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Abstract Parameters such as initial phenol concentration,
pH, temperature, inoculum size, and concentration of various
medium components largely affect the phenol degradation
ability of microbes; hence, these parameters must be opti-
mized in order to achieve maximum phenol degradation.
The present study is an attempt to optimize phenol degra-
dation by Bacillus pumilus OS1, isolated from soil of crude
oil spillage site. Experimental design methodology has been
adopted for the optimization study. The Plackett–Burman
design has determined five significant factors [pH, temper-
ature, phenol concentration, inoculum size, and (NH4)2SO4

concentration] out of the nine variables, important for phe-
nol degradation. Response surface analysis using central
composite design has been used to study mutual interac-
tions between these variables and to find their optimum
levels. The predicted result shows that maximum phenol
degradation (99.99%) could be achieved at pH 7.07, tem-
perature 29.3 ◦C, phenol 227.4mg/l, inoculum size 6.3%
(v/v), (NH4)2SO4 392.1mg/l. The correlation coefficient
(R2 = 0.9679) indicates an excellent agreement between
the experimental values and predicted ones. A fairly good
agreement between the model predicted value and the one
obtained from subsequent experimentation at the optimized
conditions confirms the validity of the model.
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1 Introduction

Phenol and its derivatives are generally found in the efflu-
ent of many industries such as paper and pulp mills, steel
industries, oil refineries, and several chemical industries
processing phenol formaldehyde resin, pesticides, dyes, and
pharmaceuticals, etc. [1,2]. Phenol is highly hazardous and
xenobiotic, and even at low concentrations, it is lethal to
human and aquatic lives. On exposure, phenol exerts a
local corrosive effect and mild irritation [3]. Due to these
adverse health effects, US Environmental Protection Agency
included phenol in the list of priority pollutants and set
the limits for its concentration in wastewater discharge as
0.5mg/l for surfacewaters and1mg/l for the sewerage system
[4,5].WorldHealthOrganization (WHO) has also prescribed
the limit level of 1μg/l phenol to regulate its concentra-
tion in drinking waters [6]. Therefore, treatment of effluent
containing high concentration of phenol is necessary before
being discharged into natural bodies. The treatment meth-
ods are mainly by physicochemical and biological. Among
them, biodegradation offersmany advantages as it is environ-
mental friendly and has the ability to completely mineralize
phenolic compounds [7]. Microorganisms isolated from a
similar type of source but different ecosystem have unlike
growth conditions and follow diverse metabolic pathway
for the degradation of the substrate. Hence, these microbes
exhibit dissimilarity in degradation efficiency and the toler-
ance potentiality toward the same substrate. Biodegradation
of phenol by bacteria has been extensively studied, and large
numbers of phenol-degrading bacteria have been isolated and
characterized so far [8–11]. Bacillus pumilus is one of the
potential phenol degraders [12,13]. Therefore, it has broad
prospects for the treatment of phenolic effluent.

Phenol degradation is sensitive to many factors such
as pH, temperature, inoculum size, carbon sources, and
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nitrogen sources [14–16]. Optimization of such nutritional
and physical parameters is of primary importance in phe-
nol biodegradation processes as optimum level of factors
enhances the degradation efficiency along with significant
reduction in the cost of the process. Therefore, it is necessary
to design process in order to maximize phenol degrada-
tion by B. pumilus OS1. There is broad range of modeling
and optimization methodologies, which vary from one fac-
tor at a time (OFAT) to complex statistical designs such as
Plackett–Burman design, central composite design (CCD),
and Box–Behnken design (BBD) [17]. The one-factor-at-a-
time (OFAT) approach is laborious, time-consuming, and less
capable of finding true optimum levels due to the interactions
among variables [18]. On the other hand, statistical planned
experiments effectively solve such problems and minimize
the error in determining the effect of parameters [19]. The
design of experiment (DOE) reduces the number of experi-
ments and increases process efficiency [20,21]. Statistically
designed experiments are used for optimization strategies
such as screening experiments and optimization for targeted
response [22]. Statistical experimental designs such as
Plackett–Burman and CCD have been successfully used to
optimize many bioprocesses [23–26].

The Plackett–Burman design was developed by Plackett
and Burman in 1946. It is two-level fractional design for
studying up to k = N − 1, where k are variables, and N
is the number of runs. These designs have complex alias
structures, and hence, this design was generally preferred
for screening of significant factors [27]. CCD is the most
popular type of second-order response surface designs. It
is designed to estimate the coefficients of a quadratic model,
and it gives reasonable information for testing lack of fit [28].
Optimization of culture conditions for phenol degradation by
B. pumilus is not available in the literature.

The objective of the present study was to optimize growth
conditions and media components for an enhancement of
phenol degradation byB. pumilusOS1 isolated from soil of a
crude oil spillage site. The Plackett–Burman design has been
used for screening of significant factors for phenol degrada-
tion, and CCD has been employed to find optimum levels of
the significant factors.

2 Materials and Methods

2.1 Microorganism and Inoculum Preparation

Bacillus pumilus OS1 has been isolated from the soil col-
lected from crude oil spillage site of Haldia Oil Refinery,
Haldia, India. A fresh culture of bacterium grown on nutrient
agar slants has been inoculated in nutrient broth and cen-
trifuged at 150 rpm and incubated for 30 ◦C for 24h. These
cells have been subsequently used as inoculum throughout
the study.

2.2 Phenol Degradation

The liquid mineral salt medium (MSM) used initially in the
present work has a composition in (mg/l) as: 400 K2HPO4,
200 KH2PO4, 400 (NH4)2SO4, 100 NaCl, 100 MgSO4,10
MnSO4·H2O, 10 Fe2(SO4)3·H2O, 10Na2MoO4·2H2O [29].
Phenol has been procured from Merck Chemicals (India),
and it has been used as sole source of carbon. Initially, the
stock solution of 10,000mg/l phenol has been prepared, and
further as per requirement, it has been diluted. Batch mode
shake flask experiments have been conducted in 250-ml
Erlenmeyer flasks containing 100ml mineral salt media. All
experiments have been performed for 36h in triplicates, and
average of the independent experiments has been taken as
the result.

2.3 Phenol Determination

Direct photometric method [30] has been used for the deter-
mination of phenol. In this method, phenolic material reacts
with 4-aminoantipyrine in the presence of potassium ferri-
cyanide at a pH 7.9 ± 0.1 to form a stable reddish-brown
antipyrene dye with maximum absorbance at 500nm.

2.4 Experimental Design and Data Analysis

2.4.1 Screening of Significant Factors by Using
Plackett–Burman Design

Totally nine variables that are important for phenol biodegra-
dation have been selected for screening via Plackett–Burman
design, and each factor has been studied at three levels. The
details of variables and their levels are given in Table 1.

Sixteen individual experiments including four center
points have been performed for 11 variables (including two
dummy variables) to generate regression coefficient values.

The Plackett–Burman design is based on the first-order
polynomial model:

Y = β0 +
∑

βi Xi (1)

where Y denotes the response (phenol degradation in %),
β0 is model intercept, βi is factor linear coefficient, and Xi

is the level of the independent factor. From the regression
analysis, the factors showing p values below 0.05 have been
considered to have significant effect on phenol degradation
and further used for optimization by CCD.

2.4.2 Optimization by Response Surface Methodology

The full factorial CCD has been used to study the effect of
significant factors on phenol degradation and to find their
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Table 1 Eleven variables and their levels used in Plackett–Burman
design

Variable
code

Variables Low level
(−1)

Central
level (0)

High level
(+1)

X1 pH 6 7 8

X2 Temperature
(◦C)

25 30 35

X3 Phenol (mg/l) 150 250 350

X4 Inoculum size
(%, v/v)

3.5 6.5 9.5

X5 KH2PO4
(mg/l)

100 200 300

X6 K2HPO4
(mg/l)

300 400 500

X7 (NH4)2SO4
(mg/l)

300 400 500

X8 NaCl (mg/l) 50 100 150

X9 MgSO4 (mg/l) 50 100 150

X10 Dummy 1 −1 0 +1

X11 Dummy 2 −1 0 +1

Table 2 Levels of variables examined in central composite design

Coded level

Variables −2 −1 0 +1 +2

pH 6 6.5 7 7.5 8

Temperature (◦C) 26 28 30 32 34

Phenolmg/l 150 200 250 300 350

Inoculum size (%, v/v) 3.5 5 6.5 8 9.5

(NH4)2SO4 mg/l 300 350 400 450 500

optimum levels. By using Plackett–Burmanmethod, five sig-
nificant factors for phenol degradation have been obtained.
Each of the independent variables has been studied at five
different levels (− α,−1, 0,+1,+ α), where α = 2. The
insignificant factors have been kept at their zero level (center
value) throughout the study. The details of levels of variables
studied are given in Table 2.

A total of 50 experiments have been performed which are
having 25 = 32 cube points plus eight center points and 10
axial points. The details of the experimental design are given
in Table 5. The second-order polynomial equation has been
used to calculate the relationship between the independent
variables, and the response is as follows:

Y = β0 +
n∑

i=1

βi Xi +
n∑

i=1

βi i X
2
i +

n∑

i=1

n∑

j=1

βi j Xi X j (2)

where Y denotes the response (phenol degradation in %), Xi

and X j are input variables, β0 is model intercept, βi is fac-

tor estimates, βi i is the i th quadratic coefficient, and βi j
is the i j th interaction coefficient. The three-dimensional
response surface plots have been constructed for determining
interaction among the variables, and further the point pre-
diction method has been used to find the optimum levels of
each variable. The statistical softwareDesign-Expert—7.0.0,
(Stat-Ease Inc., Minneapolis, USA) (Trial version) has been
used for designing experiments, regression analysis, and to
plot the response surface graphs.

3 Results and Discussion

3.1 Screening of Significant Factors by Using
Plackett–Burman Design

A total of nine variables have been studied with respect to
their effect on phenol degradation using Plackett–Burman
design. The design of 16 experiments and the corresponding
responses are shown in Table 3.

The variation in response suggests that process optimiza-
tion is important for improving the phenol biodegradation.
Analysis of the regression coefficients and the p values of
nine variables are shown in Table 4.

Among nine variables, X1 shows negative effect, while
remaining variables (X2–X9) show a positive effect on phe-
nol degradation. On the basis of values of coefficient for
significance (p<0.05), it has been found that among nine
variables, pH, temperature, phenol concentration, inoculum
size, and (NH4)2SO4 concentration have significant effect on
phenol degradation by B. pumilusOS1. The followingmodel
equation has been obtained for phenol degradation (Y ):

Y = 38.59 − 8.39X1 + 3.51X2 + 4.79X3 + 4.11X4

+1.71X5 + 0.76X6 + 5.11X7 + 0.93X8 + 1.13X9

(3)

The R2 (correlation coefficient) value of 0.9752 indicates up
to 9y7.52% variability in phenol degradation could be cal-
culated. The Predicted R2 of 0.9129 has been in reasonable
agreement with the adjusted R2 of 0.9306.

3.2 Optimization of Significant Factors by Response
Surface Methodology

Central composite design estimates interactions between the
significant factors and the values of optimal levels. The
designmatrix of tested variables and the experimental results
are represented in Table 5.

Regression equation coefficients have been calculated,
and the results of CCDhave been fittedwith the second-order
polynomial model equation. The response, phenol degrada-
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Table 3 Plackett–Burman design matrix for nine variables with actual values along with experimentally obtained phenol degradation

pH Temperature
(◦C)

Phenol
(mg/l)

Inoculum
size (%, v/v)

KH2PO4
(mg/l)

K2HPO4
(mg/l)

(NH4)2SO4
(mg/l)

NaCl
(mg/l)

MgSO4
(mg/l)

Phenol
degradation
(%)

8 35 150 9.5 300 500 300 50 50 29.54

6 35 350 3.5 300 500 500 50 50 55.46

8 25 350 9.5 100 500 500 150 50 41.30

6 35 150 9.5 300 300 500 150 150 59.69

6 25 350 3.5 300 500 300 150 150 44.78

6 25 150 9.5 100 500 500 50 150 45.39

8 25 150 3.5 300 300 500 150 50 21.90

8 35 150 3.5 100 500 300 150 150 19.58

8 35 350 3.5 100 300 500 50 150 38.45

6 35 350 9.5 100 300 300 150 50 49.85

8 25 350 9.5 300 300 300 50 150 30.40

6 25 150 3.5 100 300 300 50 50 26.70

7 30 250 6.5 200 400 400 100 100 97.40

7 30 250 6.5 200 400 400 100 100 95.79

7 30 250 6.5 200 400 400 100 100 98.14

7 30 250 6.5 200 400 400 100 100 92.40

Table 4 Effects of the factors and statistical analysis of the Plackett–
Burman design

Factors Effect Coefficient F value p value

Intercept 38.59 21.87 0.0017a

X1–pH −16.78 −8.39 89.84 0.0002a

X2–Temperature 7.02 3.51 15.70 0.0107a

X3–Phenol 9.57 4.79 29.23 0.0029a

X4- Inoculum size 8.22 4.11 21.53 0.0056a

X5–KH2PO4 3.42 1.71 3.72 0.1116

X6–K2HPO4 1.51 0.76 0.73 0.4327

X7–(NH4)2SO4 10.22 5.11 33.33 0.0022a

X8–NaCl 1.86 0.93 1.10 0.3416

X9–MgSO4 2.26 1.13 1.62 0.2585

R2 = 0.9752; Adj-R2 = 0.9306; Pred-R2 = 0.9129
a p value less than 0.05 indicates that model terms are significant

tion (Y ) can be expressed in terms of following regression
equation:

Y = 97.14 + 2.68X1 − 8.32X2 − 3.84X3 − 1.80X4

−2.06X5 − 1.92X1X2 − 0.085X1X3

+6.57X1X4 + 0.36X1X5 − 1.72X2X3

+3.12X2X4 − 0.44X2X5 − 1.45X3X4 − 0.68X3X5

+1.70X4X5 − 13X2
1 − 10.32X2

2 − 3.29X2
3

−6.72X2
4 − 5.98X2

5 (4)

The abovemodel can be used to predict the percentage degra-
dation of phenol within limits of experimental factors. The
R2 (correlation coefficient) value for regression model has
been 0.9679, indicating that experimental results have been
best fitted by the quadratic model. Figure 1 shows the exper-
imental response values agree well with predicted response
values obtained for phenol degradation by B. pumilus
OS1.

The adequacy of the model has been checked using analy-
sis of variance (ANOVA) as shown in Table 6. The ANOVA
designates the actual relationship between the response, and
significant variables denoted by the equation are accurate.

The lack-of-fit F value of 2.26 implies the lack of fit is
not significant relative to the pure error. There has been a
13.55% chance that a lack-of-fit F value this large could
occur due to noise. The predicted R2 of 0.8946 is in reason-
able agreement with the R2 adjusted of 0.9457. Adequate
precision measures and the signal-to-noise ratio greater than
4 are desirable, and it has been found that 21.71 indi-
cates an adequate signal. A coefficient of variation is the
standard deviation, which has been found as 6.87%, and
its lower value indicates that performed experiments are
highly reliable. Three-dimensional response surface plots
have been constructed by using Design-Expert software
which represents the predicted response over a range of
the design surface. Each three-dimensional surface plot
describes the effect of two parameters on the response (phe-
nol degradation in %), keeping other factors at their zero
levels.
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Table 5 Central composite design for five independent variables and their observed and predicted results

Run pH Temperature (◦C) Phenol (mg/l) Inoculum
size (% v/v)

(NH4)2SO4 (mg/l) Phenol degradation (%)

Observed Predicted

1 6.5 28 200 5 350 72.80 76.62

2 7.5 28 200 5 350 72.17 72.14

3 6.5 32 200 5 350 68.90 61.92

4 7.5 32 200 5 350 40.04 49.76

5 6.5 28 300 5 350 74.95 76.81

6 7.5 28 300 5 350 72.61 71.99

7 6.5 32 300 5 350 51.14 55.24

8 7.5 32 300 5 350 47.90 42.74

9 6.5 28 200 8 350 59.60 53.16

10 7.5 28 200 8 350 75.34 74.94

11 6.5 32 200 8 350 46.49 50.93

12 7.5 32 200 8 350 68.14 65.02

13 6.5 28 300 8 350 48.11 47.54

14 7.5 28 300 8 350 62.61 68.98

15 6.5 32 300 8 350 36.48 38.43

16 7.5 32 300 8 350 54.62 52.19

17 6.5 28 200 5 450 66.87 70.63

18 7.5 28 200 5 450 69.67 67.57

19 6.5 32 200 5 450 57.20 54.15

20 7.5 32 200 5 450 45.17 43.41

21 6.5 28 300 5 450 67.30 68.09

22 7.5 28 300 5 450 65.82 64.70

23 6.5 32 300 5 450 44.50 44.75

24 7.5 32 300 5 450 25.90 33.67

25 6.5 28 200 8 450 54.10 53.98

26 7.5 28 200 8 450 75.03 77.19

27 6.5 32 200 8 450 46.54 49.97

28 7.5 32 200 8 450 68.96 65.49

29 6.5 28 300 8 450 46.91 45.64

30 7.5 28 300 8 450 68.79 68.50

31 6.5 32 300 8 450 38.53 34.75

32 7.5 32 300 8 450 48.97 49.94

33 6 30 250 6.5 400 39.80 39.79

34 8 30 250 6.5 400 52.65 50.49

35 7 26 250 6.5 400 74.32 72.51

36 7 34 250 6.5 400 39.60 39.25

37 7 30 150 6.5 400 90.50 91.66

38 7 30 350 6.5 400 79.61 76.29

39 7 30 250 3.5 400 78.41 73.87

40 7 30 250 9.5 400 64.31 66.68

41 7 30 250 6.5 300 79.52 77.35

42 7 30 250 6.5 500 69.09 69.10

43 7 30 250 6.5 400 98.56 97.14

44 7 30 250 6.5 400 96.20 97.14

45 7 30 250 6.5 400 98.28 97.14
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Table 5 continued

Run pH Temperature (◦C) Phenol (mg/l) Inoculum
size (% v/v)

(NH4)2SO4 (mg/l) Phenol degradation (%)

Observed Predicted

46 7 30 250 6.5 400 98.30 97.14

47 7 30 250 6.5 400 98.24 97.14

48 7 30 250 6.5 400 98.18 97.14

49 7 30 250 6.5 400 89.10 97.14

50 7 30 250 6.5 400 98.10 97.14

Fig. 1 Predicted versus
Experimental percentage of
phenol degradation by Bacillus
pumilus OS1

The effects of the pH (X1) and temperature (X2) on the
response (Y ) at fixed phenol concentration (X3) of 250mg/l,
inoculum size (X4) of 6.5% (v/v), and (NH4)2SO4 (X5)

400mg/l are shown in Fig. 2a. The response (Y ) increases as
pH increases from 6 to 7.07, and temperature increases from
26 to 29.2 ◦C then further Y decreases with increase in pH
and temperature. The decrease in response (Y ) might be due
to change in pH, and temperature affects the solubility and
reactivity of enzymatic compounds produced by microbes
[14,31]. At these conditions, the model predicts maximum
99.04% of phenol degradation. This three-dimensional sur-
face plot shows that the effect of an interaction between pH
and temperature is significant on response as indicated by
low p values (<0.05) (Table 6). The effects of pH (X1) and
phenol concentration (X3) on the response (Y ) while keeping
temperature (X2), inoculum size (X4), and (NH4)2SO4(X5)

at their middle level are shown in Fig. 2b. This three-
dimensional surface plot and p value>0.05 (Table 6) suggests
that the interaction between pH and phenol concentration

is negligible. The effects of pH (X1) and inoculum size
(X4) on the response (Y ) at fixed temperature (X2), phe-
nol concentration (X3), and (NH4)2SO4(X5) are shown in
Fig. 2c. Response (Y ) increases as inoculum size is increased
from 3.5 to 6.36% (v/v) and further decreases with increase
in inoculum size. This might be due to the increase in
inoculum size reduces the lag phase duration, and beyond
optimal value, its effect become marginal [2]. Response
(Y ) increases as pH is increased from 6 to 7.04 and fur-
ther decreases with increase in pH. At these conditions,
the predicted maximum phenol degradation is 97.33%. The
nature of this three-dimensional surface plot indicates that
the effect of the mutual interaction between pH and inocu-
lum size is significant on the response as suggested by low
p value (<0.05) (Table 6). The effects of pH (X1) and
(NH4)2SO4(X5) on the response (Y) at fixed temperature
(X2), phenol concentration (X3), and inoculum size (X4)

are shown in Fig. 2d. The shape of this three-dimensional
surface plot and p value indicates that the effect of an interac-
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Table 6 Analysis of variance
for response surface quadratic
model obtained from
experimental design

Sum of squares d f Mean square F Value p value

Model 17 777.23 20 888.86 43.69 <0.0001a

X1–pH 286.33 1 286.33 14.07 0.0008a

X2–Temperature 2766.23 1 2766.23 135.98 <0.0001a

X3–Phenol 590.28 1 590.28 29.02 <0.0001a

X4–Inoculum size 129.31 1 129.31 6.36 0.0174a

X5–(NH4)2SO4 170.16 1 170.16 8.36 0.0072a

X1X2 118.12 1 118.12 5.81 0.0225a

X1X3 0.23 1 0.23 0.011 0.9158

X1X4 1379.18 1 1379.18 67.79 <0.0001a

X1X5 4.06 1 4.06 0.20 0.6583

X2X3 94.26 1 94.26 4.63 0.0398a

X2X4 310.50 1 310.50 15.26 0.0005a

X2X5 6.34 1 6.34 0.31 0.5811

X3X4 67.51 1 67.51 3.32 0.0788

X3X5 14.80 1 14.80 0.73 0.4007

X4X5 92.89 1 92.89 4.57 0.0412a

X2
1 5407.58 1 5407.58 265.81 <0.0001a

X2
2 3405.27 1 3405.27 167.39 <0.0001a

X2
3 346.79 1 346.79 17.05 0.0003a

X2
4 1443.24 1 1443.24 70.94 <0.0001a

X2
5 1144.14 1 1144.14 56.24 <0.0001a

Residual 589.96 29 20.34

Lack of fit 517.15 22 23.51 2.26 0.1355

Pure error 72.82 7 10.40

Cor total 18 367.19 49

R2 = 0.9679;Adj-R2 = 0.9457; Pred-R2 = 0.8946;C.V. (Coefficient of variation) = 6.87%
a p value less than 0.05 indicate model terms are significant

tion between pH and (NH4)2SO4 is insignificant on response
(Y ).

Temperature (X2) and phenol concentration (X3) effects
on the response (Y ), keeping pH (X1), inoculum size (X4),
and (NH4)2SO4 (X5) at zero levels are shown in Fig. 2a.
The response (Y ) increases as concentration of phenol
is increased from 150 to 225.6mg/l and further rapidly
decreases with increase in phenol concentration. The quick
decrease in response might be due to inhibition effect phenol
as a substrate [32]. The response (Y) increases as the temper-
ature is increased from 28 to 29.3 ◦C and further decreases
with increase in temperature. At these conditions, the maxi-
mum 97.33% phenol degradation is predicted by the model.
The mutual interaction between temperature and phenol has
a significant effect on response and is indicated by three-
dimensional plot (Fig. 3a) and low p value (<0.05) (Table 6).
The effects of temperature (X2) and inoculum size (X4)

on the response (Y) at fixed pH (X1), phenol concentra-
tion (X3), and (NH4)2SO4(X5) are shown in Fig. 3b. The
nature of this three-dimensional surface plot suggests that

the effect of a mutual interaction between temperature and
inoculum size is significant on response. Temperature (X2)

and (NH4)2SO4 (X5) effects on the response (Y) while keep-
ing pH (X1), phenol concentration (X3), and inoculum size
(X4) at zero levels are shown in Fig. 3c. From this three-
dimensional surface plot and p value >0.05 (Table 6), it
is found that the effect of an interaction between tempera-
ture and (NH4)2SO4 is insignificant on response. The effects
of phenol concentration (X3) and inoculum size (X4) on
the response (Y ) at fixed pH (X1), temperature (X2), and
(NH4)2SO4 (X5) are shown in Fig. 3d. The shape of this
three-dimensional surface plot and p value suggests that the
interaction between phenol and inoculum size is insignificant
on response.

The effects of phenol concentration (X3) and (NH4)2
SO4(X5) on the response (Y ) at fixed pH (X1), tempera-
ture (X2), and inoculum size (X4) are shown in Fig. 4a.
From the nature of this three-dimensional surface plot
and p value, it is found that the interaction between
phenol and (NH4)2SO4 concentration is insignificant on
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Fig. 2 Three-dimensional response surface plots of the effect of variable interactions on phenol degradation by Bacillus pumilus OS1 a pH and
temperature; b pH and phenol; c pH and inoculum size; d pH and (NH4)2SO4

response. Inoculum size (X4) and (NH4)2SO4(X5) effects
on the response (Y ) while keeping pH (X1), tempera-
ture (X2), and phenol concentration (X3) at zero lev-
els are shown in Fig. 4b. The response (Y ) increases
as (NH4)2SO4 concentration is increased from 300 to
390.3mg/l and further response (Y ) decreases with increase
in (NH4)2SO4 concentration. This has been likely because
the addition of (NH4)2SO4 in media significantly decreases
the toxicity of phenol and hence enhances cell growth
[16]. This three-dimensional surface plot and low p value
(<0.05) (Table 6) indicates that the effect of an interaction
between inoculum size and (NH4)2SO4 is significant on
response.

The point prediction feature of CCD has been used
to determine optimum levels of each variable for maxi-
mum phenol degradation (%), and these are as follows:
pH 7.07, temperature 29.3 ◦C, phenol 227.4mg/l, inocu-
lum size 6.3% (v/v) and (NH4)2SO4 392.1mg/l. Under
these optimized conditions, predicted phenol degradation is
99.99%.

3.3 Validation of Experimental Designs

Validation of obtained statistical model has been done by
performing phenol degradation experiment at pH 7.07, tem-
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Fig. 3 Three-dimensional response surface plots of the effect of variable interactions on phenol degradation byBacillus pumilusOS1 a temperature
and phenol; b temperature and inoculum size; c temperature and (NH4)2SO4; and d phenol and inoculum size

perature 29.3 ◦C, phenol 227.4mg/l, inoculum size 6.3%
(v/v), and (NH4)2SO4 392.1mg/l. At these optimized con-
ditions, the predicted response for phenol degradation is
99.99%, and the average of experimental values is 99.87%.
The experimental value is close to the experimental value
and represents the validity of the model.

4 Conclusions

To identify significant factors by screening important vari-
ables for phenol degradation by B. pumilus OS1 isolated
from crude oil spillage site and to determine the interac-

tion between them, statistical design of the experiments has
been carried out. Nine variables have been tested using
Plackett–Burman design, which resulted in five significant
factors (pH, temperature, phenol concentration, inoculum
size, and (NH4)2SO4 concentration). CCD has been applied
for optimization of these factors. A quadratic model has been
developed which accurately predicts the levels of variables
for maximum phenol degradation as: pH 7.07, temperature
29.3 ◦C, phenol 227.4mg/l, inoculum size 6.3% (v/v), and
(NH4)2SO4 392.1mg/l. Themodel has been validated by fur-
ther experimentation, and the predicted response (99.99%)
has been found to be very much close to the experimental
value of 99.87% at the optimized conditions. The model can
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Fig. 4 Three-dimensional response surface plots of the effect of vari-
able interactions on phenol degradation by Bacillus pumilus OS1 a
phenol and (NH4)2SO4; b inoculum size and (NH4)2SO4

be suitably used for the prediction phenol biodegradation and
design of bioreactors carrying phenol biodegradation with B.
pumilus OS1.
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