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  Abstract 
Crude oil sludge samples were obtained from storage tanks and microbial 
analysis was carried out to isolate, identify and characterize the possible 
crude oil utilizing microorganisms.  The experiment was carried out with a 
view to determine the oxygen utilization, time required and the 
corresponding antithesis of minimizing or maximizing cost to obtain the 
optimum microbial growth potential in biodegradation process.  An 
optimization model was developed based on linear programming which is 
an analytical technique used to determine the optimum solution to a decision 
problem.  Test organisms were introduced into the sludge samples and left 
for different time intervals with equal volume of oxygen introduced into the 
system.  The result obtained from the microbial analysis, oxygen utilization 
and time required revealed that the volume of oxygen used up by 
microorganisms were Desuforibrio (17.8cm3) > Gallionella (17.4cm3) > 
Thiobacillus (14.3cm3) > Desulfobacteria (13.1cm3) > Bacillus subtitis 
(10.3cm3).  The optimum growth rate for the different species of the 
microorganisms was 1 day (Bacillus Subtitis), 3 days (Desuforbrio and 
Desulfobacteria) and 4 days (Gallionella and Thiobacillus).  The data 
obtained from the experimental set up were used in the determination of cost 
and objective function. 

 
Introduction 

The need to proffer solution to environmental problems, making life more meaningful and 
worth living in the society is a legitimate and a primary assignment to the engineer, a noble goal to the 
environmental engineer.  The treatment of industrial waste and effluent is of great concern to these 
industries and companies as well as regards the discharge of hazardous chemical into the 
environment.  Most of the chemical processes are usually capital intensive and produce further 
wastes, but the use of microbes in bioremediation programme is a cost effective process and an 
environmentally friendly operation which one can easily and conveniently carry out by using a 
continuous tank reactor or batch reactor.  (Stanley, 1998; Octave, 1999; Rodrigue et al. 1999; Ogoni, 
2002 and Metcalf, 2003). 

In a recent publication (Ogoni 2002), it has been theoretically shown that series, continuous, 
well-mixed bioreactors if designed according to an optimization procedure should result in a 
significant reduction in overall bioreactor volume.  In general, it was demonstrated that two optimum 
bioreactors in series closely approaches the smallest possible producing volume and that the 
bioreactors always range in order of size from largest to smallest regardless of the growth kinetics. 

A few investigations have experimentally used bioreactors in series.  Usually this has 
involved equal volume tanks.  The optimization model, however, cannot be directly incorporated into 
the general growth model used in the original derivation (Ogoni, 2002), for a continuous bioreactor 
optimization. 

Optimization can therefore be defined as the procedure for obtaining the best solution to 
certain mathematically defined problems, criteria for problems, and the determination of algorithmic 
methods of solution, the study of the structure of such methods both under trial conditions and on real 
life problems (Perry and Green, 1997).  Of course, as would be expected, there is no single method 
available for solving all optimization problems efficiently.  A more comprehensive list of applications 
can be found in the proceedings of a conference on optimization in Action (Rao, 1984, Rapp, et al. 
2003; Margesin, et al. 2003; Bradley, et al. 2005; Kotani, et al. 2007;). 

 
The importance of optimization in national development of science and technology is quite 

significant.  There are several methods in literature, which are found useful in solving optimization 
Knowledge Review Volume 21 No 4, December, 2010 

C.P. Ukpaka 
 



 
2

problems (Kane, 1980; Robert and Green, 1997; Grithith and Stewart, 1961; Box 1965; Perry and 
Green, 1997).  This article is therefore an attempt to discuss oxygen utilization by different types of 
microorganism in remedying polluted environment with crude oil.   

The main aim of this investigation is to support engineers, managers and applied scientists 
who are interested in using optimization techniques to solve their problems.  Consequently, the 
investigation was carried out by using different species of microorganisms. 

The experimental set-up for the determination of optimum microbial growth in 
bioremediation process and oxygen utilization for each of the processes using different species of 
microorganisms was investigated.  The volume of oxygen used up for the process to achieve the 
maximum degradation in each case is determined.  Therefore the cost involved for oxygen utilization 
can be resolved by the application of optimization techniques. 
 
Optimization Model 

Linear programming method which is a relatively new field in mathematics was applied.  The 
model is as follows: 
Maximize or minimize 
 Xn = C1X1 + C2X2 - CnXn        
 (1) 
Subject to:  
 C11X11 + C12X12----C1nX1n (> or <) C1       
 (2) 
 C21X21 + C22X22----C2nX2n (> or <) C2       
 (3) 
 Cm1Xm1 + Cm2X2----CmnXmn (> or <) Cm       
 (4) 
  X1X2 ----- Xn > 0        
 (5) 
where  S = objective function 

C  =  coefficient of volume used up 
The optimization model was developed using the linear model standard form techniques.  The 
characteristics of the standard form are as follows: 
1. All constraints are equation except for the non-negativity constraints which remain an 

inequality > 0 
2. The right hand side element of each constraint equation is non-negative  
3. The objective function is of the maximization or minimization type 
 
The possible degradation process in the main experimental set-up can be illustrated as shown below 
Crude oil sludge + o2   ismmicroorgan  Petroleum product + CO2 + H2O + new biomass + heat release 
 
 
 
 
 

The biochemical reaction involving the crude oil sludge, microorganism and oxygen 
application into the batch reactor, will lead to the formation of other petroleum products, which 
include carbon-dioxide (CO2), water (H2O), new biomass and heat release into the environment.  
Further biochemical reaction into the different petroleum products produced will yield carbon dioxide 
(CO2), water (H2O), new biomass and heat release.  The products obtained at the final stage are 
environmentally friendly. 
 
Experimental Method 
Sampling Procedure/Collection of Samples 

Crude oil samples were collected in sterile glass bottles with a 2-litre capacity wide mouth 
from production terminal in Niger Delta area of Nigeria at various sampling points, and carried to the 

O

CO2 + H2O + new biomass + heat release 
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laboratory in ice chamber at 4oC for analysis.  The samples collected were stored at a temperature 
below 4oC and samples were analysed within 24 hours to prevent change in chemical/biological 
composition of the samples. The medium used was per litre of distilled water mixed with the crude oil 
as well as charging the reactor with oxygen.  This mixture resulted in a highly buffered solution with a 
pH consistently between 5.2 – 6.8. 

A mixture containing crude oil, microorganism, and distilled water was charged into a batch 
reactor with additional volume of 20cm2 of oxygen added for each reactor as shown in Figure 2.  The 
samples are analyzed per day to determine the volume of oxygen used up.  From the bioreactor 
carbondioxide, methane and volume of unused oxygen are trapper using Gas trapper material as 
shown in Figure 2.  The remaining gas mixture accumulated in the conical flask is recovered by filling 
the bioreactor with water, which help in further recovering of the gas mixture.  The gas trapped was 
further subjected into separation using Gas mixture analyzer to determine the volume of oxygen, 
carbon dioxide, methane, etc in each bioreactor per day. 

The optimum experimental bioreactor for continuous runs was set up from conical flasks as 
shown in Figure 1.  The volume of oxygen charged in each reactor was the same.  In all experiments, 
the oxygen volume in the twenty-five bioreactor was maintained at 20.00cm3, while the flow rates 
bioreactor volumes were adjusted to achieve some desired oxygen used up value from the 
experimental set-up and as well as generating data which will be useful in the theoretical prediction of 
equation 1.  The entire assembly was sterilized and then enclosed in an environmental temperature of 
18oC – 35oC.  Samples were taken from each bioreactor every day.  The samples were analysed for 
biomass weight, and volume of oxygen used up per day. 
 
Microbial Culture 

The microorganisms used for the investigation were Desuforibrio, Desulfobacteria, 
Gallionella, Thhiobacillus and Bacillus Subtilis, obtained from crude oil sample collected from 
production terminal in the Niger Delta area of Nigeria. 

The microbes from the crude oil were isolated and identified according to the method of 
Buchaman (1974) and Gerbardt (1981).  A microbial culture was then prepared for each of the 
microbial sample (Desufovibrio, Desulfobacteria, Gallionella, Thiobacillus and Bacillus Subtitis) for 
the research investigation. 
 
Determination of Microbial Population 

Twenty-five main experimental units A1 – A5, B1 – B5, C1-C5, D1-D5 and E1-E5 were set-up to 
generate the required data for the microbial population in the system.  The population of the 
microorganism present in the system which is capable of degrading the crude oil was determined by 
counting the colony forming unit/milliliter (cfu/ml) in a pour plate of mineral salt agar medium 
containing (0.5%) crude oil.  Prior to this, the different microbial isolated, and identified has been 
inoculated aseptically into a different experimental unit. 
 
Microbial Sample 
Total microbial counts were measured by a standard count techniques using difco plate count agar 
(APHA, 1998). 
 
Total Plate Count 

Total plate count is the total microbial load of the sampled crude oil.  It gives an aggregate of 
the total number of microorganisms contained in the experimental set-up.  Usually the health risk for 
total plate count is high when pathagene microorganisms are present.  Culture plates were incubated 
for 24 + 2 hours at 35 + 2oC and colonies counted using a colony counter. 
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1 - Oxygen bottle, 2- Pressure gauge, 3- Rotameter, 4-Water in, 5-pH meter, 6- Gas mixture taper 
(oxygen, carbon dioxide, methane etc) 7,8, 9,10 - control valve, 8 - Conical flask or bioreactor; I - 
mixture of crude oil, microbes distilled water and oxygen, II - Gases liberated , III-Filter, IV - Point of 
sample introduced. 

 
Computational Procedure 

To enable one simulate an optimization model for the process, the following information was 
obtained from the experimental investigation. The initial microorganism inoculated in each of the 
experimental set-up was 150cfu/ml.  There are twenty-five experimental set-ups to determine the 
microbial growth at each phase of different species of microorganism in biodegradation processes 
with the help of oxygen utilization.  It is oxygen that controls the microbial growth and during the 
process the oxygen consumed in each reactor for the first day is given as 2.5cm3 of Desulforibrio, 
2.2cm3 of Desulfobacteria, 1.8cm3 of Gallionella, 1.4cm3 of Thiobacillus and 3.8cm3 of Bacillus 
subtitis.  If the cost of 1cm3 of oxygen used up is equal to N100, therefore the total cost of oxygen 
used up per day for each of the specie will be as follows, N250 per day for Desulforibrio, N220 per 
day for Desulfobacteria, N180 per day for Gallionella, N140 per day for Thiobacillus and N380 per 
day for Bacillus subtitis.  For second day oxygen utilization increases as follows, 5cm3 
(Desulforibrio), 3.9cm3 (Desulfobacterin), 3.2cm3 (Gallionella), 2.9cm3 (Thiobacillus) and 7.3cm3 
(Bacillus subtitis). 

Based on the experimental result one can develop an optimization model that will be most 
economical in carrying out bioremediation process.  The mathematical formulation obtained from the 
data is as follows: 
Let  X1 be the volume of oxygen used up for the first day 

X2 be the volume of oxygen used up for the second day 
Therefore 
 2.5X1 + 5X2 > 16 (at least 16cm3 of oxygen will be used up by Desufovibrio) 

2.2X1 + 3.9 > 14 (at least 14cm3 of oxygen will be used up by Desulfobacteria) 
1.8X1 + 3.2X2 > 12 (at least 12cm3 of oxygen will be used up by Gallionella) 
1.4X1 + 2.9X2 > 8 (at least 8cm3 of oxygen will be used up by Thiobacillus) 
3.8X1 + 7.3X2 > 20 (at least 20cm3 of oxygen will be used up by Bacillus subtitis) 

V(X1, X2) = 1170X1 + 2230X2 (objective function) 
Therefore, the above expression can be defined in terms of equations (6), (7), (8), (9), and (10) 
 2.5X1 + 5X2 > 16        (6) 
 2.2X1 + 3.9X2 > 14        (7) 
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 1.8X1 + 3.2X2 > 12        (8) 
 1.4X1 + 2.9X2 > 8        (9) 

3.8X1 + 7.3X2 > 20        (10) 
 
Resolving equations (6), (7), (8), (9) and (10) can enable one determine the values of X1 and X2 from 
equation (6) we have 
2.5X1 > 16-5X2 
Therefore 
X1 = 0, X2 = 3.2 
Also rearranging equation (6) we have 
5X2  - 16> - 2.5X1 
X1  =  6.4, X2  =  0 
 
From equation (7) we have 
2.2X1 > 14-3.9X2 
Therefore 
X1 = 0, X2 = 3.6 
By rearranging equation (7) we have 
X1 = 6.4, X2 = 0 
From equation (8) we have 
1.8X1 > 12-3.2X2 

Therefore 
X1 = 0, X2 = 3.8 
Also rearranging equation (8) we have 
X1 = 6.7, X2 = 0 
From equation (9) we have 
1.4X1 > 8-2.9X2 

X1 = 0, X2 = 2.8 
Rearranging equation (9) yields 
X1 = 5.7, X2 = 0 
From equation (10) we have 
3.8X1 > 20 – 7.3X2 
Therefore 
X1 = 0, X2 = 2.7 
Rearranging equation (10) yields 
X1 = 5.3, X2 = 0 
Recalling the formular for the minimize (F) 
F = CX and subject to AX = b, X > 0 
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X4 + 5X1 = -0.63 
X4 = -0.63-5 
X3 = 18.644 – 8.061 = 15.05   :.  X4  =  -5.63 
X3 = 15.05 + 8.061 – 18.644   :. X3 = 4.467 
X2 = 10.5492 – 1.0148 + 3.7618 = 4.34 
X2 = 4.34 + 1.0148 – 3.7618 – 10.5492  :. X2  = -8.957 
X1 = 18.28 + 15.02 – 0.76 + 2.15 = 7.12 
X1 = 7.12 + 0.76 + 18.28 – 15.02 – 2.15  :. X1 = 8.99 
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F = 1302.20 (8.99) + 1700.40 (-8.96) 
+ 2200.6 (4.47) + 1600.9 (-1.18) + 70(26.87) 
= 11,706.778 – 15,235.584 + 9836.682 
- 1889.062 + 1880.9 
23424.36 – 17124.646 
N6,299.71 

 
The following objective functions in terms of X1 and X2 variables are obtained, using the formulated 
mathematical expression as shown in equations (6), (7), (8), (9), and (10) for 2.5X1 + 5 X2 > 16, I 
have 
 

X1  = 0,  X2  =  3.2 
X1  =  6.4, X2 = 0 

 
For 2.2X1 + 9X2 > 14 

 

X1  = 0,  X2  =  3.6 
X1  =  6.7, X2 = 0 

 
For 1.8X1 + 3.2X2 > 12 

X1  = 0,  X2  =  3.8 
X1  =  6.4, X2 = 0 

 
For 1.4X1 + 2.9X2 > 8 

 
X1  = 0,  X2  =  2.8 
X1  =  5.7, X2 = 0 

 
For 3.8X1 + 7.3X2 > 20 

 
X1  = 0,  X2  =  2.7 
X1  =  5.3, X2 = 0 

 
The various values of X1 and X2 obtained are used in developing figure 1, which shows the 

relationship between the two objective function (variables). 
 
Results and Discussion 

The result obtained from the investigation is shown in Tables 1 and 2 
Table 1: Experimentally determined volume of oxygen consumed by microorganisms (at the 
progressive phase) 

Microorganism 
Volume of oxygen used up  (cm3) Volume 

needed 6th 
day (cm3) 1st day 2nd day 3rd day  4th day  5th day  

Desufovibrio 2.5 5.1 8.4 1.6 0.2 17.8 
Desulfobacterin 2.2 3.9 6.0 0.9 0.1 13.1 
Gallionella 1.8 3.2 4.9 7.7 0.2 17.4 
Thiobacillus 1.4 2.9 3.3 6.5 0.1 14.2 
Bacillus subtitis 7.3 2.3 0.4 0.2 0.1 10.3 
Daily cost 1302.20 1700.40 2200.60 1600.90 70.00  

 
 
Table 2: Experimentally determined microbial population at the progressive phase 

Days Microorganism (cfu/ml) Bacillus 
Substitis Desuforibrio Desulfobacterin Gallionella Thiobacillus 
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1st 6.1 x 103 3.9 x 103 3.0 x 103 2.4 x 102 2.7 x 105 
2nd 1.8 x 105 5.2 x 104 1.0 x 105 2.2 x 105 2.5 x 104 
3rd 2.4 x 108 1.6 x 107 2.1 x 106 5.7 x 104 1.4 x 102 
4th 4.0 x 101 5.8 x 102 1.6 x 108 2.9 x 107 3.1 x 101 
5th  1.2 x x 101 1.2 x 101 1.4 x 101 2.0 x 101 1.1 x 101 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: The relationship between X1 versus X2 
 

From figure 1, the feasible region is shown and the non-feasible region, that is, the period 
when the microbial activity is high and also the degree oxygen utilization in the system.  The result 
obtained in this investigation illustrated the significance of oxygen used up in supporting microbial 
growth rate in the system. 
 From the investigation it is noted that at the first day of the progressive phase the microbial 
activity is in the following order Bacillus subtitis (2.7 x 105 cfu.ml) > Desufovibrio (6.1 x 103 cful/ml) 
> Ddesulfobaclerin (3.9 x 103cfu/ml) > Gallionella (3.0 x 103cfu/ml) > Thiobacillus (2.4 x 102 
cfu/ml).  Similarly, in the second day of the progressive phase the order of microbial activity is as 
shown Desufovibrio (1.8 x 105cfu/ml) Tiobacillus (2.2 x 105) > Gallionella (1.0 x 105cfu/ml) > 
Desulfobaclerin (5.2 x 104cfu/ml) > Bacillus subtitis (2.5 x 104cfu/ml).  Similarly, it is noted that 
some of the microbial activity was high on 1st day, 2nd day, 3rd day and 4th day before attaining a 
decreases in the rate of oxygen used up in the system.   
In the early stages of the present experimental work, it was observed that the overall biomass yield 
was significantly increased with increase in volume of oxygen used up for each of the bioreactor; 
although the “exact” same media was used.  The only variable in the medium was the different 
species of microorganism added in the different experimental set-up. 
 From the investigation it is observed that the various components of this mixture are known to 
have a critical effect on the yields of biomass as well as rate of oxygen consumed in the bioreactor.   

In particular, this investigation has pointed out that objective functions varying between 0.67 
for X1 and 0.36 for X21 changed the biomass yield and as well as the rate of oxygen used up in the 
bioreactor.  It appears then that the objective function must be a sensitive factor for overall biomass 
yield. 

From the investigation, it can be experimentally concluded that for each of the bioreactors, 
there is significant oxygen used up in the first as follows Bacillus Subtitis > Desuforibrio > 

X1 

X2 0.5 1 1.5 2 2.5 3 3.5 4 

1 

2 

3 

4 

5 

6 

7 

8 

 

 

2.5X1 + 5X2 > 16  

 

 

2.2X1 + 9X2 > 14  

 

 

1.8X1 + 3.2X2 > 12  

 

 

1.4X1 + 2.9X2 > 8  

 

 

3.8X1 + 7.3X2 > 20  
 

   Feasible region 

Non-Feasible region 

0 

C.P. Ukpaka 
 



 
8

Desulfobacteria > Gallionella > Thiobacillus.  The experimental data thus qualitatively confirm the 
correctness of the theoretically predicted tread of the optimum bioreactor design involving oxygen 
utilization by different microorganisms in a bioreactor.  The failure of the exact quantitative 
reproduction in all cases is most likely due to experimental error.  Many investigators have observed 
that different microorganisms do not always have identifiably the same growth rate in the same 
environment. 
 
Conclusion 

The use of the optimization interaction parameter, variables X1, X2, X3, X4 and X5 to express 
the interactive behaviour of the objective function appears to be convenient due to the fact that the 
oxygen utilization by microorganisms in bioremediation process and the magnitude of the parameter 
can clearly indicate the deviation extent of the degradation of the mixture from the different types of 
microorganisms used for the investigation.   

The objective function for the minimize cost is F = CX = N6,299.71 ($49.6).  Providing the 
oxygen of mixing and utilization for each of the experimental set-up, the minimized cost for each of 
specie used is given as Desuforibrio (17.8cm3) = N1,540.23 ($12.13), Gallionella (17.4cm2) = 
N1,505.62 ($11.86), Thiobacillus (14.3cm3) = N1,237.38 ($9.74), Desulfobacteria (13.1cm3) = 
N1,133.54 ($8.93) and Bacillus subtitis (10.3cm3) = N891.26 ($7.02).   

 
The other tests carried out were: 

1. Estimating the volume used up per day by microorganism 
2. Estimating the microbial population per day 
3. Estimating the minimized cost and the overall cost as per volume of oxygen used up. 
4. Estimating the constraint parameter 
5. Estimating the optimum growth rate 
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