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A B S T R A C T   

The present study focused on the surface modification of conventional polypropylene (PP) biocarrier via 
chemical oxidation and calcium coating for the azo dye degradation. The chemical treatment resulted in the 
hydrophobic PP (contact angle of 94◦) into a hydrophilic material (contact angle of 70◦), which ultimately 
enhanced the bacterial adhesion. In addition, the batch study revealed that the quantity of fixed biomass and the 
extracellular polymeric substance secretion was increased by 1.51 and 2.13 times, respectively, in the case of the 
modified biocarrier (i.e., KMNO4-Ca-PP). The performance of the biocarriers for Acid blue 113 dye removal was 
studied in moving bed biofilm reactor (MBBR) systems by optimizing process parameters, namely dye concen
tration and hydraulic retention time. The modified biocarriers filled MBBR showed maximum dye removal ef
ficiency of 83.75 % at optimized conditions. Moreover, the modified Stover-Kincannon and Monod models were 
well fitted with the experimental values.   

1. Introduction 

The rapid growth of textile industries leads to the discharge of a large 
volume of wastewater into the aquatic bodies, which causes serious 
environmental concerns worldwide. The textile industries consume 
approximately 200 m3 of freshwater to produce 1.0 t of fabric materials 
(Barathi et al., 2020). Mostly, azo dyes are extensively used due to their 
wide coloring ability, excellent binding nature with the fabrics, and 
minimum cost for bulk production (Emadi et al., 2022; Giri et al., 2020; 
Maurya et al., 2022). Almost 10–15 % of azo dyes are discharged into 
the environment along with effluent, which imposes various adverse 
health and safety issues on the ecosystem (Khan et al., 2021). The 
persistent nature of the synthetic dyes reduces the dissolved oxygen of 
the lake and sunlight penetration, which ultimately hinders the growth 
of aquatic plants and animals (Rosu et al., 2018; Joshi et al., 2020). In 
addition, the chronic effect of the toxic dye causes dysfunction of the 
nervous system, eczema, and cancer to the human beings (Tian et al., 
2021; Kapoor et al., 2021). Therefore, it becomes a concern for the 
environmentalist to make an effective and low-cost technology to treat 
dye-contaminated wastewater. Bioremediation using microorganisms 
(bacteria, yeast, or fungi) is considered a more energy-efficient and cost- 

effective technique than the conventional physio-chemical and 
advanced oxidation processes (Mishra and Maiti, 2018). Complete 
mineralization of the persistent pollutants, minimum toxic sludge gen
eration, and energy cost are the advantages of the bioremediation 
technique (Thangaraj et al., 2022; Zhu et al., 2022). 

Several bioreactors (i.e., internal airlift bioreactor, moving bed bio
film reactor, packed bed bioreactor, trickling filter, etc.) were developed 
using either free cell or immobilized cell techniques to treat dye 
wastewater (Sonwani et al., 2021; Iqbal et al., 2022). Among these, 
moving bed biofilm reactors (MBBRs) are considered more promising for 
the bioremediation of azo dye wastewater. MBBR technology is based on 
the integration of a conventional activated sludge process (ASP) and 
attached biofilm system (Sonwani et al., 2021). MBBR system provides 
the advantage of both attached and suspended growth systems and 
minimizes the limitation of individual systems. The major advantages of 
the MBBR include stability against shock loading conditions, high 
biomass retention ability, less bio-clogging of the carrier, and higher 
removal efficiency (Castro et al., 2022; He et al., 2022). In addition, the 
biocarriers move in a random direction inside the bioreactor, which aids 
the better mass diffusion and high solid retention in the MBBR (Ong 
et al., 2020). Moreover, the biomass growth in the MBBR mainly de
pends upon the bio affinity and the surface characteristics 
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(hydrophilicity or hydrophobicity) of the biocarriers. Previously, 
various biocarriers, namely polypropylene (PP), polyethylene (PE), and 
high-density polyethylene (HDPE) have been utilized in MBBR for 
wastewater treatment due to their high stability and mechanical 
strength (Swain et al., 2022; Chen et al., 2020). However, most plastic 
biocarriers raise several demerits during the bioremediation of toxic 
pollutants, such as sluggishness in start-up due to slow biofilm growth 
and poor bacterial attachment (Mao et al., 2017). 

Therefore, surface modification via chemical oxidation may be a 
useful technique to enhance the bacterial affinity of the hydrophobic 
carriers due to its being low-cost and easy to operation (Mahto and Das, 
2022; Chen et al., 2012). According to Deng et al. (2016), chemical 
oxidation significantly improved the biomass growth on the peanut shell 
powder, and subsequently enhanced the bioremediation rate of pyrene. 
Recently, the calcium coating on the biocarrier has drawn significant 
attention. Coating the biocarrier surface with calcium compound re
duces the hydrophobicity and enhances bacterial enzymatic activity (Ou 
et al., 2020). Gao et al. (2021) have investigated the bacterial affinity of 
a calcium-modified biocarrier to remove the nitrogenous compounds. 
They have reported that the bacterial adhesion ability and the secretion 
of extracellular polymeric substance (EPS) have been improved by 2.61 
and 4.35 times, respectively, after adding calcium to the biocarrier 
surface. However, the literature review revealed that very few research 
works had been carried out on the chemical modification with calcium 
coating on the surface of polypropylene (PP) biocarrier. 

The objective of the current work is to analyze the effect of the 
chemical modification on the bacterial affinity and surface properties of 
the PP biocarrier for effective biodegradation of azo dye. The conven
tional biocarrier (i.e., PP) and modified biocarriers (i.e., KMnO4-PP, 
KMnO4-Ca-PP) were filled in MBBR for the bioremediation of Acid 
blue 113 dye from wastewater. The process parameters (such as dye 
concentration and hydraulic retention time (HRT)) were optimized 
using response surface methodology (RSM) for maximum biodegrada
tion Acid blue 113 dye from wastewater. Moreover, the substrate utili
zation rate and bacterial growth kinetics were studied using the 
modified Stover-Kincannon and Monod model, respectively. 

2. Materials and methods 

2.1. Chemicals and bacterial culture 

The chemicals and other reagents used were of analytical grade. Acid 
blue 113 (AB 113) dye (C.I. no.: 26360, CAS no.: 3351-05-1) was pur
chased from Sigma Aldrich, India. The chemicals used to prepare min
imal salt media (MSM), H2SO4, HCl, and KMNO4 were procured from 
Merk, India. The composition of the MSM was followed (g/L): MgSO4, 
0.25; K2HPO4, 1.5; FeCl3, 0.075; NH4NO3, 1.0; CaCl2, 0.03; and 
C6H12O6, 1.0. The synthetic textile wastewater was prepared by adding 

AB 113 dye in a suitable amount to the MSM and used for the biore
mediation study. The pH of the synthetic wastewater was initially 
maintained at 6.5 ± 0.3. 

The dye-contaminated soil sample was collected from a textile in
dustry near Bhadohi, Uttar Pradesh, India, aseptically in a poly
propylene bag to isolate potential microorganisms. The acclimatization 
of the microbes was carried out by adding 6.0 g of soil sample in a 100 
mL MSM containing 25 mg/L of AB 113 dye. The solution was incubated 
in a rotary shaker (NSW Ltd., India) at 32 ◦C and 120 rpm for 10 days. 
Then, 15 mL of degraded sample was taken in a clean flask containing 
50 mg/L of AB 113 dye. The incubation procedure was followed under 
similar environments. Finally, the adopted microorganisms were iso
lated using the serial dilution method followed by agar plates method. 
The isolated microbial species were stored at 4 ◦C for further 
application. 

2.2. Identification of isolated bacterial species 

The biochemical characterization and identification of isolated 
bacterial species were carried out at Triyat Scientific, Nagpur, India. 16S 
rRNA sequencing procedure was followed for bacterial identification. 
The EX pure Microbial DNA isolation kit developed by Bogar Bio Bee 
Shops Pvt. Ltd. was used to isolate the genomic DNA. India as per 
standard procedure (Swain et al., 2022). In the next stage, the poly
merase chain reaction (PCR) method was followed to directly synthesize 
DNA from deoxy nucleotide substrates on a single-stranded DNA tem
plate using Taq DNA polymerase and universal primers. The PCR was 
operated under the following conditions; (i) initial denaturation at 95 ◦C 
for 2 min, (ii) denaturation at 95 ◦C for 30 s, (iii) annealing at 55 ◦C for 
30 s, (iv) extension at 72 ◦C for 2 min, and (v) final extension at 72 ◦C for 
10 min. Then, Single-pass sequencing was performed in an ABI 3730xl 
sequencer. The obtained nucleotide sequence was blast using NCBI blast 
similarity search tool (https://www.ncbi.nlm.nih.gov). Multiple 
sequence alignment was done after the phylogenetic analysis of the 
query sequence with the closely related sequence of the blast findings. 
The program MUSCLE 3.7 and Mega X software were used for the 
multiple alignments of sequences and construction of the phylogenetic 
tree, which is represented in Fig. 1. The isolated microbial species was 
identified as Lysinibacillus macroides KLM2 (accession number: 
MW599204) and Lysinibacillus fusiformis KLM1 (accession number: 
MW599200). 

2.3. Development of modified biocarrier 

The commercial polypropylene (PP, with a thickness of 1.3 cm and 
diameter of 2.5 cm) biocarriers were purchased from the Indiamart 
supplier. The specific surface area and density of the biocarrier were 520 
m2/m3 and 920 kg/m3, respectively. The PP biocarriers were stirred in a 

Nomenclature 

Symbols and abbreviations 
F0 Initial dye concentration (mg/L) 
Ft Final dye concentration (mg/L) 
Q Volumetric feed flow rate (L/d) 
V Working volume of the bioreactor (L) 
Umax Maximum substrate removal rate (g/L. d) 
KB Saturation constant (g/L. d) 
rsu Substrate utilization rate (g/L. d) 
T Hydraulic retention time (h) 
X Suspended biomass concentration (mg/L) 
XA Attached biomass concentration (mg/L) 
Ks Half saturation constant (mg/L) 

K Specific substrate utilization rate (d− 1) 
Y Biomass yield coefficient 
kd Biomass decay rate (d− 1) 
PP Polypropylene 
KMNO4-PP KMNO4 oxidised PP 
KMNO4-Ca-PP KMNO4 oxidised with Ca coated PP 
EPS Extracellular polymeric substance 
SEPS Soluble EPS 
LB-EPS Loosely-bound EPS 
TB-EPS Tightly-bound EPS 
RSM Response surface methodology 
DOD D-optimal design 
MSK modified Stover-Kincannon 
RE Removal efficiency  
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solution containing KMNO4, distilled water, and H2SO4 in a ratio of 
1:2:18 (m/m, %) at a temperature of 45 ◦C for 6.0 h. Then, the oxidised 
biocarriers were washed in a HCl solution (1.0 M) followed by washing 
in the phosphate buffer solution to remove the residual acid from the 
surface. The KMNO4 treated PP biocarriers were immersed and stirred in 
CaCl2 solution (2.0 M) at a temperature of 50 ◦C for 40 min. At the end, 
chemically modified biocarriers were dried at room temperature in the 
oven for use in bioremediation purposes. In the present study, a 
comparative analysis between three different biocarriers was used and 
abbreviated as PP (without modification), KMON4-PP (KMON4 oxidised 
PP), and KMNO4-CaCl2-PP (chemically oxidised with calcium coated PP) 
in the manuscript. 

2.4. Quantification of attached biomass and extracellular polymeric 
substance on biocarriers 

The effect of chemical oxidation and calcium coating on the amount 
of biomass growth was investigated in batch studies. Each type of PP 
biocarriers was filled in moving bed biofilm reactors (MBBRs), which 
were operated for 15 days. The MBBRs were fed with synthetic waste
water along with AB 113 dye of 50 mg/L concentration. During the 
batch study, the dissolved oxygen concentration was maintained at 6.0 
± 1.0 mg/L. The volatile attached solids (VAS) were evaluated using the 
gravimetric method after 20 days of operation (APHA, AWWA, WEF, 
2005). 

Moreover, the extracellular polymeric substance (EPS) was 
measured according to the standard procedure (Gao et al., 2021). In 
brief, the immobilized biocarriers were transferred to a beaker con
taining 100 mL of distilled water and then sonicated in an ultra sonicator 

KU159211 Lysinibacillus sp. mkx-26

KP872951 Lysinibacillus fusiformis XKS48.1

KU159212 Lysinibacillus sp. mkx-27

KX027335 Lysinibacillus macroides LJB15

MW599204 Lysinibacillus macroides KLM2

MN187271 Lysinibacillus macroides XAAS.x146

KU159214 Lysinibacillus sp. mkx-31

MF138114 Lysinibacillus xylanilyticus Gute33

KX703024 Lysinibacillus xylanilyticus C4

MK789730 Lysinibacillus sp. MMA3-M5

MN650229 Lysinibacillus sp. CAU 1604

MW599200 Lysinibacillus fusiformis KLM1

AB662957 Lysinibacillus fusiformis

MN382990 Lysinibacillus sp. WLA2-11
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Fig. 1. Phylogenetic tree of the isolated bacterial species, i.e., Lysinibacillus fusiformis KLM1 (MW599200) and Lysinibacillus macrolides KLM2 (MW599204).  
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(Labman Scientific Instruments, India) at a temperature of 4 ◦C for 1.0 
min. The suspended solid was settled using a refrigerated centrifuge 
machine (REMI, RM - 12C BL) at 4000 rpm for 10 min. The supernatant 
liquid was extracted and filtered to obtain soluble EPS (SEPS). In the 
second stage, the sediment obtained in the previous step was added to 
100 mL of distilled water and incubated for 1.0 h. Then the solution was 
centrifuged and the supernatant liquid was filtered through a 0.45 μm 
membrane to obtain loosely-bound EPS (LB-EPS). The remaining solid 
was resuspended in 100 mL distilled water and again incubated at 80 ◦C 
for 40 min. Again, the solution was centrifuged (8000 rpm for 10 min) 
and filtered through a membrane to measure tightly-bound EPS (TB- 
EPS). 

2.5. Moving bed biofilm reactors set-up and operational procedure 

Three cylindrical bioreactors, made up of borosilicate glass, were 
fabricated (internal diameter of 12 cm and height of 22 cm). The total 
capacity and working volume of the bioreactors were 1.8 and 1.5 L, 
respectively. Each bioreactor was associated with a feed tank, effluent 
tank, air compressor, and rotameter, as shown in Fig. 2. The stone dif
fusers that were affixed to the tank’s bottom were used to distribute the 
air. The filling ratio of the PP biocarriers in MBBR was kept at 45 % (v/ 
v). As discussed in Section 2.1, the isolated bacterial culture was used as 
inoculum in MBBR to degrade the AB 113 dye from wastewater. 

The bioreactors were operated in a batch mode to immobilize the 
bacterial species on the surface of biocarriers. The synthetic wastewater 
containing AB 113 dye (50 mg/L) and the bacterial inoculum was fed to 
the MBBRs for 15 days. After 15 days of batch operation, the MBBRs 
were switched to continuous mode and run according to the designed 
experiments set by the response surface methodology. The pH of the 
wastewater and dissolved oxygen was maintained at 7.0 ± 1.0 and 6.0 
± 1.0 mg/L, respectively. 

2.6. Optimization of process variables using response surface methodology 

The experimental design was formulated using the D-optimal design 
(DOD) of response surface methodology (RSM). The mathematical and 
statistical tool is effective in terms of cost-saving and less time- 
consuming while designing the bioreactor system (Zinatizadeh and 
Ghaytooli, 2015). In this study, two independent process variables, such 
as AB 113 dye concentration (50–150 mg/L) and hydraulic retention 

time (HRT) (16–48 h) along with types of biocarriers (PP, KMNO4-PP, 
KMNO4-Ca-PP) as a categorical factor were chosen for the optimization. 
Based on the process ranges, the Design-Expert software (Version 13) 
generated a series of experiments at the specific conditions summarized 
in Table.1. Total 39 number of experiments, including 15 central points 

Fig. 2. A schematic diagram of MBBRs used for AB 113 dye bioremediation.  

Table 1 
Experimental conditions obtained from RSM study and the corresponding 
responses.  

Run Factor 1 
A: HRT 
(h) 

Factor 2 B: dye 
concentration (mg/ 
L) 

Factor 3 C: 
types of 
biocarrier 

Response dye 
removal 
efficiency (%)  

1  16  50 KMNO4-Ca-PP 42.03 ± 2.79  
2  48  150 KMNO4-Ca-PP 72.25 ± 3.01  
3  48  100 PP 62.36 ± 1.66  
4  16  150 KMNO4-Ca-PP 24.42 ± 1.03  
5  32  100 KMNO4-Ca-PP 68.67 ± 2.40  
6  16  150 PP 19.6 ± 3.26  
7  48  150 KMNO4-Ca-PP 72.25 ± 2.73  
8  16  150 KMNO4-Ca-PP 26.04 ± 1.96  
9  16  50 KMNO4-PP 37.17 ± 3.41  
10  48  50 KMNO4-Ca-PP 88.57 ± 3.78  
11  48  150 KMNO4-PP 67.12 ± 2.94  
12  16  50 KMNO4-Ca-PP 40.79 ± 1.06  
13  48  50 PP 67.94 ± 1.59  
14  32  150 KMNO4-PP 53.08 ± 3.21  
15  16  100 KMNO4-PP 33.61 ± 1.44  
16  48  50 KMNO4-Ca-PP 90.27 ± 1.35  
17  16  50 KMNO4-Ca-PP 40.57 ± 3.27  
18  16  50 KMNO4-PP 37.17 ± 2.51  
19  16  50 PP 28.34 ± 2.97  
20  32  50 KMNO4-PP 69.2 ± 3.05  
21  32  100 PP 45.73 ± 2.28  
22  16  150 PP 20.49 ± 1.16  
23  32  150 PP 40.98 ± 3.40  
24  48  100 KMNO4-PP 71.48 ± 3.56  
25  16  150 KMNO4-PP 25.13 ± 2.79  
26  16  100 PP 23.04 ± 1.38  
27  48  50 KMNO4-PP 80.23 ± 1.62  
28  48  150 KMNO4-PP 65.82 ± 2.90  
29  48  50 PP 68.3 ± 1.74  
30  48  150 PP 55.29 ± 2.35 

RSM: Response surface methodology; HRT: Hydraulic retention time; PP: Poly
propylene; KMNO4-PP: KMNO4 oxidised PP; KMNO4-Ca-PP: KMNO4 oxidised 
with Ca coated PP. 
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and 24 non-central points, were designed in this study. 
The process responses (dye removal efficiency) were measured 

during the experiments and used to evaluate the coefficients of a 
quadratic expression (Eq. (1)). 

A = α+αi Yi +αj Yj +αij Yij +αii Yi
2 + αjj Yj

2 + (1)  

where A is the dye removal efficiency (%) and α denotes the correlation 
coefficients. In addition, i and j represent the coefficients of multi- 
degree. ANOVA analysis was also performed to determine the model’s 
significance, and the results are detailed in Table 2. The quadratic 
model’s applicability to the collected data is shown by a greater F-value 
and a lower p-value (<0.05). 

2.7. Analytical methods 

The morphology of the plastic biocarrier was studied using scanning 
electron microscopy (SEM, QUANTA 200F, Netherland) technique. The 
surface elemental composition of the modified biocarriers was analysed 
using X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Fisher 
Scientific, India). The hydrophobicity of the biocarriers was determined 
using a contact angle (KRUSS, Germany) instrument. In addition, the 
bioremediation was monitored by analysing the functional group using 
Nicolet iS5 FTIR spectrophotometer. Moreover, the liquid samples were 
centrifuged at 5500 rpm for 12 min. The concentration of AB 113 dye 
was measured using a UV–Vis spectrophotometer (ELICO, SL-210, 
India). The removal efficiency (RE) of AB 113 dye was measured using 
the following expression as 

RE (%) =
F0 − Ft

F0
× 100 (2)  

where F0 and Ft are the initial and final dye concentrations (mg/L), 
respectively. 

2.8. Kinetic analysis 

Kinetic modeling is a suitable approach to design and control the 
outcomes in bioremediation study by developing mathematical corre
lations between the process variables and the responses (Nga et al., 
2020). The present study used two kinetic models, namely modified 
Stover-Kincannon (MSK) and Monod models. The MSK model predicts 
the behaviour of the attached growth bioreactors by estimating the 
substrate consumption rate at various organic loading rates. In addition, 
the desired capacity of the bioreactor to attain a specific pollutant 
concentration can be estimated using the MSK model (Sonwani et al., 
2021). The Monod model is preferred to describe the growth kinetics 

behaviour of the microbial species in a continuous bioreactor (Shahzad 
et al., 2022). 

2.8.1. Modified Stover-Kincannon model 
Initially, the Stover-Kincannon model was developed to correlate the 

substrate utilization rate with the organic loading rate in a rotating 
biological contactor. However, the model was later simplified by 
replacing the surface area of the active biomass with the total volume of 
the bioreactor (Faridnasr et al., 2016). The modified model can be 
expressed as follows: 

dFt

dt
=

Q
V

(F0 − Ft) =
Umax

( Q.F0
V

)

KB +
( Q.F0

V

) (3)  

where Q, V, Umax, and KB represent the volumetric feed flow rate (L/d), 
operational volume of the bioreactor (L), maximum substrate removal 
rate (g/L. d), and saturation constant (g/L. d), respectively. 

Now, a straight-line equation can be formed by rearranging the Eq. 
(3) as 

1
dFt
dt

=
V

Q.(F0 − Ft)
=

KB.V
Umax.Q.F0

+
1

Umax
(4) 

The value of Umax, and KB can be obtained from the slope and 
intercept of the graph plotted between V

Q.(F0 − Ft )
and V

Q.F0
. 

2.8.2. Monod model 
Assuming the MBBR acts as a continuous stirred tank reactor, the 

mass balance of the substrate can be written as. 

V.
dFt

dt
= Q.F0–Q.Ft +V.rsu (5)  

where rsu is the substrate utilization rate (g/L. d). 
At steady state-condition, the value of dFt

dt will be negligible. There
fore, Eq. (5) can be reduced to the obtain the final expression for rsu as 
follows: 

rsu = −
F0 − Ft

t
(6) 

According to the Monod model, rsu can be written in the form of Eq. 
(7) as 

rsu = −
k.Ft.X

Ks + Ft
(7) 

Now, by equalizing and rearranging the right-hand side of the Eqs. 
(6) and (7), the final expression can be written as Eq. (8): 

t.X
(F0 − Ft)

=
Ks

k
×

1
Ft

+
1
k

(8)  

where t and X denote the hydraulic retention time (h) and biomass 
concentration in the bioreactor (g VSS/L). In addition, Ks and k are the 
half-saturation constant (mg/L) and specific substrate utilization rate 
(d− 1), respectively. 

Similarly, the biomass balance inside the bioreactor can be written as 
follows. 

V.
dX
dt

= Q.X0–Q.X +V.rg (9)  

rg =
μmax.X.S

Ks + S
–kd.X (10) 

At steady-state conditions, the final equation for the bacterial mass 
balance can be obtained by integrating and rearranging the Eqs. (9) and 
(10) as 

F0 − Ft

X
=

kd

Y
×

t.XA

X
+

1
Y

(11) 

Table 2 
ANOVA analysis of the quadratic model.  

Response: dye removal efficiency 

Source Sum of 
squares 

Df Mean square F value p-Value 

Model 13,237.23  11  1203.39  311.36  <0.0001 
A - HRT 10,859.83  1  10,859.83  2809.78  <0.0001 
B - dye 

concentration 
1110.73  1  1110.73  287.38  <0.0001 

C - biocarrier 1110.33  2  553.67  143.25  <0.0001 
AB 10.39  1  10.39  2.69  0.1184 
AC 102.92  2  51.46  13.31  0.0003 
BC 25.26  2  12.63  3.27  0.0615 
A2 195.26  1  195.26  50.52  <0.0001 
B2 0.2258  1  0.2258  0.0584  0.8118 
Residual 69.57  18  3.87   
Lack of fit 64.27  9  7.14  12.12  0.0005 
Pure error 5.30  9  0.5891   
Cor total 13,306.90  29    

ANOVA: Analysis of variance; HRT: Hydraulic retention time. 
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where X, XA, Y, and kd are the suspended biomass (g VSS/L), attached 
biomass (g VSS/L), biomass yield coefficient, and biomass decay rate 
(d− 1), respectively. The value of Y and kd can be evaluated from the 
slope and intercept of the graph plotted between F0 − Ft

X and t.XA
X . 

3. Results and discussions 

3.1. Surface morphology and chemical composition of the biocarrier 

The SEM images representing the PP biocarrier exhibit a smooth and 
a flat surface (Supplementary material). The biocarrier was found to be 
hydrophobic, having a contact angle of 94◦ (Table 3). However, the 
chemical oxidation and calcium deposition on the biocarrier provided a 
hydrophilic and wrinkled surface for high biomass growth. The contact 
angle of the KMNO4-PP and KMNO4-Ca-PP biocarriers were measured to 
be 79◦ and 70◦, respectively. The bacterial affinity was found to be 
increased on a hydrophilic and rough surface due to the increase of the 

Table 3 
Summary of contact angles, attached biomass, and extracellular polymeric 
substance associated with various biocarriers.  

Types of 
biocarriers 

Contact 
angle (◦) 

Attached 
biomass 
(mg/L) 

EPS 
(mg/g 
VSS) 

SEPS 
(mg/g 
VSS) 

LB- 
EPS 
(mg/g 
VSS) 

TB-EPS 
(mg/g 
VSS) 

PP 94 ±
3.28 

450 ± 8.93  12.5  4.01  1.03  7.46 

KMNO4-PP 79 ±
2.74 

590 ±
10.57  

21.98  6.73  2.36  12.89 

KMNO4-Ca- 
PP 

70 ±
2.95 

680 ± 8.50  26.7  8.49  3.02  15.19 

EPS: extracellular polymeric substance; SEPS: Soluble EPS; LB-EPS: Loosely- 
bound EPS; TB-EPS: Tightly-bound EPS; VSS: Volatile suspended solid. 

Fig. 3. The interactive effect of initial dye concentration and HRT on dye removal efficiency (%) in MBBRs filled with (a, b) PP; (c, d) KMNO4–PP; (e, f) 
KMNO4–Ca–PP biocarriers. 
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secretion of proteins, nucleic acid, and extracellular polymeric sub
stances (Gao et al., 2021). 

The elemental composition of the biocarriers (before and after 
modification) was studied using XPS analysis (Supplementary material). 
The PP (raw) was mainly composed of C (98.84 %) and O (1.16 %). 
However, Mn and Ca peaks were introduced after surface modification 
with KMNO4 and CaCl2. K and Mn peaks appeared at 292.6 and 642.53 
eV, respectively. Similarly, two strong peaks, i.e., Ca2p and Cl2p spec
trum, revealed the successful deposition of the Ca element in the form of 
CaCl2 on the surface of the PP biocarrier. 

3.2. Effect on immobilized biomass growth and extracellular polymeric 
substance secretion 

The evaluation of biomass growth was carried out in the batch MBBR 
using three different types of biocarriers and the attached biomass was 
quantified after 15 days of operation. The biomass growth mainly de
pends upon the secretion of the extracellular polymeric substance (EPS) 
by bacteria. The attached biomass of 450 mg/L was measured with the 
PP biocarrier (Table 3). However, the amount of volatile suspended solid 
was improved with chemical oxidation and calcium treatment. More
over, the quantity of biomass was increased by 31.11 and 51.11 % after 
KMNO4 oxidation and CaCl2 treatment. Similarly, the EPS secretion was 
also improved with the chemical treatment of the plastic surface. The 
EPS was increased by 75.84 % and 113.6 % when the PP (raw) bio
carriers were treated with KMNO4 and CaCl2, respectively. The signifi
cant improvement in attached growth biomass and EPS was due to the 
hydrophilicity, which enhances the binding of bio cells on the biocarrier 
surface. The attachment of calcium element acts as a micronutrient for 
the bacterial cells. 

3.3. Statistical analysis 

D-optimal design is an effective Response surface methodology 
(RSM) technique that enables the prediction of an accurate response 
with a smaller number of experiments (Bahadi et al., 2019). The 
experimental conditions were designed based on the range of indepen
dent process variables and a total of 30 experiments were performed. 

The responses (i.e., dye removal efficiency (RE)) were evaluated at each 
condition and summarized in Table 1. The statistical significance of the 
obtained quadratic model was investigated by using ANOVA analysis. 
The low value of p (<0.0001) represented the model predictability to 
estimate the process response. In addition, the regression coefficients 
were evaluated to evaluate the fit of the model and found to be 0.995, 
0.992, and 0.986 for R2, adjusted R2, and predicted R2, respectively. 

3.4. The effect of the process variables on dye removal efficiency 

The effect of HRT and initial dye concentration was studied in the 
MBBRs. The corresponding dye removal efficiency (RE) was measured 
and provided in Table 1. The present study showed that the removal of 
azo dye was significantly affected by the change of HRT and initial dye 
concentration. The RE was observed to be enhanced with a change in 
HRT for each type of biocarrier (Fig. 3). The RE was increased from 
23.04 to 45.73 % with an increase in HRT varied from 16 to 32 h (dye 
concentration = 100 mg/L; biocarrier type = PP) (Table 1). With a 
further increase of HRT, the RE attained a maximum value of 62.36 % at 
similar operating conditions. The bioremediation process needs suffi
cient time for the substrate and microorganisms to interact completely. 
The washout of the pollutants without reaching the surface of the active 
bacterial site resulted in low RE (Banerjee and Ghoshal, 2016). How
ever, the initial dye concentration was observed to be followed an in
verse relation with the RE. At an initial dye concentration of 150 mg/L, 
the lowest RE of 67.12 % was found (HRT = 48 h; biocarrier type =
KMNO4-PP). The RE was drastically improved when the dye concen
tration was reduced to 50 mg/L and measured to be 80.23 % at similar 
conditions. The significant drop of RE at a higher concentration was due 
to the change in the organic loading rate, which decreased the perfor
mance of MBBR. 

The efficacy of the MBBR was greatly affected by the types of bio
carrier. The maximum dye RE of 90.27 and 80.23 % was obtained by the 
MBBR filled with KMNO4-Ca-PP and KMNO4-PP biocarriers, respec
tively (HRT of 48 h and dye concentration of 50 mg/L). In the meantime, 
the MBBR filled with and PP biocarriers could attain a RE of 68.3 %. The 
better performance shown by KMNO4-Ca-PP biocarriers was due to the 
hydrophilic surface, which stimulates the high biomass attachment 

Fig. 4. Modified Stover-Kincannon kinetic model used in bioremediation of AB 113 dye in MBBRs for PP, KMNO4–PP, and KMNO4 –Ca–PP biocarriers.  
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within a specific time period. In addition, the Calcium deposition on the 
plastic surface promoted the production of EPS which enhanced the 
metabolic activity of the bacterial cells. Therefore, the chemically 
modified biocarrier (i.e., KMNO4-Ca-PP) could be more effective for 
treating azo dye wastewater than the traditional PP biocarrier. 

3.5. Verification of the model through numerical optimization 

The precision of the designed model was investigated at a maximum 
HRT (48 h), a suitable initial dye concentration (100 mg/L), and the 
effective biocarrier (KMNO4-Ca-PP) for maximum dye RE. The predicted 
value of the dye RE was 81.54 %, with desirability of 0.936. Further, 
real-time experiments were conducted at the above process conditions 
and the RE was evaluated to be 83.75, 73.52, and 61.24 % for KMNO4- 
Ca-PP, KMNO4-PP, and PP biocarriers, respectively. The minimal error 
(within 3.0 %) between the predicted and experimental values repre
sented the reasonable accuracy of the model. 

3.6. Kinetic evaluation 

3.6.1. Modified Stover-Kincannon model 
The values of maximum substrate utilization rates (Umax) and satu

ration constants (KB) were calculated from the slopes and intercepts 
obtained from Fig. 4. The high values of regression coefficients (R2 >

0.96) represented the significant fitness of the kinetic model to predict 
the parameters. In addition, the kinetic analysis showed that the dye 
utilization rates were significantly increased with surface modification 
of the biocarrier and evaluated to be 0.048, 0.070, and 0.083 g/L. d for 
PP, KMNO4-PP, and KMNO4-Ca-PP, respectively (Table 4). Similarly, the 
corresponding rate constants (KB) were calculated to be 0.03, 0.047, and 
0.056, respectively. 

3.6.2. Monod model 
The dependency of the dye degradation rate on the microbial growth 

in the MBBR was studied by plotting a graph between t.X
(F0 − Ft)

and 1
Ft 

(Fig. 5a). The values of specific substrate utilization rate (k) and half- 
saturation constant (Ks) were calculated for each type of biocarrier 
and summarized in Table 4. It was obvious that better k values were 
observed for MBBR filled with KMNO4-Ca-PP biocarriers with regression 
coefficients of 0.96. Moreover, the deducted values of \k were to be 
1.896, 0.926, and 0.387 d− 1 for PP, KMNO4-PP, and KMNO4-Ca-PP 
biocarriers, respectively. Similarly, Y and kd values were calculated from 
the graph plotted against F0 − Ft

X vs. t.XA
X (Fig. 5b). It can be seen that the 

model has provided a satisfactory result with significant regression co
efficients (R2 > 0.90) for each type of biocarrier. The biomass yield 
coefficients (Y) were improved with surface modification and found to 
be 17.006, 19.417, and 28.818 for PP, KMNO4-PP, and KMNO4-Ca-PP 
biocarriers, respectively. In the meantime, the corresponding biomass 
decay rates (kd) were measured and resulted to be 0.167, 0.212, 0.386 
mg/L, respectively. 

3.7. FTIR analysis 

After the bioremediation process, the FTIR analysis was employed to 
analyze the broad change of functional groups in the AB 113 dye. A 
comparative FTIR spectrum of untreated and treated wastewater was 
depicted in the Supplementary material. The analysis showed that the 

Table 4 
Various kinetic parameters obtained from modified Stover-Kincannon and 
Monod model.  

Model name Coefficients Types of biocarrier 

PP KMNO4- 
PP 

KMNO4-Ca- 
PP 

Modified Stover- 
Kincannon 

Umax (g/L. d)  0.048  0.070  0.083 
KB (g/L. d)  0.030  0.047  0.056 
R2  0.974  0.967  0.976 
RMSE  0.586  0.708  0.603 

Monod k (d− 1)  0.387  0.926  1.896 
Ks (mg/L)  116. 99  400.89  1158.47 
R2  0.960  0.958  0.935 
RMSE  0.786  0.723  0.788 
Y  17.006  19.417  28.818 
Kd (mg/L)  0.167  0.212  0.386 
R2  0.909  0.950  0.966 
RMSE  1.001  0.909  0.915 

PP: Polypropylene; KMNO4-PP: KMNO4 oxidised PP; KMNO4-Ca-PP: KMNO4 
oxidised with Ca coated PP; RMSE: Root mean square error. 

Fig. 5. Monod model used in bioremediation of AB 113 dye in MBBRs for PP, KMNO4–PP, and KMNO4–Ca–PP biocarriers.  
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azo bond (N––N), mainly identified at a bandgap between 1504 and 
1555 cm− 1, is absent in the degraded sample. Comparatively broad and 
strong intensities of spectra were detected at 3300–3500 cm− 1 in the 
treated sample, revealing the formation of hydroxyl (OH) and amino 
(NH) groups in bioremediation. In addition, the appearance of peaks at 
1635 cm− 1 and 1635 cm− 1 correspond to the presence of N–H bonding 
and C (NH)––O group, respectively. The significant shift of the peaks was 
observed at wavenumbers of 1066 cm− 1. Moreover, the spectrum at 
1397 cm− 1 corresponds to the C–H bending, 1635 cm− 1 refers to N–H 
bending vibration, and 1066 cm− 1 denotes the stretching vibration of 
C–O groups. The present functional group analysis indicated the 
degradation of Acid Blue 113 dye. 

4. Conclusion 

A polymeric biocarrier (i.e., PP) was modified to biodegrade the AB 
113 dye from wastewater effectively. The chemical oxidation and cal
cium treatment of the biocarrier enhance the start-up time period and 
biomass attachment. The batch investigation found that the modified 
biocarrier enhanced the fixed biomass and extracellular polymeric ma
terial secretion by 1.51 and 2.13 times, respectively. Moreover, at 
optimized process conditions, KMNO4-Ca-PP biocarriers showed a 
maximum dye RE of 83.75 % due to the more fixed biofilm development. 
Therefore, the modified biocarrier in MBBR can be effectively employed 
to treat the azo dyes from wastewater. 
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