., 2020). The two characteristic peaks
corresponding to C–H groups from BC are evident at 2920 to
2850 cm–1 (Zhang et al., 2020). Aromatic C=O stretching associated with BC appears at wavenumbers ranging from 1620
to 1660 cm–1 (Zhang et al., 2020). The peak at around 1430
cm–1 is assigned to C–O stretching in biochars (Zhang et al.,
2020). The appearance of these peaks fully confirmed the formation of biochars by the pyrolysis of cow dung in the absence of oxygen. After pAM was coated on BC, an additional
strong characteristic peak appeared at 1730 cm–1 , attributed
to the stretching vibration of C=O bonds in the pAM copolymer (Dong et al., 2011). The intensities of the C–H bonds
in BC@pAM were greater than those in BC, suggesting the
successful coating of the biochars with the pAM copolymer
(Dong et al., 2011). After exposure to regular chlorine bleaching, the chlorinated BC@pAM showed almost the same FT-IR
spectrum as BC@pAM, indicating that the bleaching treatment
had no impact on the molecular framework of the BC@pAM
composites.
In addition to FT-IR spectra, XPS measurements were conducted to further verify the coating of N-halamine polymer on
the biochars. Fig. 3a presents the XPS spectra of BC, BC@pAM,
and BC@pAM-Cl to assess the surface composition of the three
products. The BC exhibited characteristic signals of C 1 s, N
1 s, and O 1 s at 284, 400, and 533 eV, respectively, indicating the existence of these three elements either at or near the
sample surface (Cai et al., 2015). In addition, two signals corresponding to Si 2 s and Si 2p appeared at 154 and 103 eV;
these are elemental markers for a silica component, possibly attributable to the glass support used for sample immobilization (Yao et al., 2016). For BC@pAM, the N 1 s signal was
stronger than for pristine BC, indicating the encapsulation of
BC with pAM (Dong et al., 2015). As shown in Fig. 3b, the change
in intensity of N 1 s was further shown in the magnified N 1 s
peak. The N 1 s peak was also amplified in response to the
amide structure of hydantoin groups from the ADMH units in
the pAM copolymer. When the pAM coating was treated by
chlorine bleaching, an N-halamine coating formed on the surface of the BC. The XPS spectrum of BC@pAM-Cl exhibited an
additional clear signal of Cl 2p at 200 eV (Fig. 3c) (Dong et al.,
2013). The emergence of this signal further confirmed the
N–H → N–Cl transformation that gave the obtained products
their bactericidal capability.
In addition to chemical characterization, we also examined the morphology, size, and surface state of the formed
products. Fig. 4 presents SEM images of BC, BC@pAM, and
BC@pAM-Cl. Compared with pristine BC (Fig. 4a), which
showed an irregular morphology with features in the microsize range, the BC@pAM (Fig. 4b) exhibited a grape-like appearance, with random orientations and significant aggregation,
confirming that pAM coatings were formed on the surface of
the biochars. The BC@pAM showed a narrow size distribution,
with an average diameter of ˜283 nm, further confirming the
practicability of controlling the pAM coating on the biochars.
After additional treatment by regular bleaching, the obtained
BC@pAM-Cl (Fig. 4c and d) showed a morphology, size, and
surface state similar to those of its unchlorinated precursor,
demonstrating that the chlorination treatment using regular
bleaching had no significant impact on the products’ morphology, size, and surface state.
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Fig. 3 – (a) XPS survey scan, (b) N 1 s spectrum, and (c) Cl 2p spectrum of BC, BC@pAM and BC@pAM-Cl.

Fig. 4 – SEM images of (a) BC, (b) BC@pAM, and (c, d) BC@pAM-Cl.
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Fig. 5 – Impact of (a) carbonization and (b–d) polymerization conditions on pAM coating on BC: (a) carbonization
temperature, (b) amount of ADMH, (c) percentage of KPS (wt.%), and (d) polymerization time.

Having confirmed that we had succeeded in applying the
polymer coating on the biochars via seed polymerization, we
checked whether the thickness of the polymer coating was
controllable. Specifically, we tried to regulate the polymer
loadings on BC by tuning the reaction conditions. Four different batches of pAM-coated BC were prepared using different
carbonization temperatures, amounts of ADMH, KPS concentrations, and polymerization times. Since the nitrogen content indicated the loading of pAM copolymer on the surface of
the BC, we used an elemental analyzer to examine the nitrogen content in BC@pAM prepared under different conditions.
Fig. 5a shows the nitrogen content in BC@pAM prepared at carbonization temperatures varying from 200 to 800°C. The optimal carbonization temperature was 400°C, possibly because
the large amounts of oxygenated functional groups on the surface of BC prepared at that temperature were favorable for further polymer coating via radical polymerization. Fig. 5b indicates the influence of the amount of ADMH on the pAM coating, showing an increase in nitrogen content as the amount
of ADMH rose from 4 to 12 g. This result suggested that the
thickness of pAM on BC could easily be regulated by tuning the
amount of ADMH added during the polymerization reaction.
The impact of KPS concentration was investigated within the
range of 8 wt.%–16 wt.%. Fig. 5c presents the nitrogen content
in BC@pAM prepared with different KPS concentrations. The
amount of nitrogen clearly increased as the KPS concentration rose, demonstrating that the initiator concentration also
played an important role in controlling the pAM loadings on
the BC. Fig. 5d exhibits the effect of polymerization time on

the pAM coating when all of the other reaction parameters
were kept constant. The nitrogen content increased gradually
as the polymerization period rose. These data fully confirmed
that the pAM polymer coating on the BC could be adjusted on
demand by tuning the carbonization temperature, monomer
amount, initiator concentration, and polymerization period.
Next, we tried to regulate the chlorine loadings on BC@pAM
by tuning the bleaching temperature, concentration of bleaching agent, and bleaching time. Fig. 6a presents the Cl+ loading
on BC@pAM as the bleaching temperature changed from 0°C
to 25°C, then to 50°C. Neither the low temperature (0°C) nor
the high temperature (50°C) was conducive to the bleaching
reaction, whereas room temperature (25°C) was the optimal
bleaching temperature for the reaction between BC@pAM and
NaClO. This indicated that the bleaching reaction of BC@pAM
should occur under mild conditions at room temperature. We
then tested the effect of bleaching concentration and aging
time on the loading of Cl+ . As shown in Fig. 6b, the Cl+ loading increased notably when the bleaching concentration rose
from 1 wt.% to 2 wt.%. However, when increased by 4 wt.%,
the loading of Cl+ begins to decrease, indicating that 2 wt.%
was the optimal bleaching concentration for the reaction between BC@pAM and NaClO. Further, Fig. 6c shows that when
the BC@pAM was bleached for 1, 4, and 6 hr, the Cl+ loading
rose from 0.99 wt.% to 1.03 wt.%, and 1.22 wt.%, respectively,
suggesting that the Cl+ loading could easily be regulated by
tuning the bleaching concentration and bleaching time.
To assess the feasibility of using cow dung-derived
biochars for bacterial decontamination, the antibacterial ca-
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Fig. 6 – Impact of (a) bleaching temperature, (b) bleaching concentration, and (c) bleaching time on Cl+ loading on BC@pAM-Cl.

Fig. 7 – (a, b) Photos showing the survival of (a) E. coli and (b) S. aureus after treatment with 10 vol.% NaClO, BC, tBC, BC@pAM,
and BC@pAM-Cl. (c, d) Sterilization rate of 10 vol.% NaClO, BC, tBC, BC@pAM, and BC@pAM-Cl with Cl+ loadings of 0.14 wt.%,
0.53 wt.%, and 1.12 wt.% against (c) E. coli and (d) S. aureus.

pabilities of BC@pAM-Cl were determined by the colony
counting test, using E. coli and S. aureus as model pathogens.
In this set of experiments, 10 vol.% sodium hypochlorite,
BC, sodium hypochlorite-treated BC (tBC), and BC@pAM were
selected as comparative controls. The survival rates of the
two bacterial strains (105 CFU/mL) were determined upon exposure respectively to 0.5 mg/mL of four different samples
(BC, tBC, BC@pAM, and BC@pAM-Cl) and 10 vol.% sodium
hypochlorite stock solution for 1 hr. Fig. 7a and b show photographs of the culture plates, with the surviving colonies
appearing as small white dots. The BC, tBC, and BC@pAM

plates contained dense surviving colonies, suggesting the robust growth of both bacteria in the presence of BC, tBC, and
BC@pAM. In contrast, the culture plates showed no surviving colonies after being in contact with 10 vol.% sodium
hypochlorite and BC@pAM-Cl for 1 hr, illustrating that these
two had potent bactericidal ability against E. coli and S. aureus. Accordingly, we conclude that BC, tBC and pAM coatings had any ability to inactivate bacteria, so the antibacterial function of BC@pAM-Cl was due to the active chlorine
(i.e., Cl+ ) from the N-halamine groups. These results demonstrated that the cow dung-derived biochars coated with N-
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Fig. 8 – Photographs showing the zone of inhibition against
E. coli and S. aureus for BC@pAM-Cl.

halamine could function as antibacterial agents for bacterial
decontamination.
Comprehensive literature surveys have demonstrated that
N-halamines refer to N-X (X represents Cl, Br, or I) bondbearing compounds in which oxidative halogens are chemically bonded to nitrogen (Hui and Debiemme-Chouvy, 2013;
Barnes et al., 2006; Chen and Sun, 2006; Ren et al., 2009a;
Padmanabhuni et al., 2012; Liang et al., 2007). Owing to the
strongly oxidizing state (Cl+ ) of halogen atoms in N-X bonds,
N-halamines have been evidenced to show antibacterial activity against pathogens (Barnes et al., 2006; Chen and Sun, 2006;
Ren et al., 2009a; Liang et al., 2007). Since Cl+ was the active
component in BC@pAM-Cl, we reasoned that the degree of Cl+
loading should be a decisive factor for the material’s bactericidal efficiency. We therefore studied the bacterial decontamination activity of BC@pAM-Cl as a function of Cl+ loading. In
this set of experiments, the Cl+ loading of BC@pAM-Cl was
varied from 0.14 wt.% to 0.53 wt.% to 1.12 wt.%. For both E.
coli (Fig. 7c) and S. aureus (Fig. 7d), BC, tBC and BC@pAM did
not show any sterilizing ability, while three of the BC@pAM-Cl
products were able to inactivate bacteria. When these three
were compared, the impact of Cl+ loading on sterilizing capacity was apparent. The sterilization rate toward E. coli increased
from 62.2% to 91.5% to 100%, as the Cl+ loading rose from
0.14 wt.% to 0.53 wt.% to 1.12 wt.%. With S. aureus, the sterilization rate were 78.2% with 0.14 wt.%, 98.7% with 0.53 wt.%,

and 100% with 1.12 wt.%. Accordingly, we can assert that the
Cl+ loading conferred bactericidal capacity on BC@pAM, and
that this capacity could be regulated by tuning the Cl+ loading.
The toxicities of BC@pAM-Cl toward E. coli and S. aureus
were further examined using the inhibition zone (DIZ) assay
(Fig. 8). There are obvious aseptic rings around the sample
discs, indicating that active halogens released from BC@pAMCl could attack E. coli and S. aureus.
The above-described investigations established two factors that impacted the ability of BC@pAM-Cl to inactivate
pathogens: chemical composition and Cl+ loading. We then
examined the time dependence of the antibacterial action of
BC@pAM-Cl via a kinetic assay. Both E. coli and S. aureus were
incubated for different times in the presence of a BC@pAM-Cl
suspension (1.0 mg/mL), using BC and BC@pAM as two comparative controls. The kinetic results are shown in Fig. 9a for E.
coli and Fig. 9b for S. aureus. It can be seen that BC and BC@pAM
were not toxic toward the two strains during the aging time
(from 0 to 60 min), while BC@pAM-Cl exhibited high bactericidal activity under the same conditions. This finding further
confirmed that Cl+ was responsible for the BC@pAM-Cl’s good
antibacterial performance. As can be seen from the two panels
in Fig. 9a and b, the sterilization rates of BC@pAM-Cl toward E.
coli and S. aureus increased as the aging time was extended, indicating that the antibacterial action of BC@pAM-Cl was time
dependent.
To better understand BC@pAM-Cl’s potential for real-world
applications, we explored whether it worked on actual sewage,
specifically mining sewage, dairy sewage, domestic sewage,
and artificial seawater. In this set of experiments, BC@pAMCl was packed into a homemade filtration column for bacterial decontamination tests, while a cotton-packed column
without BC@pAM-Cl was used as the comparative control
(Fig. 10a). When the four types of sewage were passed through
the packed column at a flow rate of 1 mL/min, the bacteria
in each were inactivated (Fig. 10b), demonstrating the success
of the BC@pAM-Cl in actual sewage purification. To further
understand the long-term effectiveness of this BC@pAM-Clbased filtration system, we evaluated its bacterial decontamination efficiency over multiple filtration cycles. As shown in
Fig. 10b, the sterilization rate remained at ˜100% for all four

Fig. 9 – Antibacterial kinetic assay of BC, BC@pAM, and BC@pAM-Cl against both (a) E. coli and (b) S. aureus with different
contact times (from 0 to 60 min).
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Fig. 10 – (a) Schematic illustration of bacterial decontamination using BC@pAM-Cl-packed filtration column. (b) Sterilization
rate with pathogens in different types of sewage passed through BC@pAM-Cl-packed filtration column after four cycles:
mining sewage, dairy sewage, domestic sewage, and artificial seawater. (c) Survival of bacteria in filtrate after dairy sewage
passing through BC@pAM-Cl-packed filtration column as a function of the flow rate.

sewage types, even after four cycles, indicating that BC@pAMCl had sufficient potency and long-term effectiveness for bacterial decontamination. Then the effect of the flow rate of
dairy sewage passing through the packed column on the decontamination efficiency was examined. As shown in Fig. 10c,
the bacterial survival rate in the filtrate increased from ˜0% to
˜90% with the rise of flow rate from 2.5 to 25.1 mL/min, demonstrating that the decontamination efficiency of BC@pAM-Clpacked column depends on the flow rate of sewage.

3.

fully characterized. The N-halamine coatings were regulated
by tuning the reaction conditions. The final biochars were examined in terms of their antibacterial action against E. coli and
S. aureus, using the colony counting method and zone of inhibition assay. Most significantly, a homemade filter column
was prepared by packing with N-halamine-modified biochars,
which was then used to eliminate pathogens from mining
sewage, dairy sewage, domestic sewage, and artificial seawater. We believe these cow dung-derived biochars could be utilized as antibacterial agents for bacterial decontamination.
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