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ABSTRACT

In the present study, phenol degrading bacterial species was isolated from coke oven waste-
water of Durgapur steel plant, India. The biochemical, morphological, and 16s rDNA study
were performed to identify the isolated microbes. The studies revealed that the high concen-
tration phenol (2,100mgL�1) degrading isolating microbe is Alcaligenes faecalis. Optimization
of media components and incubation time for phenol degradation was carried out by
two-step statistical approach. Six key determinants such as phosphate, iron sulfate, calcium
chloride, magnesium chloride, ammonium sulfate concentrations, and incubation time were
screened using Plackett–Burman design and were further optimized by response surface
methodology (RSM) using practical central composite design. The experimental results of the
RSM were fitted via a second-order polynomial regression equation having the correlation
coefficient (R2) 0.9998 that indicates appropriate predictions of the above variables for signifi-
cant phenol degradation. The results showed that there was 100% phenol degradation of
2100mg/L which could be achieved at the optimized media composition as analyzed from
RSM to appreciate the efficiency of the process using composition 0.42 g L�1 phosphate,
0.46 g L�1 iron sulfate, 0.08 g L�1 calcium chloride, 0.18 g L�1 magnesium chloride, and
ammonium sulfate 0.25 g L�1 and 90.8 h incubation time.

Keywords: Modeling; Response surface methodology; Plackett–Burman design; Optimization;
Fermentation; Biodegradation

1. Introduction

Phenol and its derivatives are very common prod-
ucts in several industries. The gas and coke oven

industries, polymeric resin production, petroleum
refineries, fiber glass units, pharmaceuticals, explosive,
plastic and varnish industries, textile industries
making use of organic dyes, smelting, and related

*Corresponding author.

1944-3994/1944-3986 � 2013 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment
www.deswater.com

doi: 10.1080/19443994.2013.769746

51 (2013) 6058–6069

September



metallurgical operations [1,2] are most common repre-
sentatives. Phenol when present even at a low concen-
tration level (5–25mgL�1) in wastewater is a potential
threat to marine life [3]. The pretreatment alternatives
such as activated carbon adsorption, ion exchange,
and solvent extraction [4] are prohibitively con-
strained by high cost and the formation of hazardous
by products. On the other hand, diverse micro-organ-
isms, including bacteria [5], yeasts [6,7], algae [8], and
filamentous fungi [9] have shown the metabolic capac-
ities to degrade phenol of various concentrations. In
addition, biodegradation is environmental friendly,
cost effective, low power consumption, and safe
process [10]. The main objective of this study are the
optimization media composition and other physio-
chemical parameters like incubation time etc, as these
parameters play a vital role in the improvement of
biodegradability of phenol and have a great influence
on bioreactor design and economics [11].

The traditional “one-variable at a time” technique
used for optimizing a multivariable system is not only
time consuming and expensive but also often easily
misses the interaction effects among variables [12].
Recently, many statistical experimental design meth-
ods have been used in bioprocess optimization due to
the variety of documented advantages [13–16]. The
Plackett–Burman factorial designs can be applied in
preliminary studies for screening the important factors
from large number of process variables by identifying
the effect of individual variables. This will lead to
select variables that can be fixed or eradicated in fur-
ther optimization processes. Thus, the design fulfills
the principal preliminary objectives [17]. Additionally,
response surface methodology (RSM) is an efficient
strategic experimental tool to determine the optimum
conditions by considering both the effect of primary
factors and their mutual interactions for a multivari-
able system efficiently. The central composite design
(CCD) is most commonly used for response surfaces
determination of both linear and quadratic models,
since it is evolved from a two-level factorial design
augmented with center points and axial points.
Recently, it has been successfully used to improve bio-
process application [18,19].

In the present investigation, an attempt has been
made to optimize the important variables of phenol
degradation using Plackett–Burman factorial design
technique along with RSM. The system selected in this
investigation is a challenging one since wastewater
from different industries contains different extent of
phenol. Significant variables were identified by
two-level factorial technique using Plackett–Burman
design methodology. Finally, optimization of these
selected variables has been carried out by RSM using

practical CCD on optimization of phenol degradation
by Alcaligenes faecalis.

2. Materials and methods

2.1. Chemicals and analysis

Methanol for HPLC (E-Merck, Germany) and
Phenol for HPLC (E-Merck, Germany) were used in
this study. Water used for the HPLC analysis was pre-
pared by Ultrapure Water System (Arium

�
, 611UF,

Sartorius, Germany). All other chemicals used were of
analytical grade commercially available in India. The
statistical software package “Design Expert”

�
7.0.0,

Stat-Ease Inc., Minneapolis, USA was used to analyze
the experimental design and the regression analysis of
the experimental data.

2.2. Source of microorganism and isolation

All microbial enrichment and isolation procedures
were performed in media with an inorganic culture
media having the following composition (g L�1):
MgCl2, 0.1; CaCl2, 2H2O, 0.05; K2HPO4, 0.3; KH2PO4,
0.3; NaCl, 0.25; NH4Cl, 0.15; FeSO4, 7H2O, 0.35; MnSO4,
H2O, 0.005; Na2MoO4, 2H2O, 0.005; (NH4)2SO4, 0.10;
NH4NO3, 0.005. The pH of inorganic culture media was
adjusted to 7.4. The phenol contaminated water was
collected from Durgapur (India) steel plant wastewater
and synthetically phenol containing wastewater was
used in the present study. The series of dilutions tech-
nique was carried out to obtain single pure colonies.
After obtaining pure strains, each strain was checked
for its ability to degrade phenol.

2.3. Identification of the phenol degrading bacterium

Biochemical and microscopical identification of the
bacterial isolate with maximum phenol degrading
potential this strain was carried out using following
tests: oxidase, catalase, Simmons citrate, urea, motility,
and nitrate–nitrite reduction [20,21]. Genomic identifi-
cation of the strain was done using 16S rDNA tech-
nique from Bangalore Genei, India. Genomic DNA
was isolated from the pure culture pellet [22]. The
�1.5 kb 16S rDNA fragment was amplified using the
primers; 27f (50-AGA GTT TGA TCC TGG CTC AG-
30) as forward and 1492r (50-TAC GGT TAC CTT
GTT ACG ACT T-30) as reverse primer [23]. Sequence
data were aligned and analyzed for finding the closest
homologs for the microbe.

2.4. Culture harvesting and phenol degradation

For using the bacteria in phenolic wastewater
treatment, fresh culture was grown. This was done by
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adding a loop full of pure culture into a 50mL inor-
ganic media (pH�7.4). The 10% of fresh culture
(A600nm= 0.01, 107 colony forming unit per ml) at 37˚C
was used as inoculum for phenolic wastewater treat-
ment. The composition of the simulated wastewater
was used for experiment. Initial phenol concentrations
used in all experiments are 2,100 mgL�1. The treat-
ment system was kept in a BOD incubator shaker at
120 rpm for various time periods. The culture was
centrifuged (Model Centrifuge 5810 R, Eppendorf,
Germany) at 12,000� g for 15min at 4˚C. The cell pel-
let was discarded and the supernatant was used for
residual phenol analysis using high-performance
liquid chromatography (HPLC).

2.5. Assay of phenol

The supernatant filtered through 0.45lm nylon
membrane filters. After appropriate dilutions with
water, sample was analyzed. For the analysis of sam-
ple, Waterse 600 Pump-based HPLC system equipped
with waters quaternary pump, Waters manual injec-
tor, Waters on-line degasser AF, CTO-10 AS VP col-
umn oven, and Waters 2489 UV/Visible detector were
used. Water Empowered software (Version: Empower
2 software Build 2,154) was used for data acquisition
and mathematical calculations. Chromatographic sepa-
ration of protease was performed on a C18 hypersil
column (4.6mm� 250mm; 5lm particle size; Waters,
USA). Mobile phase used was methanol–water (5% v/
v acetic acid) (60:40 v/v), at a flow rate of 1mL/min.
Temperature of the column oven was maintained at
30˚C. The sample (20 lL) was injected and analyzed at
270 nm using UV–Visible detector.

2.6. Optimization of phenol degradation

2.6.1. Screening of significant physico-chemical
determinants by Plackett–Burman factorial design

The effect of eleven factors known to influence
phenol degradation, viz. phosphate (A), sodium chlo-
ride (B), iron sulfate (C), sodium molibodate (D), cal-
cium chloride (E), magnesium chloride (F), manganus
sulfate (G), ammonium chloride (H), ammonium
nitrate (J), ammonium sulfate (K), and incubation time
(L), was studied [24–26] using statistical approach. All
the variables were investigated at two widely spaced
levels and selected by one way variable technique
(shown in Table 1) from our previous work. The
complete matrix for screening was designed using a
standard Plackett–Burman factorial design (Table 2).
A set of 12 experiments were carried out to determine
the effective phenol degradation under different
combinations.

2.6.2. Optimization of key determinants by RSM

The important six key determinants viz. phosphate
concentration (A), iron sulfate (C), calcium chloride
(E), magnesium chloride (F), ammonium sulfate (K),
and incubation time (H), were followed to optimize
the objective function of phenol degradation. The
response surface approach involving a practical CCD
was adopted in the present investigation. A set of 86
experiments including 10 center points were carried
out. Each numeric factor is varied over five levels
(�1.57, �1, 0, +1, +1.57) i.e. plus and minus alpha
(axial point), plus and minus one (factorial points),
and zero (center point). The full experimental plan
with respect to their actual and coded forms is listed
in Table 3. The response values (Y) in each trial were
the average of the triplicates.

2.6.3. Statistical analysis and modeling

Analysis of variance (ANOVA) was used for anal-
ysis of regression coefficient, prediction equations,
and case statistics. The experimental results of RSM
were fitted via the response surface regression proce-
dure, using the following second-order polynomial
equation.

Y ¼ b0 þ
X

biXi þ
X

biiX
2
i þ

X
bijXiXj ð1Þ

In which Y is the predicted response, Xi Xj are
independent variables, b0 is the intercept term, bi is

Table 1
Plackett–Burman experimental design for screening of
important determinants of phenol degradation by A.
faecalis

Coded
factor

Factor Coded
level

Coded
level

(�1) (+1)

A Phosphatea (g L�1) 0.3 0.5

B Sodium chloride (g L�1) 0 0.5

C Iron sulfate (g L�1) 0.35 0.55

D Sodium molibodate (g L�1) 0 0.01

E Calcium chloride (g L�1) 0.05 0.1

F Magnesium chloride (g L�1) 0.1 0.2

G Manganus sulfate (g L�1) 0 0.01

H Ammonium chloride(g L�1) 0 0.3

J Ammonium nitrate (g L�1) 0 0.01

K Ammonium sulfate (g L�1) 0.1 0.3

L Incubation time (h) 72 120

a0.5 gm/L of phosphate ion in 0.5 g of K2HPO4 and 0.5 g of

KH2PO4 in 1 L medium.
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the linear coefficient, bii is the quadratic coefficient,
and bij is the interaction coefficient.

However, in this study, the independent variables
were coded as A, C, E, F, K, and L. Thus, the second-
order polynomial equation can be represented as fol-
lows

Y ¼ b0 þ b1Aþ b2Cþ b3Eþ b4Fþ b5Kþ b6Lþ b11A2

þ b22C
2 þ b33E

2 þ b44F
2 þ b55K

2 þ b66L
2 þ b12AC

þ b13AEþ b14AFþ b15AKþ b16ALþ b23CE

þ b24CFþ b25CKþ b26CLþ b34EFþ b35EKþ b36EL

þ b45FKþ b46FLþ b56KL

Diagnostics plots and model graphs were obtained
using the Design Expert software to understand the
effect of variables individually or in combinations and
find out their optimum level for phenol degradation.

The point prediction method was used in order to
optimize the level of each variable for maximum
response.

2.6.4. Validation of the experimental model

The statistical model was validated with respect to
all the six variables within the design space. A ran-
dom set of six experimental combinations was used to
study phenol degradation in 250mL shake flasks.

2.7. Biomass estimation

For biomass estimation, the cell pellet was washed
twice with distilled water and then dried in a hot air
oven. All experiments were done in triplicate. The
specific growth rate (l) has been calculated [27] from

l ¼ 1

X

dX

dt

Table 2
Plackett–Burman design for eleven variables with actual values, along with the observed phenol concentration

Run
no.

A
(g/L�1)

B
(g/L�1)

C
(g/L�1)

D
(g/L�1)

E
(g/L�1)

F
(g/L�1)

G
(g/L�1)

H
(g/L�1)

J
(g/L�1)

K
(g/L�1)

L
(h)

Phenol
present
(mgL�1)

1 0.5 0 0.55 0.01 0.05 0.2 0.01 0.3 0 0.1 72 84.01

2 0.3 0 0.35 0 0.05 0.1 0 0 0 0.1 72 67.44

3 0.5 0 0.55 0.01 0.1 0.1 0 0 0.01 0.1 120 91.72

4 0.3 0 0.55 0 0.1 0.2 0 0.3 0.01 0.3 72 85.33

5 0.5 0 0.35 0 0.1 0.1 0.01 0.3 0 0.3 120 91.41

6 0.5 0.5 0.55 0 0.05 0.1 0.01 0 0.01 0.3 72 81.61

7 0.3 0.5 0.55 0 0.1 0.2 0.01 0 0 0.1 120 90.86

8 0.3 0.5 0.55 0.01 0.05 0.1 0 0.3 0 0.3 120 86.84

9 0.5 0.5 0.35 0 0.05 0.2 0 0.3 0.01 0.1 120 89.78

10 0.5 0.5 0.35 0.01 0.1 0.2 0 0 0 0.3 72 88.81

11 0.3 0.5 0.35 0.01 0.1 0.1 0.01 0.3 0.01 0.1 72 67.48

12 0.3 0 0.35 0.01 0.05 0.2 0.01 0 0.01 0.3 120 87.50

Table 3
Experimental range of the six numerical variables studied using practical CCD in terms of actual and coded factors

Coded factor Factor Range of variables

�a(�1.57) (�1) (0) (+1) +a(+1.57)

A Phosphate 0.24 0.3 0.4 0.5 0.56

C Iron sulfate 0.29 0.35 0.45 0.55 0.61

E Calcium chloride 0.04 0.05 0.08 0.1 0.11

F Magnesium chloride 0.07 0.1 0.15 0.2 0.23

K Ammonium sulfate 0.04 0.10 0.20 0.3 0.36

L Incubation time 58.4 72 96 120 133.6
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3. Results and discussion

3.1. Isolation and identification of phenol-degrading strains

The results of biochemical and microscopical study
has been presented in the Table 4. 16S rDNA sequence
analysis identified the strain as A. faecalis [20,21]. 16S
rDNA gene sequencing was submitted in gene bank
and gene bank accession number is JF339228.

3.2. Optimization of phenol degradation by A. faecalis

3.2.1. Screening of important physico-chemical determi-
nants

Before optimization, the important factors are
screened by Plackett–Burman factorial design. A total
of 11 variables were analyzed with regard to their Stu-
dentized effects on phenol degradation using the
Plackett–Burman design method. Evaluated screening
of significant variables for phenol degredation, the
corresponding sum square, and percentage of contri-
bution are shown in Table 5. The positive and nega-
tive value of studentized effect indicates positive and
negative effects of significant variables for phenol deg-
radation. In order to analyze the significant factor
effects from the insignificant ones, the larger (in abso-
lute magnitude) effects can be identified from the
effects list report. In our study, the six key determi-
nants viz. phosphate (A), iron sulfate (C), calcium
chloride (E), magnesium chloride (F), ammonium sul-
fate (K), and incubation time (L) were picked up as
significant variables which have a positive role in phe-
nol degradation.

The optimized simulated media with contained a
few inorganic compounds like manganese sulfate,
ammonium chloride, ammonium nitrate, sodium chlo-
ride, and sodium molybdate which have no significant
effect on phenol degradation. Thus, their concentra-
tion was kept constant during media preparation. It

may be noted that during Plackett–Burman design
experiments, mutual interaction of the 11 process vari-
ables were not considered.

3.2.2. Optimization of the key determinants

In this study, in order to get the shape level of sig-
nificant factors further optimization technique was
applied. In the present case, the RSM has been
applied for the optimization of significant factors in
phenol degradation to observe the importance of
screening factors at different levels. The practical CCD
design plan of RSM has been used in the present
study to investigate the culture conditions that would
support to augment phenol degradation.

The annotated ANOVA analysis and design matrix
of the optimization study listed in Table 6(a)–(c).
Table 8, show that the model terms A, C, E, F, K, L,
AC, AK, CK, EK, FK, KL, A2, C2, E2, F2, K2, and L2

are significant model terms. (“prob> F” less than
0.0500). Comparing the result the quadratic model as
suggested by the software is presented by Eq. (1). The
statistical significance of the second-order polynomial
equation was checked by F-test (ANOVA). The
model F-value of 13495.57 implies that the model is

Table 4
Biochemical and microscopical characteristics of the
isolated strain

Characteristics Isolate

Gram stain �
Shape Rods, coccal rods, or cocci

Oxidase +

Catalase +

Simmons citrate +

Motility +

Urea �
Nitrate–nitrite reduction �

Table 5
Estimated effect, corresponding sum square, and
percentage of contribution for phenol degredation from
Plackett–Burman design experiment

Coded
factor

Factor Studentized
effect

Sum
square

Percentage
of

contribution

A Phosphate 6.98 146.23 18.48

B Sodium
chloride

�0.34 0.34 0.04

C Iron sulfate 4.66 65.1 8.23

D Sodium
molybodate

�0.01 0 0

E Calcium
chloride

3.07 28.31 3.58

F Magnesium
chloride

6.63 131.94 16.68

G Magnesium
sulfate

�1.18 4.14 0.52

H Ammonium
chloride

�0.52 0.8 0.1

J Ammonium
nitrate

�0.99 2.95 0.37

K Ammonium
sulfate

5.04 76.05 9.61

L Incubation
time

10.57 335.28 42.38
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significant. It may be mentioned that the probability
of obtaining high model F-value due to creation of
noise is only 0.01%. Moreover “Lack of Fit F-value” of
2.8 implies that it is not significant relative to the pure
error. Nonsignificant lack of fit indicates a good
fitness of model. There is only 5.02% chance that this
magnitude of “Lack of fit F-value” could occur due to
noise. The correlation coefficient (R2) of polynomial
equation was found to be 0.9998 indicating that
99.98% of the variability in the response (phenol

degradation) could be explained by the model. So,
quadratic model was chosen for this analytical work.
The adjusted R2 value corrects the R2 value for the
sample size and for the number of terms in the model.
The adjusted R2 (0.9998) is also very high that
indicates that the model is very significant. The “Pred
R-Squared” value of 0.9996 is in reasonable agreement
with the “Adj R-Squared” value of 0.9998. This
indicates a good adjustment between the observed
and predicted values. “Adeq Precision” measures the

Table 6(a–b)
Regression analysis for phenol degradation by A. faecalis for quadratic response surface model fitting (ANOVA)

Sum of Mean Coefficient Standard F p-value

Source squares df square estimate error value Prob >F

(a)

Model 7066.59 27 261.73 – – 13495.57 <10�4 Significant

Intercept – – – 99.01 0.04 – –

A-phosphate 801.11 1 801.11 3.41 0.02 41308.37 <10�4

C-iron sulfate 289.29 1 289.29 2.05 0.02 14917.09 <10�4

E-calsium chloride 303.52 1 303.52 2.10 0.02 15650.81 <10�4

F-magnesium chloride 476.91 1 476.91 2.63 0.02 24591.28 <10�4

K-ammonium sulfate 210.84 1 210.84 1.75 0.02 10871.50 <10�4

L-incubation time 2268.32 1 2268.32 5.74 0.02 116963.2 <10�4

AC 0.25 1 0.25 �0.06 0.02 13.02 0.001

AE 0.01 1 0.01 �0.01 0.02 0.57 0.453

AF 0.01 1 0.01 �0.01 0.02 0.60 0.443

AK 0.00 1 0.00 0.00 0.02 0.03 0.872

AL 95.01 1 95.01 �1.22 0.02 4899.27 <10�4

CE 0.00 1 0.00 0.00 0.02 0.03 0.872

CF 0.01 1 0.01 �0.01 0.02 0.29 0.592

CK 0.00 1 0.00 0.00 0.02 0.01 0.943

CL 33.70 1 33.70 �0.73 0.02 1737.60 <10�4

EF 0.01 1 0.01 �0.01 0.02 0.39 0.532

EK 0.00 1 0.00 0.00 0.02 0.03 0.872

EL 35.02 1 35.02 �0.74 0.02 1805.60 <10�4

FK 0.00 1 0.00 0.00 0.02 0.00 1.0000

FL 56.03 1 56.03 �0.94 0.02 2888.88 <10�4

KL 24.75 1 24.75 �0.62 0.02 1276.24 <10�4

A2 101.79 1 101.79 �2.71 0.04 5248.48 <10�4

C2 73.27 1 73.27 �2.30 0.04 3778.29 <10�4

E2 72.24 1 72.24 �2.28 0.04 3724.76 <10�4

F2 76.70 1 76.70 �2.35 0.04 3954.89 <10�4

K2 73.14 1 73.14 �2.30 0.04 3771.58 <10�4

L2 139.79 1 139.79 �3.17 0.04 7207.97 <10�4

Residual 1.12 58 0.02

Lack of fit 1.06 49 0.02 2.80 0.050 Not significant

Pure error 0.07 9 0.01

Cor. total 7067.71 85

(b)

Std. Dev. 0.14 R-squared 0.999 CV(%) 0.16 Pred R-squared 0.999

Mean 86.91 Adj R-squared 0.999 PRESS 3.11 Adeq precision 482.533
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Table 6(c)
Practical CCD matrix for six variables with actual phenol concentration

Run
no.

Phosphate Iron
sulfate

Calcium
chloride

Magnesium
sulfate

Ammonium
sulfate

Incubation
time

Phenol

(g/L�1) (g/L�1) (g/L�1) (g/L�1) (g/L�1) (h)

degradation

(%)

1 0.30 0.55 0.05 0.10 0.10 72.00 67.63

2 0.56 0.45 0.08 0.15 0.20 96.00 97.29

3 0.50 0.35 0.05 0.20 0.30 72.00 83.28

4 0.50 0.55 0.10 0.10 0.30 72.00 87.19

5 0.40 0.45 0.08 0.15 0.20 58.40 94.54

6 0.50 0.55 0.10 0.20 0.30 72.00 93.61

7 0.30 0.55 0.10 0.10 0.30 72.00 78.01

8 0.50 0.55 0.05 0.20 0.10 72.00 83.82

9 0.30 0.55 0.10 0.20 0.10 120.00 90.75

10 0.50 0.55 0.05 0.20 0.10 120.00 92.37

11 0.30 0.35 0.10 0.20 0.30 120.00 90.21

12 0.30 0.55 0.05 0.20 0.30 72.00 79.56

13 0.50 0.35 0.10 0.20 0.30 120.00 94.73

14 0.30 0.35 0.10 0.10 0.10 72.00 67.56

15 0.50 0.55 0.05 0.10 0.30 120.00 91.21

16 0.30 0.35 0.05 0.10 0.10 120.00 81.84

17 0.30 0.55 0.10 0.20 0.10 72.00 80.45

18 0.50 0.55 0.05 0.10 0.30 72.00 81.57

19 0.40 0.45 0.08 0.15 0.20 96.00 99.15

20 0.40 0.45 0.08 0.15 0.36 96.00 96.59

21 0.30 0.55 0.05 0.10 0.30 72.00 72.32

22 0.40 0.45 0.04 0.15 0.20 96.00 93.11

23 0.50 0.55 0.05 0.10 0.10 120.00 88.93

24 0.40 0.45 0.08 0.15 0.20 96.00 99.03

25 0.30 0.35 0.10 0.20 0.10 120.00 88.00

26 0.30 0.55 0.10 0.10 0.10 120.00 87.38

27 0.30 0.55 0.10 0.10 0.10 72.00 73.29

28 0.50 0.35 0.05 0.20 0.30 120.00 92.10

29 0.50 0.55 0.10 0.10 0.30 120.00 94.00

30 0.30 0.35 0.05 0.10 0.30 120.00 84.17

31 0.50 0.55 0.05 0.20 0.30 72.00 88.66

32 0.50 0.55 0.10 0.20 0.10 72.00 89.51

33 0.30 0.35 0.05 0.20 0.10 120.00 85.40

34 0.30 0.55 0.05 0.20 0.10 72.00 74.76

35 0.30 0.35 0.10 0.20 0.10 72.00 74.84

36 0.40 0.45 0.11 0.15 0.20 96.00 96.90

37 0.50 0.35 0.10 0.10 0.10 120.00 89.12

38 0.40 0.29 0.08 0.15 0.20 96.00 93.11

39 0.40 0.45 0.08 0.15 0.20 96.00 99.03

40 0.50 0.35 0.10 0.10 0.30 72.00 81.73

41 0.50 0.35 0.05 0.20 0.10 120.00 89.82

42 0.30 0.55 0.10 0.20 0.30 72.00 85.21

43 0.50 0.55 0.10 0.20 0.30 120.00 97.29

44 0.30 0.35 0.05 0.20 0.10 72.00 68.95

45 0.30 0.35 0.05 0.20 0.30 72.00 73.75

(Continued)
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signal to noise ratio. A ratio greater than four is desir-
able. Our ratio of 482.53 indicates an adequate signal.
This model can be used to navigate the design space.
The coefficient of variation% (CV%) is a measure of
residual variation of the data relative to the size of the

mean. Usually, the higher the value of CV, the lower
is the reliability of experiment. Here, a lower value of
CV (0.16%) indicates a greater reliability of the experi-
mental performance. The predicted residual sum of
squares (PRESS) is a measure of how well the model

Table 6c (continued)

Run
no.

Phosphate Iron
sulfate

Calcium
chloride

Magnesium
sulfate

Ammonium
sulfate

Incubation
time

Phenol

(g/L�1) (g/L�1) (g/L�1) (g/L�1) (g/L�1) (h)

degradation

(%)

46 0.40 0.45 0.08 0.15 0.20 96.00 99.19

47 0.30 0.55 0.05 0.10 0.30 120.00 86.84

48 0.50 0.35 0.05 0.10 0.10 120.00 86.41

49 0.40 0.45 0.08 0.15 0.04 96.00 93.34

50 0.30 0.35 0.10 0.10 0.30 120.00 86.91

51 0.50 0.35 0.10 0.10 0.10 72.00 77.04

52 0.30 0.35 0.10 0.10 0.10 120.00 84.63

53 0.50 0.35 0.05 0.20 0.10 72.00 78.47

54 0.50 0.55 0.10 0.10 0.10 120.00 91.68

55 0.50 0.35 0.05 0.10 0.10 72.00 71.35

56 0.50 0.55 0.10 0.10 0.10 72.00 82.46

57 0.30 0.35 0.05 0.10 0.30 72.00 66.63

58 0.50 0.35 0.10 0.20 0.10 120.00 92.41

59 0.40 0.45 0.08 0.15 0.20 96.00 99.15

60 0.50 0.35 0.10 0.20 0.30 72.00 88.93

61 0.50 0.55 0.10 0.20 0.10 120.00 95.04

62 0.40 0.45 0.08 0.15 0.20 133.56 100.00

63 0.30 0.55 0.05 0.20 0.10 120.00 88.04

64 0.30 0.35 0.05 0.20 0.30 120.00 87.57

65 0.30 0.55 0.05 0.10 0.10 120.00 84.63

66 0.50 0.35 0.05 0.10 0.30 72.00 76.07

67 0.40 0.61 0.08 0.15 0.20 96.00 96.86

68 0.40 0.45 0.08 0.15 0.20 96.00 99.19

69 0.40 0.45 0.08 0.15 0.20 96.00 99.34

70 0.24 0.45 0.08 0.15 0.20 96.00 91.13

71 0.50 0.35 0.10 0.20 0.10 72.00 84.17

72 0.30 0.55 0.05 0.20 0.30 120.00 90.21

73 0.50 0.35 0.05 0.10 0.30 120.00 88.58

74 0.30 0.35 0.10 0.10 0.30 72.00 72.32

75 0.30 0.35 0.10 0.20 0.30 72.00 79.52

76 0.40 0.45 0.08 0.07 0.20 96.00 92.53

77 0.50 0.55 0.05 0.20 0.30 120.00 94.62

78 0.40 0.45 0.08 0.15 0.20 96.00 99.15

79 0.30 0.55 0.10 0.20 0.30 120.00 93.07

80 0.50 0.35 0.10 0.10 0.30 120.00 91.41

81 0.40 0.45 0.08 0.15 0.20 96.00 99.15

82 0.30 0.35 0.05 0.10 0.10 72.00 61.87

83 0.30 0.55 0.10 0.10 0.30 120.00 89.62

84 0.40 0.45 0.08 0.23 0.20 96.00 97.17

85 0.50 0.55 0.05 0.10 0.10 72.00 76.77

86 0.40 0.45 0.08 0.15 0.20 96.00 99.19
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fits each point in the design. The smaller, the PRESS
statistic, the better the model fits the data points. Our
value of PRESS is 3.11.

An experiment value vs. predicted values (shown
in Fig. 1) also represents a high degree of similarity
that was observed between the predicted and
experimental values. It is evident from Fig. 1 that pro-
posed model satisfies the variance requirement and
these also reflect accuracy and applicability of RSM
for process optimization of phenol degradation. Per-
turbation plot in Fig. 2 represents comparison of the

effect of culture components at the midpoint (coded 0)
in the design space. A curvature curve was found for
all factors, which indicate the response is sensitive to
all factors.

The special features of the RSM tool is 3D response
surface curve, contour plot generation, and point pre-
diction from where we can determine the optimum
value of the combination of the important factors for
the maximum phenol degradation. The contour plot
(Fig. 3(a)–(e)) determines the interaction of the factors
and optimum concentration of each component for
maximum response. These plots were obtained from
the pair-wise combination of independent factors, while
keeping other factor at its center point level. From the
elliptical contour plot (shown in Fig. 3(a)–3(e)), it is
clear that the mutual interaction is prominent among
factors. The proposed model predicts maximum phenol
degradation from point prediction, at 0.42 gL�1 phos-
phate, 0.46 gL�1 iron sulfate, 0.08 gL�1 calcium chlo-
ride, 0.18 gL�1 magnesium chloride, ammonium sulfate
0.25 gL�1, and incubation time 90.8 h. The maximum
predictable response was calculated using regression
equation by substituting level of factors and was experi-
mentally verified.

The model as given by Eq. (1) was validated for
all six variables within the design space. A random
set of six production combinations was prepared and
tested for phenol degradation. The results are given in
Table 7. The experimentally determined production
values were in close agreement with the statistically
predicted ones, confirming the authenticity of the pro-
posed model. From the validation experiment, result
showed that 100% (2,100 mgL�1) phenol degradation
can be possible using optimized media composition
viz. 0.42 g L�1 phosphate, 0.46 gL�1 iron sulfate,
0.08 gL�1 calcium chloride, 0.18 gL�1 magnesium
chloride, and ammonium sulfate 0.25 gL�1 after 90.8 h
incubation.

This has been found to have potential capacities to
grow in high phenol containing simulated inorganic
media where the only carbon source is phenol. The
result indicates that the degradation of phenol is sig-
nificant by this A. faecalis. It can degrade phenol up to
2,100 mgL�1completely in 90 h at pH of 7.4 and tem-
perature of 37˚C in a BOD incubator shaker with
120 rpm. The extent of phenol degradation and toler-
ance by A. faecalis have been found more significant
when compared to other micro-organism-mediated
phenol degradation like Pseudomonas Putida, Candida
tropicalis [28], Candida maltose [29], and Trichosporon
dulcitum [30].

Fig. 4 reveals that up to 2,100mg/L phenol is
consumed by the microbes as sole carbon source
in the presence of optimized inorganic media

Fig. 1. Diagnostic plots of predicted vs. actual response
plot for phenol degradation by A. faecalis.

Fig. 2. Perturbation plot of phenol degradation by A.
faecalis as a function of phosphate concentration (A), iron
sulfate concentration (C), calcium chloride concentration
(D), magnesium chloride concentration (F), incubation time
(H), and ammonium sulfate (J).
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composition. Thus, specific growth rate has been
enhanced. Further, with increasing the phenol con-
centration the specific growth rate is decreasing due

to toxic effect of phenol in its higher concentration.
This phenomenon is observed, probably due to
inhibitory effect of phenol.

Fig. 3. Contour plot for phenol degradation by A. faecalis as a function of (a) of phosphate (A) and iron sulfate (C), (b)
iron sulfate (C) and calcium chloride (E), (c) calcium chloride (E) and magnesium chloride (F), (d) magnesium chloride
(F) and ammonium sulfate (K) and (e) incubation time (L), and ammonium sulfate (K), when other variables are at zero
level.
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4. Conclusions

The present study focuses on optimization of
medium compositions along with incubation time
for maximum phenol degradation through microbial
fermentation. It is felt that such study is of utmost
important for obtaining higher degree of biodegrada-
tion of phenol as well to reduce operating cost of
the process. Out of the 11 variables investigated
using the Plackett–Burman design, it appears that
six variables namely phosphate concentration, fer-
rous sulfate concentration, calcium chloride concen-
tration, magnesium chloride concentration,
Incubation time, and ammonium sulfate have signifi-
cant effects on phenol degradation. Optimization of
these six variables has been carried out by using
RSM experiments which eventually involved applica-
tion of CCD. The mathematical analysis has been
carried out by standard software and the procedure
followed is user friendly. The results found for opti-
mal media composition in A. faecalis-mediated high
concentration phenol degradation could be suitably
used for bioreactor designing for cost effective
wastewater treatment plant.
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