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Abstract 

Biosustainability, toxicity, and the potential for disruption of aquatic ecosystems and 

human health have made azo dyes into a serious environmental issue in industrial 

wastewater. In this context, a group of bacteria isolated from dye-contaminated 

wastewater was used in a moving bed bioreactor with polyurethane foam biocarriers for 

the biodegradation of Congo red azo dye. According to the EzBioCloud database 

(eztaxon), the dominant bacterium identified through DNA extraction, PCR, and 16S-

rRNA sequencing showed the highest similarity to Lysinibacillus Capsici PB300(T). The 

efficiency of dye and chemical oxygen demand (COD) removal in the MBBR was 

examined in relation to process time, filling ratio, and dye concentration. Dye removal in 

this system was optimized, maintaining the pH at 7 ± 0.2, the temperature at 35 ± 1.0 °C, 

and COD at 980 mg/L. The highest removal efficiencies for dye and COD were 92% and 

85.1%, respectively, after 72 hours at a dye concentration of 50 mg/L and a filling ratio of 

40%. Kinetic modeling was employed to study biodegradation. The R² value for the first-

order model was 0.9457, while for the second-order model it was 0.9791. The second-

order kinetic model (Grau's equation) provided a more accurate prediction of dye 

degradation in the MBBR system. This study confirms the successful degradation of 

Congo red azo dye using immobilized bacteria on Polyurethane foam (PUF) biocarriers in 

the MBBR bioreactor.
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1. Introduction
The industrialization of societies and the demand for 

dye-related products have led to increased pollution from 

wastewater discharge (Chauhan et al., 2024). Various 

industries utilize thousands of different dyes, with a 

significant amount entering the environment (Benkhaya 

et al., 2020). Synthetic dyes, such as azo dyes, are 

particularly problematic due to their stability and 

incomplete degradation (Mane et al., 2007). Congo red, 

an anionic azo dye, poses irreversible risks to living 

organisms (Siddiqui et al., 2023). Physicochemical 

techniques like irradiation and filtration are commonly 

used to remove azo dyes from wastewater, but they have 

limitations and generate harmful byproducts (Khandare 

et al., 2023). Biological treatment methods, on the other 

hand, offer a sustainable and cost-effective solution. 

These methods involve the use of microorganisms in 

bioreactors to degrade dyes through enzymatic processes 

(Tizazu et al., 2022). Biological treatment provides a 

viable alternative to overcome the challenges associated 

with physical and chemical methods for treating 

wastewater from dye-producing industries (Vikrant et 

al., 2018). 

Recent research has focused on identifying bacterial 

species capable of degrading azo dyes, such as 

Aeromonas sp., Lysinibacillus sp., and Pseudomonas sp. 

(Gopinath et al., 2009; Zheng et al., 2017). Enzymes like 

azoreductase and laccase are crucial in this process. 

Previous studies have shown the efficiency of 

Lysinibacillus Fusiformis in removing methyl red dye 

and Congo red dye (Sari and Simarani, 2019; Lal 

Maurya et al., 2022). Immobilized cell growth systems, 

where microorganisms are attached to biocarriers, have 

been found to enhance pollutant degradation rates 

compared to free-floating cells (Vasilieva et al., 2023). 

In one study, Bacillus Flexus GS1 IIT (BHU) bacteria 

and low-density polyethylene
1
 biocarriers were used in a 

packed bed bioreactor to degrade phenol (Swain et al., 

2021b). Another study focused on optimizing phenol 

biodegradation in a biofilm reactor using Bacillus 

Cereus GS2 IIT (BHU) bacteria and moving biocarriers 

(Swain et al., 2022). Modified plastic carriers, 

particularly polyurethane foam-polypropylene
2
, have 

shown high removal efficiency for naphthalene-

containing wastewater (Sonwani et al., 2019). PUF 

biocarriers have also been effective in degrading Orange 

7 dye (Swain et al., 2021a). This research aims to use 

PUF biocarriers with Lysinibacillus sp. biofilm in a 

moving bed bioreactor
3
 for the biodegradation of Congo 

red azo dye. The study will develop PUF biocarriers with 

a bacterial biofilm, optimize process variables, and 

evaluate the kinetics of dye removal. 

                                                 
1
 Low-Density Polyethylene (LDPE) 

2
 Polyurethane Foam-Polypropylene (PUF-PP) 

3
 Moving Bed Bioreactor (MBBR) 

2. Materials and methods 
2.1. Preparation of culture media and synthetic 

wastewater 
Congo red azo dye was purchased from Sigma-Aldrich 

Co. All chemical compounds used in culture medium 

and synthetic wastewater were purchased from Merck 

brand. Table 1 presents the chemical compounds used in 

mineral salt media
4
 and synthetic wastewater was 

prepared according to the values presented in Table 2. 

Glucose was used as the organic carbon source in 

synthetic wastewater. 
 

2.2. Isolation of potential Congo red dye 

degrading bacterial species 
Soil samples contaminated with wastewater from the 

Soof & Satin factory in Isfahan were collected and 

stored. Culture media were prepared using different 

concentrations of Congo red dye for the isolation of 

resistant bacteria. After a four-day incubation period, 10 

mL of the grown bacteria were inoculated into the 

secondary culture medium, and the potential bacteria 

grown in the 200 mg/L dye concentration were isolated 

using the streak plate method. 

 

2.3. Identification of the effective bacterial 

species in biodegradation 
The Microsynth Research Center in Switzerland 

conducted a molecular genetic analysis of a bacterial 

species. DNA was purified using the CTAB method, and 

a polymerase chain reaction
5
 was performed using 

forward and reverse primers. The 16S-rRNA sequence 

was uploaded to EzBioCloud's database, compared with 

existing sequences using the 16S-based ID algorithm, 

and aligned using the CustalW nucleotide alignment 

tool. Evolutionary analysis was performed using the 

Neighbor-Joining method in MEGA 11.0 software. 
 

2.4. MBBR specifications with polyurethane 

foam
6
 biocarriers 

The MBBR equipped with PUF biocarriers was used to 

study the Congo red azo dye and chemical oxygen 

demand
7
 removal efficiency. The parameters of pH, 

temperature and COD were set at constant values of 7 ± 

0.2, 35 ± 0.1 °C, and 980 mg/L, respectively. To enhance 

the biodegradation, bacteria from 250 mL Erlenmeyer 

flasks were added to the bioreactor system, facilitating 

biofilm formation. Over 20 days, glucose and Congo red 

azo dye were gradually added to the system until the 

desired values were reached. 

 

                                                 
4
 Mineral Salt Media (MSM) 

5
 Polymerase Chain Reaction (PCR) 

6
 Polyurethane Foam (PUF) 

7
 Chemical Oxygen Demand (COD) 
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Table 1. MSM bacterial culture 

Chemical 
compounds 

Nutrient 
Broth 

Glucose FeCl3 MgSO4 MNSO4.H2O CaCl2 KHPO4 K2HPO4 

Value 

(g/L) 
1.3 0.9 0.01 0.42 0.28 0.05 0.5 1.5 

 

Table 2. Types of materials and concentrations of compounds used in the preparation of synthetic wastewater 

Chemical 
compounds 

Glucose FeCl3 MgSO4 MNSO4.H2O CaCl2 KH2PO4 K2HPO4 

Value 

(g/L) 0.74-0.9
* 0.01 0.42 0.28 0.05 0.5 1.5 

* To maintain a constant COD of 980 mg/L, depending on dye concentration 

 

2.5. Analytical methods 
The study involved measuring Congo red dye 

concentration, and an analysis of COD, MLSS, biofilm 

morphology, and functional groups. The dye 

concentration was measured based on the absorbance at 

the peak wavelength of the dye (479.2 nm). COD and 

MLSS were measured using the APHA method. Palintest 

9100 spectrophotometer was used to measure the dye 

and COD values. Biofilm morphology was analyzed 

using a TESCAN scanning electron microscope, and 

functional group analysis was performed using FTIR 

spectroscopy. The study employed a PerkinElmer 

Spectrum RX 1 instrument for sample preparation, and 

IRpal software version 0.2 for analyzing the composition 

of the functional groups of the Congo red dye before and 

after treatment. 

 

2.6. Optimized ANN models 
This section describes two kinetic models used to 

analyze the removal of the dye: first-order kinetics and 

second-order kinetics. 
 

3. Results and discussion 
3.1. Identification of the Isolated Bacterial sp. 
The Congo red dye-degrading bacterium was identified 

through 16S-rRNA gene sequencing using the 

EzBioCloud database. The bacterium showed the highest 

similarity to Lysinibacillus Capsici PB300(T). The 

phylogenetic tree indicated the highest similarity 

between the bacterium and Lysinibacillus Sphaericus 

ATCC-4525 and Lysinibacillus Cresolivorans SC03 

EU043375. 
 

3.2. Morphological analysis of biofilm formation 

on PUF 
The morphological analysis of PUF carriers using 

Scanning Electron Microscopy
1
 revealed the presence of 

                                                 
1
 Scanning Electron Microscopy (SEM) 

 
irregular micropores on the PUF surface before biofilm 

formation. These micropores provided a large surface 

area for microorganisms to attach and form biofilms. 

SEM images on day 20 showed that the micropores were 

covered with thin layers of bacterial biofilm. This 

analysis confirmed the successful development of 

biofilm layer on the surface of PUF carrier, emphasizing 

the role of the porous structure in facilitating biofilm 

formation. 
 

3.3. Evaluating the effect of different parameters 

on dye and COD removal efficiency 

3.3.1. Impact of process time 
The role of process time in Congo red dye degradation 

was assessed. The results show a significant increase in 

the removal percentages (%RE) with increasing process 

time. As depicted in Fig. 1, the dye and COD removal 

efficiencies, respectively, reachedapproximately 55% 

and 5% after 2 hours to about 92% and 85% after 72 

hours. This is due to the presence of aerobic azo 

reductase enzymes in areas with high oxygen 

concentration, as well as the presence of low oxygen 

areas in the depth of the biofilm formed on mobile 

biocarriers. It should be noted that in the low oxygen 

environment, the reduction of the azo bond by aerobic 

bacteria and, subsequently, the decolorization of the 

Congo red azo dye is possible. 

 
3.3.2. Impact of filling ratio 
The filling ratio affected the performance of MBBR 
system in degrading Congo red dye. Higher filling ratios 
increased microbial density resulting in better dye 
removal. The dye removal percentage increased from 
60.24% at a 20% filling ratio to 91.43% at a 40% filling 
ratio after 72 hours (Fig. 2).  
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Fig. 1. Percentage of dye and COD removal in the MBBR with PUF biocarriers 

(filling ratio of 40%) over a 72-hour period 
 

 

Fig. 2. Percentage of dye removal in the MBBR with PUF biocarriers under different 

filling ratios (initial dye concentration: 50 mg/L) 

 

An increase in the percentage of filling with 

biocarriers, leads to more biofilm growth in the 

biological system, and increases the population of 

bacteria in both the low oxygen and high oxygen areas of 

the biofilm. Consequently, this leads to an increase in the 

rate of azo bond reduction and dye decomposition. 
 

3.3.3. Impact of initial dye concentration 
Three initial dye concentrations of 50, 100 and 150 mg/L 

 were examined. The results showed that the dye 

removal efficiency decreases with an increase in the 

initial dye concentration. The highest dye removal 

efficiency of 92% was obtained for the dye concentration 

of 50 mg/L, while the lowest efficiency of 86% was 

achieved for the maximum dye concentration of 150 

mg/L (Fig. 3).  

This decrease can be attributed to the fact that high 

levels of azo dye pollutants can disrupt the metabolic 

processes of microbes and reduce the production of 

enzymes involved in dye decomposition. 

 

 

Fig. 3. Percentage of dye removal in the MBBR with PUF biocarriers (filling ratio of 40%) 

under different dye concentrations 
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3.4. Kinetic analysis of Congo red dye 

degradation 
The kinetic analysis of Congo red dye degradation was 

investigated using first-order and second-order kinetic 

models. The obtained results show a better fit of the 

second order kinetic (R
2
=0.979) than the first order 

kinetic (R
2
=0.946) on the data obtained from the process. 

 
3.5. FTIR analysis of Congo red dye before 

and after treatment 
The FTIR analysis of Congo red dye before and after 

treatment in the MBBR system revealed distinct peaks at 

various wavelengths. The treated dye showed new peaks 

and changes in peak positions and intensities, indicating 

successful dye degradation. 

 

4. Conclusions 
This study evaluated the efficiency of a MBBR equipped 

with PUF as a biocarrier for COD and Congo red azo 

dye removal. The dominant microbe, Lysinibacillus 

Capsici PB300(T), achieved the highest dye removal 

efficiency of 92% over 72 hours under initial dye 

concentration of 50 mg/L and 40% biocarrier filling 

ratio. The second-order kinetic model showed better fit 

to the experimental data than the first-order model. FTIR 

studies confirmed the successful degradation of Congo 

red dye in the MBBR. 
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Table 1. Mineral salts medium bacterial culture

Chemical 
compounds 

Nutrient 
broth Glucose FeCl3 MgSO4 MNSO4.H2O CaCl2 KHPO4 K2HPO4 

Value (g/L) 1.3 0.9 0.01 0.42 0.28 0.05 0.5 1.5 

 

Table 2. Types and concentrations of materials used in the preparation of synthetic wastewater 

Chemical 
compounds Glucose FeCl3 MgSO4 MNSO4.H2O CaCl2 KH2PO4 K2HPO4 

Value (g/L) 0.74-0.9
*

 0.01 0.42 0.28 0.05 0.5 1.5 
* In order to maintain a constant COD of 980 mg/L, depending on dye concentration 
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b) a) 

Fig. 1. Schematic (a) and photo (b) of moving bed bioreactor equipped with polyurethane foam biocarriers 
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Fig. 2. The bacterial species Lysinibacillus Capsici PB300(T) isolated from a dye-contaminated site and its 
phylogenetic tree constructed by evolutionary analysis using the neighbor-joining (NJ) 

method based on 16S-rRNA sequence 
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Fig. 3. Images of PUF biocarriers by a SEM: a) before biofilm immobilization 
(Day zero) and b) after biofilm formation (Day 20) 

PUFSEMa

b

Fig. 4. Percentage of dye and COD removal in the MBBR with polyurethane foam biocarriers
(filling ratio of 40%) over a 72-hour period 
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Fig. 5. Percentage of dye removal in the MBBR with polyurethane foam biocarriers under 

different filling ratios (initial dye concentration: 50 mg/L)
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Fig. 6. Percentage of dye removal in the MBBR with polyurethane foam biocarriers
(filling ratio of 40%) under different dye concentrations 
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Table 3. The results of the bioreactor MBBR used for the biodegradation of Congo red azo dye and its comparison with the results of other research 

Dye 
Initial dye 

concentration 
(mg/L) 

Initial COD 
concentration 

(mg/L) 

Process 
time (h) 

Microbial sources Bio-reactor type Bio-carrier type 
Dye 

removal 
(%) 

COD 
removal 

(%) 
References 

Acid Red 18 100 1000 48 
Mixed culture (municipal 

wastewater treatment plant) 

Sequential 
anaerobic-aerobic 

bioreactor 

Volcanic pumice 
stones 

95 92 
(Hosseini 

Koupaie et al., 
2013) 

Congo Red 200 1400 24 
Bacteria culture isolated from 

dye-contaminated soil 
Aerobic-anaerobic 

RFBB 

Low-density 
polyethylene 

foam 
97.28 53 

(Chaturvedi et 
al., 2021) 

Congo Red 50 - 96 
Bacteria culture isolated from 

dye-contaminated soil 
(Lysinibacillus Fusiformis) 

PBBR 

Polyurethane 
sponge composite 

with hydrogel 
and active carbon 

92.24 - 
(Maurya et al., 

2022) 

Acid Blue 113 150 - 48 
Bacteria culture isolated from 

dye-contaminated soil 
(Lysinibacillus Macrolides) 

Aerobic MBBR 
Chemically -

modified 
polypropylene 

83.75 - 
(Maurya et al., 

2023) 

Brilliant Green 200 - 3.33 
Bacteria culture isolated from 

 dye-contaminated soil 
(Bacillus Licheniformis) 

PBBR 
Low-density 
polyethylene 

foam 
85.2 - 

(Tripathi et al., 
2023) 

Congo Red 50 980 72 
Bacteria culture isolated from 

dye-contaminated soil 
(Lysinibacillus Capsici) 

Aerobic MBBR 
Polyurethane 

foam 
92 85.1 

Current 
research 
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Fig. 7. Congo red dye removal kinetics for a) first-order model and b) second-order model 
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Fig. 8. FTIR spectra of Congo red dye and a sample of the same dye after biodegradation 
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