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Abstract

4-chloroaniline (4-CA) is a widely used aromatic amine, resulting in contamination in aquatic environments.
Due to its high toxicity and persistence, 4-CA has been designated as a priority pollutant. This study aims to
investigate 4-CA removal using an integrated system of biochar (carbonized wood waste) and Bacillus subtilis
GRSW2-B1 (GRSW2-B1). The study consists of three parts: 1) evaluation of 4-CA removal by biochar,
GRSW2-B1, and biochar and GRSW2-B1 combination, 2) investigation of 4-CA degradation kinetics, and 3)
examination of the role of biochar in 4-CA removal. The result showed that biochar provided good 4-CA
adsorption, following the Langmuir model, with a maximum capacity of 4.9 mg/g. The combined system of
biochar and microbial cells (designated as BC-G1) achieved a removal efficiency of up to 73%, while
microorganism alone (G1) yielded a value of 45%. For the 4-CA degradation kinetics, both G1 and BC-G1
systems followed the Andrews model, with an inhibition concentration of 65 mg/L. Field-emission scanning
electron microscopy (FE-SEM), Fourier transform infrared (FTIR) spectroscopy, and fluorescence excitation-
emission matrix (EEM) spectroscopy revealed that biochar enhanced 4-CA removal via: 1) adsorption on the
biochar surface and stimulation of extracellular polymeric substance (EPS) production, and 2) enhancing
biodegradation by facilitating redox-related electron transfer. The EPS-related functional groups, aromatic
proteins, and fulvic and humic acid-like compounds showed increased levels in BC-G1, which is associated with
electron shuttling and mediation processes. Overall, the integration of biochar and microbial cells significantly
improved 4-CA removal, highlighting a promising, sustainable approach for the remediation of emerging toxic
contaminants.
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1 Introduction States Environmental Protection Agency [3]. This
necessitates the development of effective water

treatment technologies for the removal of 4-CA
contamination.

Among chlorinated organic compounds, 4—
chloroaniline (4—CA) is a widely used aromatic amine

in various industrial, agricultural, and pharmaceutical
products, such as dyes, pesticides, and antiseptics [1].
Its extensive use has led to widespread 4-CA
contamination in wastewater and natural water
worldwide. For example, 4-CA levels of up to 2.4
png/L have been reported in the Yangtze River area,
China, posing a high ecological risk [2]. 4-CA is
highly toxic, recalcitrant, and bioaccumulative and has
been classified as a priority pollutant by the United

To date, several physicochemical methods have
been investigated for removing xenobiotics, including
4-CA. Among these, adsorption is a widely applied
and reliable technique due to its simplicity, high
efficiency, cost—effectiveness, and rapid removal
capabilities. Further, it has been successfully
employed for the removal of aromatic amines [4].
Recently, biochar—a carbon-rich material produced
through the pyrolysis of agricultural and agro—
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industrial waste—has gained attention as an adsorbent
for environmental treatment, especially in the removal
of emerging toxic contaminants. Biochar possesses a
high surface area and is rich in surface functional
groups, enabling the effective adsorption of both
contaminants and microorganisms. The application of
biochar has recently been expanded to increase redox—
related electron transfer by serving as an electron
shuttle, which enhances biodegradation processes,
such as anaerobic digestion and emerging contaminant
removal [5], [6]. In terms of 4—CA removal, biochar
facilitates 4—CA adsorption and degradation [7], [8].
The previous work reported that biochar successfully
adsorbed 4-CA. However, to prepare biochar from
raw feedstock, energy is required, while air emission
is concerned. Recently, industrial wood pyrolysis in
bio—oil or wood vinegar production has generated a
substantial amount (approximately 30% of feedstock)
of carbonized wood waste [9]. Carbonized waste with
a large surface area and diverse functional groups is
promising for direct application as Dbiochar,
contributing to the sustainable utilization of resources
and enhanced carbon sequestration [10].

For long—term application, the adsorption
process alone may be limited because adsorbents
require frequent replacement and maintenance to
sustain performance, therefore, biological treatment
processes may be an economical and sustainable
alternative. Microbial degradation is an extensively
applied technique for toxic contaminants, including
chloroanilines. The technique is environmentally
friendly, cost—effective, and has operational
simplicity. ~ Furthermore,  biodegradation  can
contribute to contaminant detoxification. Previously,
effective 4-CA degrading bacterial strains, such as
Acinetobacter baylyi GFJ2 [11] and Pseudomonas sp.
CA-1 [12] has been studied. However, in real-world
scenarios, industrial and agricultural wastewater often
contains various toxic compounds, which may
influence the survival of microorganisms and the
activity of specific degrading microorganisms.
Therefore, the ability of previously isolated strains to
degrade co—existing contaminants has been tested to
enhance their potential for practical application.
Bacillus  subtilis GRSW2-B1 (GRSW2-Bl1), a
butanol-tolerant  bacterium, has demonstrated
resistance to various organic solvents and alcohols
[13]. Our preliminary study has also shown that
GRSW2-B1 can effectively degrade various
chlorinated pesticides, including 4-CA. We found that
GRSW2-B1 achieved more than 30% removal of 4—
CA.

In practice, direct microbial augmentation may
cause cell mitigation from  contaminated
environments. Therefore, integrated microorganism
and biochar augmentation has been widely adopted as
a strategy for the removal of emerging contaminants,
as biochar not only adsorbs contaminants but also
serves as a microbial support [14], protecting
microbial cells from direct exposure to toxic
contaminants. Furthermore, studies have increasingly
recognized the role of biochar in facilitating
extracellular electron transfer during biological
treatment processes [6], [14], [15].

Limited studies have applied the concept of
integrated biochar—microbial cell augmentation for the
treatment of chlorinated hydrocarbons [16]. To date,
no study has focused on the integrated biochar—
microbial cell application for the remediation of
chlorinated aniline contamination. This research gap
has been addressed herein by combining biochar,
derived from carbonized waste from wood vinegar
production, and GRSW2-B1, a bacterial strain
capable of degrading 4-CA. This work aimed to
investigate 4-CA removal using biochar, free
GRSW2-B1 cells, and their combination. Kinetic
analyses were conducted to assess 4—CA degradation
by GRSW2-BI1 cells and their combination with
biochar for wvarious initial concentrations. Some
previous studies showed that biochar can stimulate
extracellular polymeric substances (EPSs) and
enhance direct interspecies electron transfer (DIET) in
microbial communities [17]. To the best of our
knowledge, this is the first study to explore the role of
biochar in relation to EPSs secreted by microbial cells
and DIET induced by biochar during 4—CA removal.
Fourier transform infrared (FTIR) spectroscopy and

fluorescence excitation—emission matrix (EEM)
spectroscopy were used as characterization
techniques. The findings provide insights into

treatment performance and parameters for the design
and optimization of systems targeting 4—CA and other
emerging contaminants. Furthermore, this research
aligns with Sustainable Development Goal 6, which
promotes integrated water resource management and
the sustainable, environmentally responsible use of
water resources.

2 Materials and Methods
2.1 Chemicals

Analytical-grade 4-CA (98% purity) and its
degradation intermediates, including 4—chlorocatechol
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(4-CC) (97% purity), aniline (AN) (99% purity), and
catechol (CT) (99% purity), were purchased from
Sigma—Aldrich (MO, USA). All other laboratory—
grade chemicals used for the bacterial culture media,
synthetic contaminated wastewater preparation, and
analytical procedures were obtained from local
distributors.

2.2 Biochar preparation

The crushed carbonized waste was acquired from an
industrial wood vinegar production plant in Ubon
Ratchathani, Thailand, with the wood vinegar
production process lasting 4 weeks. The bamboo
trunks were pyrolyzed at 800 °C under oxygen—
limited conditions for 14 days, followed by gradual
cooling over another 14 days. The industrial
carbonized waste was crushed before
commercialization. The crushed biochar was prepared
following the method described earlier by Sonsuphab
et. al., [18]. The biochar (200 g) was then heated at
800 °C under pyrolytic conditions and sieved using
U.S. standard sieve numbers 5 and 10 to obtain 2—4—
mm biochar. The biochar was subsequently rinsed
with reverse osmosis water, dried at 103 °C overnight,
and autoclaved twice before use.

2.3 Bacterium and cultivation

The augmented bacterium, Bacillus subtilis GRSW2—
B1 (GenBank accession number HQ912916), has been
previously reported by Kataoka et. al, [13]. The
GRSW2-BI1 strain was initially cultivated in Luria—
Bertani (LB) medium supplemented with 4-CA
(designated as LB—4CA). The bacterial cultivation
was modified from the method described earlier by
Sonsuphab et. al., [18]. The LB medium was prepared
by dissolving 10 g of tryptone, 10 g of NaCl, and 5 g
of yeast extract in 1 L of reverse osmosis water, and
LB-4CA was prepared by supplementing the LB
medium with 4—CA at a final concentration of 10
mg/L. Two loops of GRSW2-B1 were transferred
from an LB-4CA agar plate into 10 mL of the LB—
4CA liquid medium and incubated at room
temperature with shaking at 150 rpm for 14 h.
Following incubation, the culture was centrifuged at
6,000 rpm for 10 min. The concentrated cells were
inoculated in 10 mL of fresh LB—4CA and incubated
under the same conditions for an additional 14 h. The
inoculated cells were then applied in the experimental
investigations.

2.4 4—chloroaniline removal

The removal of 4-CA using the biochar, free GRSW2—

B1 cells, and their combination (designated as BC, G1,
and BC-GI, respectively) was investigated, and all
experiments were conducted in triplicate. Each system
contained 50 mL of 4-CA solution (or synthetic
wastewater) and was prepared as follows: BC
contained 0.5 g of biochar, G1 contained GRSW2-B1
at 107 CFU/mL, and BC—G1 contained 0.5 g of biochar
together with GRSW2-B1 at 107 CFU/mL. The
components were prepared separately and
subsequently augmented into the 4—CA solution prior
to the experiment.

The adsorption kinetics and isotherms of a 4-CA
solution using BC were examined. Biochar (0.5 g) was
added to a 10-mg/L 4-CA solution (50 mL) and
shaken at 150 rpm for 48 h; water samples (0.5 mL)
were taken at intervals to measure the remaining 4—
CA concentration. The adsorption kinetics (pseudo—
first—order and pseudo—second—order models) and
isotherms (Langmuir and Freundlich models) and
adsorption were analyzed due to their common
application in biochar—based adsorption systems [7],
[8], [10]. The isotherm and kinetic parameters were
derived from the experimental data obtained in this
study and validated using the coefficient of
determination (R?). The R? value was calculated
within the scope of this study by fitting the
experimental data to the corresponding kinetic and
isotherm models using the least-squares regression
method.

The 4-CA adsorption kinetics were assessed
using pseudo—first-order and pseudo—second—order
models (Table 1). In the isotherm study, 0.5 g of
biochar was added to a 4-CA solution with initial
concentrations ranging from 0.5 to 100 mg/L, and the
mixtures were shaken at 150 rpm to achieve
equilibrium (36 h). The concentration of 4—CA at the
equilibrium time was fitted to the Langmuir and the
Freundlich models (Table 1) to describe the adsorption
behavior of 4-CA onto the biochar. The 4-CA
remaining concentrations compared to the initial
concentrations (C/Cy), representing 4-CA removal
efficiencies, were shown in Figure 1

The removal of 4-CA by BC, G1, and BC-G1
was evaluated in LB—4CA medium (serving as a
representative model of contaminated wastewater),
with initial 4-CA concentrations ranging from 10 to
500 mg/L. In each setup, biochar (0.5 g) and/or
GRSW2-B1 (107 CFU/mL) were added to the LB—
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4CA medium (50 mL) and incubated with shaking at
150 rpm for 72 h. It is noted that the BC—G1 system
contained the mixture of microbial cells and biochar
throughout the experiment until sampling. Aliquots of
the water samples (0.5 mL) were taken in intervals to
measure the concentrations of 4-CA and its
intermediate products. Selected biochar samples were
characterized in terms of surface functional groups
and morphological changes, while the water samples
were analyzed for organic carbon compositions
related to microbial secretion and EET.

Table 1: 4-CA adsorption kinetic and isotherm
equations and parameters for the carbonized waste—
derived biochar.

Adsorption Kinetics
Pseudo-first-order reaction

In(Q. — QY = InQ, — kyt

Q. = Adsorption capacities at time (mg/g) Q.= 47.078
Q. = Adsorption capacities at equilibrium k; = 0.0604
(mg/g) R?*= 0.9882
k; = The pseudo-first-order reaction rate (1/min)
Pseudo-second-order reaction

t 1 t

o kG
Q.= Adsorption capacities at time (mg/g) _

. " L Q.= 0.0302
Q.=Adsorption capacities at equilibrium k = 7.1126
(mg/g) R2= 0.9970
ks = The pseudo-second-order reaction rate
(g/mg-min)

Adsorption isotherm
Langmuir model
L__1 X
Qe KLQmCe Qm
Q. = Adsorption capacity at equilibrium (mg/g) _
. ; . Qm= 4.9456
Qm = Maximum adsorption capacity (mg/g) K = 13906
C. = Concentration at equilibrium (mg/L). T
. - R*= 09713
ki = Langmuir adsorption constant (L/mg)
Freundlich model
logQ. = logks + ilogCe
Q. = Adsorption capacity at equilibrium (mg/g)
B . ey n =43103
C. = Concentration at equilibrium (mg/L). B
a : ! Kr= 1.4034
k¢= Freundlich adsorption constant (mg/g) R2= 0.7250

n = adsorption intensity

2.5 Inhibitory 4—chloroaniline degradation kinetics

Experiments were conducted in triplicate to evaluate
the degradation kinetics of 4-CA. Biochar (0.5 g)
and/or GRSW2-B1 (107 CFU/mL) were added to LB—
4CA (50 mL) containing 4-CA at concentrations
ranging from 10 to 500 mg/L, and the mixtures were

incubated at room temperature with shaking at 150
rpm for 72 h. The treatments involving G1 and BC—
G1 were then compared. Specific degradation rates
were calculated based on the remaining concentrations
of 4-CA, and the 4-CA degradation kinetics were
modeled using a modified Monod model (Equation 1).
In addition, the inhibitory 4—CA degradation kinetics
were estimated following the Haldane, Andrews,
Edwards, and Aiba models (Equations 2 to 5) [19].
The kinetic parameters were estimated by fitting
models to the experimental data using non-linear
regression, implemented with the Solver function in
Microsoft Excel. The estimated parameters and
corresponding root mean square error (RMSE) were
then examined by the Solver function. The RMSE
value represented the difference between the predicted
and observed values as shown in Equation 6. A lower
RMSE indicated a better fit of the model to the
experimental data.

S
9= Qmax g (1)

9 S
q= Z SK 2
(S+(K—,i)+K's+( Kis))

4= —gp—— 3)

&y rsry)

S S
() -G
q=q_ (exp *i -exp ¥v) 4
_ 9,8 (ex _(Kii)) (5)
17 sy P

q and gmax (1/h) represent the predicted and
maximum specific degradation rates, respectively; S
(mg/L) is the initial 4-CA concentration; K's (mg/L)
is the modified half—velocity constant; and K'; (mg/L)
is the substrate inhibition constant.

RMSE = /% P (P — A)? (6)

P and A are the predicted and actual values,
respectively; n is the number of data points.
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2.6 Biochar and microbial secretion characterization

The surface functional groups of biochar (before and
after use) were analyzed via FTIR spectroscopy
(TENSOR27, Bruker, USA). Prior to the analysis, the
biochar samples were oven—dried at 60 °C for 24 h.
The surface functional groups were assessed in
relation to 4-CA adsorption and enhanced
biodegradation, and morphological changes of the
biochar were examined via field—emission scanning
electron microscopy (FE-SEM; Mira 4, TESCAN,
Czech Republic). The surface areas were examined
(NOVA2200E, Quantachrome, USA). The biochar
samples were cleaned, fixed, dehydrated, and gold—
coated following the procedure described by
Sonsuphab et. al., [18].

Selected water samples were characterized in
terms of secreted organic carbon for the systems
involving G1 and BC-Gl using a fluorescence
spectrofluorometer (FS5, Edinburgh Instruments,
United Kingdom). The excitation wavelength was
scanned from 200 to 500 nm in 5 nm increments, and
emission spectra were recorded from 250 to 550 nm in
1 nm increments. It is noted that the selected
wavelengths cover the typical excitation and emission
wavelengths of common biological and chemical
molecules [20]. The excitation and emission
bandwidths were set at 5 nm, and all samples were
analyzed in duplicate. An EEM analysis of deionized
water was also performed daily as a blank prior to the
sample measurements. An inner—filter correction was
performed using UV—Vis absorption data to adjust for
the attenuation of lamp light by dissolved organic
carbon (DOC) molecules [20]. The cumulative
volume of fluorescence intensities was examined
based on regional integration.

2.7 Analytical procedures

The analytical procedure was conducted following the
method described by Jenjaiwit et. al., [21]. Briefly, 4—
CA and its intermediate products (4—CC, AN, and CT)
were analyzed via high—performance liquid
chromatography (HPLC) using a C18 column and UV
detector (LC2050, Shimadzu, Japan) under isocratic
conditions. Prior to the analysis, the samples were
filtered through a 0.2—um nylon syringe filter and
stored in an amber vial at 4 °C. A sample injection
volume of 20 pL was used for HPLC, and acetonitrile
and deionized water were used as the mobile phase in
a ratio of 75:25 (v/v), with a flow rate of 1.0 L/min. It
is noted that 4-CA and its potential intermediate

products were simultaneously detected. The retention
times of the peaks corresponding to 4—CA, AN, 4-CC,
and CT were 4.2, 4.0, 3.7, and 3.2 min, respectively,
and the detection limit of 4-CA and its intermediates
was 0.1 mg/L.

For bacterial enumeration, the bacterial plate
count technique was used to estimate the number of
viable bacteria in a sample [18].

3 Results and Discussion
3.1 4—chloroaniline removal

3.1.1  Adsorption of 4-CA by BC

The 4-CA adsorption potential of the carbonized
waste was first examined in an aqueous solution with
an initial 4-CA concentration of 10 mg/L. 4-CA
adsorption occurs rapidly and reaches equilibrium at
approximately 36 h, demonstrating the preliminary
effectiveness of carbonized waste for environmental

abatement. The 4-CA adsorption kinetics and
isotherms were then investigated, with the
corresponding model equations and parameters

summarized in Table 1. Considering the R? values,
adsorption is better described by the pseudo—second—
order model (R? = 0.9970) than the pseudo—first-order
model (R? = 0.9882). Similar findings have also been
reported for the adsorption of aniline—based
compounds [22], [23]. Theoretically, the pseudo—
first—order kinetic model indicates that the adsorption
process is mainly influenced by physical interactions
and surface diffusion, whereas adsorption following
the pseudo—second—order kinetic model is governed
by chemical interactions, such as electron exchange or
surface complexation [10], [21], [23].

In this study, the pseudo—second—order model
with a higher R? value implies that the sorption process
is likely controlled by chemical interaction
mechanisms rather than being governed solely by the
4—CA concentration. Contaminant adsorption depends
on many processes, such as bulk and/or intra—particle
diffusion and contaminant-biochar interactions. To
evaluate the adsorption capacity, 4-CA isotherm
experiments were conducted at initial 4-CA
concentrations of 0.5, 1, 5, 10, 20, 40, 60, 80, and 100
mg/L over a 96-h period, with the adsorption
efficiency ranging from 98.2 to 99.3%. The Langmuir
model provides a better fit, indicating monolayer
adsorption on a homogeneous surface, with a
maximum adsorption capacity of 4.9 mg/g (Table 1).
The model fitting was consistent with the previous
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study [22]. Also, the changes observed in the FTIR
spectra (detailed result presented in sub—section 3.3)
confirmed that 4-CA adsorption is based on surface
functional groups, which is likely refer to monolayer
adsorption described by the Langmuir model. It was
noticed that Q. (0.03 mg/g) and Qm, (4.95 mg/g) values
were obviously different. The difference between Q.
and Qm could imply that the adsorption sites were not
fully occupied under the tested equilibrium conditions.
This may influence from the relatively low initial 4—
CA concentration, diffusion limitation, or sorbent
surface characteristics. The mechanism of this
phenomenon should be further examined.

Figure la depicts the efficiency of 4-CA
adsorption in synthetic contaminated wastewater
(initial concentrations of 10-500 mg/L with other
constituents, as described in Section 2). The 4-CA
concentration decreases rapidly within the first 48 h,
and a slight reduction can be observed thereafter. The
biochar adsorbs 4-CA with efficiencies of 23.4—
98.8%, and higher initial concentrations of 4—CA lead
to a noticeable reduction in the removal efficiency.

1.0
§ e 2
®
0.8 L ° 010 mg/L
o ® a
20 0.6 o * 7] ™ 040 mg/L
o 04 ® @ ¢ 150 mg/L
o B g hd g/
0.2 ° 200 mg/L
o
0.0 4 . —Q o @500 mg/L

Figure 1: 4-CA adsorption by BC in synthetic
wastewater: (a) removal efficiencies at initial 4—CA
concentrations of 10 to 500 mg/L; and (b) SEM image
of biochar before the experiment; and (c) SEM image
of biochar after the experiment at a 4-CA
concentration of 40 mg/L.

This indicates that the biochar is effective in
adsorbing 4-CA in both 4-CA solution and
wastewater, similar to the findings of Jenjaiwit et. al.,

[22]. However, the equilibrium time (48 h) in
synthetic wastewater is longer than that in the
experimental aqueous solution (36 h). The extended
equilibrium period and lower 4-CA adsorption
efficiencies are likely attributed to the presence of
additional constituents in the LB medium, including
yeast extract and tryptone, possibly competing with 4—
CA for active adsorption sites on the biochar. Figures
1b and lc are morphological characterization of
biochar using FE-SEM. The carbonized waste,
derived from wood vinegar production, possesses a
substantial number of pores. After use, white spots
observed in Figure 1¢ might be adsorbed 4-CA or
other constituents from the 4-CA solution. Further
investigation on chemical identity is required. The
specific surface areas of the biochar before and after
use, determined by the Brunauer—Emmett—Teller
(BET) method, were 249 and 159 m?*g, respectively.
The lower specific surface area after use well
supported the occurrence of contaminant adsorption.
The 4-CA adsorption performance and material
characteristics highlight the feasibility of carbonized
waste as an adsorbent for organic contaminants in
wastewater treatment applications.

3.1.2 Removal of 4—CA by G1 and BC-G1

Figure 2 presents the 4-CA removal performances of
the G1 and BC-G1 systems. The 4-CA concentration
gradually decreases over a 72-h period, and different
initial concentrations lead to different 4—CA removal
efficiencies (Figure 2). In the GI system, the
GRSW2-B1 cells exhibit good 4-CA degradation.
The degradation intermediate products were
monitored along with the 4-CA quantification. 4—CA
can be biodegraded through two primary pathways
[11], [24]. The first pathway, which was commonly
reported, 4-CA is initially converted to 4—CC, which
subsequently undergoes aromatic ring cleavage to
form 3—chloro—cis,cis—muconic acid. In the second
pathway, 4-CA is dechlorinated to form AN, which is
then hydroxylated to CT and further metabolized via
the ortho—cleavage pathway. Among the potential
intermediates (4—CC, AN, and CT), only 4-CC was
detected in the early stages of the experiments, with an
either reduced or undetectable concentration after 96
h. The result indicated that the 4—-CA biodegradation
pathway by GRSW2-B1was similar to most published
works (Figure 3), where 4-CA is converted to 4-CC
and 3—chloro—cis,cis-muconic acid via deoxygenation
and ortho-ring cleavage, respectively [11]. The
second pathway, which should detect AN and/or CT,
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may not take place. Since 4-CA exhibits a higher
acute toxicity compared to 4-CC and other
intermediates, the degradation contributes to the
detoxification of the contaminated wastewater.

As shown in Figure 2, BC-G1l shows a
substantially better 4-CA removal performance than
Gl1, with a similar trend under different
concentrations. At lower 4—CA concentrations (10—
100 mg/L), G1 achieves 4-CA removal efficiencies of
33-45%, while BC-GI1 leads to higher removal rates
of 61-73%. These results indicate that GRSW2-B1
possesses the capacity to remove 4—-CA, and in the
BC-G1 system, both the biodegradation and
adsorption mechanisms predominantly contribute to
an enhanced removal efficiency (Figure 2). In
contrast, at higher initial concentrations (150-500
mg/L), the removal performance of both systems is
noticeably reduced, with G1 and BC-G1 removing
only 2-17% and 6-28% of 4-CA, respectively (Figure
2(a)). 4—CA served as the sole carbon source for
microbial growth; therefore, the 4-CA removal
efficiency increased with increasing 4-CA
concentration. However, the lower removal
efficiencies at high concentrations are likely due to the
toxic effects of 4—-CA, which inhibits microbial
growth and, consequently, reduces the overall removal
efficiency [24]. This finding is consistent with
previous studies reporting an improved contaminant
removal efficiency after biochar addition [25], [26].
Details of the inhibitory kinetics and mechanism are
presented in the following section.

FE-SEM analysis of the microbial cell
morphology (Figure 2(b) and (c)) reveals that the
GRSW2-B1 cells in the G1 system exhibit signs of
structural deterioration; this is indicated by cell
deformations (Figure 2(c)), likely resulting from direct
exposure to 4-CA and subsequent cellular damage.
On the other hand, the GRSW2-B1 cells in the BC—
Gl system appear morphologically intact. The
presence of EPSs produced by the cells likely
facilitates cell attachment and colonization on the
biochar. At the end of the experiments (72 h) under
initial 4-CA concentrations (10-80 mg/L), microbial
cells of approximately 107 CFU/mL were detected in
the treated wastewater, while biochar—colonized cells
of 104107 CFU/mL were found. At higher initial 4—
CA concentrations (100-500 mg/L), lower -cell
numbers were detected in both the wastewater (10°—
10® CFU/mL) and on the biochar (10*-103 CFU/mL).
These results suggest that biochar can protect the
microbial cells to some extent.

The findings from both the cell enumeration and
morphological observations support the observed 4—
CA removal efficiencies. The integration of biochar
with microbial cells demonstrates various advantages,
including enhanced contaminant adsorption, a
reduction in the direct exposure of cells to toxic
compounds, and a more favorable microenvironment
for microbial growth and activity.

100
80
60
40
20

0

B8G1 mBC-G1

4-CA removal (%)

10 20 40 80 100 150 200 500
Initial 4-CA concentration (mg/L)

Figure 2: 4-CA removal by Gl and BC-GI1: (a)
removal efficiencies at initial 4—~CA concentrations of
10 to 500 mg/L, (b) SEM image of microbial cells in
BC-G1 after the experiment at a 4—-CA concentration
of 40 mg/L, and (c) SEM image of microbial cells in
G1 after the experiment at a 4—-CA concentration of 40
mg/L.

NH,

/ 4-Chloroaniline
OH Cl

OH

‘—\

4-Chlorocatechol

P
cl -
#
,

COOH

QOOH

-
.+~ 3-Chloro-cis, cis-muconic acid
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Figure 3: Proposed 4-CA degradation pathway.
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3.2 Kinetics of 4-CA degradation

The kinetics of 4-CA degradation by G1 and BC-Gl1
were investigated at the initial concentrations of 1-500
mg/L using a modified Monod equation (Table 2).
Due to limited microbial growth observed during the
experiments, the correlation between the initial 4-CA
concentration and the 4-CA removal rate was
employed. As shown in Figure 4, 4-CA degradation is
inhibited at high initial concentrations; inhibitory
kinetic models were thus applied to describe the
degradation behavior (Table 2).

Considering the RMSE values shown in Table 2,
the Andrews model provides the best fit for both the
Gl and BC-GI1 systems. It is observed that the
Edwards model provided a similar RMSE value only
for the G1 system. In addition, the 4—-CA removal rates
substantially decrease at high concentrations due to
toxicity. The maximum threshold concentration at
which the microorganism can effectively degrade
toxic contaminants varies. According to the model
estimations, 4—CA begins self-substrate inhibition at a
concentration of 65 mg/L in both systems. In general,
the Andrews model describes the main inhibitory
effect of high substrate concentrations on microbial
growth and substrate degradation [27]. Compared to
the study by Taweetanawanit ef. al., [28] on the
degradation of another chlorinated aniline,
triclocarban biodegradation kinetics were better
described by the Edwards model, which assumes that
substrate degradation is inhibited by both the toxic
substrate and its toxic degradation intermediates.
Triclocarban is much more toxic compared to 4-CA
and produces toxic degradation intermediates,
including 4-CA. In this study, 4-CC, a detected
intermediate, is less toxic and may not affect the
degradation kinetics. As a result, a different kinetic
model appropriately described the degradation
behavior observed in this study. The Andrews model
was fitted to the data in this study because 4—CA itself
constitutes the toxic substance; therefore, high
concentrations of 4-CA inhibit microbial growth and
4—CA removal.

Notably, other kinetic constants (q'max and K's)
from BC-G1 are higher than those from GI1. This
could be attributed to the partial immobilization of
microbial cells on the biochar (Figure 2b), which
likely reduces their direct exposure to 4-CA,
maintains cell viability, and supports 4-CA
degradation. Additionally, the biochar may contribute
to 4-CA removal via adsorption or enhanced

biodegradation processes, potentially by promoting
electron transfer processes.

Table 2: 4-CA degradation kinetic parameters

following the modified Monod and inhibitory
degradation models.
Parameters
Model Qmas K’ K RMSE
meh- (mgL)  (mgL)
CFU)
G1
Modified- 0.47x10"* 93.79 - -
Monod
Haldane 2.14x10* 150.37 50.37 5.18x10°¢
Andrews 1.18x10* 126.19 64.23 3.55x10°¢
Edwards 9.76x10* 159.62 175.08 4.26x10°°
Aiba 5.03x10* 227.26 33.75 18.2x10°¢
BC-G1
Modified- 0.87x10* 173.88 - -
Monod
Haldane 6.96x10*  341.11 46.21 8.61x10°
Andrews 2.70x10* 245.84 65.50 6.28x10°¢
Edwards 2.50 128.31 128.27 142.20x10°°
Aiba 6.35x10* 189.62 49.54 27.58x10°
5 60 - G1
('S
Q
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Figure 4: Inhibitory 4—chloroaniline degradation
kinetics of G1 and BC—G1 systems, following the
Andrews model.
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3.3 Role of biochar in 4—-CA removal

Based on the guidelines from the International Biochar
Initiative, the elemental properties of biochar with
common threshold values of H/Corg < 0.7 and O/Corg <
0.6 were defined [29]. In our previous work, we
quantified the elemental composition of biochar
derived from wood-vinegar production waste [30].
The calculated molar ratios of H/Corg and O/Cyrg were
0.16 and 0.05, respectively, which are in the
acceptable range to classify the material as biochar.
Biochar plays several possible roles in contaminant
removal. Biochar contains abundant surface
functional groups and porous structures that can
facilitate contaminant adsorption on its surface or
EPS—coated surface. The FTIR and FE-SEM analyses
well characterize these phenomena. Additionally,
biochar can enhance biodegradation by promoting
electron transfer processes within the microbial cells.
These properties can be inferred from FTIR and EEM
characterization. In this study, the heated carbonized
waste exhibited main FTIR peaks associated with
carbon and oxygen—containing functional groups
(Figure 5a), consistent with characteristics of common
biochar reported in previous studies [10], [23]. Also,
from our previous work on elemental analysis of the
carbonized waste revealed that carbon (89.22%) and
oxygen (6.20%) were the dominant elements [30].
These results suggest that the heated carbonized waste
was effectively converted into biochar.

4—CA exhibits good adsorption on biochar, as
described earlier. Figure 5 depicts the surface
chemical functional groups of biochar, as identified
via FTIR spectroscopy. As shown in Figure Sa,
distinct changes in the functional groups on the
biochar surface before and after adsorption can be
observed at four specific wave numbers: 866, 1060,
1350-1700, and 1880 cm'. These correspond to C=C
bending, C—O stretching, C=0 and C=C stretching,
and C=0O stretching vibrations, respectively,
consistent with a previous study on the adsorption of
chlorinated aniline compounds [22]. Typically, 4-CA
contains a benzene ring with an amine group and a
chlorine atom; therefore, the corresponding FTIR
peaks are C—H stretching, N—H stretching and C-Cl
stretching vibration, respectively. According to the
results reported by Anitha et. al., [31], the peaks at
1493 and 1614 cm™ indicate C—C stretching
vibrations in the benzene ring, while the peaks at 823
and 1283 cm™ confirm C-Cl and C-N stretching
vibrations, respectively. Their findings showed that
these characteristic peaks were related to the changes

observed for biochar in this study. This states that the
FTIR characterization from the previous work and this
study supports the occurrence of 4—CA adsorption on
the biochar surface.
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Figure 5: FTIR spectra of biochar (a) before and after
adsorption with a 4-CA solution (40 mg/L), and (b)
after 4-CA contaminated wastewater treatment (40
mg/L). In (a), “BC before adsorption” is pristine
biochar, and “BC after adsorption” is biochar
recovered after the adsorption test. In (b), “BC” is
biochar recovered after the wastewater treatment by
only biochar, and “BC—G1” is biochar recovered from
the treatment by combined biochar and GRSW2-B1.

Considering the 4-CA removal results presented
in Figures 1 and 2, 4-CA adsorption reaches
equilibrium at 48 h. However, BC-GI1 leads to a
consistent decrease in the 4-CA concentrations (e.g.,
for the experiments at the initial 4-CA concentrations
of 40 and 80 mg/L). From 48 to 72 h, the G1 system
exhibits a lower degree of 4—-CA degradation than
BC-Gl1. These findings suggest that biochar not only
contributes to 4—CA adsorption but also enhances
biodegradation, accelerating the overall 4-CA
removal process. Figure 5(b) shows the surface
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functional groups of the biochar for the BC—G1 and
BC systems after 4-CA removal. According to the
FTIR observation, BC—G1 exhibits increased peaks
corresponding to EPSs, including polysaccharides
(950-1200 cm), proteins (1400-1705 c¢m™), and
lipids (2800-2900 cm) [10], [18], [23]. The FTIR
and FE-SEM results confirm that the microbial cells
in BC-G1 can grow and secrete EPSs to form
biofilms, which likely minimize direct exposure to
toxic compounds, extending cell viability and
improving the 4-CA removal efficiency. In addition,
the presence of EPSs on the biochar surface can
further promote 4—CA adsorption. This is consistent
with a previous work reporting the efficient adsorption
of organic contaminants by EPSs [32].

The FTIR spectrum of BC-G1 (Figure 5(b))
displays functional group changes at 1699 and 3430
cm’!, which correspond to C=0 and —OH groups
related to quinones/phenazines and hydroquinones,
respectively. These oxygen—containing functional
groups display redox-active properties [6] and
facilitate DIET, leading to the promotion of
contaminant biodegradation [15], [25], [33].

Figure 6 shows the EEM spectra of untreated,
Gl-treated, and BC-G1-treated wastewater at initial
4—CA concentrations of 20 and 150 mg/L. The spectra
are divided into five regions—Regions I, II, III, IV,
and V—representing aromatic protein I, aromatic
protein II, fulvic acid-like, soluble microbial product—
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like, and humic acid-like compounds, respectively
[20]. In Figure 6, the fluorescence intensities from the
samples treated with 40 mg/L and 150 mg/L 4-CA
appear to be only slightly different. This is likely
because the background from the synthetic wastewater
was substantially higher than the DOC contributed by
4—CA. Therefore, cumulative volumes of fluorescence
intensities in each region were examined to identify
the differences of DOC composition related to
substrate concentration and potential toxicity. Overall,
4-CA—contaminated =~ wastewater at  different
concentrations shows slight differences in the
fluorescence intensities for all regions (Figure 7).
Comparing the untreated and treated wastewater, the
latter exhibits increased fluorescence intensities
(Figure 7). Notably, Region II, associated with simple
aromatic proteins II—commonly reported as
exoenzymes and potential electron shuttles in
microbial electron transfer processes—shows
noticeable increases. Region III, fulvic acid-like
compounds—known as electron mediators—also
exhibit higher intensities [34], [35], as is the case for
Region IV (soluble microbial by—product-like
compounds). These soluble EPS components have
been reported to contribute to biosorption [36]. Region
V  represents redox—active humic acid-like
compounds, which are quinone functional groups and
capable of mediating electron transfer [37].
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Figure 6: EEM spectra of (a) and (d) synthetic contaminated wastewater, (b) and (e) Gl1—treated wastewater,
and (c) and (f) BC-Gl-treated wastewater at 4—CA concentrations of 20 and 150 mg/L, respectively.
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Comparing the GIl- and BC-Gl-treated
wastewater at a 4-CA concentration of 20 mg/L, no
significant differences in the fluorescence intensities
were observed across all regions. This suggests that at
low 4-CA concentrations, microbial degradation is
sufficient, and biochar has a negligible positive effect
on DIET. In contrast, at 150 mg/L 4-CA, the
fluorescence intensity in Region II of BC-GI is
significantly higher than that of G1 (Figure 7b). These
findings indicate that biochar facilitates increased
electron shuttling in DIET, potentially due to aromatic
protein II production [34], [35]. Furthermore, the
higher intensity in Region V of BC-G1 (Figure 7(e))
suggests an enhanced mediation of electron transfer
induced by biochar, related to changes in the quinone
functional groups, as detected by FTIR spectroscopy
[37]. Region IV also shows an increase in BC-G1,
suggesting that biochar can promote the production of
soluble EPSs (Figure 7(d)).

This is consistent with the FTIR results and the
findings of Pan et. al., [38], which demonstrated that
soluble EPSs, typically containing more proteins,
possess a greater ability for organic contaminant
adsorption. The FTIR and EEM analyses provide
preliminary evidence supporting the enhanced
electron transfer processes. However, to clearly

elucidate the mechanisms, electrochemical analyses
should be performed in future work.

The enhanced 4-CA removal observed in the
BC-G1 system can be attributed to the multifunctional
roles of biochar, which contribute through two
primary mechanisms: adsorption and enhanced
biodegradation [25]. In the first mechanism, 4—CA is
initially adsorbed onto the biochar surface, with the
biochar also stimulating EPS production, increasing
the overall sorption capacity. In the second
mechanism, biochar reduces the direct exposure of
microbial cells to toxic contaminants, improving cell
viability, with the biochar promoting electron transfer
processes. These two processes facilitate greater
microbial degradation. Overall, the findings highlight
the potential of carbonized wood waste-derived
biochar for the sustainable and efficient remediation
of emerging toxic contaminants.

4 Conclusions

This study presents the effective removal of 4-CA
through the integration of carbonized wood waste-
derived biochar and microbial cells. The biochar,
containing numerous pores and various functional
surfaces, provided good 4-CA adsorption (following
the Langmuir model), with a maximum adsorption
capacity of 4.9 mg/g. The combination of biochar and
GRSW2-B1 exhibited 4-CA removal efficiencies of
up to 73%, while using GRSW2-B1 cells alone
resulted in up to 45% 4-CA degradation. However, 4-
CA removal was inhibited at high concentrations. The
4-CA degradation kinetics of both the G1 and BC-G1
systems followed the Andrews model, with an
inhibition concentration of 65 mg/L.

The synergistic removal of 4-CA identified in the
BC-Gl1 system is attributed to the roles of biochar,
including enhanced adsorption and biodegradation.
This is the first study to confirm these roles with
regard to 4-CA removal via FE-SEM, FTIR, and EEM
analyses. Biochar not only enabled direct adsorption
on its surface but also stimulated EPS production,
which likely contributes to 4-CA adsorption.
Moreover, as a porous material, biochar reduced the
direct exposure of microbial cells to high 4-CA
concentrations, which ensured their survival and
degradation activity. The spectroscopic evidence
suggests that biochar may facilitate electron transfer
processes, thereby promoting enhanced 4-CA
biodegradation.

In the future, long-term operation in a
continuous-flow wastewater treatment system, along
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with electrochemical analyses to evaluate the electron
transfer mechanisms, should be conducted to further
verify the findings of this study. Overall, our findings
underscore the potential of the integrated biochar-and-
microbial system for the sustainable and effective
remediation of emerging toxic contaminants. The use
of carbonized wood waste as biochar also supports
resource recovery within the framework of
Sustainable Development Goal 6.
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