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Abstract

The untreated Congo red discharge from the textile and paper industries has several impacts on humans,
including carcinogenic and mutagenic effects, as well as on aquatic life and the environment. The current
study investigated the biosorption performance of dye-tolerant bacteria for the removal of Congo red under
various factors. Bacillus cereus MW13 was isolated from the wastewater of a mulberry paper mill in
Northern Thailand. The optimum conditions were a Congo red initial concentration of 600 mg.L", a
biomass concentration of 4 g.L”', and a contact time of 240 min, resulting in the maximum removal
efficiency of 90.24+0.11%. The highest biosorption capacity, 367.52+8.93 mg.g™!, was achieved at a
biomass concentration of 0.5 g.L™". The biosorption isotherm and kinetic analysis were best fit by the
Langmuir model (R?=0.9852) and the pseudo-second-order model (R?=0.9994), respectively. SEM and
TEM analyses following Congo red exposure showed the deposition of dye molecules on the cell surface,
accompanied by a thicker cell wall and increased cytoplasmic electron density. Furthermore, the functional
groups of B. cereus MW13 after Congo red exposure, including the hydroxyl, amino, and carboxyl groups,
as well as the S=0 stretching of the Congo red molecule, were detected by FTIR analysis. It revealed that
a binding interaction between Congo red molecules and functional groups on the cell surface occurred
during the biosorption process. These results confirmed the potential of B. cereus MW13 biomass for
Congo red biosorption.
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1. INTRODUCTION

Congo red is water-soluble and classified as an anionic (acid) dye (Ellafi et al. 2023). Based on its
structure, consisting of two chromophore groups (-N=N-), it belongs to the azo dye class (Goud et al. 2020,
Abubakar et al. 2023, Singh et al. 2024, Strebel et al. 2024). Congo red can be applied to cotton, silk, and
wood (Rane & Joshi 2021), and is used extensively in textiles, as a food colorant, and in paper printing
(Singh & Dwivedi 2020). Due to Congo red' s complex structure, which contains chromophore groups and
many aromatic rings, it is highly stable and highly resistant to biodegradation (Goud et al. 2020, Harja et al.
2022, Strebel et al. 2024). Consequently, Congo red has been reported to cause damage to aquatic life,
humans, and the environment. Its toxicity is recognized for carcinogenic and mutagenic effects, as well as
for skin and eye irritation (Singh & Dwivedi 2020, Harja et al. 2022). Congo red effluent contamination of
natural aquatic systems leads to elevated BOD and COD levels, reduced photosynthesis and dissolved
oxygen concentrations, and aesthetic problems (Goud et al. 2020, Bhayana et al. 2023, Kumar et al. 2025).
Hence, an effective removal of Congo red effluent is necessary.

Traditional biological treatment has not been appropriate for azo dye remediation because of its low
efficiency (Didier de Vasconcelos et al. 2021). Moreover, some physical and chemical procedures face
challenges due to limitations such as complex steps, high operational costs, and non-eco-friendly practices
(Bhayana et al. 2023, Abubakar et al. 2023). Therefore, alternative bioremediation methods have been
applied to remove azo dyes from aquatic solutions. Biosorption is a bioremediation process that involves
adsorption, surface complexation, ion exchange, and precipitation (Goud et al. 2020, Abubakar et al. 2023).
Therefore, the biosorption technique usually provides high performance, a quick process, ease of use, low
cost, and environmental friendliness (Abubakar et al. 2023). Previous studies have been conducted to
determine the bioremediation efficiency of Congo red using B. cereus, with removal efficiencies ranging
from 21-40% within 4 days (Alhefeiti et al. 2021). Khudhair & Al-Fayaad (2022) confirmed the removal of
100 ppm Congo red, achieving 92.9% removal efficiency under optimal conditions after 3 days. In the case
of dye biosorption using Bacillus sp. biomass. Sarim et al. (2019) reported that B. subtilis HAU-KKO1
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efficiently decolorized Congo red within a short time. Chemisorption was predicted to be the main
mechanism in the biosorption. In addition, the study of Acridine orange dye biosorption utilizing B. cereus
M'16 was presented by Bag et al. (2021). The maximum capacity was 210.46 mg.g™ at pH 7 and 30 °C
within 300 min. The biosorption kinetics were best fit by the pseudo-second order.

In Northern Thailand, Congo red is commonly used in mulberry paper mills. The untreated effluent is
discharged into the aquatic environment. The present research aims to investigate the performance of B.
cereus MW13, an isolate from a mulberry paper mill wastewater in northern Thailand, in removing Congo
red. The study focused on the biosorption process and the effects of factors on the removal efficiency and
capacity. Furthermore, the surface morphology, the internal structure, and functional groups of bacterial
biomass were identified to explain the biosorption mechanism.

2. MATERIALS AND METHODS
2.1 Preparation of Bacterial Biomass

B. cereus MW13, a local Congo red-tolerant bacterium, was isolated from the wastewater at the mulberry
paper mill in northern Thailand. Bacterial identification of isolate MW13 was performed by the National
Center for Genetic Engineering and Biotechnology, Thailand, using single-stranded 16S rDNA sequencing,
which showed 100% similarity to B. cereus. The nutrient broth medium was composed of 5 g peptone, 5 g
sodium chloride, 1.5 g HM peptone B, and 1.5 g yeast extract. 13 g of the medium was dissolved in 1000
mL of distilled water. B. cereus MW13 was grown in a nutrient broth medium and cultivated in a shaking
incubator at 120 rpm and 30 °C for 24 hr. Bacterial suspensions were collected using centrifugation at 8,000
rom for 30 min. The bacterial biomass was washed three times with sterile deionized water and dried at 40
°C before experimentation.

2.2 Congo Red Biosorption Experiments

The effects of different initial Congo red concentrations (200, 400, 600, 800 and 1,000 mg.L™"), biomass
concentrations (0.5, 1, 2, 3 and 4 g.L™"), and contact times (5, 10, 15, 20, 25, 30, 45, 60, 120, 240, 360 and
480 min) on the removal efficiency and biosorption capacity of Congo red were determined. Biosorption
experiments were conducted in batch and performed in triplicate. Dye solution was prepared using Congo
red (Cs2H22NeNa206S2) for microscopy (Loba Chemie, India). The biomass of B. cereus MW13 was
resuspended in a 100 mL Congo red solution (initial pH: 8.17-9.13) at room temperature and shaken at 120
rom. The suspension was then centrifuged at 8,000 rpm for 10 min. The residual dye concentration in the
supernatant was measured using a Shimadzu UV-Visible Spectrophotometer (AA-6880) at 495 nm. The
surface morphology of B. cereus MW13 before and after biosorption was analyzed by Scanning Electron
Microscopy (SEM) using a JEOL JEM-IT300 instrument. A Transmission Electron Microscope (TEM) of the
Talos F200X model was used to study the characteristics of intracellular bacteria. In addition, Fourier
Transform Infrared Spectroscopy (FTIR) was performed to identify functional groups in B. cereus MW13
biomass using a Thermo Scientific spectrometer (Nicolet iS5) over the wavenumber range of 4,000-400 cm-
', After the experiment, the dye-loaded biomass was sterilized by autoclaving at 121°C under 15 psi for 30
minutes to eliminate any viable bacterial cells. Following sterilization, the biomass was disposed of through
the University of Phayao's waste management system in accordance with the University's waste disposal
procedures. Removal efficiency and biosorption capacity of Congo red were calculated using Equations (1)
and (2), respectively:

Removal efficiency (%)= % x 100
0
()

Co-Ce
= — X
9.= —1 v

(2)

where Co and Ct represent the concentrations of Congo red at the initial time (mg.L™") and at time t (min),
respectively; ge means the equilibrium biosorption capacity (mg.g™'), and Ce is the residual concentration of
Congo red at equilibrium time (mg.L™"). V and M are the total volume of the suspension (L) and the dry
biomass in the suspension (g), respectively (Bag et al. 2021, Thongkrua & Kasuya 2023, Alamri et al.
2025).
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The biosorption isotherms were assessed using the Langmuir and the Freundlich models to
analyze the biosorption process of Congo red onto a biomass surface, given by linear Equations (3) and (4),

respectively:
S
Qe Kiap, (o
...(3)
Inq, = InKg + >InC,
...(4)

In the case of the Langmuir model, the value of RL indicated the shape of the Langmuir isotherm and the
nature of the biosorption process, which are expressed in Equation (5):
R 1

L=1kc,

..(5)

where gm is defined as the maximum specific uptake (mg.g™), and K. means the Langmuir constant, which
pertains to the affinity of the binding sites (L.mg™"). Kr denotes the adsorption capacity for the Freundlich
isotherm, while the adsorption intensity is identified by n (Wu et al. 2020, Thongkrua & Kasuya 2023, Alamri
et al. 2025).

The biosorption kinetics of Congo red were determined to predict the biosorption rate and evaluate the
mechanism of pollutant uptake by the pseudo-first-order kinetic model, the pseudo-second-order kinetic
model, and the intraparticle diffusion model, which can be described in linear form by following Equations
(6), (7), and (8), respectively:

k
IOQ(qe'qt) =1099,, - F:Bt

..(6)
t 1 1
;t - k22q90312 ¥ qecalt
(7
q,=ki” +C
.(8)

where q; is the biosorption capacity (mg.g™") at time t (min). geca is the calculated equilibrium biosorption
capacity (mg.g™"). k1, k2, and ki represent the rate constants for the pseudo-first-order kinetic model (min"),
the pseudo-second-order kinetic model (g.mg™'.min""), and the intraparticle diffusion model (mg.g™'.min""’2),
respectively, while C is the constant associated with diffusion boundary layer thickness (mg.g™") (Wu et al.
2020, Bag et al. 2021, Thongkrua & Kasuya 2023, Alamri et al. 2025).

3. RESULTS AND DISCUSSION
3.1 Effects of Initial Congo Red Concentration

The effects of initial Congo red concentration (200-1,000 mg.L™") on Congo red biosorption using B. cereus
MW 13 were investigated with an equilibrium time of 240 min for 200-600 mg.L" and 360 min for 800-1,000
mg.L"", and a bacterial biomass of 2 g.L™'. Fig. 1(a) shows that at initial concentrations of 400 mg.L"" and
600 mg.L™", B. cereus MW13 exhibited similar Congo red removal efficiencies, achieving 64.04+0.21% and
62.32+0.31%, respectively. The trend showed that Congo red removal efficiency decreased as initial
concentration increased. Congo red biosorption depended on hydrogen bonding between the anionic dye's
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negative charge (SOs’) (Goud et al. 2020, Singh et al. 2024) and functional groups, such as -NH, -COOH,
and -OH, in peptidoglycan, the cell wall of B. cereus (Bag et al. 2021, Li et al. 2023). Insufficient bacterial
biomass and a high Congo red concentration can saturate binding sites, thereby decreasing removal
efficiency (Strebel et al. 2024). In addition, the findings can be attributed to the elevated Congo red
concentration, which led to dye toxicity (Haque et al. 2021). A similar result was observed in previous
studies using B. cereus (Khudhair & Al-Fayaad 2022) and Bacillus sp. (Sonwani et al. 2020, Haque et al.
2021). In contrast, the biosorption capacity at an initial Congo red concentration of 1,000 mg.L! was
245.76+1.11 mg.g™", the maximum. This results from increased dissociation of the anionic Congo red dye,
enhanced diffusion rate, and a greater number of dye molecules, leading to greater competition and
interaction for available active sites on the bacterial surface at elevated Congo red concentrations (Harja et
al. 2022, Strebel et al. 2024).

3.2 Effects of Biomass Concentration

The influences of B. cereus MW13 biomass concentration (0.5-4 g.L™') on Congo red biosorption were
observed under an initial dye concentration of 600 mg.L™" at an equilibrium time of 240 min, as illustrated in
Fig. 1(b). As bacterial biomass rose from 0.5 to 4 g.L™", the effectiveness of Congo red elimination
correspondingly improved. The maximum removal efficiency of 90.24+0.11% was achieved at the highest
biomass. This results in hydrogen bonding, increasing the cell surface area available to Congo red
molecules during biosorption, which is elevated with the augmentation of bacterial biomass (Wang et al.
2021). A similar effect of biomass quantity on Congo red removal by B. haynesii ING6 has been identified
by Dharsandia et al. (2025). The biosorption capacity decreased as the biomass concentration increased.
The maximum biosorption capacity of 0.5 g.L! biomass was 367.52+8.93 mg.g™'. This behavior can be
explained by the available dye molecules failing to adequately cover the binding site on the cell surface at
high biomass concentration (Zhang & Huang 2020).

3.3 Effects of Contact Time

The influences of contact time (5-480 min) on Congo red biosorption were investigated using B. cereus
MW13 biomass at 4 g.L"' and Congo red solution at 600 mg.L"", as presented in Fig. 1(c). Biosorption of
Congo red occurred rapidly during the initial phase (0-30 min) and then gradually increased until equilibrium
was attained. In the early period of the contact, Congo red degradation occurred via biosorption, driven by
the abundance of empty active binding sites on the bacterial cell surface and by fast diffusion to the cell
surface (Semwal et al. 2023). Subsequently, the biosorption rate decreases due to saturation of binding
sites (Zhang & Huang 2020, Bag et al. 2021). At an equilibrium time of 240 min, the removal efficiency and
biosorption capacity were determined at 90.24+0.11% and 135.36+0.19 mg.g™", respectively. Related
research on the removal of Reactive Black 5 dye by the B. cereus strain KM201428 reported that removal
efficiency increased with increasing contact time, reaching an optimum at 120 hr, with over 97% (Wanyonyi
et al. 2019). Furthermore, Thakur et al. (2018) demonstrated that B. cereus MSS2.8 and bioiron
nanoparticles achieved a Congo red removal efficiency of 98.7% at an initial concentration of 20 mg.L"!
within 32 hr.
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Fig. 1: Effects of initial Congo red concentration (a), biomass concentration (b), and time (c) on Congo red
biosorption.

3.4 Biosorption Isotherms

The biosorption isotherms, including the Langmuir and the Freundlich models, were used to describe the
mechanism of Congo red adsorption on the B. cereus MW13 surface and to determine the equilibrium
adsorption capacity at 240 min, as shown in Table 1. In addition, Fig. 2(a) and 2(b) illustrate the Langmuir
and the Freundlich equations, respectively. The theoretical data fit the Langmuir model, as indicated by the
highest linear correlation coefficient (R?). It reveals that Congo red was adsorbed onto the homogeneous
bacterial surface via monolayer biosorption (Alamri et al. 2025), with a high maximum adsorption capacity,
resulting in high effectiveness in Congo red removal using B. cereus MW13. Furthermore, the RL values
ranged from 0 to 1, confirming that the biosorption conditions were appropriate. Bag et al. (2021) reported
similar experimental data on the biosorption isotherm of the organic dye Acridine orange utilizing B. cereus

M'6.
3 @) 6 (b)
‘ y = 0.6215x + 1.7255
“ R?=0.9675 A
y = 0.0026x + 0.7207 | >
2 ‘ R?= 0.9852 5
3
g g
Q ‘ - A
(S ‘ 4
0 S : | | | |
0 100 200 300 400 500 600 3 4 5 6 7
Ce InC,

Fig. 2: Congo red biosorption isotherms: Langmuir (a)

and Freundlich (b) isotherms.

Table 1: Congo red biosorption isotherm parameters using B. cereus MW13.

Langmuir isotherm Freundlich isotherm

qm (mg.g™) ke (L.mg™) RL R? n ke R?

384.62 0.0036 0.32 0.9852 1.61 5.62 0.9675
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3.5 Biosorption Kinetics

Biosorption kinetics were utilized to explain the biosorption rate and dynamics of Congo red adsorption by
B. cereus MW13, including the pseudo-first-order, pseudo-second-order, and intraparticle diffusion models,
as shown in Fig. 3(a), 3(b), and 3(c), respectively. The pseudo-second-order kinetic model provided the
best fit, with the highest linear correlation coefficient (R?) and a close match between the calculated gecal
and the experimental ge, as illustrated in Table 2. This study revealed that Congo red adsorption was a
chemisorption process in which the dye anion bound to the bacterial cell surface (Wu et al. 2020).
Furthermore, the intraparticle graph did not pass through the origin, indicating the absence of intraparticle
diffusion. According to a previous study, the pseudo-second-order kinetic model was the best-fit model for
Congo red biosorption using B. subtilis HAU-KKO01 (Sarim et al. 2019) and B. subtilis-CuO nanocomposite
(Alamri et al. 2025), and for the organic dye Acridine orange using B. cereus M'ss (Bag et al. 2021).

2
(a)
| 2 (b)

y =-0.0075x + 1.7006
R? = 0.8907

1.5
1.5 y =0.0072x + 0.0528
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o
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Fig. 3: Kinetic model for Congo red biosorption: Pseudo-first-order kinetic (a), Pseudo-second-order kinetic
(b), and Intraparticle diffusion (c).

Table 2: Kinetic model parameters for Congo red biosorption using B. cereus MW13.

Biosorption kinetic models Parameters Values

Pseudo-first-order kinetic model Qecal (Mg.g™") 50.19
k1 (min™) 0.0173
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R? 0.8907
Pseudo-second-order kinetic model Qecal (Mg.g™") 138.89
k2 (9.mg".min"") 0.0313
R? 0.9994
Intraparticle diffusion model ki (mg.g™'.min""?) 4.3224
C (mg.g™") 78.81
R? 0.7906

3.6 SEM and TEM Analysis

The surface morphological characterizations of B. cereus MW13 before and after Congo red removal at an
initial concentration of 600 mg.L™, at the optimum of 240 min, were performed by SEM, as shown in Fig. 4.
Before treatment (Fig. 4(a)), the bacterial cells were rod-shaped with a smooth cell surface. In contrast,
after dye treatment (Fig. 4(b)), the cell surface was rough, and Congo red appeared to adhere to it. The
wrinkling of the bacterial cell surface was likely due to chemical interactions between the anionic
components of the Congo red and functional groups of the bacterial cell wall (Othman et al. 2025).
Similarly, B. cereus morphology has been observed in related studies (Diao et al. 2018, Park et al. 2019,
Bag et al. 2021, Li et al. 2023).

In addition, the internal structure of B. cereus MW13 before and after Congo red remediation is
presented in Fig. 5. The TEM micrograph of an untreated cell showed an intact cell wall and uniformly
distributed cytoplasm (Fig. 5(a)). After 240 min of Congo red exposure (Fig. 5(b)), the cell wall was thicker,
and numerous dark inclusion bodies were present in the cytoplasm. These observations indicated that the
apparent thickening of the cell wall may result from the binding of Congo red molecules to the cell surface
and cell wall functional groups (Pi et al. 2022).

¥ 10.0um" ASci 500KV 62w ¥5.00k SE

Fig. 4: SE micrographs of B. cereus MW13 before (a) and after (b) Congo red bioorption.
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Fig. 5: TEM micrographs of B. cereus MW 13 before (a) and after (b) Congo red biosorption.

3.7 FTIR Analysis

The functional groups of the B. cereus MW13 cell surface before and after Congo red treatment were
identified by FTIR, as illustrated in Fig. 6. Before dye exposure, the broad peak at 3289.48 cm presented
the stretching vibration of the O-H group in polysaccharides. C-H stretching vibrations (alkane) of the
methyl and methylene groups were detected at 2961.16 cm™' and 2929.34 cm', respectively. The weak to
medium peaks at 2359.96 cm™ and 2342.12 cm were attributed to C=N stretching (nitrile) and C=C
stretching (alkyne), respectively. The C=0 stretching (amide or carboxyl group) and C=C stretching
(alkene) appeared as strong peaks at 1652.21 cm™ and 1540.85 cm™, respectively. Other medium peaks
were detected at 1453.10 cm™, 1231.81 cm™", and 1044.27 cm", which were assigned to the stretching
vibrations of C-H bending, C-N stretching (amide II), and C-O-C stretching vibration in polysaccharides on
the bacterial cell wall (Gao et al. 2022, Shandookh, 2025), respectively. The related studies reported
similar functional groups on the B. cereus cell surface, including proteins, lipids, and carbohydrates (Bag et
al. 2021, Silfiani et al. 2022, Li et al. 2023, Othman et al. 2025). After dye exposure, the main functional
groups were shifted, resulting in decreased band intensity and changes in peak shape. The new vibration
peak at 1056.80 cm™ was assigned to S=O stretching of the Congo red molecule (Ellafi et al. 2023). These
results revealed that surface binding between Congo red molecules and cell-surface functional groups
occurred during biosorption.

140

120 \

-
o
o

=}
o
L

H
o
1

@ |

% Transmittance
(2]
o

N
o

(b)

0 T T T T T T T T T T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumbers (cm-)

Fig. 6: FTIR spectra of B. cereus MW13 before (a) and after (b) Congo red biosorption.

4. CONCLUSIONS
Nature Environment and Pollution Technology | Article in Press | www.neptjournal.com
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The study determined the effects of various factors on the biosorption performance of Congo red dye using
B. cereus MW13, isolated from mulberry paper mill wastewater in Northern Thailand. At suitable initial dye
concentrations, increasing biomass concentration and contact time led to higher removal efficiency. The
maximum biosorption capacity was achieved at 367.52+8.93 mg.g™'. At the equilibrium time (240 min),
monolayer adsorption onto homogeneous binding sites was described by the Langmuir model, and the
biosorption process followed chemisorption on the cell surface, as indicated by the pseudo-second-order
kinetic model and the absence of intraparticle diffusion. In addition, SEM and TEM micrographs obtained
after Congo red exposure revealed the deposition of dye molecules on the bacterial cell surface, together
with an apparent thickening of the cell wall and increased electron density within the cytoplasm. The
functional groups of bacterial cells, identified by FTIR, were responsible for active binding sites for Congo
red molecule adsorption. The results provide essential baseline data for future studies on the treatment of
actual mulberry paper mill wastewater. Future studies should investigate key operational parameters (pH,
temperature, salinity, ionic strength, and competing contaminants) and the toxicity of the treated dye
solution to verify the practical applicability and environmental sustainability of the biosorption process.
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