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Abstract 
Mathematical correlation of microbial growth in benzylchloride degradation 
in a CSTR is presented. The bacteria and fungi isolated from the 
benzylchloride contaminated area of Niger Delta in Nigeria, were cultivated 
batchwise at 30°C and pH 7.0 using minimal medium containing NH4CI 
(2.5gr'), KH2P04 (5.4gl''), Na2HPO4 (4.7gr1), MnSO4 (o.20gr') and NaCf 
(O.lOgl" ), The rate of microbial growth from the biorcactor was determined at 
various times (1-15 days). This was achieved by utilizing the 
contaminant, sampled daily to determine the rate of microbial growth, as 
well as the degradation coefficients. The results indicate an increase in 
microbial population with increase in time, but at each day the microbial 
population of bacteria is greater than fungi at the progressive phase. The 
decrease in microbial population was obtained for the range of time (1-2 
days) and (13-15days). A correction model was established for the 
behaviour of the bacteria/fungi in benzylchloride degradation in a CSTR, as 
well as predicting and monitoring of function of the operational parameters. 
The developed models are useful in predicting and monitoring 
biodegradation of benzylchloride contaminated environment. 

Introduction 
The study of simulation and modeling of the microbial growth rate and degradation of 

contaminants in aqueous media is of great concern to engineers, as a result of the frequency of 
industrial discharge of the hazardous chemicals into the environment. In most industrial producing 
areas of the world chemical components that consist of different hazardous particles are discharged to the 
marine environment through, pipelines or by release from ships and tankers. The composition of these 
chemicals is hazardous in nature and the density differences usually cause the contaminants particle to 
form into a surface plume on patch from which it sequentially disperses into the water. Because of the 
danger on the effect in lakes. rivers oceans etc, it is important to simulate and model the microbial 
growth rate in surface water system polluted with benzylchloride contaminants. 

Bioremediation is a means of cleaning up contaminated environments by exploiting the 
diverse biodegradation abilities of micro organisms to convert contaminants to harmless products by 
mineralization, generation of carbon dioxide, water and production of more microbial (Van Wezel, 
1973; Sujct, 2000; Zhang et al, 1992; Rodriguez & Toranzos 2003; Ritch, 1973; Schmidt, 2004; 
Scow et al, 1990; Sergehevova & Ruzicka, 2003; Prokop et al., 2003; & Rodriquez & Toranzos, 
2003). The need to cost effectively remediate contaminated sites has led to the development of a wide 
range of physical (including thermal methods, chemical and biological clean-up techniques). A 
successful clean-up operation will depend on adequate site assessment; identification of the risk posed 
by the site, selection of suitable clean-up method for the site; design and operation of the appropriate 
remediation techniques as well as monitoring, the process (Pirace et al., 2004; Ogoni, 2004; .Oh et al., 
1994; O'connor and Dobbins, 1958; Murialdo et al., 2003; Monod, 1942, 1949; Metealf and Eddy, 
1991; and MFE, 1999). 

Waste water is the largest volume of waste product obtained from industries that are involved in 
generating contaminants, which contain benzylchloride component and this underscores its 
environmental importance and economic implication. Based on the current stages of production, it is not 
uncommon to find that waste water can account for as much as 90% of the extracted fluid. 

Consequently, the addition of microbial monocular is not a necessary augmentation of the 
native microbial population by genetically engineered or selected micro organisms is an active area of 
research for recalcitrant contaminants and commercial products are beginning to appear. Various 
problems have been identified to be associated with the application of micro organism in degrading 

 
 
 



 
contaminants in various environments (water or soil). These problems are responsible for the failure of 
most bioremediation programmes. This paper shall provide the necessary tools which can be used to 
achieve good bioremediation programme, correct the failure of previous bioremediation programme and 
enhance good planning by eliminating the associated problems. The developed models will be geared 
towards enhancing environmental clean-up in a liquid or solid phase contamination. Models developed 
will be useful in predicting the biodegradation pattern of bcnzylchloride pollutant under the influence of 
environmental factors as well as degradation coefficients. 

Large volumes of information on waste water have been published within the past twenty 
years (Ritch, 1973; Ogulu & Omubo-Pepple, 2000; MFE, 1999; Kentucky, 2001; & WHO, 1984) and the 
investigation conducted by various scientific groups revealed the latest advances in our knowledge of the 
composition treatment system/chemicals, discharge characteristics disposal option, environmental 
effect and fate of produced water as well as legislative and management issues were presented and 
discussed (Rilch 1973 and WHO 1984). Legislative and management issues concerning waste water 
are very crucial and therefore constitute the driving impetus and funding of most waste water studies. 
When waste water obtained from production of benzylchloride is discharged into the environment 
where it does not normally occur, the potential for negative environmental impact is always present. 
Because of this inherent factor, environment regulatory agencies in oil producing countries have sought 
scientific information on the composition, discharge characteristic, fate and effect of waste water 
obtained from production of benzylchloride discharge/disposal . 

The Model 
The specific substrate utilization rate; the rate of degradation of benzylchloride is related to the 

biomass; specific growth rate of microbes and given as.                                                

   
 

 
 
 

 
 
 



 
 
 

 

 
 
 



 

 
 
 



 

 
 
 
 
 
 



 
 

 
 
                                                    
 
 



 
 

 
 
 



 
 
 

      a -βyΛzt

xa = 1-yλzt

(65) 
Equation (37) can be used to predict and monitor the microbial growth rate on biodegradation of benzylchloride 
and its metabolic products in view to carry out bioremediation programme (or process) as developed by the 
author. 

Materials and Methods 
Sampling 

The benzylchloride obtained from chemical/Petrochemical Engineering laboratory in RSUST, Port 
Harcourt, little portion of it was collected and then introduced in a batch reactor, which was later exposurcd to the 
environment for a period of 5 days. 

Identification and Isolation of Microorganisms 
After the five (5) day exposure, the batch reactor containing the benzychloride contaminant was 

subjected to the process of identification and isolation of microorganisms present in the system. The 
identification was carried out following Bcrgery's manual. The isolation was carried out in a minimal medium 
containing NH4CI 92.5gr'), KH2PO4 (5.4gr'), Na2HPO4 (4.7gi'!), MnSO4 (0.20gr'), NaCl (O.ldgl"1) and 
benzychloride contaminant (2ml) at pH 7.0. The utilization of benzylchloride by the microorganism was 
determined by gas chromatography as described by Geerdink, et al., (1996). 

Microbial Culture 
The under test organism was grown in liquid benzylchloride medium to late exponential phase 

(starter culture). This culture (2ml) was used to inoculate 150ml of nutrient. This was incubated at 27°C in 
a way to make the colonies visible. These colonies were they counted and 150 colonies were picked off and 
patched out firstly onto benzylchloride agar and then onto nutrient agar (NA). The plates were examined after 
incubation at 27°C, and any strain which grew on the NA but failed to grow on the benzylchloride agar was 
counted, sub-cultured on NA and benzylchloride mineral salt agar and then tested in liquid medium to confirm 
that they were non degradcrs. 

Determination of Microbial Population and Benzylchloride Degradation  
The population of the microorganism present in the system which is capable of degrading the 

benzylchloride contaminant was determined by colony forming unit/milliliter (cfu/ml) in a pour plat of mineral 
salt agar medium containing 0.5% benzlchloride. 

The several standardized tests used to measure the concentration of the benzylchloride contaminant, 
which include the analytical methods such as American Standard for Testing and materials 9ASTMD 3921), 
American Association Standard for Testing and materials (ASTMD 5392-93) and (ASTM 5295-92) and the pH 
value was determined by using American public Health Association (APHA 4500H+B). 

Samples were taken from each bioreactor at every operating condition of 1 day interval for a period of 15 
days and the analysis was conducted within 24 hours. Samples were analysed for microbial population and 
benzylchloride concentration per day, using the following analytical methods such as difio plate count agar 
(APHA, 1998), gas chromatograph and FID detector. 

Results and Discussion 
The table containing the daily results of microbial growth of bacteria and fungi on biodegradation of 

benzylchloride contaminants was investigated. Table 1 shows the microbial growth rate of bacteria and fungi in 
the bioreactor, which illustrated the lag, progressive, stationary and decline phase. The functional coefficient 
at the progressive phase of a bioreaction process as shown in Table 2 was computed. The functional 
parameter denoted by I and 2 represented bacteria and fungi degradation coefficient respectively. 

 
 
 

Table 1: Experimentally determined the microbial population and correlation of some 
functional parameters 



Time (day) Microbial population Con. of benzylchloride pH 
 Bacteria (cfu/ml) Funcgi (Cfu/ml) CA0 (g/l)  
0 650 650 100 5,1 
1 513 426 100 5.1 
2 3.1 xlO3 2.2 xlO2 97 6.7 
3 7.0 x 104 4.9 x I03 90 6.7 
4 7.8x1 0s 8.1 xlO3 72 6.6 
5 1.2 xlO6 3.0 x 10" 60 6.9 
6 4.0 x 106 7.7 xlO4 52 6.9 
7 9.1 x 106 1 .4 x 1 05 43 7.0 
8 3.5 x 107 5.6 xlO5 29 7.0 
9 8.2 x 107 9.3 x I05 18 6.9 
10 I.6x 108 2.6 x 10r' 9 7.2 
11 7.2 x I08 2.6 x 10fl 4 7.2 
12 7.4 x I O8 2.6 x 106 3 7.2 
13 4.4 x 106 1.7 x 104 1 5.3 
14 2.7 x 104 5.6 x 103 1 5.1 
15 1.8 xlO3 2.1 x 10' 1 5.1 

Table   2:    Experimentally   Determined   the   Substrate   Concentration    of   
Benzylchloride Degradation 

Time (day) Substrate 
concentration (mol %) 

1 1.000 
2 1.000 
3 1.000 
4 0.990 
5 0.831 
6 0.800 
7 0.703 
8 0.500 
9 0.327 
10 0.244 
11 0.200 
12 0.098 
13 0.008 
14 0.007 
15 0.002 

Table 3:   Computational Result on Some Functional Coefficients At the Progressive Phase of 
Bio-reaction Process 

Time 
(day) 

Charact eristics of some functional coefficient 
a = R' b  - Q '  c = M' « + /?=* 

a 
a p = - a Pi Pz Cti 

0 - - - - - - - - 
1 - - - - - - - - 
2 5255 5825.5 70 1.109 0.013 1.097 0.012 0.012 
3 535.5 1380 29.5 2.577 0.055 2.556 0.022 0.022 
4 -237 248.5 -14.5 -1.049 0.061 -0.062 -0.987 -0.984 
5 

-561.5 -119.5 -58 0.213 0.103 
0.213 + 
0.572i 0.213-0.572/ 0.206 

(0.213+0. 
5721) 2 2 

 
 
 

 



6 
-809.5 -429 -119.5 0.530 0.148 0.53 + 0.558/ 0.53-0.558/ 

0.296 
(0.5+0.55 
81) 

 2 2 
1 1153.5 -880.5 -227 0.763 0.197 

0.763 + 0.454/ 0.763 -0.454/ 
0.394 
(0.763 
+0.4541) 2 2 

8 2333.5 -1431.5 -778 0.613 0.333 
0.613+0.878f 0,613-0.978; 

0.666 
(0.613 
K).978i) 2 2 

9 7014.5 -10544 -4029.5 1.503 0.574 
1. 503 + 0. 192; 1 .503 - 0. 1 92i 

1.148 
(1.503+0. 
912i) 

2 2 

10 14580 32367 17285. 
5 

2.220 1.186 1.325 0.896 0.895 

11 5400 20600 14700 3.815 2.722 2.865 0.950 0.950 
12 4850 23000 17640 4.733 3.630 3.769 0.963 0.963 
13 3960 48020 43560 12.126 1 1 .000 11.139 0.988 0.988 
14 3960 48020 43560 12.126 1 1 .000 11.139 0.988 0.988 
15 3960 48020 43560 12.126 11.000 11.139 0.988 0.988 
 
Table 3a: Computational Result 
Phase Of Bioreaction Process 

 
On Some Functional Coefficient Continued At Progressive 

 

Time (day) a2 Yi J2 z, Z2 
0 -   - - 
1 - - - - - 
2 1.083 0.011 90.25 -5.425 5.425 
3 2.500 0.009 113.636 -12.670 12.670 
4 -0,062 15.871 0.063 -5.23 5.23 
5 0.206 0.412 0.412 -0.125 -0.336i -0.215 + 0.336i 
 (0.213-0.5721)   0.4 0.4 
6 0.296 0.592 0.592 -0.216 + 0.0228/ -0.216 + 0.0228; 
 (0.53-0.558i)   0.4 0.4 
7 0.394 

(0.763-0.4541) 
0.788 0.788 -0 .I62-0 .096/ 

0.4 
-0.162 + 0.096/ 

8 0.666 1.332 1.332 0.204 + 0.325; 0.204 -0.325/ 
 (0.613 -0.978i)   0.4       ' 0.4 
9 1.148 2.296 2.296 l.948 + 0.249i 1.948-0.249i 
 (1.503-0.1921)   0.4 0.4 
10 1.325 0.675 1.479 -2.150 2.150 
11 2.865 0.332 3.016 -95.75 9.575 
12 3.769 0.256 3.914 -14.030 14.030 
13 11.139 0.089  -50.755 50.755 
14 11.139 0.089 11.274 -50.755 50.755 
15 11.139 0.089 11.274 -50.75 50.755 

Table 1 shows the rate of increase in microbial population (growth rate of bacteria and fungi) 
for the biodegradation of benzylchloride. The microbial growth rate for benzylchloride degradation in 
the bioreactor is experienced with high population of bacteria compared to fungi. The rate of bacterial 
growth is higher than the rate of fungi growth for the biodegradation of benzylchloride, even at low 
concentration there is high microbial activity. 

The results obtained in Table 2 show the rate of disappearance, the rate of degradation of 
benzychloride under the action of bacteria arid fungi. This is indicated by the reduction of the 
concentration of benzylchloride from 1.000mof% to 0.002 mol%. It is interesting to note that the 
concentration of benzylchloride contaminants decreases with increase in time as shown in table 2.  

 
 
 
 



 
 
Table 3 displays the effect of time on benzyl chloride degradation coefficient, as time increases 
benzylchloride degradation coefficient decreases and late increase and as well as increases and later 
decreases. Similarly, some of the benzyl chloride degradation coefficient; R; Q', M', a + β, aβ, β1, β2, 
a1, a2, y1, y2,, Z1 and Z2 were determined using following equations 
 
z = a – β , aβ =M  , y = a ,    a + β= Q ;   XA = a – βye zt ,       R’ = CaoR , 
     ϊ        R      β            R          1-yeZT                          r 

 
Q1 = CA0  Q ; and M1 = CAO  M      where r = 0.2mins, CAO=100/1;Z1 =-0.50.755 to -5.23, Z1 
 
           

r                  r 
 
 

=5.23 – 50.755, y1 = 0.011 to 15.871, y2 = 0.063 to 113.636, R’ = -1153 to 5255,  Q’ = -1431.5  to 
 
48020,    M’ = -4029.5 to 43560, a + β = -1.049  to  12.126  and  aβ= 0.013 to 11.000.

  

Conclusion 
The chemical has high toxicity to microorganisms. Benzylchloride is a very hazardous chemical, 

a contaminant which poses serious problem to the environment and to the society when its concentration 
level is high above critical value. It is very important to carry out a bioremediation programme to predict 
and monitor the biodegradation of pollutant, in order to minimize the environmental impact. An effective 
bioremediation of benzylchloride depends on the biodegradation of it metabolites (Ukpaka et al., 2007). The 
biodegradation of benzylchloride yield; benzylalcohol, benzylaldehyde, benzoic acid, water and 
carbondioxide. The metabolities, benzylalcoho!, benzyl aldehyde and benzoic acid were also 
hazardous, which further undergo biodegradation to form water and carbon dioxide (Ukpaka et al. 2007). 

The developed models in this paper can be applied in the following areas: 
1. As a guide in monitoring bioremediation process 
2. To qualify and characterize the biomass built up in a bioreactor 
3. Estimating the residence time for each benzylchlide and its metabolites component in the 

design of biotreatment reactor 
4. Predicting the performance of benzylchloride utilized 
5. Studying the mechanisms of biodegradation of benzylchloride and its metabolites 
6. Monitoring the rate of degradation of the benzylchloride and its metabolites 

Nomenclature 

tL = Specific growth rate of the microbes (cfu/day) 
X, Cm — Concentration of the microbes (mm/day) 
ds = dCA ~ Rate of utilization of benzylchloride (mg/l/day) 
dt       dt 

CA - Final concentration of benzylchloride (mol %) 
CAO = Initial concentration of benzylchloride (mol %) 
XA — Fractional conversion (%) 
(-YA) = The rate of reaction in (mol %/day) 
K, = Equilibrium constant (dimensionless) 
T = Residence time (min) 
N,m,R M Degradation constants (dimensionless) 
a,p,y,b,a,c 

= Degradation coefficients 
A,B,C = Constants (dimensionless) 
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