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Abstract
Textile industries produce a large volume of dye-contaminated wastewater through the dyeing process, which poses a high 
risk to the environment. The reactive dyes are commonly used as colorant organic substances as these are chemically sta-
ble and give bright colors to fabrics. This study aims to optimize the decolorization of Reactive Red 21 dye from water by 
Pseudomonas aeruginosa strain 23N1. The two-level factorial design has been applied to select the levels of operational 
parameters, which has been further optimized by rotatable central composite design-based response surface methodology. The 
concentration of yeast extract has shown a significant positive effect (highest coefficient estimate of 25.55) on decolorization 
by the strain, whereas added glucose and peptone as nutrients for bacteria have shown negative effect (coefficient estimate of 
− 1.71 and − 1.62, respectively) because the bacteria preferably have utilized glucose and peptone as prime carbon/nitrogen 
source instead of dye molecules. Quadratic model generated through central composite design using experimental data to 
predict decolorization percentage has shown a good correlation coefficient (R2 = 0.999) and adjusted correlation coefficient 
(Adj. R2 = 0.992). The decolorization percentages from model validation experiments are achieved as 93.5 ± 0.4% and 
91.5 ± 0.5% for initial dye concentrations of 50 mg/L and 150 mg/L, respectively, and have demonstrated satisfactory cor-
relation with model predicted data. Based on the result obtained, it can be suggested that the strain 23N1 could be efficiently 
used to decolourize RR21 dye-contaminated wastewater.
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Introduction

Rapid industrialization has introduced varieties of waste-
waters, contaminated with different toxic organic and inor-
ganic constituents resulting in deterioration of the envi-
ronment and imbalanced ecosystem (Colak et al. 2011; 
Gupta and Ali 2012; Mishra and Maiti 2018; Basheer 
2018). Among all industries, textile industrial wastewater 
has considered as a great concern due to its large volume 

and complexity of the toxicants present in it (Wang et al. 
2017; Korenak et al. 2018; Ali et al. 2018). An account 
over 7 × 105 metric tons of synthetic dyes is produced and 
used worldwide yearly in dyeing process (Colak et al. 
2009). Out of which, about > 15% (i.e., 1–5% loss in pro-
duction and 1–10% loss in handling), i.e., 280 kilotons of 
dyes, remained unfixed and carried out through wastewater 
(Yenikaya et al. 2010; Liu et al. 2017a). The commercial 
dyes, especially reactive azo dyes, have extensive use in 
dyeing because of their superior characteristics like capa-
ble of making brilliant color shades, high wet fastness pro-
files, less energy requirement and easy to apply (Naseer 
et al. 2016). A small concentration of dye (10–15 mg/L) 
in wastewater is even significantly visible and reduces the 
transparency, gas solubility and the esthetic value of water 
bodies (Maqbool et al. 2016). However, the conventional 
physiochemical treatment techniques such as adsorption 
(Khan et al. 2011; Dehghani et al. 2016; Ali et al. 2016a, 
b, c), coagulation and flocculation (Slokar and Marechal 
1997; Ali et al. 2012), photochemical oxidation (Yang and 
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Wyatt 1998; Burakova et al. 2018), electrochemical oxida-
tion (Pelegrini et al. 1999), and ozonation and membrane 
filtration (Xu and Lebrun 1999) have been investigated to 
treat textile wastewater. But those processes have certain 
demerits like requirement of high energy and cost, inef-
ficient to remove the reactive dyes and produce hazard-
ous by-products (Dafale et al. 2008). Biological treatment 
is considered a better method, as this is environmentally 
friendly and efficiently removes or transforms the dye mol-
ecules to non-toxic chemicals. In this regard, numerous 
numbers of potential microorganisms (bacteria, fungi and 
algae) have been investigated by the researchers to treat 
dye-contaminated wastewater (Lim et al. 2013a, b; Yang 
et al. 2016; Das and Kumar 2018). The efficiency of micro-
bial dye decolorization depends on the selected microor-
ganism and their adaptability into the process conditions 
of culture (Deive et al. 2010; Ma et al. 2013). However, 
the microorganism like fungi and algae exhibits certain 
limitations, including extended hydraulic retention period 
to complete decolorization process and involve adsorp-
tion phenomenon to remove dye molecules rather than 
environmental friendly biotransformation into non-toxic 
molecules (Kalyani et al. 2009). In contrast, the bacteria 
could efficiently remove dyes through complete or par-
tial mineralization mechanism under preferable operating 
conditions along with rapid growth of bacterial population 
(Bedekar et al. 2014). The growing microorganisms have 
specific nutritional needs, and when the growth-promoting 
nutrients are sufficiently available, microorganism even 
responds well to the toxicity stress and exhibits higher per-
centage of decolorization (Garg et al. 2012). Nevertheless, 
it is not easy to predict the optimal condition of process 
parameters (nutritional ingredients and its amount in the 
culture at particular pH and temperature) of decolorization 
using bacteria (Banat et al. 1996). Therefore, studies are 
needed to elucidate the impact of such operational fac-
tors on the growth and performance of microorganism for 
dye decolorization. In the recent past decades, the effect 
of experimental parameters on microbial dye decoloriza-
tion was used to investigate with traditional single-factor 
optimization method (Zhao et al. 2010). This conventional 
approach could not significantly analyze the effect of inter-
action between or among experimental factors. Thus, the 
statistical methods like two-level factorial experimental 
design and response surface methodology (RSM) could 
solve the complexities involved in experimental design 
and explore the relationship among response and various 
experimental factors (Du et al. 2010; Ekka et al. 2016). 
RSM is a statistical technique, in which central composite 
design (CCD) is extensively used as an analytical optimi-
zation tool to achieve the desired response (Kuppusamy 

et al. 2017). It also reduces the number of experimental 
trials required to examine the effects of various parameters 
in dye decolorization process.

Based on the available literature, it has been revealed that 
dye alone could not be used as the sole carbon and nitrogen 
source for most of the bacterial species since the organ-
ism requires additional carbon and nitrogen sources to co-
metabolize the dye (Senthilkumar et al. 2013). A very few 
bacterial species have the capability to cleave azo bond and 
could utilize the dye molecules as the sole carbon and energy 
source (Telke et al. 2010). In the present study, the decolori-
zation of Reactive Red 21 (RR21) dye has been investigated 
using Pseudomonas aeruginosa strain 23N1 that exhibits 
the capability to grow using azo dye as the sole carbon and 
energy source. The synthetic RR21 dye is used widely in 
textile and leather industries, which adds biotic risk due to 
environmental contamination through wastewater. Thus, the 
decolourization of reactive RR21 (azo dye) has been inves-
tigated using P. aeruginosa strain 23N1 in the presence and 
absence of other carbon and nitrogen sources. The effects 
of operational parameters have been analyzed using two-
level factorial design, and the optimization of culture condi-
tion has been performed using CCD-based response surface 
methodology. Later, the kinetics study of decolorization has 
been also carried out to elucidate the activity of bacteria in 
decolorization as a function of time. This study aims to opti-
mize a bacterial-based dye decolorization process. It is also 
to be noted that this study first reports the decolorization of 
RR21 dye-contaminated water and that by P. aeruginosa 
strain 23N1. The experiments in this study were performed 
in Indian Institute of Technology Roorkee, at Saharanpur 
Campus, Saharanpur, India, in 2017.

Materials and methods

Dyes and chemicals

The azo dye namely Reactive Red 21 (Remazol Red BB 
or RR21) of CAS number 11099-79-9 (Molecular formula 
C26H19N4Na3O15S4), used in this study was supplied by 
Sisco Research Laboratories Pvt. Ltd., Delhi, India, and 
chemical structure is shown in Fig. S1 of supplementary 
information (SI). All other chemicals were procured from 
Himedia Laboratories, Mumbai, India.

Microbial strain and culture conditions

The bacteria P. aeruginosa strain 23N1 of accession number 
MCC 2622 was procured from National Centre for Cell Sci-
ences (NCCS), Pune, India. The pure culture was maintained 
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in HK34b nutrient agar medium [peptone (5 g/L), NaCl 
(5 g/L), meat extract (1.5 g/L), yeast extract (1.5 g/L) and 
agar (15 g/L)]. For inoculums preparation, the strain 23N1 
was routinely grown aerobically under shaking condition 
of 150 rpm, at 30 °C in 100-mL Erlenmeyer flask contain-
ing 50 mL broth (0.35% (w/v), yeast extract and 2% (w/v) 
peptone) for 24 h. This culture was used as inoculums (vol-
ume in % (v/v)) in subsequent experiments unless speci-
fied (Pathak et al. 2014). The stock solution (1000 mg/L) 
of Reactive Red 21 dye was prepared by dissolving 1 g/L 
of dye in double distilled water, and dye solution of desired 
concentration (50 mg/L, 100 mg/L, 150 mg/L and 200 mg/L) 
for respective experimental trial was prepared by diluting the 
stock solution. The initial pH of the solutions was adjusted 
using 1 N NaOH and 1 N HCl. All the statistical schematics 
of decolorization experiments were performed in triplicates, 
in 100-mL Erlenmeyer flask containing 50 mL dye solution 
supplemented with broth nutrient of particular concentra-
tion and inoculums, under static condition. The duration of 
culture incubation was 48 h, which was kept constant for all 
experimental runs. The operational variables like pH, incu-
bation temperature, inoculation volume, the concentration 
of dye, carbon source, nitrogen source, salt concentration 
and yeast extract concentration have been chosen to inves-
tigate the relationship and interactive effects among its on 
dye decolorization using the regular two-level factorial and 
RSM design methods.

Analytical techniques

The sample collected from the experimental flask to meas-
ure residual dye concentration was first centrifuged at 
10,000 rpm for 20 min. The resultant supernatant was ana-
lyzed using UV spectrophotometer at 537 nm (λmax of RR21) 
to detect the residual dye concentration in mg/L. A control 
of particular experimental run performed under the same 
condition. The following equation was used to evaluate the 
dye decolorization percentage:

where Concin is initial dye concentration and Concf is final 
dye concentration of the supernatant solution of respective 
sample. The mean value of the responses (% decolorization) 
from triplicates of respective experimental trial was consid-
ered for statistical analysis.

Decolorization percentage =
Concin − Concf

Concin
× 100

Statistical optimization of decolorization conditions

The decolorization study of RR21 dye-containing water was 
carried out as per the experimental trials produced through 
statistical designs using Design-Expert software 7.0 (ver-
sion 7.1.6, Stat-Ease Inc., Minneapolis, USA). Firstly, the 
conventional two-level factorial design was used to select 
the minimum and maximum level of operational parameters 
and examined their effect on decolorization by strain 23N1. 
Secondly, after identifying the significant levels of influ-
ential factors from two-level factorial design, the response 
surface methodology (RSM) was carried out to evaluate the 
required decolorization process condition to achieve an opti-
mal response. In RSM, central composite design (CCD) was 
chosen for optimization study as it includes three groups 
of design points as two-level factorial design points, centre 
points and axial points (Maqbool et al. 2016). Moreover, this 
technique is cost-effective as it reduces the number of exper-
imental trials required to examine the effect of operational 
factors and their interaction on a response (Du et al. 2010). 
The elaborate description of these statistical techniques has 
written in S1.1 and S.1.2 sections of SI.

Kinetics study

The kinetic study was carried out under an analyzed optimal 
condition for 50 mg/L and 150 mg/L of initial dye concen-
trations. The samples of the kinetic study were collected at 
different predetermined times up to 60 h. A 3 mL sample 
was withdrawn from culture flask and centrifuged to get 
the supernatant for analyzing the residual dye concentra-
tion. The UV–visible spectra of RR21 dye solutions were 
recorded in the range of wavelength 200 to 700 nm (λmax of 
dye: 537 nm) after collecting experimental supernatant solu-
tions during kinetic study to investigate the spectral changes.

Results and discussion

In the preliminary study, the decolorization of RR21 dye by 
P. aeruginosa strain 23N1 is carried out under both static 
and shaking (150 rpm) conditions with initial dye solution of 
50 mg/L for 48 h of the incubation period. The decoloriza-
tion percentage of RR21 dye is obtained about 90% under 
static condition and 55% under shaking condition, when 
other parameters kept constant (pH: 9, temperature: 40 °C, 
salt: 3 g/L, and yeast extract: 8 g/L). The lower decoloriza-
tion might be achieved due to lower azoreductase enzyme 
activity under shaking aerobic conditions (Oturkar et al. 
2011). This observation indicates that strain 23N1 may 
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require a certain amount of oxygen. Similar observation 
was reported by Sheth and Dave (2009), who investigated 
the decolorization of Reactive Red BS by P. aeruginosa 
NGKCTS. Therefore, the static aerobic condition is selected 
in the subsequent experiments of RR21 dye decolorization 
using strain 23N1.

Regular two‑level factorial design for screening 
the operational factors

In the screening study, six factors (A-pH, B-glucose, C-pep-
tone, D-salt, E-yeast extract and F-inoculation volume) have 
been considered for conventional two-level factorial design. 

All experiments have been carried out using 50 mg/L of 
initial dye solution incubated at 30 °C for 48 h. The decol-
orization of RR21 by the strain 23N1 in different culture 
supplements has shown wide variation in decolorization 
percentages from 1.46 to 89.97% (Table 1), indicating the 
high significance of the selected factors within the lower 
(− 1) and upper (+1) levels taken in this optimization study. 
The ANOVA results of operational factors, which include 
F-value, p value of the selected factors and coefficient of the 
first-order model, are shown in Table S1 of SI. The result 
indicates that the model with F-value 35.9 is found to be sta-
tistically significant (p value < 0.05). The model reliability is 
verified by computing the correlation coefficient (R2 = 0.987) 

Table 1   Experimental and predicted results of a regular two-level factorial analysis

Std no. pH Glucose (g/L) Peptone (g/L) Salt (g/L) Yeast extract 
(g/L)

Inoculation 
volume (g/L)

Decolourization %

Actual value Predicted value

1 3 0 0 0 0 1 5.71 6.48
2 11 0 0 0 0 10 8.31 7.40
3 3 5 0 0 0 10 13.62 20.86
4 11 5 0 0 0 1 10.64 7.68
5 3 0 10 0 0 10 22.52 16.40
6 11 0 10 0 0 1 6.50 8.06
7 3 5 10 0 0 1 12.48 13.56
8 11 5 10 0 0 10 26.83 26.17
9 3 0 0 7 0 10 17.95 14.66
10 11 0 0 7 0 1 1.46 3.58
11 3 5 0 7 0 1 22.19 18.15
12 11 5 0 7 0 10 27.53 28.61
13 3 0 10 7 0 1 10.13 13.92
14 11 0 10 7 0 10 20.83 22.92
15 3 5 10 7 0 10 33.84 34.42
16 11 5 10 7 0 1 15.35 13.04
17 3 0 0 0 10 10 66.49 68.80
18 11 0 0 0 10 1 82.25 81.67
19 3 5 0 0 10 1 58.39 56.31
20 11 5 0 0 10 10 73.67 69.88
21 3 0 10 0 10 1 63.42 62.34
22 11 0 10 0 10 10 70.40 74.44
23 3 5 10 0 10 10 48.13 46.01
24 11 5 10 0 10 1 45.30 48.59
25 3 0 0 7 10 1 78.25 78.92
26 11 0 0 7 10 10 89.97 88.88
27 3 5 0 7 10 10 71.08 69.52
28 11 5 0 7 10 1 63.22 69.34
29 3 0 10 7 10 10 66.52 69.48
30 11 0 10 7 10 1 81.39 74.15
31 3 5 10 7 10 1 45.92 46.83
32 11 5 10 7 10 10 69.24 68.47
33 7 2.5 5 3.5 5 5.5 34.20 34.20
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and adjusted coefficient (Adj R2 = 0.959), which suggests the 
95.9% variability in the response variables, that can be eluci-
dated through its relation with the input variables exhibited 
in the model (Maqbool et al. 2016). The adequacy precision 
value obtained as 17.98, which indicates an adequate signal 
for the model to be used to navigate in design space. Moreo-
ver, the significance of model is verified by p values < 0.05, 
and in this case, D, E, F, AE, BE and CE are found to be 
significant model terms. The estimated coefficient of the fac-
tors, standard error, confidence limits and variance inflation 
factor (VIF) is enlisted in Table S2 of SI. The significance 
of regression coefficient of each factor is determined by con-
structing their confidence limit. Among the selected factors, 

when glucose and peptone are added to culture medium, 
both have exhibited negative influence on decolorization and 
their coefficient values are estimated as − 1.71 and − 1.62, 
respectively. In the presence of glucose and peptone, bacte-
ria have preferably used these as carbon and nitrogen sources 
instead of dye molecules. Thus, glucose and peptone are not 
required in culture medium to achieve better decolorization 
of RR21 dye using strain 23N1. Although the coefficient 
estimates (1.76) for pH are found lower than the other signif-
icant model terms, it has shown positive influence on decol-
orization. Among the significant model terms, yeast extract 
observed as the highest decisive influential factor (coeffi-
cient estimate = 25.55) on decolorization. The VIF value of 

Table 2   Central composite 
designs of factors with actual 
values and predicted values of 
decolorization

Std no. pH Tem-
perature 
(°C)

Dye con-
centration 
(mg/L)

Salt (g/L) Yeast 
extract 
(g/L)

Inoculation 
volume (%)

Decolourization %

Actual value Predicted value

1 9 40 150 6 3 3 24.04 23.99
2 9 40 150 2 9 3 88.83 88.79
3 9 40 50 6 3 8 44.49 44.44
4 9 20 150 2 9 8 30.82 30.78
5 5 40 50 6 9 8 91.54 91.50
6 9 20 150 6 3 8 19.90 19.85
7 5 40 150 2 3 3 21.15 21.10
8 9 40 50 2 9 8 87.84 87.79
9 9 20 50 6 3 3 5.63 5.58
10 5 20 150 2 3 8 18.94 18.89
11 5 40 50 2 3 8 34.68 34.63
12 9 20 50 2 9 3 18.87 18.82
13 5 20 50 6 9 3 18.43 18.39
14 5 20 150 6 9 8 31.84 31.79
15 5 40 150 6 9 3 91.49 91.45
16 5 20 50 2 3 3 4.81 4.76
17 3 30 100 4 6 5.5 58.15 58.24
18 11 30 100 4 6 5.5 60.86 60.96
19 7 10 100 4 6 5.5 19.56 19.66
20 7 50 100 4 6 5.5 21.85 21.95
21 7 30 0 4 6 5.5 0.00 0.10
22 7 30 200 4 6 5.5 39.80 39.90
23 7 30 100 0 6 5.5 37.35 37.45
24 7 30 100 8 6 5.5 52.96 53.05
25 7 30 100 4 0 5.5 3.21 3.30
26 7 30 100 4 12 5.5 86.70 86.80
27 7 30 100 4 6 0.5 35.95 36.05
28 7 30 100 4 6 10.5 43.61 43.70
29 7 30 100 4 6 5.5 39.80 36.22
30 7 30 100 4 6 5.5 36.40 36.22
31 7 30 100 4 6 5.5 32.77 36.22
32 7 30 100 4 6 5.5 36.93 36.22
33 7 30 100 4 6 5.5 35.57 36.22
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1 obtained for all factors, which indicates the magnitude 
of multicollinearity in the ordinary least squares regression 
analysis. Based on the result obtained, the four factors such 
as pH, salt concentration, the concentration of yeast extract 
and inoculation volume are revealed out to be major influ-
ential factors. These four most influential factors along with 
dye concentration and temperature have been considered for 
optimization process through RSM.

Optimization of experimental conditions by central 
composite design

CCD is a well-known second-order experimental design 
used for sequential experimentation to get reasonable 
information for testing the goodness of fit using a reduced 
number of design points. The complete design matrix and 

analysis of variance (ANOVA) are shown in Tables 2 and 3, 
respectively. The actual decolorization percentage is varied 
widely ~ 0% to 91.5% under defined test conditions. Using 
the rotatable method, a total number of 33 batch trials (tri-
plet of each trial) of experiments are carried out. The sig-
nificance of highest order polynomial model is identified 
through evaluation of “partial sum of squares-Type III” for 
response data. The analyses provide the information that 
additional terms in data are significant and the model is 
not aliased. Besides a moderately lower value of the coef-
ficient of variation (CV% = 5.88), the model has exhibited 
the high reliability of the experiments (Amini et al. 2008). 
The lack of fit F-value as 0.027 implies that lack of fit is 
not significant relative to the pure error. There is an 87.68% 
chance that a “lack-of-fit F-value” of this large could occur 
due to the noise. The lack-of-fit test suggests the better use 

Table 3   ANOVA for the 
response surface quadratic 
model in CCD

Source Sum of 
squares (Type 
III)

df Mean square F-value p value Prob > F

Model 21,827.33 27 808.42 156.56 < 0.0001 Significant
A-pH 3.69 1 3.69 0.71 0.4368
B-temperature 2.63 1 2.63 0.51 0.5075
C-dye concentration 791.98 1 791.98 153.37 < 0.0001
D-salt 121.79 1 121.79 23.58 0.0046
E-yeast extract 3485.88 1 3485.88 675.06 < 0.0001
F-inoculation volume 29.29 1 29.29 5.67 0.063
AB 1.65 1 1.65 0.32 0.5959
AC 3.23 1 3.23 0.63 0.4649
AD 47.89 1 47.89 9.28 0.0286
AE 35.02 1 35.02 6.78 0.048
AF 1.30 1 1.30 0.25 0.6371
BC 65.76 1 65.76 12.73 0.0161
BD 17.44 1 17.44 3.38 0.1255
BE 2131.29 1 2131.29 412.74 < 0.0001
BF 399.46 1 399.46 77.36 0.0003
CD 2.54 1 2.54 0.49 0.5141
CE 63.62 1 63.62 12.32 0.0171
CF 2209.35 1 2209.35 427.85 < 0.0001
DE 0.23 1 0.23 0.05 0.8408
DF 5.70 1 5.70 1.10 0.3414
EF 90.03 1 90.03 17.44 0.0087
A2 1029.16 1 1029.16 199.30 < 0.0001
B2 447.28 1 447.28 86.62 0.0002
C2 495.33 1 495.33 95.92 0.0002
D2 153.60 1 153.60 29.75 0.0028
E2 146.84 1 146.84 28.44 0.0031
F2 25.18 1 25.18 4.88 0.0783
Residual 25.82 5 5.16
Lack of fit 0.17 1 0.18 0.03 0.8768 Not significant
Pure error 25.64 4 6.41
Cor total 21,853.15 32
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of quadratic model against a two-factor interaction model. 
Moreover, the F-value of 156.55 along with p value < 0.0001 
obtained from quadratic model indicates that applied quad-
ratic model here is highly significant (Dasgupta et al. 2015). 
The significance of model is reinforced by a higher coeffi-
cient of correlation (R2 = 0.999), predicted correlation coef-
ficient (Pred. R2 = 0.987), adjusted correlation coefficient 
(Adj. R2 = 0.992) and adequacy precision (Adeq. preci-
sion = 43.67), which indicate an adequate signal (Hafshejani 
et al. 2014). ANOVA result of this quadratic model suggests 
that the model could be worked out to navigate the design 
space. In this case, C, D, E, AD, AE, BC, BE, BF, CE, CF, 
EF, A2, B2, C2, D2 and E2 are significant model terms and 
those have p value < 0.05 (Li et al. 2014). By applying mul-
tiple regressions, an appropriate second-order polynomial 
equation of quadratic model is obtained in terms of the 
coded factors as:  

The fitted model equation includes the contribution of 
all six factors in the form of six linear terms such as A, 
B, C, D, E and F. The six quadratic terms are obtained as 
A2, B2, C2, D2, E2 and F2. The fifteen interaction terms are 
obtained as AB, BC, DE, CF and others. In the quadratic 

Decolorization percentage = +36.22 + 0.68A + 0.57B + 9.95C + 3.90D + 20.87E + 1.91F

+ 0.32AB − 0.45AC + 3.00AD + 2.56AE + 0.29AF − 3.51BC + 1.04BD + 11.54BE

+ 8.65BF − 0.40CD + 1.99CE − 20.35CF + 0.21DE + 0.60DF − 2.37EF + 5.85A2

− 3.85B2
− 4.06C2

+ 2.26D2
+ 2.21E2

+ 0.91F2

model equation, all the linear terms have a positive contri-
bution to the response. Although the interaction terms BC, 
CD, CF and EF have negative contribution along with coef-
ficients of quadratic terms B2 and C2, corresponding linear 
terms have shown a positive significant. Furthermore, the 
significance of correlation coefficients of model terms is 
obtained by constructing the confidence limits, shown in 
Table S3 of SI. All the regression coefficients are achieved 
within the confidence limits. Among the selected factors, 
pH and temperature have displayed the lowest coefficient 
value as 0.68 and 0.57, respectively, and those are found as 
nonsignificant factors in the studied range. However, it is 
known that the bacteria will grow well at temperature range 
25–40 °C and in slightly alkaline medium (Prasad and 
Aikat 2014). Thus, these factors are needed to be optimized 
during the experiment to provide a suitable environment 
for bacterial growth. Among the significant model terms, 

amount of yeast extract has shown the highest positive 
influence (coefficient estimate = 20.87) on decolorization 
than any other factors. Based on the impacts of these vari-
ables and contribution of factors in the above equation, it 
can be suggested that this quadratic model could elucidate 

Fig. 1   Perturbation plot of 
operational factors
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the interrelationship among all investigated factors and 
well predict the corresponding response as percentage of 
decolorization.

Usually, it should be validated to ensure the suitability 
of the generated model for providing an adequate estimate 
of required process condition to achieve a target response 
for real system (Lim et al. 2013a, b). As mentioned above, 
the diagnostic plots are constructed for a better under-
standing of ANOVA and to judge the adequacy of a 
model, shown in Fig. S2 of SI. The normal plot of resid-
ual is constructed between internally studentized residu-
als and normal percentage probability values, shown in 
Fig. S2a of SI. The graph shows that the residuals fol-
low a normal distribution along the straight line, which 
reveals that a transformation of the response may provide 
a better analysis (Jadhav et al. 2015). The graph of actual 
values versus predicted values indicates a good fit, shown 
in Fig. S2b of SI. The Box–Cox plot is an indication of 
selecting the correct power law transformation based on 
the best lambda, shown in Fig. S2c of SI. In this study, 
the 95% confidence interval around this lambda includes 
value 1. Thus, it is not required to transform further the 
observed response for model fitting (Dasgupta et al. 2015; 
Ayed et al. 2017). The plot of Cook’s distances (shown in 
Fig. S2d of SI) provides a measure of changes in regres-
sion if any case is deleted, which helps in identifying 

an outlier. However, no outlier is found in this study, as 
the Cook’s distances are within < 1 value. Moreover, all 
leverage numerical values obtained within the standard 
range (shown in Fig. S2e of SI) indicate the potential for 
a design point to influence the model fit.

The perturbation plot exhibiting the comparative effect 
of all the factors at a particular point in the design space 
is illustrated in Fig. 1. This plot helps to identify the fac-
tors that most affect the response. A significant steep 
slope or curvature of factors A, D, B, C and E shows that 
the decolorization response is sensitive to those factors. 
The higher gradient of factor E (concentration of yeast 
extract) indicates its high sensitivity to the response. The 
yeast extract acts as a nitrogen source and vitamins and 
contributes to the other growth factors which are essential 
for bacterial growth (Maqbool et al. 2016). Thus, factor 
E is found to be one of the most influential on the decol-
orization percentage of RR21 dye.

Effect of operational parameters on decolorization 
of dye

It is well known that the glucose and peptone have been 
considered an important component of dye decolorization 
medium (Khan et al. 2013; Sheth and Dave 2009). In this 
study, the two-level factorial analysis revealed that glucose 

Fig. 2   3D response plots for operational factors exhibiting interactive 
effects on decolorization of RR21 using Pseudomonas aeruginosa 
23N1: a pH and salt; b amount of yeast extract and pH; c amount 

of salt and dye concentration; d dye concentration and temperature; 
e amount of yeast extract and temperature; f amount of yeast extract 
and dye concentration
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and peptone have the negative effect on decolorization of 
RR21. Thus, these were not added in culture medium in 
the subsequent studies. In contrast, the amount of salt and 
yeast extract has shown positive influence on decolorization. 
Imran et al. 2016 reported the enhanced decolorization of 
azo dye in medium incorporated with yeast extract, which 
simulates the activity of azoreductase enzyme responsible 
for the degradation of dye. In the recent past, two opinions 
have been argued to classify the roles of dyes in cellular 
metabolic processes: One supports that dyes are not carbon 
sources, while another considers it contrarily (Deive et al. 
2010). The present result reveals that the bacteria have used 
dye as a carbon source from culture medium when contain-
ing no other external carbon sources, resulting in high decol-
orization compared to solutions containing carbon sources 
like glucose and peptone because in glucose- and peptone-
supplemented medium, bacteria have used up those nutrients 
as a prime carbon source instead of dye molecules. Moreo-
ver, the effect of interaction among operational parameters 
(temperature, pH, salt concentration, dye concentration, 
the concentration of yeast extracts and inoculation volume) 
on RR21 decolorization by the strain is studied through 
CCD. The 3D response surface plots are constructed during 
CCD analysis at certain limited operational condition (pH: 
9, salt: 6 g/L, dye concentration: 100 mg/L, temperature: 
40 °C, yeast extract concentration: 9 g/L and inoculation 
volume: 5.5%) and are shown in Fig. 2. The 3D response 
surface plots used to understand the interactive effects of 
inoculation volume, dye concentration and temperature on 
the response are shown in Fig. 3. In the subsequent study, the 

operating conditions such as pH 9, 4 g/L of salt, 100 mg/L 
of initial dye concentration, temperature 40 °C and 9 g/L of 
yeast extract are considered. The 2D contour plots of indi-
vidual operational factors obtained during CCD analysis are 
shown in Fig. S3 of SI. The plots are constructed based on 
the regression model, keeping one factor constant at its zero 
level, while varying the other two factors to see the effects 
of those factors on percentage decolorization of RR21 dye 
by strain 23N1. The interactive effect of salt concentration 
and pH on the decolorization RR21 is shown in Fig. 2a. The 
elliptical or saddle shape of the plot indicates the significant 
interaction between corresponding factors (Wang and Liu 
2008). An increase in decolorization percentage observed 
in alkaline pH > 7 medium supplemented with a salt con-
centration around 6 mg/L, which indicates that strain could 
effectively function in high salt medium (Liu et al. 2017b). 
Figure  2b demonstrates the less significant interaction 
between pH and concentration of yeast extract, whereas the 
amount of yeast extract shows significantly effect on percent 
decolorization of dye. In this consequence, increasing the 
concentration of yeast extract and alkalinity of medium up 
to pH 9 could significantly increase the decolorization per-
formance (Chen et al. 2011; Krishnan et al. 2016). A similar 
influence on the response is also observed in case of interac-
tion between dye and salt concentrations as shown in Fig. 2c, 
which exhibit decreases in decolorization percentage with a 
decrease in salt concentration (Wang et al. 2013). Besides, 
a weak interaction has been observed between dye and salt 
concentrations. The temperature and dye concentration 
have shown strong influence individually on decolorization 

Fig. 3   3D response plots for operational factors exhibiting interactive effects on decolorization of RR21 using Pseudomonas aeruginosa 23N1: a 
inoculation volume and dye concentration; b inoculation volume and temperature
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performance, although their interactive influence is weak 
(Fig. 2d). The high decolorization percentage is observed at 
a temperature near 40 °C, but it has been inhibited on either 
increasing the temperature beyond 40 °C or lowering below 
20 °C. At higher temperatures above 40 °C and below 20 °C, 
the metabolic activity of bacteria reduces, which ultimately 
decreases the decolorization performance (Sharma et al. 
2009a, b; Wei et al. 2011). Moreover, it is well known that 
bacteria could grow significantly in the temperature range of 
25–40 °C (Pearce et al. 2003; Prasad and Aikat 2014). Fur-
thermore, the decolorization process has shown significant 
changes due to the slight change in either temperature or 
concentration of yeast extract, as shown in Fig. 2e. This indi-
cates that the higher decolorization only could be achieved at 
optimum temperature when sufficient concentration of yeast 
extract has been added into the medium (Pandey et al. 2007). 
However, the concentration of yeast extract should increase 
with an increase in dye concentration to achieve higher 
decolorization, as shown in Fig. 2f. The effect of interac-
tion between inoculation volume and temperature shown in 
Fig. 3a is found to be very significant. It has been observed 
that a small change in percentage of inoculation volume 
could exhibit a higher change in decolorization at a higher 
temperature (40 °C). Zhao et al. (2010) reported a similar 
trend, who investigated the bio-decolorization of Acid Red 
GR by Dyella ginsengisoli LA-4. At a lower temperature, 
it is required to increase the percentage of inoculation vol-
ume by sufficiently higher value to achieve the same extent 
of decolorization using same initial dye concentration, as 
shown in Fig. 3b. The response clearly indicates the strong 

impact of temperature on the performance of bacteria during 
decolorization process.

Validation of optimized quadratic model

To validate the experimental design model, some confirma-
tory experiments were performed under optimized static 
condition. In the first confirmatory test, the optimal operat-
ing conditions are taken as follows: pH 9, temperature 40 °C, 
50 mg/L of dye concentration, 6 g/L of salt, 8.4 g/L of yeast 
extract and 7.6% of inoculation volume, while, for the sec-
ond experiment, the operational conditions were fixed as fol-
lows: pH 8.8, temperature 40 °C, 150 mg/L of dye concen-
tration, 3.7 g/L of salt concentration, 9 g/L of yeast extract 
loading and 3% of inoculation volume. Both the experiments 
are conducted in triplet to validate the proposed quadratic 
model. The predicted responses of decolorization of RR21 
from the quadratic model for first and second confirmatory 
experimental runs are obtained as 93.9% and 91.4%, respec-
tively. In this study, the mean values of actual decolorization 
percentage for first and second confirmatory experimental 
runs are found to be as 93.5 ± 0.4% and 91.5 ± 0.5%, respec-
tively. Thus, it is confirmed that the proposed RSM quadratic 
model could be used to assess the required operational fac-
tors to achieve a desire decolorization of RR21 by P. aerugi-
nosa strain 23N1 or vice versa.

Kinetics study of decolorization of dye

The kinetic study is performed to investigate the rate of 
decolorization of RR21 dye by the strain 23N1. The optimal 

Fig. 4   a Kinetic model graph of RR21 decolorization percentage; b UV–visible spectroscopy analysis: spectral changes of RR21 after inocula-
tion by strain 23N1 as a function of time
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operational factors considered for decolorization kinetic 
study experiment are same as the confirmatory experiment 
described in earlier section. The time intervals considered 
for the collection and analysis of samples are as 1 h, 2 h, 3 h, 
4 h, 6 h, 8 h, 12 h, 16 h, 20 h, 24 h, 28 h, 32 h, 36 h, 40 h, 
48 h and 60 h. During this study, it is observed that rate of 
decolorization of dye increases after 8 h of incubation and 
gradually achieves higher rate during the period 12–40 h. 
The curves of decolorization percentage as a function of 
ln(t) (t is the incubation time an hour) in a kinetic study are 
presented in Fig. 4a. It is clear from Fig. 4a that kinetic data 
for both initial dye concentrations (50 and 150 mg/L) have 
shown same kinetic behavior. For both cases, three distinct 
kinetic steps are visible as: first, slow decolorization from 0 
to 12 h; second, most rapid decolorization step between 12 
and 48 h; and third, very slow step beyond 48 h. The slopes 
of the three regions are obtained through linear regression 
which reveals the rate of decolorization of the correspond-
ing step. The first step has shown slower kinetics compared 
to the second step due to lag phase for generation of suffi-
cient bacteria to consume dyes molecules as food. The sec-
ond step of the kinetic is fastest due to more availability of 
high amount of dye molecules and availability of sufficient 
amount of matured microorganism. The kinetic rate in the 
last step, beyond 48 h, is slowest due to unavailability of 
the dye molecules in the culture media. The slopes for the 
three steps with an initial dye concentration of 50 mg/L are 
obtained as 5.3, 54.16 and 0.089, respectively. It is shown 
that the rate of log/exponential phase is highest among other 
two steps of the decolorization process. The slowest rate is 
observed in the last steps, where dye concentration dimin-
ished almost. Furthermore, the decolorization percentage 
data obtained during the kinetic study for initial dye solution 
of 50 mg/L and 150 mg/L are also fitted well to the empirical 
kinetic model, elaborately discussed in S.2. section of SI. 
The empirical kinetic model graph plotted between decol-
orization percentages versus time (h) for initial dye solution 
of 50 mg/L and 150 mg/L, and it is shown in Fig. S4 of SI.

Based on the available literature reported on the topic 
of microbial decolorization of dyes, it has been found that 
decolorization by the living cell occurs due to either the 
biodegradation, bioaccumulation or biotransformation 
of the dyes (Khataee et al. 2010). In such cases, spectral 
changes arise during the UV–visible analysis of experimen-
tal samples, which might lead to either disappearance of 
absorption peak or appearance of a new absorption peak, 
while if bioaccumulation causes the decolorization, then 
the absorption peak will decrease in the equal proportion 

of percent decolorization during the experimental period 
(Parshetti et al. 2010; Ong et al. 2012). The samples col-
lected during the kinetic study are used to analyze the spec-
tral changes in absorption peak of dye using UV–visible 
analysis (200–700 nm). The maximum absorption peak of 
the RR21 dye solution obtained at 537 nm, which remained 
unaltered for 8  h of the incubation period. However, a 
change in absorption peak is significantly observed at 12 h 
and in later time intervals of the incubation period. The 
spectral change data obtained during analysis are presented 
in Fig. 4b. The absorption peak almost diminished after 40 h 
of the incubation period. Thus, it could be concluded that 
the decolorization of RR21 dye could be due to the bioac-
cumulation/degradation by the strain 23N1. However, the 
mechanism of decolorization needs to be confirmed by the 
analysis of intermediate metabolites through advance ana-
lytical techniques such as HPLC and GC–MS to elucidate 
the metabolic system involved in this process.

Conclusion

The two-level factorial design and response surface meth-
odology (RSM) are successfully applied to screen out and 
optimize the influential operational factors to achieve effi-
cient decolorization of Reactive Red 21 (RR21) dye by P. 
aeruginosa strain 23N1 from water. During the response 
analysis in two-level factorial design, glucose and peptone 
are found to exhibit a negative effect on decolorization 
of RR21 dye. The result obtained from rotatable central 
composite design (CCD)-based RSM clearly indicates 
the high positive significance of yeast extract (coefficient 
estimate of 20.87) supplement for decolorization of RR21 
dye. The quadratic model equation obtained from CCD 
could be applied to elucidate the decolorization process 
of RR21 by the studied bacterial strain. Moreover, the 
maximum decolorization potential of strain is found to 
be 93.5 ± 0.4% and 91.5 ± 0.5% for initial dye solution of 
50 and 150 mg/L, respectively, in the presence of yeast 
extract and salt-supplemented alkaline medium under a 
static condition at 40 °C for 48 h of the incubation period. 
Furthermore, UV–visible analysis of RR21 dye decolori-
zation with respect to time indicates the spectral change 
particularly in the maximum absorption peak of dye, which 
reveals that decolorization might be due to the biodegra-
dation/accumulation of dye by the strain 23N1. However, 
the mechanism of decolorization needs to be elucidated by 
identification of involved microbial machinery, metabolic 
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pathway and resultant products, through biological and 
advanced analytical techniques. Based on the results 
obtained in this study, it is suggested that P. aeruginosa 
strain 23N1 could use for effective treatment of RR21 dye-
contaminated wastewater.
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