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ABSTRACT 

The objective of this study was designed to evaluate the effects of biostimulation and bioaugmentation amendment 
agents (NPK fertilizer, Tween 80 and mixed culture) on the bioremediation of tropical soil samples artificially con-
taminated with Weathered Bonny Light Crude Oil (WBLCO). Response Surface Methodology (RSM) with Box 
Behnken Design (BBD) was used with three levels and three factors of NPK fertilizer (2 - 6 g), Tween 80 (5 - 15 mg/l) 
and mixed culture (0.5 - 1.5 g/l) as independent variables and WBLCO removal as dependent variable (response) in a 
six weeks remediation period. The results showed that the rate of WBLCO removal generally increased with increase in 
the amount of NPK fertilizer, Tween 80 and mixed culture (biomass), respectively. A statistically significant (P < 
0.0001) second-order quadratic regression model for WBLCO removal (using design-expert statistical program (v. 
6.0.8)) with a coefficient of determination, R (=0.9996) was obtained. Numerical optimization technique based on de-
sirability function was carried out to optimize the bioremediation process. The optimum values for biostimulation and 
bioaugmentation amendment agents to achieve a predicted maximum WBLCO removal of 84.88 percent were found to 
be: NPK fertilizer, 4.25 g; Tween 80, 10.22 mg/l and mixed culture, 0.46 g/l. At this optimum point, the observed 
WBLCO removal was found to be 83.79 percent. The statistical analyses and the closeness of the experimental results 
and model predictions show the reliability of the regression model and thus, biostimulation and bioaugmentation of in-
digenous microbial density and activity can reduce remediation period of petroleum hydrocarbon contaminated envi-
ronment and subsequently the cost of remediation. 
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1. Introduction 

Crude oil is an extremely complex mixture of aliphatic 
and aromatic hydrocarbons, including volatile compo-
nents of gasoline, petrol, kerosene, lubricating oil and 
solid asphaltene residues. In developed and developing 
countries, contamination of soil and marine environment 
by crude oil and petroleum products has become a seri-
ous problem. The main sources of this contamination can 
originate from natural oil seepage and human activities 
including extraction, transportation, utilization of petro-
leum (crude oil and natural gas), oil field installations, 
petroleum plants (refining), liquid fuel distribution and 
storage devices, transportation equipment for petroleum 
products, airports and illegal drillings in pipe lines [1-3]. 

The scale of the hazards imposed on the natural envi-
ronment depends on the surface of the area contaminated 
by petroleum products, their chemical composition, and 
the depth at which pollutants occur. 

Crude oil causes a variety of risks when released into 
the environment. It is physically, chemically and bio-
logically harmful to soil because of the presence of many 
toxic compounds, such as polycyclic aromatic hydrocar-
bons, benzene and its substituted and cycloalkane rings, 
in relatively high concentrations. The fate and effects of 
spilled crude oil and its products in soils have already 
been the subject of several studies [4-6]. Biodegradation 
of hydrocarbon compounds is one of the most important 
processes involved in the weathering and eventual re-
moval of oil from the environment, particularly for its 
non-volatile components. Thus, potentially biodegrada-*Corresponding author. 
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tion can be used for recovery of sensitive areas such as 
contaminated shorelines, marshes, and wetlands.  

The term “enhanced bioremediation” encompasses a 
broad continuum of technologies that differ with respect 
to their inputs [7-9]. These technologies may involve the 
addition of electron acceptors or electron donors to 
stimulate naturally occurring microbial populations (bio-
stimulation) or could be the introduction of specific mi-
croorganisms to enhance the biodegradation of the target 
compound (bioaugmentation). Bioremediation technolo-
gies have been developed for soils and coastal areas us-
ing the addition of nutrients and microbes [10-13]. 
However, it is known that biodegradation efficiencies of 
petroleum hydrocarbons in soil can be limited by phys-
icochemical as well as biological factors, such as nutri-
ents, pH, temperature, moisture, oxygen, soil properties, 
and contaminant concentration, number and type or spe-
cies of microorganisms [14-21]. Also, oil spills result in 
an imbalance in the carbon-nitrogen ratio at the spill site, 
because crude-oil is essentially a mixture of carbon and 
hydrogen. This causes a nitrogen deficiency in an oil- 
soaked soil, which retards the growth of bacteria and the 
utilization of carbon source(s). Huang et al. [22], Borre-
sen and Rike [23], and Boopathy [24] determined opti-
mum nutrient supplement levels at laboratory incubation 
experiments. 

Application of surfactants to soil contaminated with 
petroleum hydrocarbons can potentially reduce the inter-
facial tension, increase its solubility and bioavailability, 
and thus facilitate their biodegradation [25,26]. Addition 
of synthetic surfactants to environments contaminated 
with petroleum hydrocarbons has been studied as a 
means by which their inhibitory effects on biodegrada-
tion were recognized, especially in concentrations above 
their critical micelle concentration (CMC) values [24, 
27]. Currently, available information regarding the ef-
fects of biodegradable surfactants’ addition such as Tween 
80, Triton-X 100 and Brij 30 on enhanced biodegradation 
of petroleum hydrocarbons is limited [28-31]. Ongoing 
research and development seeking to improve methods 
by minimizing the number of experiments provide in-
formation about the direct additive effects of the study 
variables and interaction effects using design of experi-
ment methods. Recently, this statistical technique has 
been successfully applied in many fields [22,32-34]. The 
statistical experiment designs most widely used in opti-
mization experiments are termed response surface de-
signs [22,32-37]. These designs provide information 
about direct effects, pair wise interaction effects and cur-
vilinear variable effects. However, information on the 
optimization of biostimulation and/or bioaugmentation 
factors required for the enhanced bioremediation of pe-
troleum hydrocarbons contaminated environment is still 

limited.  
Therefore, the objective of this work is to study the 

bioremediation of soil artificially contaminated with 
“Weathered Bonny Light Crude Oil (WBLCO)” using 
the addition of NPK fertilizer (nutrient) and, Tween 80 
(surfactant) as biostimulation factors and the addition of 
mixed culture (biomass) as bioaugmentation factor 
through Response Surface Methodology (RSM) via full- 
factorial Box Behnken design in order to evaluate the 
influence of these biostimulation and/or bioaugmentation 
factors on the rate of WBLCO degradation and to opti-
mize the factors for maximum crude oil removal.  

2. Materials and Methods 

2.1. Soil Sample and Characterization 

An un-impacted soil samples from Ladoke Akintola 
University of Technology Agricultural Farms, Ogbo-
moso, were collected from the surface layer of the va-
dose zone 15 - 30 cm below land surface. The soil sam-
ples were air dried, homogenized, passed through a 
2-mm (pore size) sieve and stored in a polythene bag at 
room temperature. Soil samples were characterized for 
their physicochemical and microbial parameters accord-
ing to standard methods. Total organic carbon and total 
nitrogen of soil were determined using Walkley-Black 
and Macro-Kjeldahl methods respectively [38,39]. Soil 
pH was determined using pH meter fitted with a com-
bined glass pH and reference electrode [38]. Soil mois-
ture content was determined by evaporation on Whatman 
filter paper NO 1 (BDH Chemicals England) at 103˚C to 
105˚C in an electrical oven. Available phosphorus was 
determined using Bray NO 1 Method [38,39]. The total 
hydrocarbon degrading bacteria (THDB) populations was 
determined by the vapor phase transfer method [40].  

The determined soil parameters values are as follows: 
moisture content: 5.95 ± 0.05 (%); total nitrogen: 0.25 ± 
0.04 (%); available phosphorus: 0.12 ± 0.02 (%); potas-
sium: 0.31± 0.05 (%); total organic carbon: 1.21 ± 0.03 
(%); pH 5.9 ± 0.2, and total hydrocarbon-degrading bac-
teria (THDB): 3.7 × 105 cfu-g−1. The hydrocarbon de-
grading bacterial types isolated from the soil samples 
were mainly Acinetobacter and Bacillus species. The soil 
characterization showed that the soil did not fulfill the 
nutrient (NPK) requirements for an efficient biodegrada-
tion process. Therefore, these elements were added in the 
form of NPK inorganic fertilizer (20:10:10) to provide 
the proper nutrients required for the bioremediation 
process as well as bioaugment with Pseudomonas species 
(binary mixed culture of Pseudomonas aeruginosa and 
Pseudomonas fluorescence) that has been utilized as po-
tential good degraders of petroleum hydrocarbons [41, 
42]. 
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2.2. Chemicals and Microorganisms 

The Bonny light crude oil was obtained from Nigerian 
National Petroleum Corporation, Port-Harcourt, Nigeria. 
This study employed a biodegradable nonionic surfactant 
Tween 80 manufactured by Sigma-Aldrich, USA, which 
has an average molecular weight of 1310 and a critical 
micelle concentration (CMC) value of 15 mg/l. NPK fer- 
tilizer (20:10:10) was purchased from an agrochemical 
store in Ogbomoso, Nigeria. Hexane solvent (BDH Che- 
micals, England) used for extraction of oil from soil were 
bought from a chemical store in Lagos, Nigeria.  

Pseudomonas aeruginosa and Pseudomonas fluores- 
cence were obtained from Department of Microbiology, 
Obafemi Awolowo University, Ile-Ife, Nigeria. Pure 
culture was maintained on nutrient agar slants at 4˚C. The 
strains were pre-grown in nutrient broth medium at room 
temperature (28˚C ± 2˚C) for 24 h and used for crude oil 
bioremediation studies. The overnight cultures were cen-
trifuged, and the cell pellets was washed with physio-
logical saline water thrice, re-suspended in saline water, 
homogenized and was used as stock solution. Different 
dilutions were made from the stock solution. A known 
volume of these solutions was filtered through 0.45 m 
filter paper (Millipore, USA) to find out the dry weight 
of cells. Corresponding absorbance was measured at 440 
nm using a spectrophotometer. This information was 
used to prepare a calibration curve, dry weight versus 
absorbance. For unknown samples, the absorbance was 
measured at 440 nm and was converted to dry weight 
using absorbance versus dry weight calibration curve. 

2.3. Microcosms Preparation and  
Bioremediation Experimentation 

To optimize the range of experimentation for 23 full- 
factorial Box-Behnken design, the following experiments 
were performed in earthen pots (used as bioreactors) 
maintained at room temperature. Soil samples (200 g) 
were placed in earthen pots (microcosm) and were artifi-
cially contaminated with WBLCO to a level of 10% w/w. 
The crude oil-contaminated soil in each earthen pot was 
amended with different amounts of NPK fertilizer (2 - 10 
g), Tween 80 (5 - 25 mg/l) and binary mixed culture of P. 
aeruginosa and P. fluorescence (0.2 - 1.0 g/l), respec-
tively. Soil used as control was not amended with any 
nutrient or microorganisms. In total, 16 microcosms were 
settled and incubated for 42 days. All bioreactors were 
mixed manually once per week to enhance oxygenation, 
and kept moist during the 42 days experimental period. 
Samples were withdrawn at intervals of one week for 
residual Total Petroleum Hydrocarbon (TPH) analysis. 

2.4. Experimental Design and Data Analysis 

The Box-Behnken factorial experimental design em-

ployed had three independent variables viz., NPK (20:10: 
10) fertilizer, Tween 80 (surfactant) and biomass. Each 
of the independent amendment variables was studied at 
three levels of −1, 0, +1 (Table 1), with 17 experimental 
runs. The levels were selected based on above prelimi-
nary study results. The variables optimized were NPK 
fertilizer in the range of 2 - 6 g, Tween 80, 5 - 15 mg/l 
and biomass, 0.2 - 0.6 g/l, respectively. Change in TPH 
(i.e. percent TPH reduction) was considered as experi-
mental response. Efficiency of crude oil removal was 
assessed after 42 days. Table 2 shows the coded and ac-
tual values of factors and levels used in the experimental 
design. Crude oil-contaminated soil without biostimula-
tion and bioaugmentation was also assayed as a control. 
The statistical software Design Expert 6.0.8, (Stat-Ease 
Inc., Minneapolis, USA) was used to evaluate the analy-
sis of variance (P < 0.05) to determine the significance of 
each term in the fitted equations and to estimate the 
goodness of fit in each case. 

2.5. Estimation of Total Petroleum Hydrocarbon 

Total Petroleum Hydrocarbon (TPH) was extracted from 
10 g of soil with 50 ml of hexane [43]. The extract was 
dried at room temperature by evaporation of the hexane 
solvent under a gentle nitrogen stream in a fume hood. 
After evaporation of the solvent, the amount of residual 
TPH was determined gravimetrically [43] by reading 
absorbance at 400 nm using visible range spectropho-
tometer (Model 6100 PYE UNICAM instruments Eng-
land) and estimating the concentration from the standards 
curve, obtained from hexane extracts of fresh Bonny 
light crude oil at different concentrations. 

3. Results and Discussion 

3.1. Natural Bioattenuation and Enhanced  
Bioremediation 

After performing 17 runs of the Box-Behnken Design 
(BBD) and one control, the results of the statistical ex-
periment were analyzed with regard to the coded design 
matrix. The regression equation shows that the crude oil 
degradation rate was an experimental function of test 
variables in coded units. Table 3 shows that on the 42  

 
Table 1. Experimental range and the levels of the variables. 

Dependent Variable 
Low Level  

(−1) 
Medium 
Level (0) 

High Level 
(+1) 

NPK Fertilizer (A), g 2.0 4.0 6.0 

Tween 80 (B), mg/l 5.0 10 15 

Mixed Culture (Biomass)
(C), g/l 

0.2 0.4 0.6 
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Table 2. Coded and uncoded full-factorial Box-Behnken 
design for the three independent variables.  

NPK Fertilizer Tween 80 
Mixed Culture 

(Biomass) 
Run 

Code 
Value  

(g) 
Code

Value 
(mg/l) 

Code 
Value 
(g/l) 

1 −1 2 −1 5 0 0.4 

2 +1 6 −1 5 0 0.4 

3 −1 2 +1 15 0 0.4 

4 +1 6 +1 15 0 0.4 

5 −1 2 0 10 −1 0.2 

6 +1 6 0 10 −1 0.2 

7 −1 2 0 10 +1 0.6 

8 +1 6 0 10 +1 0.6 

9 0 4 −1 5 −1 0.2 

10 0 4 +1 15 −1 0.2 

11 0 4 −1 5 +1 0.6 

12 0 4 +1 15 +1 0.6 

13 0 4 - 10 - 0.4 

14 0 4 - 10 - 0.4 

15 0 4 - 10 - 0.4 

16 0 4 - 10 - 0.4 

17 0 4 0 10 0 0.4 

18  
(Control) 

- - - - - - 

 
day (6th week), crude oil content had decreased in all the 
earthen pot reactors. In control, natural biodegradation 
(natural bioattenuation) removed 44.78 percent of petro-
leum hydrocarbons. The reduction in petroleum hydro-
carbon content of earthen pot reactors containing amend- 
ments was much higher (Table 3) in the same period. 

These results indicate that the addition of biostimulant 
or biomass increased the rate of biodegradation. A con-
siderable decrease in crude oil reduction was observed in 
runs 13 to 17, with a relatively high amount of NPK fer-
tilizer, surfactant (Tween 80) and mixed culture (bio-
mass); the residual oil reached 15.13 - 15.35 percent of 
the initial crude oil concentration. The comparison of 
crude oil enhanced bioremediation and natural bioattenu-
ation for each run is shown in Figure 1.  

At 10% (w/w) crude oil concentrations, run numbers 2 
and 4, and runs number 11 and 12 had same remediation 
condition with different concentration of Tween 80 (sur-
factant); results shows that addition of surfactant can  

Table 3. Experimental design and results for light crude oil 
removal from contaminated soil. 

Percent Total Petroleum Hydrocarbon ReductionExperimental 
Run Observed Value Predicted Value 

1 75.85 75.80 

2 76.43 76.41 

3 74.96 74.98 

4 78.40 78.45 

5 79.00 79.11 

6 78.08 78.16 

7 77.04 76.96 

8 82.11 82.00 

9 79.54 79.47 

10 79.88 79.75 

11 79.85 79.98 

12 80.85 80.92 

13 84.65 84.72 

14 84.65 84.72 

15 84.87 84.72 

16 84.76 84.72 

17 84.69 84.72 

18 (Control) 44.78 - 

 
enhance crude oil degradation. Similar observations have 
been reported for the use of non-ionic surfactant for the 
remediation of environment contaminated with petro-
leum hydrocarbons [28,31,44]. Effect of different con-
centrations of mixed culture (biomass) augmentation 
were investigated at the same condition of NPK and 
Tween 80 (run numbers 6 and 8, and run numbers 10 and 
12) and the findings demonstrated that addition of mixed 
culture (biomass) can enhance the bioremediation proc-
ess of soil contaminated with crude oil. This is in agree-
ment with other workers observation [37,42]. Relatively 
run numbers 3 and 4; and run numbers 7 and 8 had same 
condition with different concentration of NPK; results 
shows that extra addition of NPK fertilizer (nutrient) 
extensively improved crude oil biodegradation from 
75.66 to 78.43 percent and from 77.04 to 81.96 percent, 
respectively. A similar observation has been reported 
[45-48].  

One of the major factors that limit hydrocarbon bio-
degradation is their low availability to microbial cells [37, 
49]. In addition, efficiency of bioremediation is a func-
tion of the microbial viability in the natural environment   
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Figure 1. Comparison of percentage total petroleum hydrocarbon reduction due to enhanced bioremediation and natural 
bioattenuation. 
 
[12]. Factors, such as nitrogen, phosphorus, and micro-
organism presence, have been reported to affect biore-
mediation; for example, limiting nitrogen is reported to 
enhance bioremediation [37,50,51]. Yuting et al. [52] 
and Mohajeri et al. [37] showed that natural attenuation 
removed 13 and 9 - 12.6 percent of crude oil after 33 and 
60 days incubation, respectively. When the soil was sup-
plemented with nutrients (nitrogen and phosphorus) and 
biomass, 26.3 and 77 percent of the crude oil was respec-
tively removed. The results suggest that high dose of 
nutrient amendment can accelerate the initial oil degra-
dation rate and may shorten the period to clean up con-
taminated environments. The accelerating effect of 
amendment is stronger when nutrient availability is a 
limiting factor in the biodegradation of oil [37].  

3.2. Second Order Polynomial Regression Model 
and Statistical Analysis 

The experimental data were fitted to a second order 
polynomial regression model (Equation (1)) containing 3 
linear, 3 quadratic and 3 interaction terms [53] using the 
same experimental design software to derive the equation 
for crude oil removal from contaminated soil.  

2 2
0 1 2 3 11 22

2
33 12 13 23

Y A B C A

C AB AC BC

     

   

     

   

B
    (1) 

where 0  is the value of the fixed response at the centre 
point of the design; 1 2 3, ,    are linear coefficients; 

11 22 33, ,    are quadratic coefficients; 12 13 23, ,    are 
the interaction effect coefficients regression terms, re-
spectively; A, B and C are the levels of independent 

amendment variables The significance of each coeffi-
cient in the equation was determined by F-test and 
P-values. F-test indicated that all the factors and interac-
tions considered in the experimental design are statisti-
cally significant (P < 0.05) at the 95 percent confidence 
level. The regression equation obtained after analysis of 
variance gives the level of total petroleum hydrocarbon 
reduction (crude oil removal) as a function of the differ-
ent amendment variables: NPK, Tween 80, and mixed 
culture (biomass). All terms regardless of their signifi-
cance are included in the following Equation (2):  

2 2

2

84.72 1.02 0.30 0.42 4.64 3.67

–1.02 0.71 1.50 0.17

Y A B C A

C AB AC BC

     

  

B
(2) 

where A is NPK concentration, B is Tween concentration; 
C is mixed culture concentration. 

To test the fit of the model, the regression equation and 
determination coefficient (R2) were evaluated (Table 4). 
The model F-value of 1176.12 implies the model is sig-
nificant. There is only a 0.01 percent chance that a model 
F-value, this large could occur due to noise alone. The 
low probability value (<0.0001) indicates that the model 
is significant. The value of the determination coefficient 
(R2 = 0.9993) being a measure of goodness of fit to the 
model indicates a high degree of correlation between the 
observed value and predicted values. The determination 
coefficient (R = 0.9996), suggests that more than 99.96 
percent of the variance is attributable to the variables and 
indicated a high significance of the model. Thus, 0.04 
percent of the total variance cannot be explained by the 
model. The fitted model is considered adequate if the 
F-test is significant (P < 0.05). The analysis of variances 
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Table 4. Analysis of variance for the quadratic response 
surface model fitting to the biodegradation data of WBLCO. 

Source 
Sum of 
Squares 

DF 
Mean 

Square 
F-Value P-Value

Model 186.44 9 20.72 1176.12 <0.0001

Residual 
(Error) 

0.120 7 0.018   

Lack of Fit 0.089 3 0.030 3.40 0.1339

Pure Error 0.035 4 0.009   

Correlation 
Total 

186.56 16    

 
(ANOVA) quadratic regression model demonstrated that 
the model was highly significant, as was evident from the 
very low probability (P < 0.0001) of the F-test and insig-
nificant result from the Lack of Fit model (P = 0.1339). 
The Lack of Fit test is performed by comparing the vari-
ability of the current model residuals to the variability 
between observations at replicate settings of the factors. 
The Lack of Fit F-value of 3.40 implies the Lack of Fit is 
not significant relative to the pure error. There is a 13.39 
percent chance that a Lack of Fit F-value this large could 
occur due to noise.  

The Lack of Fit is designed to determine whether the 
selected model is adequate to describe the observed data, 
or whether a more complicated model should be used. 
The Predicted R-Squared value of 0.9921 is in reasonable 
agreement with the Adjusted R-Squared value of 0.9985. 
Adequate Precision measures the signal to noise ratio. A 
ratio > 4 is desirable. The ratio of 95.765 obtained in this 
research indicates an adequate signal. This model can be 
used to navigate the design space. The coefficient of 
variation (CV) as the ratio of the standard error of esti-
mate to the mean value of the observed response is a 
measure of reproducibility of the model, generally a 
model can be considered reasonably reproducible if its 
CV is not greater than 10 percent. Hence, the low varia-
tion coefficient value (CV = 0.17 percent) obtained indi-
cates a high precision and reliability of the experiments.  

The coefficient of the model (parameter estimation) 
and the corresponding P-values are presented in Table 5. 
The significance of regression coefficients was consid-
ered, ignoring those with an insignificant effect on the 
response at a significance level of 95 percent. The P- 
values of the regression coefficients suggest that among 
the test variables, linear, quadratic and interaction effects 
of NPK fertilizer, Tween 80 and mixed culture (biomass) 
are highly significant. The insignificant effects (factors 
and interactions) with P-values higher than 0.05, were 
ignored. In this study, A, B, C, A2, B2, C2, AB, AC and  

Table 5. Coefficient of the model for light crude oil biodeg-
radation. 

Variable
Coefficient 

Estimate
Standard 

Error 
F-Value P-Value Remarks

0   84.72 0.059 1176.12 <0.0001 Significant

1  1.020 0.047 473.70 <0.0001 Significant

2  0.300 0.047 41.56 0.0004 Significant

3  0.420 0.047 79.64 <0.0001 Significant

11  −4.640 0.065 5153.87 <0.0001 Significant

22  −3.670 0.065 3221.06 <0.0001 Significant

33  −1.020 0.065 250.30 <0.0001 Significant

12  0.710 0.066 116.10 <0.0001 Significant

13  1.500 0.066 509.27 <0.0001 Significant

23  0.170 0.066 6.18 0.0418 Significant

 
BC are significant model terms.  

Thus, statistical analysis of all the experimental data 
showed that NPK fertilizer, Tween 80 and mixed culture 
(biomass) concentration had a significant effect on TPH 
reduction (crude oil removal) during the study. Moreover, 
it is observed that NPK fertilizer (nutrients) exerted more 
pronounced linear effect (higher coefficient values) on 
crude oil removal (TPH reduction). That is, crude oil 
removal was mostly and positively influenced by NPK 
fertilizer (nutrients) followed by mixed culture (biomass) 
and Tween 80 (surfactant). The strong influence of nu-
trients on petroleum hydrocarbons removal has been 
clearly shown before in the previous works of Mohajeri 
et al. [37]. The quadratic effect of the independent 
amendment variables on the rate of crude oil removal 
was significant but negative.  

Figure 2(a) shows the predicted versus actual plot of 
kerosene biodegradation. Actual values were determined 
for a particular run, and the predicted values were calcu-
lated from the approximating function used for the model. 
Figure 2(b) shows the studentized residuals and normal 
percent probability plot. Residual shows the difference 
between the observed value of a response measurement 
and the value that is fitted under the theorized model. 
Small residual values indicate that model prediction is 
accurate. The Cooks distance and studentized residuals 
illustrate the normal distribution and constant variance of 
the residuals, the goodness of fit, linearity of the fitted 
model, and the independence. Figure 2(c) shows Cook’s 
distance plot; according to this plot there were no points 
that were potentially powerful due to their location in the 
factor.    
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Figure 2. (a) Normal plot of residuals plot of crude oil bioremediation; (b) Predicted versus actual plot of crude oil bioreme-
diation; (c) Cook’s distance plot of crude oil bioremediation. 
 
3.3. Influence of Variables Interaction on  

Weathered Light Crude Oil Removal 
exerted more pronounced positive influence (due to 
higher coefficient) on crude oil removal than the linear 
effect of NPK fertilizer and mixed culture. The graphical 
representation of the response shown in Figures 3(a)-(c) 
helped to visualize the effect of NPK fertilizer (A), 
Tween 80 (B) and mixed culture (C) on percent TPH 
reduction (crude oil removal). The effect of interaction of 
NPK fertilizer and Tween 80 on crude oil bioremediation 
is illustrated in Figure 3(a). plot shows that higher  

Table 5 showed that WBLCO removal (i.e. TPH reduc-
tion) was influenced positively by interaction of NPK 
fertilizer (A) and Tween 80 (B); NPK fertilizer and 
mixed culture (biomass) (C); and Tween 80 (B) and 
mixed culture (C), respectively. The interaction effect of 
NPK fertilizer (nutrient) and mixed culture (biomass)   The   
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Figure 3. (a) Response surface 3D plots indicating interaction effects of NPK and Tween 80 variables; (b) Response surface 
3D plots indicating interaction effects of NPK and mixed culture variables; (c) Response surface 3D plots indicating interac-
tion effects of Tween 80 and mixed culture variables. 
 
rate of TPH reduction was attained with increase in NPK 
fertilizer (nutrient) and Tween 80 (surfactant) concentra-
tions. When 0.4 g/l of mixed culture was used, the high-
est degradation yield of crude oil (84.79 percent) was 
obtained with 10 mg/l of Tween 80 surfactant and 4 g/l 
of NPK fertilizer. This may be due to better bioavailabil-
ity of substrate for the intrinsic microorganisms. How-
ever, availability of hydrocarbon-utilizing microorganism 
is a key issue in crude oil bioremediation [54].  

Figure 3(b) shows the 3D response surface plot of the 
interaction effect between NPK fertilizer and mixed cul-
ture (biomass) concentrations. It is seen that a higher 

percent TPH reduction (crude oil removal) was obtained 
at a higher mixed culture (biomass) concentration and 
relatively high amount of NPK fertilizer. This three di-
mensional plot explains that both NPK fertilizer and 
mixed culture has individual impact on crude oil removal 
as the individual coefficient of both NPK fertilizer and 
mixed culture is positive and their interaction effect is 
positive. However, the impact of NPK fertilizer is more 
than mixed culture concentration as the individual coef-
ficient value is higher for NPK fertilizer (1.02) than for 
mixed culture (0.42). The maximum bioremediation 
yield (84.97 percent) was achieved with around 0.4 g/l of 
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mixed culture and 4 g of NPK fertilizer. Nevertheless, 
this interaction demonstrates the best performance in the 
crude oil removal. Further increase in the amount of 
NPK fertilizer (>4.0 g), a significant decrease in biore-
mediation yields occurred. This suggests that at a fixed 
concentration of Tween 80, the amount of NPK fertilizer 
can be decreased and that of mixed culture concentration 
has to be increased for higher reduction in TPH yield. 
Nevertheless, excessive nutrients concentration may 
cause eutrophication and Harmful Algal Blooms (HABs) 
in the aquatic environment [37,55,56].  

Finally, Figure 3(c) shows the 3D response surface 
plot of the effect of interaction between Tween 80 (sur-
factant) and mixed culture (biomass) concentration. This 
plot demonstrates that both Tween 80 and mixed culture 
have positive mutual impact on the bioremediation proc-
ess. At a fixed concentration of NPK fertilizer, it was 
observed that increase in Tween 80 and mixed culture 
(biomass) concentrations resulted in higher crude oil re-
moval. The maximum reduction in TPH (84.77 percent) 
was obtained with 10 mg/l of Tween 80 and 4 g of NPK 
fertilizer. 

3.4. Factor Plot 

The factor effect function plot (Figure 4) was used to 
assess the effect of each factor graphically. From the 
trace plot as shown in Figure 4, it can be seen that each 
of the three variables used in the present study has its 
individual effect on crude oil removal by the intrinsic 
microbial populations in the soil. Gradual increase in 
NPK fertilizer, Tween 80 and mixed culture concentra-
tions from low level (coded value –1) to a higher level 
(coded value +1) resulted in both increase and decrease 
of crude oil degradation (removal). Moreover, it is also to 
be noted from Figure 4 that over the range of –1 (2 g) to 
+1 (6 g) of NPK fertilizer, the crude oil degradation 
changed in a wide range. This was also the case for 
Tween 80; however, for mixed culture (biomass) it did 
not change over a wide range. This clearly indicates that 
keeping mixed culture (biomass) at the optimum level, a 
change in NPK fertilizer (nutrient) and Tween 80 (sur-
factant) will affect the bioremediation process more se-
verely than done otherwise.  

3.5. Optimization and Validation 

Numerical optimization technique based on desirability 
function was carried out to determine the workable op-
timum conditions for the weathered light crude oil bio-
remediation process. In order to provide an ideal case for 
bioremediation, the goal for NPK fertilizer, Tween 80 
and mixed culture (biomass) was set in range based upon 
the requirements of the oil bioremediation and crude oil 

removal was set on maximize. The predicted optimum 
(uncoded) values of NPK fertilizer, Tween 80 and mixed 
culture (biomass) were found to be 4.25 g, 10.22 mg/l 
and 0.46 g/l, respectively, to achieve 84.88 percent 
maximum crude oil (degradation) removal; while desir-
ability was 1.00 for the experiment (Figure 5). Never-
theless, validation experiment was conducted to deter-
mine the optimum crude oil removal when the amend-
ment variables were set at the favourable optimum levels 
established above, through BBD and RSM. Standard de- 
viation and percent error were investigated for validation  
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Figure 4. Factor plot representing the individual variable 
effect on crude oil bioremediation. 
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Figure 5. Desirability plot to optimize the light crude oil 
bioremediation process. 
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of experiments. Errors between predicted and actual val-
ues were calculated according to Equation (3). 

Actual Value Predicted Value
Error 100

Actual Value


     (3) 

In the optimized condition for initial weathered light 
crude oil of 10% (w/w) concentration, 83.79 percent 
crude oil removal was obtained. The percentage error 
between the predicted and actual values was found to be 
−1.3. The results clearly indicated that no significant 
difference was observed. Marquez-Rocha et al. [57], 
Nievas et al. [58] and Thavasi et al. [59] have corre-
spondingly reported up to 70, 68 and 58 percent petro-
leum hydrocarbon removal from contaminated environ-
ment. A full factorial experimental design performed by 
Pala et al. [33] and Mohajeri et al. [37] to respectively 
assess the effects of three and four variables on the bio-
remediation of petroleum-contaminated soil showed that 
the hydrocarbon removal rate was around 80 percent. 

4. Conclusion 

The variations in crude oil degradation pattern with re- 
spect to nutrient (NPK fertilizer), surfactant (Tween 80) 
and mixed culture (biomass) contents were observed to 
be very significant. The results indicate that biostimula- 
tion and bioaugmentation of crude oil contaminated soil 
resulted in the enhancement of petroleum hydrocarbon 
degradation. RSM is a reliable and powerful tool for 
modeling and optimization of crude oil bioremediation 
processes; in the optimum conditions petroleum hydro- 
carbons were removed up to 83.79 percent in soil. 
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