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Abstract

The effect of adaptation d?seudomonas putida F1 ATCC 700007 Rp F1) to the biodegradation of benzene (B), toluene (T) and phenol
(P) was studied. The adaptation of microorganism to BTP decreased the biodegradation time &@rh &2rtbenzene (90 mg/l) and toluene
(90 mg/l), and from 90 to 18 h for phenol (50 mg/l). Andrews kinetics model for single substrate was solved to obtain maximum specific
growth rates, half saturation and substrate inhibition constant. Cell growth using tojughg £ 0.61) and benzenguaxs = 0.62) as
carbon sources were better and faster than the growth in phepgl{= 0.051). For the substrate mixtures, a sum kinetics model was used
and the interaction parameters were determined. These models provided an excellent prediction of the growth kinetics and the interactions
between these substrates. Toluene inhibited the utilization of benzene 8.16) much more than benzene inhibits the utilization of toluene
(Is+=0.49). Benzene §lp = 0.27) and toluene {lr=0.14) enhance the biodegradation of phenol, and phenol inhibits the biodegradation of
benzene dg =1.08) and toluene gl = 1.03).
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction zene in the presence of phenol. Goldsmith and Balderson
[6] evaluated benzene, toluene and xylene (BTX) degra-
Organic chemical mixtures are present in waste watersdation kinetics in an enrichment culture. They obtained
from industrial and municipal sources as well as in contam- first-order kinetics parameters for individual compounds
inated groundwater. Common examples of chemical mix- and demonstrated differences in the rates of degradation
tures that often become pollutants include gasoline and otheramong substrates. Interactions between benzene and other
petroleum fuels, pesticides and wood-treating substancesaromatic hydrocarbons were evaluated by Arvin et 3.
[1]. The bioremediation of these substances has become amhese researchers concluded that benzene degradation was
alternative to the traditional physical and chemical meth- enhanced in the presence of either tolueneootylene.
ods that can be costly and produce hazardous profRicts  Further studies by Alvarez and Vogé] revealed interac-
Monoaromatic hydrocarbons such as benzene, toluene andions during BTX degradation by organisms from aquifer
phenol are obvious choices for mixture biodegradation stud- enrichments and by two pure culture organisms. These in-
ies. These molecules are produced in huge amounts and aréeractions were evaluated by comparing changes in the lag
used in fuels and as solvents and starting materials for theperiod and pseudo-zero order biodegradation rates.
production of plastics, synthetic fibers and pesticii#s Biodegradation of benzene, toluene and phenol as single
A number of substrate interactions have been observedand mixed substrates fép F1 was evaluated by Reardon
during hydrocarbon degradation. Bauer and Cafddhee- et al. [1]. In this study, BTP were biodegraded at 45, 40
ported a stimulatory effect of benzene on the degradation ofand 50 mg/l, respectively. These researchers investigated
anthracene. Meydb] observed diauxic degradation of ben- the interactions between these aromatic compounds and
concluded that toluene and benzene enhanced the biodegra-
mspondmg author. Tel£90-312-212-6720x1311: dat?on of phenol, while phenol diq n.olt affect the biodegra-
fax: +90-312-212-1546. dation of benzene and toluene significantly and, there was
E-mail address: mehmet@eng.ankara.edu.tr (U. Mehnijt. no significant interaction between benzene and toluene.
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They used Monod kinetics to describe to specific growth The inoculum used here was taken from adapted cells. The
rate in this low substrate concentration range. biodegradation of these compounds was investigated indi-
The aim of this study was to investigate the possibility of vidually and in mixture. Benzene and toluene were injected
biodegradation of benzene, toluene and phenol at high initial as pure stock with a 10l syringe. Phenol was added from
concentrations and to study the microorganism growth ki- an autoclaved MSB-phenol stock solution. Control experi-
netics using Andrews models during biodegradation of ben- ments were also done without cells and the concentration of
zene, toluene and phenol for single substrate and substratdenzene and toluene remained unchanged.
mixtures as well as to determine the substrate interactions.

) 3. Kinetics models
2. Materials and methods
The specific growth rate in exponential phase is calculated

2.1. Microorganism and media using the following equation:

Pseudomonas putida F1 strain ATCC 700007 was ob- IN(X2/X1)
tained from the American Type Culture Collection (Manas- ™ = (o —ty) 1)
saa, VA). Initially microorganisms were grown aerobically at
30°C and pH 7 in a medium containing; peptone (5g/l) and  The Andrews model was used to describe the specific
meat extract (3 g/l) in 250 ml Erlenmeyer flasks. To elim- growth rate[11] for a single substrate:
inate the microbial adaptation period in the biodegradation
experimentsPp F1 was pre-adapted to 28 mg/l toluene and |, _ E d_x _ HmaxSL )
30 mg/l benzene (there was no effect of the concentration of X dt Ks+ S + s
benzene and toluene on the adaptation). For the biodegrada- Ki
tion experiments, a modified Hunter's mineral base (MSB)
was used as the carbon free medi@h This medium was
distributed in 16 ml aliquots in 160 ml serum bottles and
sealed with butyl rubber stoppers and aluminum crimp caps
(Kimple Glass Inc.).

In this expression, Sis the liquid substrate concentra-
tion; t, the time;w, the specific growth rate; X, the biomass
concentrationpumax, the maximum specific growth rate gk
the Monod half-saturation constant ang iK the substrate
inhibition constant. K is that value of the limiting nutrient
concentration at which the specific growth rate is half of its
maximum value.

For the substrate mixtures, the interactions parameters
were determined using the sum kinetics modeEm (3)

2.2. Analytical methods

Biomass concentrations were determined by UV spec-
trophotometer (Shimadzu 1601) at 550 nm by measuring the
absorbance of the microorganism solutions and correlated Bmax1S1L
to biomass concentration. Benzene and toluene concen{+ = 9
trations were determined by headspace analysis. Samples Ks1+SiL + K%L. +121S0
of the headspace gas (2%0) were withdrawn from the

serum bottles using a Hamilton 1725 RN gas-tight syringe + MmaxzzszL (3)
(Hamilton Co.), and were analyzed using a CE Instruments Ks2+ SoL + % +SiLli2

GC 8000 TOP gas chromatography equipped with a flame 2

ionization detector and a 0.75 mxi30 m glass capillary The interaction parametarjlindicates the degree to which

column (ZB-Wax). The oven, injector and detector tem- substrate i affects the biodegradation of substrate j (large
peratures were fixed at 50, 250 and 200 respectively.  values indicate stronger inhibitiof)2]. The specific growth
Aqueous samples of phenol were extracted withutanol  rates used in this equation were determined from the data
(0.5 ml aqueous sample to 0.5 mbutanol). Ther-butanol  of biodegradation of BTP at different concentrations. The
layer was removed and analyzed using the same GC. Thekinetics parameterun, Ks and K) in this equation were
liquid phase concentration of benzene and toluene werethe same in the single substrate experiments.

calculated as described in our previous st{iy]. Yield (g dry cell/substrate) for B, T and P can be calcu-

lated using the following equation.
2.3. Biodegradation experiments

Yx/s = (Xm — X0)/(Cs — Co) (4)
The biodegradation experiments of benzene, toluene and
phenol were conducted in 160 ml serum bottles containing Where Xy and Xy are the maximum and initial dry cell
16 ml MSB and benzene, toluene and/or phenol as the soleconcentrations and4$and G are substrate concentration at
carbon and energy source. Experiments were carried out athe maximum cell concentration and initial substrate con-
pH 7 and 30C in an orbital shaker (Gerhardt) at 150 rpm. centration, respectively.



T. Abuhamed et al./ Process Biochemistry 39 (2004) 983-988 985

4. Results and discussion these data andg. (1) The kinetics model (Andrews model)
for single substrateHq. (2) was solved using Sigma Plot
4.1. The effect of adaptation on the biodegradation time 2001 to obtain the model parameters. The following model

equations and their regression coefficient were obtained for
In order to investigate the adaptation procedure on the B, T and P:
biodegradation of B, T and P, experiments were performed at 0.625%
30 mg/I B or T. As seen ifrig. 1, 90 mg/l benzene or toluene  For benzene : p = i L -
was biodegraded in 24 h by non adapted cells, but similar 1.65+4+ Sg. + %
concentration of benzene or toluene was degradédh by (R? = 0.927) 5)
adapted cellsKig. 1(a)). Similar results were obtained for ’
the biodegradation of 15 and 30 mg/l benzene and toluene.
As a result, to enhance the biodegradation of benzene and=q, gjuene : W= 0.61Sr ’
toluene, the cells must be adapted twice to benzene and 6.47+ St + %
toluene. There was no significant effect of the adaptationto _,
phenol on phenol biodegradation, while using cells adapted (R® = 0943 (6)
to 30 mg/l toluene or benzene, phenol was degraded in 18 h
(Fig- 1(b)). . For phenol: n = ﬂ
There was no effect of the concentration of benzene or 184+ SpL + S
toluene on the biodegradation time of benzene and toluene. 430
According to these results, cells were adapted to 30 mg/l (R* = 0.972) (7)
benzene and 30 mg/l toluene as a mixture for two times.
The same cells were used for the phenol biodegradation The dependence d? putida FI specific growth rate on
experiments. After that twice adapted cells were used in the the concentration of benzene, toluene and phenol is shown
experiments. in Fig. 2 The maximum specific growth ratgugax) Ob-
tained from different researchers for benzene, toluene and
4.2. Determination of the growth kinetics model for single phenol [able ) were in the range of 0.335-0.73, 0.42-0.86
substrate and 0.051-0.5691, respectively. The specific growth rate
value of 0.62 for B and 0.61 for T fall into these ranges. Also,
Cell concentrations were measured with time for different the value of P (0.051) falls near the low end of this range. The
initial liquid substrate concentrations of benzene (3—187.7 range of the values of Kfor BTP, which indicates the abil-
mg/l), toluene (2.76-160.3 mg/l) and phenol (10—-200 mg/l) ity of a microorganism to grow at low substrate levels, were
[10,13] The specific growth rates were calculated using from 0.12 to 3.36, 3.98-13.8 and 5.27-32, respectively. For
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Table 1

Biodegradation model parameter values for benzene, toluene and pheRpl Bl

Microorganism

pmax (per h)

Ks (mg/l)

Ki (mg/l)

Yx/s (9/9)

B T

P B T

P B T

B T P

Pp F12

Pp F1°

Pp 54G°

Pp ATCC 23973

P. fragi B1®

Pp O1f

Pp NRRL B-1487%
Pp Q5"

0.62
0.73

0.61
0.86
0.42
0.437
0.335

0.44

0.051
0.11

1.65
0.12

6.47
13.8
3.98
6
3.17
3.36
0.569
0.119

18
32

180 88

42.78
1980

18.54
5.27

430

99.37
377

0.75
1.2

0.58
1.28
0.9

0.44
0.8

1.04
0.65

1.22

0.64
0.52
0.55

a This study.
b [1].

© [14].

d [15].

e [16].

f 7).

9 [18].

h [19].

previous work the half saturation Monod constants for B, T
and P are also in these ranges. Thevilues for benzene,
toluene and phenol are shown Table 1 The high value

Y x,s values were calculated using the maximum microor-
ganism concentrations obtained for various total substrates
concentrationsKig. 3a), (b), (c)). These values for B, T and

of K; indicates that the inhibition effect can be observed P were defined as 0.75¢R0.9866), 0.58 (R=0.9546) and
only in a high concentration range. In the literature, there 0.44 (R =0.8721), respectivelyTable 1. These values are

are no data for Kvalue of B and limited data for that of T

and P.

X, mg/L

T
0 200

T T
400 600

Cpp. mg/L

high substrate concentrations.

200

150

X,-X, mg/L

100 4

50 4

0

40

smaller than the values obtained by other researches due to

30

XX, mg/L
8

0 100 200

(b)

Cyp, mg/L

300

400 500 0

20

Fig. 3. Determination of ¥,s values of (a) benzene, (b) toluene and (c) phenol.

40 60 80
Cy, mg/L



T. Abuhamed et al./ Process Biochemistry 39 (2004) 983-988 987

4.3. Determination of the interaction parameters during more than benzene inhibits the utilization of toluene. These
the biodegradation of substrate mixtures results were confirmed by Oh et §l.7]. On the other hand,
Ig,p is smaller thand g and I p is smaller thangd 1 which

Cell concentrations were measured with time for dif- means that benzene and toluene enhance the biodegradation
ferent initial liquid concentrations of benzene—toluene of phenol, and phenol inhibits the biodegradation of ben-
benzene—phenol and toluene—phenol mixt|it€s13] The zene and toluenegp is bigger than+ p, which means that
specific growth rates were calculated using these data andhe presence of toluene increases the biodegradation times
Eqg. (1) The interaction parameters were determined using of phenol more than the presence of benzene, and that the
the model inEq. (3) This model is similar to the model presence of toluene enhances the biodegradation of phenol
first proposed by Yoon et d12]. In the model proposed by  much more than that of benzene.
Yoon et al. there was no substrate inhibition terrd/k3).
The aim of the present model is to determine the interactions
between BTP under the substrate inhibition effects. 5. Conclusion

As mentioned earlier, the interaction parametgy |
indicates the degree to which substrate i affects the biodegra- Tne purpose of this work was to study the effect of the

dation of substrate j and large values indicate stronger inhi- adaptation oPp FI to benzene, toluene and phenol on the

bition [12]. The kinetic parametersun, Ks and K) in this biodegradation of these compounds, and to investigate the

equation were the same of the single substrate experimentsiyeractions between these substrates during their aerobic
This model was solved using the Marquartd Levenberg non p;oqegradation. In the batch biodegradation of these sub-

linear regression program..The following mpdel equa_tions strates conducted in this work, the biodegradation of BTP
and their regression coefficient were obtained for binary by adapted cells was more rapid than the non adapted cells.

mixtures of BT, B-P and T-P. The cells were able to consume benzene, toluene and phe-
0.62S5. nol completely. Microorganism growth kinetics was adjusted
For B-T: p = 5 to the Andrews Kinetics model, which included inhibition
165+ SaL + i%b +5.165r terms. In order to investigate the interaction parameters of B,
0.61Sr, T, and P, sum kinetics were used. These models provided an
> ) excellent prediction of the microorganism growth kinetics
6.47+ St + % +0.49%, and interactions between these substrates. Toluene and ben-
(R = 1.0) (8) zene were better substrates than phenol, resulting in faster

growth. It was found that toluene and benzene enhanced
the biodegradation of phenol; however, phenol inhibited the

For B-P: p = 0'62‘2\8" biodegradation of benzene and toluene.
1.65+ SgL + a5 + 1.08SL
0.051%
2 ) Acknowledgements
18+ SpL + 755 + 0.27SsL
(R? = 1.0) (9) This research was supported with funds from Ankara Uni-
versity Research Fund (2000.07.05.005) and Ankara Uni-
versity Biotechnology Institute (2001.04).
0.61
For T-P: pn= ?L
6.47+ StL + 3% + 1.03SL
0.051%
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