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Biodegradation of Indanthrene 
Blue RS dye in immobilized 
continuous upflow packed bed 
bioreactor using corncob biochar
Swati Sambita Mohanty* & Arvind Kumar

The current study describes the aerobic biodegradation of Indanthrene Blue RS dye by a microbial 
consortium immobilized on corn-cob biochar in a continuous up-flow packed bed bioreactor. The 
adsorption experiments were performed without microbes to monitor the adsorption effects on 
initial dye decolorization efficiency. The batch experiments were carried out to estimate the process 
parameters, and the optimal values of pH, temperature, and inoculum volume were identified as 10.0, 
30 °C, and 3.0 ×  106 CFU  mL−1, respectively. During the continuous operation, the effect of flow rate, 
initial substrate concentration, inlet loading rate of Indanthrene Blue RS on the elimination capacity, 
and its removal efficiency in the bioreactor was studied. The continuous up-flow packed bed bioreactor 
was performed at different flow rates (0.25 to 1.25 L  h−1) under the optimal parameters. The maximum 
removal efficiency of 90% was observed, with the loading rate varying between 100 and 300 mg  L−1 
 day−1. The up-flow packed bed bioreactor used for this study was extremely useful in eliminating 
Indanthrene Blue RS dye using both the biosorption and biodegradation process. Therefore, it is a 
potential treatment strategy for detoxifying textile wastewater containing anthraquinone-based 
dyes.

Rapid urbanization increases the demand for fast industrialization, thereby causing problems for the envi-
ronment. The release of immense amounts of wastewater from the industrial sector decreases freshwater 
 availability1,2, thus leading to pollution issues worldwide if not appropriately treated. Industries such as textile, 
printing, tannery, paint, plastic, cosmetics enormously used synthetic dyes because of their intense and solid 
colors. O’Neill et al. 1999 stated the recognizable amount of colors in water to be higher than 1 mg  L−13. Gener-
ally, 100.000 synthetic dyes and dyestuffs are utilized by dyeing  industries4, and nearly 10–15% of the unfixed 
dyes are released to the water stream directly without being treated. The entry of untreated textile effluents into 
the water bodies alters the pH, BOD, COD and reduces the sunlight  penetration5, and thereby disturbs the 
biodiversity of that system.

Based on the classification of dyes, their disposal into the water stream ranges from 2% (basic dyes) to 
50% (reactive dyes) of the initial dye  concentration3,6. Among these reactive dyes, azo and anthraquinone dyes 
represent a significant group of synthetic  dyes7. Their complex structure makes them highly toxic and resists 
 degradation8,9. Anthraquinone dyes are among the major groups of colored pollutants highly resistant to degra-
dation due to the presence of the fused aromatic rings, which help them to remain colored for a longer  time10–12. 
They represent about 15% of total dyes are water-insoluble due to the existence of the chromophoric group 
designed by the conjugation of C=O and C=C13,14. Among the anthraquinone dyes, “Indanthrene Blue RS,” com-
monly used for cotton and silk dyeing, is primarily observed in the wastewater of textile industries.

Various physicochemical methodologies such as adsorption, oxidation, coagulation, precipitation, and mem-
brane  filtration15 employed for decolorization of textile effluents are cost-intensive, less efficient, and result in 
large aggregates of secondary  pollutants16,17. Therefore, there is a burgeoning demand to establish cost-effective 
methods to decolorize these polluting dyes. Biological processes using bacteria, algae, yeast, and fungi are excel-
lent alternative methods compared to physicochemical methods in decolorizing textile effluents. They have less 
operational cost, are eco-friendly, and under optimal operating conditions, produce less sludge compared to 
other  methodologies18,19. This biodegradation process has become a promising method as it completely decol-
orizes the dye and transforms them into a non-toxic chemical  form20,21. Under optimized, aerobic or anaerobic 
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conditions using microorganisms, a significantly high percentage of decolorization and degradation of dyes can 
be  achieved22–24.

The bioremediation of textile wastewaters is continuously expanding within environmental biotechnology 
as it is fast and efficient. Pure bacterial strains generally are incapable of degrading the dyes completely, pro-
ducing carcinogenic aromatic amines as intermediates, which further need to be  decomposed25. It’s crucial to 
scale up and maintain pure cultures for wastewater treatment systems in large-scale26. In the recent past, many 
consortiums having enhanced degradation abilities have been studied. The microbial consortium has been 
used over pure cultures for dye degradation as it possesses a high degree of mineralization and  biodegradation7 
due to the synergistic interaction in the metabolism of the bacterial community. In a consortium, the bacterial 
strains metabolize the molecular structure of dye by attacking at various positions of the aromatic rings or by 
using metabolites formed by the dominant strains to degrade  further27,28. Nowadays, trials on bacterial-bacterial 
synergism are being utilized to develop new environmentally-friendly abatement technologies to degrade the 
textile dye wastes without producing toxic metabolites.

Bioreactors are the basis of all biotransformation processes, such as the production of vaccines, enzymes, 
nutrients, etc., and biodegradation  activities29. Various biodegradation assays of dye were performed using 
reactors in batch mode, but continuous reactors are recognized as more efficient and appropriate for real-time 
 applications30. Simultaneous biosorption processes and biodegradation (BB) were established to remove high 
concentration dyes involving adsorption followed by biological treatment. Using this advanced treatment strategy 
effectively removes the contaminants converted into harmless compounds in the bioremediation process. The BB 
process is an economically feasible, highly effective, and environmentally friendly process and has advantages 
in practical applications compared to other conventional  techniques31. The efficiency of a continuous reactor 
can be increased under optimal conditions by using packing  materials32,33. A continuous method for effluent 
treatment needs to be developed by considering the large-scale elimination of anthraquinone dyes, mainly from 
the textile industry, into the waterways. Continuous mode bioreactor operations for effluent degradation under 
aerobic conditions require immobilized biofilms suspended to biological systems. Biofilms can be developed 
by encapsulating the microorganisms into the packing material, which supports growth. This immobilization 
system has been reported to be better than the free cell system as it offers a high loading rate and inhibits bio-
mass washout. The other advantages of using this technology include higher stability, reduced land usage, lower 
operational cost, and waste  recycling34. Therefore, it is difficult to find efficient treatment technologies for the 
dyeing industries to meet the environmental sustainability requirement. Immobilized cell technology has become 
an accepted method for treating dye wastewaters and thereby has achieved increasing attention. Studies on dye 
biodegradation have been reported to be primarily done in batch reactors.

Moreover, continuous reactors are effective and appropriate for real-time  operation30. The continuous reac-
tor efficiency could be improved by optimal operating conditions in packed bed  mode32. Over several years, 
activated carbon was used for wastewater treatment. It provides a support matrix for biofilm development and 
a large surface area to adsorb substances passing through the  reactor35,36.

Pyrolyzed biomass, commonly referred to as biochar, is an alternative to activated carbon, which is explored 
as a low-cost strategy for treating wastewater. Biochar is a carbon-rich compound synthesized by the break-
down of various organic waste  materials37. It has been observed that a wide variety of agricultural waste, such 
as wheat straw, bamboo, rice straw, coffee husk, and coconut shell can be used as biomass feedstock for biochar 
 generation13,38,39. Due to the abundant production and low expenses of these wastes, converting them into bio-
char contributes significantly to environmental sustainability and increases the economic viability of their wide 
applications. The advantages of biochar in dye treatment techniques have already been  validated30,40. Initially, 
mass transfer of contaminants from an aqueous solution to the surface of an immobilized carrier was expedited 
using biochar  adsorption39,41. Finally, when active microbes were immobilized with biochar, the immobilized 
microbial multiplication was boosted, significantly increasing the elimination of  pollutants42. Biochar, compared 
to traditional carrier materials are more effectively reduces the stress of adverse environmental conditions and 
enhances the activities of  microorganisms43. As a result, it is suggested that biochar will considerably increase 
the practical viability of microbial immobilization for treating textile wastewater.

Corn-cob (CC) biochar has been identified as a suitable matrix for immobilizing the bacterial cells in the 
continuous flow bioreactor. It facilitates the adsorption of a large number of bacterial cells and biofilm formations, 
both inside and on the surface of the  biochar37. To date, no work has been reported on the aerobic bioremediation 
of Indanthrene Blue RS using CC-biochar in continuous up-flow packed-bed bioreactors. In the present study, 
Indanthrene Blue RS dye biodegradation was performed by immobilizing cells on CC-biochar. In an up-flow 
packed bed bioreactor (UFPBBR), continuous studies were performed to evaluate its effect on biodegradation 
using consortium-BP. Process parameters, including initial dye concentration, inoculum volume, and flow rate, 
were optimized for maximum degradation efficacy. The performance of the reactor efficiency was evaluated with 
immobilized cells operated in batch and continuous mode. The UV–vis spectrophotometer was used to measure 
the percentage of decolorization. Cells immobilized on CC-biochar continuously removed a high concentration 
of Indanthrene Blue RS (500 mg  L−1) by using the BB process. The findings suggest that this BB process is more 
effective than conventional treatment approaches and has higher effectiveness.

Materials and methods
Dyes and chemicals. The textile anthraquinone vat dye, Indanthrene Blue RS, was procured from Sigma-
Aldrich, India. The composition of liquid mineral‐base medium (MBM) includes  NaNO3 (0.3%), KCl (0.05%), 
 K2HPO4 (0.1%),  MgSO4 (0.05%), and yeast extract (0.02%) with glucose (1%). The alkaline pH of the media was 
maintained by using sterilized NaOH (1 M). The chemicals and media components used in these experiments 
were of analytical grade.
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Microorganisms and culture conditions. The isolation of a pure culture of Bacillus flexus TS8, Proteus 
mirabilis PMS, and Pseudomonas aeruginosa NCH were carried out from the textile wastewater under labora-
tory conditions. Under aerobic conditions, the culture was grown in a 250 mL flask, each containing 100 mL of 
nutrient broth, and was incubated at 30 °C for 24 h. The consortium-BP was prepared by aseptically transferring 
24 h grown culture (50 mL) of each strain into 250 mL flasks to retain the equal number of cells in both the pure 
culture and the consortium, respectively.

Evaluation of corn-cob biochar as a packing material. The corn-cob was pyrolyzed at 400  °C to 
prepare biochar and was used as a supporting material for microbial immobilization. The biochar was sterilized 
before use by autoclaving for 15 min at 15 psi (121 °C) to ensure that microbes were not involved during the 
adsorption process. FT-IR analysis by KBr pellet technique was performed to assess the presence of functional 
groups in biochar before and after adsorption using the Thermofisher Scientific, Nicolet IS10 in ATR mode (with 
the 16-scan speed in the mid-IR range of 400–4000  cm−1). CHNS analysis was carried out to determine the com-
position of existing elements in biochar, such as carbon, hydrogen, nitrogen, and sulfur (Elementar Analysen 
Systeme, Germany/Vario EL). SEM analysis (JEOL JSM-6084LV) determines the surface morphology of the 
biochar. Biochar porosity, surface area, and adsorption volume were evaluated using a BET analyzer (Quanta 
chrome/AUTOSORB-1).

The corn-cob biochar (CC-biochar) has also been examined for the adsorption and desorption of the Indan-
threne Blue RS dye packed in the column. For adsorption experiments, 2.5 g of CC-biochar was added with 
Indanthrene Blue RS (100 mg  L−1) to 100 mL of MBM. The flasks were incubated in an isothermal shaker 
(120 rpm) at room temperature. The samples were withdrawn at a regular time interval (30 min) for 4 h. The 
supernatant was then centrifuged at 8000 rpm for 10 min. The percentage of dye removal was measured spectro-
photometrically at 520 nm. The desorption experiments were carried out by subsequently drying and transferring 
the spent CC-biochar sample into NaCl solution (100 mL) (Voudrias et al.44). The flasks were incubated in an 
isothermal shaker, and the study was carried out as specified in adsorption experiments. The final concentrations 
of desorbed dye were determined spectrophotometrically at 520 nm.

Adsorption study. In Erlenmeyer flasks of 250 mL, this study was conducted by subsequently changing 
the initial dye concentrations (25 to 150 mg  L−1), contact time (5 to 240 min), adsorbent dose (0.2 to 2 g  L−1), 
and temperature (25 to 50 °C). A UV–vis spectrophotometer was used to measure the dye concentration in the 
supernatant at 520 nm. The quantity of dye adsorbed by the unit weight of CC-biochar at time t, qt(mg/g) and 
the percentage of removal of dye, R was determined as follows:

where C0 and Ct (mg  L−1) represents dye concentrations at the initial and any time (t, min), V, qt , and W represents 
the volume of the solution (L), the adsorbed amount (mg  g−1) at any time (t, min), and the mass of adsorbent 
(g), respectively.

Adsorption isotherms. The adsorption isotherms were determined by adding 1 g  L−1 of CC-biochar in 100 mL 
dye solution with varying concentrations (25, 50, 100, and 150 mg  L−1). pH 10.0 was maintained, and the experi-
ment was performed for 240 min with continuous shaking at 30 °C to validate the equilibrium time. After 90 min 
incubation, the solution reached equilibrium. The difference between the two concentrations determined the 
quantity of adsorbed dye (mg  g−1) on the surface of the adsorbent.

The Freundlich and Langmuir isothermic equations were used to evaluate the experimental equilibrium data 
for Indanthrene Blue RS adsorption. The Langmuir isotherm model is established on the presumption that the 
adsorbent has monolayer coverage on the outer surface of the adsorbent can be defined linearly as:

where KL is the adsorption energy-related Langmuir constants, qm is the maximum adsorption capacity. The 
linear plot of  1/qe Vs. 1/Ce can be used to derive the values of KL and qm.

The Freundlich isotherm refers to heterogeneous adsorption surfaces. The following equation represents the 
linear form of freundlich isotherm as:

where KF (mg  g−1) is the Freundlich isotherm constant related to the adsorbent’s adsorption capacity, n is the 
Freundlich isotherm constant associated with the adsorbent affinity.

Adsorption kinetics. The Indanthrene Blue RS adsorption on the surface of the CC-biochar was evaluated using 
the basic kinetic models to study the adsorption process. In this study, kinetic models of the pseudo-first-order 
and pseudo-second-order are evaluated to identify the best fit model for the observed data.

(1)qt =
(C0 − Ct) × V

W

(2)R% =
(C0 − Ct)

C0
× 100

(3)
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Pseudo-first-order kinetic model. The kinetic model of the pseudo-first-order equation stated that over time, 
the solute adsorption rate was related to the variation in the concentration of saturation and the adsorbed quan-
tity. In most situations, the adsorption mechanism followed by diffusion over a boundary obeys the pseudo-first-
order kinetic rate equation. The linear relation between the adsorbed dye  qt (mg/g) and time t is described as:

The pseudo-first-order kinetic rate constants qe (mg  g−1) and k1  (min−1) are calculated from the intercept and 
the slope of the graph obtained from ln

(

qe − qt
)

 vs. t.

Pseudo-second-order kinetic model. The kinetic model of the pseudo-second-order equation fits the adsorp-
tion mechanism, with chemisorptions becoming the rate-control. The pseudo-second-order model may define 
the linear form of adsorption kinetics as:

The t/qt vs. t plot provides a straight line with 1/qe as slope and 1/K2qe as intercept. The K2 value is computed 
from the intercept slope using qe estimated from the slope.

Microbial growth and degradation of Indanthrene Blue RS in immobilized cell batch experi-
ments. The microbial growth was obtained by inoculating consortium-BP in the MBM medium. The degra-
dation studies were carried out by adding a 5% (v/v) inoculum volume to various Indanthrene Blue RS concen-
trations. An aliquot (2 mL) was withdrawn at a regular interval and was harvested by centrifuging at 8000 rpm 
for 10 min for separation of cell biomass. The decolorization efficiency was measured spectrophotometrically 
by observing the culture supernatant at 520 nm (Shimadzu, UV-1800). The percentage of decolorization was 
defined as:

Parameter optimization. Batch studies were carried out to optimize the process parameters such as pH 
(6.0 to 12.0), temperature (20 to 40 °C), and inoculum volume (1.0 ×  106 to 5.0 ×  106 CFU  mL−1). The parameters 
were varied at a fixed concentration of Indanthrene Blue RS (200 mg  L−1). All the studies were performed in 
triplicates.

Effect of dye concentration in the immobilized cell batch reactor. Indanthrene Blue RS dye decol-
orization was performed at varying dye concentrations using immobilized consortium cells in batch bioreactors 
at the optimal process parameters. The CC-biochar was used as the immobilization media. Such studies were 
performed to determine the maximum tolerated level up to which the microbes can actively degrade the dye 
without inhibition of the substrate and other possible toxic effects. The Indanthrene Blue RS dye decolorization 
studies were performed at concentrations ranging from 100 to 700 mg  L−1.

Up-flow packed bed bioreactor set up and operation. An up-flow packed bed bioreactor (PBBR) has 
been designed with a flat base using Perspex glass (Fig. 1) with 60 cm long and 8 cm in diameter, respectively. 
The PBBR consists of an inlet feed tank, peristaltic pump, air compressor, outlet tank, CC-biochar, and a reactor 
with a sampling port. The PBBR was operated under aerobic conditions by providing purified air in the bed. 
The biochar was packed across two tube grooves up to a height of 20 cm and was covered at the base by sieves 
(metal) of < 0.5 μm size and cotton (saturated with dye). The bioreactor was loaded with 400 g of CC-biochar 
with 3016 mL and 1005 mL of the total volume and working volume, respectively. The microbial culture in the 
liquid mineral-base medium was circulated to immobilize the bed adequately with consortium cells through the 
peristaltic pump. The medium was supplied to the bioreactor upward to prevent channeling effects and increased 
retention time. The airflow rate of 0.1 LPM was maintained and supplied by an air compressor at 30 ± 3 °C (room 
temperature).

The bioreactor was subsequently operated with 500 mg  L−1 of Indanthrene Blue RS dye solution in continuous 
mode from a feed tank of 25 L. The varying feed rate (0.25 to 1.25 L  h–1) was maintained for proper distribution 
using a peristaltic pump. The bioreactor inoculum was 10% of the volume having 3.0 ×  106 CFU/mL. The optimal 
parameters achieved from the batch experiments were considered for the bioreactor operation. The Indanthrene 
Blue RS decolorization was performed over 20 days. The samples were withdrawn on complete decolorization, 
centrifuged at 7168×g for 10 min, and quantified using UV–vis spectroscopy.

Degradation analysis and performance equations. After complete decolorization, the supernatant 
was separated by centrifuging 50 mL of the culture medium at 7168×g for 10 min. The extent of decolorization 
was determined at 520 nm using a UV–vis spectrophotometer. The PBBR performance in the continuous mode 
was calculated under optimal conditions and at varying inlet loading rates in the form of elimination capacity 
(EC) and removal efficiency (RE) and defined by:

(5)ln
(

qe − qt
)

= lnqe − k1t

(6)
t

q
=

1

K2qe2
+

1

qe
t

(7)%Decolorization =
(Initial absorbance − Final absorbance)

Initial Absorbance
× 100
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where Cin and Cout represents the inlet and outlet concentrations of Indanthrene Blue RS. Q, V represents the 
volumetric feeding flow rate and the working volume, respectively.

Results and discussion
Biochar characterization and analysis. The efficiency of biochar’s sorption depends mainly on the 
chemical reactivity and functionality of the biochar surface and its porosity. Therefore, a detailed understand-
ing of the functional groups on the biochar surface allows for a better interpretation of the sorption process. 
When the biomass is heated to 350 to 650 °C, the chemical bonds break and rearrange, forming new functional 
 groups41. The FT-IR analysis of the biochar indicates the participation of the stretching vibration of C–C (qui-
nones) and N–H (amine) at 1101.1  cm−1 and 3471.2  cm−1, respectively, correspond to the N–H (amine) bending 
vibration at 1602.6  cm−1 before  biosorption45,46 (Supplementary Fig. 1). The FT-IR spectrum shows that biochar 
is represented by oxygenated hydrocarbons functional groups, reflecting the carbohydrate composition of cel-
lulose and  hemicelluloses46. The presence of the functional group after sorption results in the stretching vibra-
tions of =C–O (ketones, aldehydes, and esters), C–N (nitrile), C–H (alkyl), O–H (alcoholic and phenolic), and 
N–H (amine) at 1051.0 and 1708.6  cm−1, 1261.2  cm−1, 1386.5  cm−1, 3235.9  cm−1, and 3398.1  cm−1, respectively, 
correspond to the bending vibrations of –C–H (alkyl), N–H (amine) at 1386.5  cm−1 and 1579.4  cm−1 (Supple-
mentary Fig. 1). The FT-IR spectrum exhibited the appearance or shifting of few peaks after the adsorption of 
Indanthrene Blue RS dye on the CC-Biochar.

The spectral analysis of CHNS (after sorption) resulted in an increase in the significant components of the 
respective samples: Carbon (70.97%), Hydrogen (1.22%), and Nitrogen (14.96%), and thus indicating its adsorp-
tion. On increasing the pyrolysis temperature, there is an increase in the carbon content of the  biochar38,47. The 
high carbon content of the biochar possibly suggests that it still contains a specific quantity of organic plant 
residues from plants (cellulose)48. Supplementary Table 1 illustrates the elemental analysis of corn-cob biochar 
before and after treatment.

The surface morphology of the CC-biochar sample revealed an adequate number of free pores or adsorption 
sites on the surface using a scanning electron microscope (SEM) (Supplementary Fig. 2). All these pores represent 
the efficiency of dye biodegradation by microbial strain on the biochar surface. After pyrolysis, the morphol-
ogy of CC-biochar was observed, and it revealed that biochar has a porous surface that facilitates bacterial cell 

(8)%Removal Efficiency(RE) =
Cin − Cout

Cin

(9)Elimination Capacity(EC) = Q
Cin − Cout

V

(10)Inlet Loading Rate(ILR) =
Cin

V
Q

Figure 1.  The schematic diagram for up-flow packed bed bioreactor in continuous mode.
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growth and biofilm formation. SEM images captured at 20,000 × displayed the biofilm formation on the corn-cob 
biochar surface. Also, higher bacterial cell density was observed within the corn-cob biochar when thin biochar 
cross-sections were examined under SEM (Supplementary Fig. 3).

BET analysis concluded the surface area of 26.17  m2  g−1, an average pore diameter of 5.25 nm, and a total 
pore volume of 0.08  cm3  g−1, which was higher than that of the previous studies reported for biochar. The surface 
area is one of the most significant properties of biochar and depends on feedstock  type49,50. Furthermore, the 
degradation of aliphatic alkyls and ester groups, and the exposure of the aromatic lignin core to higher pyroly-
sis temperatures, would result in an increased surface  area51. The adsorption of organic contaminants into the 
biochar depends on the total volumes of the micropores and mesopores. The adsorption is further accelerated 
as the ionic radius is small, leading to the increased adsorption capacity of the  biochar39,43. The biochar surface 
is generally negatively charged owing to the dissociation of functional groups containing oxygen, which causes 
electrostatic attraction between Biochar and positively charged  molecules39,52. Rafiq et al. 2016 reported that an 
increase in temperature increased the biochar surface  area53. The pore-blocking compounds are washed off or 
thermally damaged with rising pyrolysis temperature, increasing the surface area, which is readily accessible. As 
the temperature rises, the porosity of biochar increases because of lignin decomposition, the rapid production 
of  H2 and  CH4, and the aromatic condensation  reaction54,55. Supplementary Fig. 4 presented the BET surface 
area plot for corn-cob biochar.

Stand-alone adsorption studies of the packing material in batch mode. Effects of contact time 
and initial dye concentration, adsorbent dose, and temperature. Before using the corn-cob biochar as the pack-
ing material, adsorption studies were performed without microbes to evaluate the adsorption efficiency in re-
moving the dye. Indanthrene Blue RS dye adsorption studies were conducted at different concentrations using 
corn-cob biochar (Fig. 2a). At varying initial dye concentrations, an increase in the decolorization efficiency was 
observed with a fixed dose (1 g  L−1) and temperature (30 °C). The study showed that equilibrium was attained 
within 90 min (1.5 h). Afterward, no significant changes in the degree of adsorption were found. Indanthrene 
Blue RS concentration decreases significantly as the incubation time increases. This finding suggested that the 
use of CC-biochar alone could partially remove Indanthrene Blue RS. More than 80% adsorption was measured 
for an initial concentration of up to 50 mg  L−1, while the dye removal percentage was reduced to 78% and 69% 
for 100 and 150 mg  L−1, respectively. In the above observation, it is apparent that the adsorption is very fast for 
the lower initial dye concentration. The adsorption capacity of corn-cob biochar for an initial dye concentra-
tion of 25, 50, 100, and 150 mg  L−1 was found to be 7.28, 9.81, 4.78, and 2.22 mg  g−1, respectively. The percent 
removal of dye reduces with a rise in initial concentration. This result was in agreement with that reported by 
Zheng et al.,  201731. It needs a longer time to achieve equilibrium, and with an increased concentration of dyes, 
competition for active adsorption sites will increase, and the adsorption process will slow down  further30,56. It 
can be defined better by an adsorption mechanism where the dye molecules first enter a boundary layer, then 
diffuse to the adsorbent surface from the boundary layer film, and lastly diffuse through the adsorbent’s porous 
 structure38. The other reason for this may be attributed to the water constraints such as cationic and anionic 
ions that significantly affected the adsorption capability of an adsorbent for effective dye  removal44,57,58. Water 
containing cationic and anionic ions may compete with dye molecules for active sites on the adsorbent  surface58. 
These competitions reduce dye adsorption capacities, causing it to become saturated  quickly59.

Figure 2b shows the effect of adsorbent dose (ranging from 0.2 to 2.0 g  L−1) on the dye adsorption capacity at 
three varying initial dye concentrations 50, 100, and 150 mg  L−1. At first, the significant rise in adsorption with 
the increased dose can be due to the increased surface area and availability of more adsorption sites. After the 
critical dose of 1 g  L−1, the adsorption rate is slowing increasingly. The percentage of dye removal is increased 
as there is rapid superficial adsorption on the adsorbent surface at a higher adsorbent dose, resulting in a lower 
concentration of the solute in the solution than when the adsorbent dose is low. Similarly, as the initial dye 
concentration for constant adsorbent dose increases, the adsorption of dye increases due to more dye molecules 
in the  solution60.

Figure 2.  Effects of contact time and initial dye concentration, adsorbent dose, and temperature on 
Indanthrene Blue RS adsorption.
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The effect of temperature on the adsorption of Indanthrene Blue RS is presented in Fig. 2c. The studies were 
performed at three varying concentrations of dye (50, 100, and 150 mg  L−1) and four different temperatures (25, 
30, 40, and 50 °C) utilizing 1 g  L−1 of adsorbent dose. It was observed that as the temperature rises from 25 to 
30 °C, there was an increase in the adsorption rate. When the temperature rose from 35 to 50 °C, no significant 
difference in the removal percentage was  observed61. Hence, the effect of temperature on Indanthrene Blue RS 
decolorization is negligible.

The above results, therefore, suggest that the use of corn-cob biochar as an adsorbent is not an effective 
method since the adsorbent will soon become saturated due to the low adsorbent capacity.

Adsorption kinetics and isotherms. The kinetic parameters were evaluated using linear plots of pseudo-first-
order, pseudo-second-order kinetic models (Fig.  3a,b). The parameters were determined, as presented in 
Table 1. The plot of ln

(

qe − qt
)

 vs. t will present a straight line with −k1 and lnqe as slope and intercept, allow-
ing to evaluate the adsorption rate constant k1 and equilibrium adsorption capacity qecal (Fig. 3a). It was found 
that the experimental data point does not fit a straight line and the values determined for k1 and qecal are given 
in Table 1. Hence, it can be inferred from the findings that the kinetics of Indanthrene Blue RS adsorption on 
corn-cob biochar is not likely to follow the pseudo-first-order kinetic model and thus not a diffusion-controlled 
phenomenon.

The t/qt vs. t plot gives a straight line with 1/qe , and 1/
(

k2qe
2
)

 as slope and intercept are presented in Fig. 3b. 
The k2 value is estimated from the intercept using qecal value determined from the slope. Table 1 shows the esti-
mated value of k2 , qecal , and their respective regression coefficient  (R2) values. The  R2 value is 1.00 for 25 and 
50 mg  L−1 and almost unity (0.99) for 100 and 150 mg  L−1 of Indanthrene Blue RS, indicating that the Indanthrene 
Blue RS adsorption kinetics follow pseudo-second-order kinetic model. It may also be observed from Table 1 
that  qecal values are very close to  qeexp values that were obtained experimentally. Therefore, it can be stated that 
the pseudo-second-order kinetic model can describe the Indanthrene Blue RS adsorption on CC-biochar better 
than the pseudo-first-order kinetic model, and the mechanism is regulated by chemisorption. A similar result 
was observed by Zheng et al., 2017 for the adsorption of AO10 molecules onto MHSA-AC31.

The experimental equilibrium data were plotted (Fig. 4a,b) using the Langmuir and Freundlich isotherm 
model at 30 °C. The coefficient of correlation for Langmuir and Freundlich adsorption isotherm is determined 
by applying the experimental adsorption equilibrium results and is given in Table 2. The Langmuir isotherm 
correlation coefficient  (R2 = 0.98) is higher than the Freundlich isotherm obtained value  (R2 = 0.84).

As the dye concentration increases, the adsorption capacity increases, suggesting that the available binding 
sites were saturated immediately as more dye was present in the aqueous  solution42. In an aqueous solution, 
the dye molecule and the corn-cob biochar exist as cation and anion, respectively. Consequently, adsorption is 

Figure 3.  Kinetics for Indanthrene Blue RS adsorption.

Table 1.  Kinetic model parameters at 30 °C.

Indanthrene Blue RS concentration 
(mg  L−1)

Pseudo-first order Pseudo-second order

qe, exp (mg  g−1) qe, cal (mg  g−1) k1  (min−1) R2 qe, cal (mg  g−1) k2 (g  mg−1 min) R2

25 7.28 4.68 0.08 0.95 7.41 0.67 1.00

50 9.81 5.79 0.07 0.87 9.81 0.69 1.00

100 4.78 1.48 0.06 0.88 4.78 0.55 0.99

150 2.22 0.14 0.06 0.96 2.22 0.45 0.99
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considered the chemisorption in nature and describes that the adsorption is taking place on strongly homoge-
neous surfaces.

The equilibrium data for the Indanthrene Blue RS adsorption onto CC-biochar are best fitted with the Lang-
muir isotherm model, indicating that the monolayer coverage of the dye molecule occurs over the adsorbent 
surface. In the Freundlich isotherm model, the value for n greater than 1 represents the favorable adsorption, 
and the adsorbent is efficient for the entire range of dye  concentrations62. Therefore, the Langmuir isotherm 
model would reflect the adsorption mechanism better physically than the Freundlich isotherm model (Table 2).

Batch biodegradation. Batch experiments were carried out by varying the optimum parameters such as 
pH, temperature, and inoculum volume to evaluate the optimal values for the Indanthrene Blue RS decoloriza-
tion. It was observed that the removal percentage of Indanthrene Blue RS increases rapidly with a pH increases 
from 9.0 to 10.0 with an optimum pH of 10.0, at which the RE of 96.2% was found (Fig. 5a). The temperature 
range of 20 to 40 °C was evaluated. It was found that the RE increased at 30 °C to 94.3% and then decreased 
drastically (Fig. 5b), similar to the findings of Das et al.63. As the inoculum volume increased from 1.0 ×  106 to 
5.0 ×  106 CFU  mL−1, the RE increased rapidly to 95.2% at an inoculum volume of 3.0 ×  106 CFU  mL−1 (Fig. 5c). The 
optimal value of pH, temperature, and inoculum volume were found to be 10.0, 30 °C, and 3.0 ×  106 CFU  mL−1, 
respectively.

Figure 4.  Isotherms for Indanthrene Blue RS adsorption.

Table 2.  Isotherm constants for Indanthrene Blue RS adsorption onto corn-cob biochar.

Adsorbent

Langmuir constants
Freundlich 
constants

Q0, cal (mg  g−1) Q0, exp (mg  g−1) KL R2 Kf N R2

Corn-cob biochar 4.55 4.98 4.92 0.98 4.52 21.97 0.84

Figure 5.  Parameter optimization in up-flow packed bed bioreactor.
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Biodecolorization of Indanthrene Blue RS in continuous up-flow packed bed bioreac-
tor. UFPBBR was performed within the concentration range of 100 to 500 mg  L−1 to assess the impact of the 
initial dye concentration on removal percentage using optimal parameters achieved from batch experiments. 
The percentage removal of Indanthrene Blue RS at an initial dye concentration of 500 mg  L−1 increases by about 
90%. It decreases with a subsequent rise in dye concentration owing to the inhibitory effects of substrates. Sup-
plementary Fig. 5 illustrates the effect of different initial Indanthrene Blue RS concentrations on the adsorption 
capacity of CC-Biochar and bacteria-immobilized CC-Biochar. It was, therefore, evident that the immobilization 
significantly improved the ability of the microbial cells to degrade the dye effectively.

The increased surface area of CC-biochar enabled the interactions between the dye molecules and bacterial 
cells at higher concentrations to achieve a higher decolorization percentage. The dye molecules were adsorbed 
by the pores and the active sites found on the surface of the CC-biochar and thus established active target sites 
for the immobilization of the bacterial cells. The active sites on the CC-biochar transform the dye molecules into 
environmentally friendly by-products with the help of the bacteria immobilized on the biochar and thus renew 
the porous structure further for  adsorption64,65. A synergistic effect was established by the subsequent degrada-
tion of Indanthrene Blue RS dye by the bacterial cells together with active sites on the surface of the biochar that 
attributed to the significant dye degradation at higher concentrations. Similar findings have been documented 
in earlier studies showing the effectiveness of immobilized cell systems for dye  degradation30,66.

Effect of flow rate on removal efficiency. The UFPBBR efficiency was evaluated in continuous mode (CUFPBBR) 
using optimal parameters acquired from batch experiments by differing the feed flow rate (0.25, 0.5, 0.75, 1.0, 
and 1.25 L  h−1) Indanthrene Blue RS concentration in the range as in UFPBBR. In a continuous process, the flow 
rate determines the dye’s decolorization within the effluent. Initially, the bioreactor was maintained at the feed 
flow rate of 0.25 L  h−1 to enable adequate bacterial growth, with glucose as a carbon source, and to maintain a 
steady-state condition. On the  6th day of operation, the steady-state was established, which is apparent with the 
almost constant removal efficiency (95%) (Fig. 6). It was observed that about 6 days are required to acclimate 
consortium-BP to decolorize Indanthrene Blue RS effectively.

Moreover, a significant reduction in decolorization was reported at high flow rates. The flow rate was increased 
on the 11th day to 0.50 L  h−1. On the 12th day, a rapid decrease in RE was found the following, which the RE 
amended and then became stable at 95% on the 15th day. The flow rates were improved to 0.75 L  h−1 on the 16th 
day. The bioreactor performance was similar, a significant decline led by a 95% recovery in removal efficiency and 
stabilization. On the 22nd day, the flow rate increased to 1.0 L  h−1, and after a sudden decline, the RE stabilized at 
79.6%. The steady-state RE value dropped significantly at a flow rate of 1.25 L  h−1 and maintained at about 69%.

The decline in RE value was sharper above the flow rate of 0.75 L  h−1, indicating a change in the bioreactor’s 
control  mechanism56. The interaction of the dye molecule with cells immobilized on CC-biochar requires a 
longer retention time. Chen et al. 2005 reported that the dye molecules required more retention time to interact 
with the bacteria cell than the time necessary for the intraparticle  diffusion67. Though biosorption took place 
during the process, and there is a possibility that the consortia cells used the adsorbed dye onto CC-biochar for 
degradation. It was observed that nearly 6% to 8% of the decolorization was due to the biosorption of the dye 
onto the biochar, with most of the decolorization attributed to the dye utilization by the bacterial  consortia68. 
Biodegradation is attributed to the dye degradation process in the present work since the adsorption process only 
occurs during the initial stage of reactor operation. The continuous BB process can be divided into two phases. 
In the first phase, the concentration of Indanthrene Blue RS gradually decreases, suggesting that biosorption on 
CC-biochar plays a leading role and that much of the Indanthrene Blue RS molecules are adsorbed. The high 
adsorption capacity of CC-Biochar thus eliminates the toxic risk to the immobilized bacterial cells. CC-biochar 
reaches the highest adsorption value at equilibrium in the second phase, and biodegradation occurs consider-
ably until the Indanthrene Blue RS is eliminated. Throughout the entire continuous BB process, the continuous 
removal of Indanthrene Blue RS significantly differs from the usual CC-Biochar adsorption process.
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Figure 6.  Bioreactor performance with changing inlet Indanthrene Blue RS feed flow rate.
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Effect of Indanthrene Blue RS inlet loading rate on elimination capacity and removal efficiency. The difference 
in the removal efficiency and elimination capacity of the Indanthrene Blue RS at varying inlet loading rates is 
illustrated in Fig. 7. The Indanthrene Blue RS inlet loading plot displays two separate regions for the mass trans-
fer zone and bio-reaction zone. With an increment in the inlet loading rate of Indanthrene Blue RS from 100 to 
500 mg  L−1  day−1, the RE was continuously increasing above 90% to the loading rate of 300 mg  L−1  day−1, after 
which it continually decreased. EC linearly increased with an increasing inlet loading rate of Indanthrene Blue 
RS and reached its highest value of 446.1 mg  L−1  day−1 at the loading rate of 500 mg  L−1  day−1. Similarly, the EC 
keeps increasing with an increase in Indanthrene Blue RS loading, which is evident from a slight variation in the 
EC vs. Inlet loading rate plot (Fig. 7). Such results thus confirm the difference in the reactor controlling mecha-
nism throughout the entire biodegradation  process56,69,70.

The diffusional flux through the biofilm would be reduced at low loading rates, resulted in mass transfer limi-
tations. The inner part of the biofilm at the packing media surface remains substrate deficient and is never used 
by microbes for effective biodegradation. Whereas high loading rates resulted in higher diffusional flux, thereby 
changing the process between the mass transfer zone to the bio-reaction controlling zone. The contaminant 
rapidly approaches the innermost layers of biofilm, and microbes use the adequate substrate available through 
the biodegradation control mechanism. At the initial loading rate of 300 mg  L−1  day−1, it was observed that the 
process moved from the mass-transfer zone to the bio-reaction controlling region (Fig. 7).

A rise in the inlet loading rate from 100 to 300 mg  L−1  day−1 resulted in increased use of the biofilm cor-
responding to nearly constant RE with a significant increase in EC value. The substrate inhibition with higher 
concentrations of Indanthrene Blue RS may lead to decreased  RE56. The operation of bioreactors with an appro-
priate value of RE in the bio-reaction controlling region is always satisfactory. The optimal operating range 
for this study lies around 300 to 395.4 mg  L−1  day−1. The inlet loading rate where the process in the bioreactor 
moves from a mass transfer zone to the bio-reaction controlling zone and the RE and EC plot intersection value 
can be used for industrial applications as an estimated calculation of the bioreactor’s operating concentration 
range (Fig. 7). Therefore, the continuous immobilized UFPBBR showed promising results that can be used for 
practical applications.

Conclusion
The UFPBBR immobilized with CC-biochar significantly increased the ability of the bacterial cells to degrade 
the dye effectively. The increased surface area of CC-biochar enabled the interactions between the dye molecules 
and bacterial cells to achieve a higher decolorization percentage at higher concentrations. The adsorption kinet-
ics showed that the Indanthrene Blue RS adsorption on CC-biochar followed the pseudo-second-order kinetic 
model. Similarly, the adsorption of Indanthrene Blue RS on CC-biochar followed the Langmuir isotherm model 
with the maximum adsorption capacity of 4.55 mg  g−1 at 30 °C. An increase in the inlet loading rate of Indan-
threne Blue RS from 100 to 500 mg  L−1  day−1, the RE is continually increasing above 90% to the loading rate of 
300 mg  L−1  day−1, after which; it begins to decrease. The EC value continued to increase linearly with Indanthrene 
Blue RS inlet loading rate and reached the highest value of 446.1 mg  L−1  day−1 with RE of 75.2% at 500 mg  L−1 
 day−1 loading rate. The present study combined the biosorption and biodegradation processes to develop an 
efficient treatment strategy. The above results suggest that the developed consortium-BP and the continuous 
immobilized UFPBBR have shown promising results that combine the advantages of both biosorption and bio-
degradation processes. The UFPBBR can be used for practical applications at an industrial scale in decolorizing 
and simultaneously reducing the toxicity of textile effluents containing anthraquinone dyes.

Data availability
Data are, however, available from the authors upon reasonable request and with permission.

Figure 7.  Effect of inlet Indanthrene Blue RS load on elimination capacity and removal efficiency.



11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:13390  | https://doi.org/10.1038/s41598-021-92889-3

www.nature.com/scientificreports/

Received: 21 April 2021; Accepted: 3 June 2021

References
 1. Kunz, A., Peralta-Zamora, P., Moraes, S. G. & Dúran, N. Novas tendências no tratamento de efluentes têxteis. Quím Nova. 25(1), 

78–82. https:// doi. org/ 10. 1590/ S0100- 40422 00200 01000 14 (2002).
 2. Hemapriya, J., Kannan, R. & Vijayanand, S. Bacterial decolorization of textile azo dye Direct Red-28 under aerobic conditions. J 

Pure Appl Microbiol. 4(1), 309–314 (2010).
 3. O’Neill, C. et al. Colour in textile effluents—Sources, measurement, discharge consents, and simulation: A review. J. Chem. Technol. 

Biotechnol. 74, 1009–1018. https:// doi. org/ 10. 1002/ (SICI) 1097- 4660(199911) 74: 11% 3c100 9:: AID- JCTB1 53% 3e3.0. CO;2-N (1999).
 4. Wang, C., Yediler, A., Linert, D., Wang, Z. & Kettrup, A. Toxicity evaluation of reactive dye stuff, auxiliaries and selected effluents 

in textile finishing industry to luminescent bacteria Vibrio fisheri. Chemosphere 46(2), 339–344. https:// doi. org/ 10. 1016/ S0045- 
6535(01) 00086-8 (2002).

 5. Chen, J., Wang, X., Wu, H., Jiand, Q. Study on decolorization of dyeing wastewater by electrochemical treatment. IOP Conf. Ser. 
Earth Environ. Sci. 113, 1–9. https:// doi. org/ 10. 1088/ 1755- 1315/ 113/1/ 012207 (2018).

 6. Babu, B. R., Parande, A. K., Raghu, S. & Kumar, P. T. Textile technology cotton textile processing: waste generation and effluent 
treatment. J. Cotton Sci. 11, 141–153 (2007).

 7. Khehra, M. S., Saini, H. S., Sharma, D. K., Chadha, B. S. & Chimni, S. S. Comparative studies on the potential of consortium and 
constituent pure bacterial isolates to decolorize azo dyes. Water Res. 39(20), 5135–5141. https:// doi. org/ 10. 1016/j. watres. 2005. 09. 
033 (2005).

 8. Mohammad, S. G., Mohammad, K. Y., Mansur, B. I. & Rakesh, K. Synthesis and characterisation of colorants derived from 1, 
4-diamino anthraquinone polyamides. Adv. Chem. Eng. Sci. 2(2), 300–308. https:// doi. org/ 10. 4236/ aces. 2012. 22035 (2012).

 9. Deng, D., Guo, J., Zeng, G. & Sun, G. Decolorization of anthraquinone, triphenylmethane and azo dyes by a new isolated Bacillus 
cereus strain DC11. Int. Biodeterior. Biodegrad. 62, 263–269. https:// doi. org/ 10. 1016/j. ibiod. 2008. 01. 017 (2008).

 10. Hassaan, M.A., Nemr, A.El. Health and environmental impacts of dyes: Mini review. Am. J. Environ. Sci. Eng. 1(3), 64–67. https:// 
doi. org/ 10. 11648/j. ajese. 20170 103. 11 (2017).

 11. Chaari, I., Feki, M., Medhioub, M., Bouzid, J., Fakhfakh, E., Jamoussi, F. Adsorption of a textile dye indanthrene blue RS (C.I. Vat 
Blue 4) from aqueous solutions onto smectite-rich clayey rock. J. Hazard. Mater. 172, 1623–1628. https:// doi. org/ 10. 1016/j. jhazm 
at. 2009. 08. 035 (2009).

 12. Ratan, Padhi, B.S. Pollution due to synthetic dyes toxicity & carcinogenicity studies and remediation. Int. J. Environ. Sci. 3(3), 
940–955 (2012).

 13. Chen, K. C., Huang, W. T., Wu, J. Y. & Houng, J. Y. Microbial decolorization of azo dyes by Proteus mirabilis. J. Ind. Microbiol. 
Biotechnol. 23, 686–690. https:// doi. org/ 10. 1038/ sj. jim. 29006 89 (1999).

 14. Choudhary, Roy, A.K. Eco-friendly dyes and dyeing. Adv. Mater. Technol. Environ. Appl. 2(1), 145–176 (2018).
 15. Dhanaji, K. G., Shagufta, S. A. & Pramod, J. N. Physico-chemical analysis of drinking water samples of different places in Kadegaon 

Tahsil, Maharashtra (India). Adv. Appl. Sci. Res. 7(6), 41–44 (2016).
 16. Chaari, I. & Jamoussi, F. Application of activated carbon for vat dye removal from aqueous solution. J. Appl. Sci. Environ. Sanita-

tion. 6, 247–256 (2011).
 17. Jadhav, S. U., Jadhav, M. U., Kagalkar, A. N. & Govindwar, S. P. Decolorization of Brilliant Blue G dye mediated by degradation of 

the microbial consortium of Galactomyces geotrichum and Bacillus sp. J. Chin. Inst. Chem. Eng. 39(6), 563–570. https:// doi. org/ 
10. 1016/j. jcice. 2008. 06. 003 (2008).

 18. Brüschweiler, B. J. & Merlot, C. Azo dyes in clothing textiles can be cleaved into a series of mutagenic aromatic amines which are 
not regulated yet. Regul. Toxicol. Pharmacol. 88, 214–226. https:// doi. org/ 10. 1016/j. yrtph. 2017. 06. 012 (2017).

 19. Yang, H. Y. et al. Process and kinetics of azo dye decolourization in bioelectrochemical systems: Effect of several key factors. Sci. 
Rep. 6, 27243. https:// doi. org/ 10. 1038/ srep2 7243 (2016).

 20. Thakur, M. C., Khan, A. & Doshi, H. Isolation and screening of dye degrading microorganisms from the effluents of dye and textile 
industries at Surat. Am. J. Environ. Eng. 2(6), 152–159. https:// doi. org/ 10. 5923/j. ajee. 20120 206. 02 (2012).

 21. Gulati, D. & Jha, I. Microbial decolourization of dye reactive blue 19 by bacteria isolated from dye effluent contaminated soil. Int. 
J. Curr. Microbiol. Appl. Sci. 3(9), 913–922 (2014).

 22. Wang, H.J., Su, Q., Zheng, X.W., Tian, Y., Xiong, X.J., Zheng, T.L. Bacterial decolorization and degradation of the reactive dye 
reactive red 180 by Citrobacter sp. CK3. Int. Biodeter. Biodeg. 63(4), 395–399. https:// doi. org/ 10. 1016/j. ibiod. 2008. 11. 006 (2009).

 23. Lakshmi, P., Reddy, M,S., Reddy, C.P., Rao, A.N. Studies of physico-chemical parameters to evaluate quality of water at different 
zones of Nalagonda District of Telangana, India. J. Earth Sci. Clim. Change. 7, 1–5. https:// doi. org/ 10. 4172/ 2157- 7617. 10003 47 
(2016).

 24. Cui, D., Li, G., Zhao, M., Han, S. Decolourization of azo dyes by a newly isolated Klebsiella sp. strain Y3, and effects of various 
factors on biodegradation. Biotechnol. Biotechnol. Equip. 28(3), 478–486 (2014). https:// doi. org/ 10. 1080/ 13102 818. 2014. 926053

 25. Zhou, Y., Lu, J., Zhou, Y. & Liu, Y. Recent advances for dyes removal using novel adsorbents: A review. Environ. Pollut. 252, 352–365. 
https:// doi. org/ 10. 1016/j. envpol. 2019. 05. 072 (2019).

 26. Joshi, T., Iyengar, L., Singh, K. & Garg, S. Isolation, identification and application of novel bacterial consortium TJ-1 for the 
decolourization of structurally different azo dyes. Biores. Technol. 99(15), 7115–7121. https:// doi. org/ 10. 1016/j. biort ech. 2007. 12. 
074 (2008).

 27. Forgacs, E., Cserhati, T. & Oros, G. Removal of synthetic dyes from wastewaters : A review. Environ. Int. 30, 953–971. https:// doi. 
org/ 10. 1016/j. envint. 2004. 02. 001 (2004).

 28. Chang, J., Chen, B. & Lin, Y. S. Stimulation of bacterial decolorization of an azo dye by extracellular metabolites from Escherichia 
coli strain  NO3. Biores. Technol. 91, 243–248. https:// doi. org/ 10. 1016/ S0960- 8524(03) 00196-2 (2004).

 29. Musoni, M., Destain, J., Thonart, P., Bahama, J. B., Delvigne, F. Bioreactor design and implementation strategies for the cultivation 
of filamentous fungi and the production of fungal metabolites: From traditional methods to engineered systems. BASE (2015).

 30. Bharti, V. et al. Biodegradation of reactive orange 16 dye in the packed bed bioreactor using seeds of Ashoka and Casuarina as 
packing media. Indian J. Biotechnol. 16, 216–221 (2017).

 31. Zheng, Y. et al. Highly efficient simultaneous adsorption and biodegradation of a highly-concentrated anionic dye by a high-
surface-area carbon-based biocomposite. Chemosphere 179, 139–147 (2017).

 32. Giri, B.S., Goswami, M., Singh, R.S. Review on application of agro-waste biomass biochar for adsorption and bioremediation dye. 
Biomed. J. Sci. Technol. Res. 1(7), 1928–1930. https:// doi. org/ 10. 26717/ BJSTR. 2017. 01. 000585 (2017).

 33. Kureel, M.K., Geed, S.R., Giri, B.S., Rai, B.N., Singh, R.S. Biodegradation and kinetic study of benzene in bioreactor packed with 
PUF and alginate beads and immobilized with Bacillus sp. M3. Bioresour. Technol. 242, 92–100. https:// doi. org/ 10. 1016/j. biort ech. 
2017. 03. 167 (2017).

 34. Zamel, D., Hassanin, A. A., Ellethy, R. & Abdelmoniem, A. Novel-bacteria immobilized cellulose acetate/poly (ethylene oxide) 
mamofibrous membrane for wastewater treatment. Sci. Rep. 9, 18994. https:// doi. org/ 10. 1038/ s41598- 019- 55265-w (2019).

https://doi.org/10.1590/S0100-40422002000100014
https://doi.org/10.1002/(SICI)1097-4660(199911)74:11%3c1009::AID-JCTB153%3e3.0.CO;2-N
https://doi.org/10.1016/S0045-6535(01)00086-8
https://doi.org/10.1016/S0045-6535(01)00086-8
https://doi.org/10.1088/1755-1315/113/1/012207
https://doi.org/10.1016/j.watres.2005.09.033
https://doi.org/10.1016/j.watres.2005.09.033
https://doi.org/10.4236/aces.2012.22035
https://doi.org/10.1016/j.ibiod.2008.01.017
https://doi.org/10.11648/j.ajese.20170103.11
https://doi.org/10.11648/j.ajese.20170103.11
https://doi.org/10.1016/j.jhazmat.2009.08.035
https://doi.org/10.1016/j.jhazmat.2009.08.035
https://doi.org/10.1038/sj.jim.2900689
https://doi.org/10.1016/j.jcice.2008.06.003
https://doi.org/10.1016/j.jcice.2008.06.003
https://doi.org/10.1016/j.yrtph.2017.06.012
https://doi.org/10.1038/srep27243
https://doi.org/10.5923/j.ajee.20120206.02
https://doi.org/10.1016/j.ibiod.2008.11.006
https://doi.org/10.4172/2157-7617.1000347
https://doi.org/10.1080/13102818.2014.926053
https://doi.org/10.1016/j.envpol.2019.05.072
https://doi.org/10.1016/j.biortech.2007.12.074
https://doi.org/10.1016/j.biortech.2007.12.074
https://doi.org/10.1016/j.envint.2004.02.001
https://doi.org/10.1016/j.envint.2004.02.001
https://doi.org/10.1016/S0960-8524(03)00196-2
https://doi.org/10.26717/BJSTR.2017.01.000585
https://doi.org/10.1016/j.biortech.2017.03.167
https://doi.org/10.1016/j.biortech.2017.03.167
https://doi.org/10.1038/s41598-019-55265-w


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:13390  | https://doi.org/10.1038/s41598-021-92889-3

www.nature.com/scientificreports/

 35. Hung, Y.T., Lo, H.H., Wang, L.K., Taricska, J.R., Li, K.H. Granular activated carbon adsorption. in Physicochemical Treatment 
Processes, Handbook of Environmental Engineering (eds. Wang, L. K., Hung, Y. T. & Shammas, N.) Vol. 3, 573–633 (Humana Press 
Inc, 2005).

 36. Wang, L.K. Emerging flotation technologies. in Advanced Physicochemical Treatment Technologies, Handbook of Environmental 
Engineering (eds. Wang, L. K., Hung, Y. T. & Shammas, N.) Vol. 5, 449–489 (Humana Press Inc., 2007).

 37. Mahmood, S. et al. Biotreatment of simulated tannery wastewater containing Reactive Black 5, aniline and CrVI using a biochar 
packed bioreactor. RCS Adv. 5, 106272–106279 (2015).

 38. Chen, B. L., Zhou, D. & Zhu, L. Transitional adsorption and partition of nonpolar and polar aromatic contaminants by biochars 
of pine needles with different pyrolytic temperatures. Environ. Sci. Technol. 42, 5137–5143 (2008).

 39. Ahmad, M. et al. Biochar as a sorbent for contaminant management in soil and water: A review. Chemosphere 99, 19–33 (2014).
 40. Hoslett, J., Ghazal, H., Mohamad, N., Jouhara, H. Removal of methylene blue from aqueous solutions by biochar prepared from 

the pyrolysis of mixed municipal discarded material. Sci. Total Environ. 714, 136832 (2020).
 41. Mia, S., Singh, B. & Dijkstra, F. A. Aged biochar affects gross nitrogen mineralization and recovery; A 15 N study in two contrasting 

soils. Glob. Change Biol. Bioenergy. 9, 1196–1206 (2017).
 42. Wang, J. & Chen, C. Biosorbents for heavy metal removal and their future. Biotechnol. Adv. 27, 195–226 (2006).
 43. Rosales, E., Meijide, J., Pazos, M. & Sanroman, M. A. Challenges and recent advances in biochar as lowcost biosorbent: From batch 

assays to continuous-flow systems. Bioresour. Technol. 246, 176–192 (2017).
 44. Mu, B. & Wang, A. Adsorption of dyes onto palygorskite and its composites: A review. J. Environ. Chem. Eng. 4, 1274–1294 (2016).
 45. Xiao, X., Chen, B. & Zhu, L. Transformation, morphology, and dissolution of silicon and carbon in rice straw-derived biochars 

under different pyrolytic temperatures. Environ. Sci. Technol. 48, 3411–3419 (2014).
 46. Sen, T. K., Afroze, S. & Ang, H. M. Equilibrium, kinetics and mechanism of removal of methylene blue from aqueous solution by 

adsorption onto pine cone biomass of Pinus radiata. Water Air Soil Pollut. 218, 499–515 (2011).
 47. Fuertes, A.B., Camps Arbestain, M., Sevilla, M., Maciá-Agulló, J.A., Fiol, S., López, R., Smernik, R.J., Aitkenhead, W.P., Arce, F., 

Macias, F. Chemical and structural properties of carbonaceous products obtained by pyrolysis and hydrothermal carbonisation 
of corn stover. Aust. J. Soil Res. 48, 618–626 (2010).

 48. Chun, Y., Sheng, G. Y., Chiou, C. T. & Xing, B. S. Compositions and sorptive properties of crop residue-derived chars. Environ. 
Sci. Technol. 38, 4649–4655 (2004).

 49. Chen, X. et al. Adsorption of copper and zinc by biochars produced from pyrolysis of hardwood and corn straw in aqueous solu-
tion. Bioresour. Technol. 102, 8877–8884 (2011).

 50. Wang, S. et al. Physicochemical and sorptive properties of biochars derived from woody and herbaceous biomass. Chemosphere 
134, 257–262 (2015).

 51. Chen, B. & Chen, Z. Sorption of naphthalene and 1-naphthol by biochars of orange peels with different pyrolytic temperatures. 
Chemosphere 76, 127–133 (2009).

 52. Qambrani, N. A., Rahman, M. M., Won, S., Shim, S. & Ra, C. Biochar properties and ecofriendly applications for climate change 
mitigation, waste management, and wastewater treatment: A review. Renew. Sustain. Energy Rev. 79, 255–273 (2017).

 53. Rafiq, M.K., Bachmann, R.T., Rafiq, M.T., Shang, Z., Joseph, S., Long, R. Influence of pyrolysis temperature on physicochemical 
properties of corn stover (Zea mays L.) biochar and feasibility for carbon capture and energy balance. PLoS ONE. 11, e0156894 
(2016).

 54. Chen, Y., Yang, H., Wang, X., Zhang, S. & Chen, H. Biomassbased pyrolytic polygeneration system on cotton stalk pyrolysis: Influ-
ence of temperature. Bioresour. Technol. 107, 419–428 (2012).

 55. Zhao, S. X., Na, T. & Wang, X. D. Effect of temperature on the structural and physicochemical properties of biochar with apple 
tree branches as feedstock material. Energies 10, 1293 (2017).

 56. Singh, D. & Fulekar, M. H. Benzene bioremediation using cow dung microflora in two phase partitioning bioreactors. J. Hazard. 
Mater. 175(1–3), 336–343. https:// doi. org/ 10. 1016/j. jhazm at. 2009. 10. 008 (2010).

 57. Etim, U. J., Umoren, S. A. & Eduok, U. M. Coconut coir dust as a low cost adsorbent for the removal of cationic dye from aqueous 
solution. J. Saudi Chem. Soc. 20, S67–S76 (2016).

 58. Darmograi, G., Prelot, B., Geneste, A., Charles De Menorval, L., Zajac, J. Removal of three anionic orange-type dyes and Cr(VI) 
oxyanion from aqueous solutions onto strongly basic anion-exchange resin. The effect of single-component and competitive 
adsorption. Colloids Surf. A Physicochem. Eng. Asp. 508, 240–250 (2016).

 59. Debnath, S., Ballav, N., Maity, A. & Pillay, K. Competitive adsorption of ternary dye mixture using pine cone powder modified 
with β-cyclodextrin. J. Mol. Liq. 225, 679–688 (2017).

 60. Vadivelan, V. & Kumar, K. V. Equilibrium, kinetics, mecknism, and process design for the sorption of methylene blue onto rice 
husk. J. Colloid Interface Sci. 286(1), 90–100. https:// doi. org/ 10. 1016/j. jcis. 2005. 01. 007 (2005).

 61. Namasivayam, C. & Kavitha, D. Removal of Congo Red from water by adsorption onto activated carbon prepared from coir pith, 
an agricultural solid waste. Dyes Pigments 54(1), 47–58. https:// doi. org/ 10. 1016/ S0143- 7208(02) 00025-6 (2002).

 62. Fosso-Kankeu, E., Mittal, H., Mishra, S.B., Mishra. A.K. Gum ghatti and acrylic acid based biodegradable hydrogels for the effective 
adsorption of cationic dyes. J. Indus. Eng. Chem. 22, 171–178 (2015).

 63. Das, R., Dey, P., Choudhary, P., Sufia, K.K. Benzene utilization as growth substrate by a newly isolated Aerococcus sp. strain BPD-6 
indigenous to petroleum hydrocarbon contaminated oily sludge. Int. J. Sci. Eng. Res. 5 (10), 109–117 (2014).

 64. Vikrant, K. et al. Recent advancements in bioremediation of dye: Current status and challenges. Biores. Technol. 253, 355–367. 
https:// doi. org/ 10. 1016/j. biort ech. 2018. 01. 029 (2018).

 65. Abu Talha, M., Goswami, M., Giri, B.S., Sharma, A., Rai, B.N., Singh, R.S. Bioremediation of Congo red dye in immobilized batch 
and continuous packed bed bioreactor by Brevibacillus parabrevis using coconut shell bio-char. Bioresour. Technol. 252, 37–43. 
https:// doi. org/ 10. 1016/j. biort ech. 2017. 12. 081 (2018).

 66. Padmanaban, V. C., Geed, S. R., Achary, A. & Singh, R. S. Kinetic studies on degradation of reactive red 120 dye in immobilized 
packed bed reactor by Bacillus cohnii RAPT1. Bioresour Technol. 213, 39–43. https:// doi. org/ 10. 1016/j. biort ech. 2016. 02. 126 (2016).

 67. Chen, B. Y., Chen, S. Y. & Chang, J. S. Immobilized cell fixed-bed bioreactor for wastewater decolorization. Process Biochem. 40(11), 
3434–3440. https:// doi. org/ 10. 1016/j. procb io. 2005. 04. 002 (2005).

 68. Walker, G. M. & Weatherley, L. R. Biodegradation and biosorption of acid anthraquinone dye. Environ. Pollut. 108(2), 219–223. 
https:// doi. org/ 10. 1016/ s0269- 7491(99) 00187-6 (2000).

 69. Shukla, A.K., Pranjali, V., Singh, R.S., Upadhyay, S.N., Dubey, S.K. Biofiltration of trichloroethylene using diazotrophic bacterial 
community. Bioresour. Technol. 101(7), 2126–2133. https:// doi. org/ 10. 1016/j. biort ech. 2009. 10. 094 (2010).

 70. Voudrias, E., Fytianos, K. & Bozani, E. Sorption—Desorption isotherms of dyes from aqueous solutions and wastewaters with 
different sorbent materials. Global NEST J. 4, 75–83 (2002).

Authors contributions
All authors contributed to the study conceptualization and design. Material preparation, data collection, and 
analysis were performed by S.S.M. The first draft of the manuscript was written by S.S.M. and review and edited 
by A.K. The study was carried out under the supervision of A.K. All authors read and approved the final version 
of the manuscript.

https://doi.org/10.1016/j.jhazmat.2009.10.008
https://doi.org/10.1016/j.jcis.2005.01.007
https://doi.org/10.1016/S0143-7208(02)00025-6
https://doi.org/10.1016/j.biortech.2018.01.029
https://doi.org/10.1016/j.biortech.2017.12.081
https://doi.org/10.1016/j.biortech.2016.02.126
https://doi.org/10.1016/j.procbio.2005.04.002
https://doi.org/10.1016/s0269-7491(99)00187-6
https://doi.org/10.1016/j.biortech.2009.10.094


13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:13390  | https://doi.org/10.1038/s41598-021-92889-3

www.nature.com/scientificreports/

Funding
The authors did not receive support from any organization for the submitted work. No funding was received 
to assist with the preparation of this manuscript. No funding was received for conducting this study. No funds, 
grants, or other support were received.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 92889-3.

Correspondence and requests for materials should be addressed to S.S.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-92889-3
https://doi.org/10.1038/s41598-021-92889-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Biodegradation of Indanthrene Blue RS dye in immobilized continuous upflow packed bed bioreactor using corncob biochar
	Materials and methods
	Dyes and chemicals. 
	Microorganisms and culture conditions. 
	Evaluation of corn-cob biochar as a packing material. 
	Adsorption study. 
	Adsorption isotherms. 
	Adsorption kinetics. 
	Pseudo-first-order kinetic model. 
	Pseudo-second-order kinetic model. 


	Microbial growth and degradation of Indanthrene Blue RS in immobilized cell batch experiments. 
	Parameter optimization. 
	Effect of dye concentration in the immobilized cell batch reactor. 
	Up-flow packed bed bioreactor set up and operation. 
	Degradation analysis and performance equations. 

	Results and discussion
	Biochar characterization and analysis. 
	Stand-alone adsorption studies of the packing material in batch mode. 
	Effects of contact time and initial dye concentration, adsorbent dose, and temperature. 
	Adsorption kinetics and isotherms. 

	Batch biodegradation. 
	Biodecolorization of Indanthrene Blue RS in continuous up-flow packed bed bioreactor. 
	Effect of flow rate on removal efficiency. 
	Effect of Indanthrene Blue RS inlet loading rate on elimination capacity and removal efficiency. 


	Conclusion
	References


