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Waste materials and wastewaters are unavoid-
able facts of modern life. The ever increasing environ-
mental contaminations created by various resources
are a great threat to human and ecosystem health.
Polycyclic aromatic hydrocarbons (PAHs) count for
one of the major soil pollutants due to their high ten-
dency to interact with non-aqueous phase liquids
(NAPL) and soil colloids [1,2]. PAHs which constitute
a class of hazardous aromatic compounds are com-
prised of two or more fused benzene rings in various
arrangements [3]. Phenantherene (PHE) with three
fused benzene ring is one of the PAHs whose high
toxicity promote the research for its remediation from

the soil and water resources [4].

Hydrophobic nature of PAHs has limited their
solubility in an aqueous phase. It has been reported
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BIODEGRADATION OF PHENANTHRENE IN
AN ANAEROBIC BATCH REACTOR:
GROWTH KINETICS

The purpose of the present research was to demonstrate the ability of mixed
consortia of microorganisms to degrade high concentrations of phenanthrene
(PHE) as the sole carbon source. Batch experiments were carried out by the
Induction of mineral salt medium containing PHE to the seed culture and moni-
toring PHE biodegradation. The microbial propagation was conducted using
PHE concentrations in the range of 20 to 100 mg/l. The microbial growth on
PHE was defined based on Monod and modified Logistic rate models. The ki-
netic studies revealed that maximum specific growth rates (un) for PHE con-
centrations of 20, 50 and 100 mg/l were 0.12, 0.23 and 0.035 h’ 7, respectively.
The doubling times for microbial population in PHE concentrations of 20, 50
and 100 mg/l were 13, 15 and 17.5 h, respectively. Also, maximum cell dry
weight (Xm) of 54.23 mg/l was achieved, while the inhibition coefficient was
0.023 i, It was observed that the experimental data were well represented by
the proposed models. It was also found that the biodegradation of PHE was
successfully performed by the isolated strains.

Key words: PHE; biodegradation; mixed culture; kinetic model; logistic
rate equation.

that the solubility of PHE in water is about 1.1-1.2
mg/l [5,6]. However, in the process of PHE biodegra-
dation, the concentration of PHE is depleted with in-
cubation time while more PHE may be soluble till the
substrate is exhausted. The low solubility of PHE in
the aqueous phase contributes to their persistence
and for being highly residual in NAPL and the envi-
ronment [7]. While PAHs are introduced into the soil
environment, they are strongly adsorbed by soil. This
phenomenon reduces their removal efficiency as their
transfer into mobile phase is limited by low mass
transfer [3]. Amongst various technologies applied to
remove and degrade PAHSs, biodegradation has been
gratefully acknowledged as a preferred alternative to
chemical methods which may be costly or generate
secondary pollutants [7,8]. Microorganisms, especially
bacteria, are able to produce surfactants or emulsi-
fiers which may boost the stability of PHE emulsions.
The low solubility of PHE in the aqueous phase may
be enhanced in the presence of biosurfactants. The
biosurfactants also improve the slow mass transfer of
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the substrate to the degrading microorganism and en-
hance the pollutant availability [2,9].

A variety of microbial species are able to utilize
PAHs as a sole carbon and energy source and con-
vert them to detoxicated compounds including CO,
[7,10]. A survey of literature has revealed successful
examples of PAHs’ biodegradation. Several Gram-ne-
gative bacteria such as Burkholderia [11-13], Coma-
monas [14], Pseudomonas [3,7,15,16), Sinorhizobium
[17,18], Sphingomonas [10,19-21], Rhizobacteria [1,22]
and Gram-positive bacteria such as Arthrobacter
[23,24], Mycobacterium [8,9,25,26] and Corynebacte-
rium [19] have been successfully implemented for
PHE biodegradation.

Although pure cultures have been extensively
used for biodegradation of PHE, they may not re-
present the actual behavior of the environmental mic-
robes. The use of a microbial consortium screened
and isolated from the adapted environment for degra-
dation of PHE is a reasonable and effective way to
conduct the biodegradation. In the present research a
consortium of microorganisms originating from the in-
dustrial zones with a closed drainage system was
used to conduct the microbial PHE degradation. The
isolated strains were cultured in a synthetic media in
the presence of PHE and the culture was acclimated
to PHE in order to enhance the bioremediation pro-
cess. The microbial growth and utilization of PHE was
monitored and a kinetic model based on biodegra-
dation of PAH was developed.

EXPERIMENTAL

Strain and medium preparation

Mixed strains of microorganisms able to utilize
PHE were screened from effluents of the local in-
dustrial zone. The mixed culture contained Gram po-
sitive and negative microorganisms but mostly domi-
nated by Gram-positive organisms. Nutrient broth was
used to screen the special strains. In order to maxi-
mize the cell growth on PAH, the media composition
and growth parameters were optimized through a si-
mulation process [27,28]. The propagation was car-
ried out in basal media at adjusted pH of 7.2. Mineral
salt medium (MSM) consisted of 7.0 g of Na,HPO,,
3.0 g of KH,PQOy4, 0.5 g of NaSO,, 0.5 g of NH,Cl and
0.2 g MgSO, in a 1000 ml solution. A stock solution
of trace metal and a mineral solution ware also pre-
pared using 33mg MnSO,, 36mg CoCl,-6H,0, 10 mg
CuCl,, 20 mg NiCl,-6H,0, 50 mg ZnSO,4 and 30 mg
Na,MoO, in 1000 ml distilled water. The trace metal
solution (2.5 ml) was added to one liter of MSM. The
isolated strains grown on PHE were anaerobically ac-
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climated and adapted to a crucial environment for 14
days. The acclimated media was transferred to fresh
media with a gradual increase in PHE concentration,
while the pH was adjusted to 7.2. PHE has very low
solubility in water, ethanol as an organic solvent was
used to dissolve a high concentration of PHE (20-100
mg/l). A stock solution of PHE was prepared by dis-
solving PHE in the ethanol solution, and then it was
added to MSM for a suitable concentration. No toxi-
city was created by ethanol when a defined amount of
stock solution was used.

Degradation experiments

PHE degradation experiments were conducted
in a 167 ml serum bottle containing 50 ml of MSM.
The acclimated seed culture was prepared and har-
vested at a mid-exponential phase. The inoculation
was performed in an anaerobic chamber (glove box),
under the nitrogen gas flow. An inoculum of 3 ml seed
culture was anaerobically transferred to MSM in a se-
rum bottle containing 50 ppm PHE. The media were
incubated at 25 °C on a rotary shaker (150 rpm).

Characterization of organisms and cell mass
measurements

Since the existence of solid particles of PHE
affected the measurement of the broth optical density,
the cultures were filtered through glass wool (cotton
wool) to remove solid PHE. The cell population was
determined by turbidity of the media using spectro-
photometer. A calibration curve was developed based
on the cell dry weight with respect to optical density.
The cell dry weight of the samples was determined
based on calibration curve. The optical densities of
the filtrates containing suspended cells were mea-
sured by spectrophotometer (Cecil, 1010, England) at
wavelength of 600 nm (ODsygnm)- The Gram stained
slides for the isolated microorganisms were observed
under microscope (Olympus BO071, Japan). Trans-
mission Electron Microscopy (TEM) (Philips CM12,
Netherlands) was preformed for the isolated orga-
nisms.

Analysis of PHE

A 3 ml sample was acidified to pH value of 2
using 2 N sulfuric acid and extracted three times by
half of the sample volume of ethyl acetate. Any pos-
sible intermediate product liberated from biodegra-
dation of PHE such as 1-hydroxy-2-naphthonic acid
(1H2NA) was also extracted by ethyl acetate. The
extracts were pooled and dried using anhydrous
Na,SOy; finally the solvent was removed by vacuum
evaporation at 35 °C. In order to measure the total
PHE concentration, 3 M sodium hydroxide was added
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to dissolve cells to conduct the cell wall disruption,
and then the extraction was carried out as stated
above [24]. The PHE remained outside the cells. PHE
was quantified by GC analysis using resorcinol as an
internal standard. GC analyses were conducted with
a gas chromatograph (Perkin Elmer Clarus 500, USA)
equipped with a flame ionization detector (FID). He-
lium was used as the carrier and make-up gas for the
FID. Metabolites were separated on a PTE-5 (Supel-
co, USA) capillary column with the length of 30 m,
within the diameter of 0.25 mm and coated film thick-
ness of 0.25 nm. The temperature programming was
used. The oven temperature was initially set at 90 °C
for 3 min and then the temperature was increased to
280 °C at a rate of 10 °C/min. The injector and de-
tector temperatures were set at 300 °C.

RESULT AND DISCUSSION

Screening and isolation of microbial culture

Screening and isolation of microorganisms were
carried out for the effluent stream obtained from a
closed drainage system of the local industrial zone.
The inoculum from industrial effluent was added to
MSM in the presence of high concentration of phenol
(1000 ppm). The microorganisms which were able to
survive in the toxicated media were primarily screen-
ed. The second generation of screened organisms
was acclimated with low concentration of PHE (20-50
ppm) in MSM. The isolation was conducted in broth
and Petri-dishes to identify various colonies. The re-
sistive and grow-able microbes were identified by
Gram stain. The isolated strains of microorganisms as
mixed cultures were dominated by Gram positive mic-
roorganisms. However, Gram-negative organisms were
also present in the growth media. The TEM for the
isolated organisms were performed. Figure 1 presents
9 plates of TEM for several distinct organisms in mor-
phological status of bacillus, cocci and dicocci with
magnification of 500, 1000 and 2000 folds. The TEM

()

Figure 1. TEM of the mixed culture: a) two bacillus with magnification of 500 fold; b) single bacillus with magnification of 500 fold;
¢) Dicocci with magnification of 500 fold; d) three different types of bacillus with magnification of 1000 fold; e) Dicocci and bacillus
with magnification of 1000 fold; f) a few types of bacillus with magnification of 500 fold; g) duplicated cocci with magnification of
1000 fold, h) single bacillus with magnification of 1000 fold; (i) Duplicating bacillus with magnification of 2000 fold.
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images show the consortiums of organisms respon-
sible for the biodegradation of PHE.

PHE biodegradation

Figure 2 shows the biodegradation of PHE and
also a cell growth curve of the isolated mixed culture
on PHE (as the sole carbon source) with respect to
time at initial PHE concentrations of 20, 50 and 100
mg/l. It was observed that the PHE biodegradation
was successfully achieved at all PHE concentrations.
There were quite similar trends of PHE reduction with
respect to incubation time for various initial concentra-
tions. It was also concluded that the cell dry weight
was increased while the PHE concentration was
gradually increased. During the exponential stage of
cultivation, a drastic reduction of PHE level was ob-
served with initial PHE concentrations of 20 and 50
mg/l. The rapid reduction of PHE in the medium was
due to the assimilation of PHE in the cells. The degra-
dation rate at PHE concentration of 100 mg/l was
slightly lower than that of 20 and 50 mg/I which was
probably due to the toxicity created by high concen-
trations of PHE. A short lag phase of less than 12 h
for biodegradation of 20 and 50 mg/l| PHE was ob-
served; then it was shifted to a linearly increasing
trend. The lag phase for the PHE concentration of
greater than 50mg/l was prolonged. The delay was
most probably due to inhibition created by increasing
the substrate concentration (100 mg/l).

—0O— CDW,_ (20 mgT)
007 “-b--- CDW,_ (50 mg/l) r 120
—-#—- CDW.(100 mg
—&— PHE 20mgl) o " -
0.06 ---a--- PHE (S0mgl [ "-. 1100
. —-©—- PHE (100mgl]) - »

Cell Dry Weight,g/
PHE Conc. mg/l

Time, h

Figure 2. PHE biodegradation using mixed culture
at various concentrations.

The variation of the medium pH along with PHE
biodegradation was monitored and the obtained re-
sults are presented in Figure 3. The pH fluctuation
was finally dropped to acidic region that was due to
the production of acidic intermediate compounds re-
sulted by the PHE biodegradation. It has been repor-

160

ted that the biodegradation of PHE leads to 1-hyd-
roxy-2-naphthonic acid (1H2NA), which is an interme-
diate product accumulated in the medium [29]. The
1H2NA was extracted by ethyl acetate. The organic
phase was changed to an orange color. The analysis
of the intermediate was conducted by GC-FID (after
esterification). The UV absorption spectroscopy show-
ed that TH2NA was the predominant product, but it
was found that the concentration of TH2NA was very
low for a single strain of the isolated organism. After
biodegradation of PHE in a mixed culture, the accu-
mulation of TH2NA resulted due to broad enzymatic
capabilities of the mixed culture. As a result, the level
of aromatics in the medium was dropped drastically.
The biodegradation of PHE shifted the pH of the me-
dia from a neutral to acidic condition. Perhaps that
was due to formation of organic acids which resulted
in the consumption of metabolites in the presence of
microorganisms in the media.

007 — —&— CDW (20 mg/l PHE) - 73
) —A— CDW (50 mg/l PHE) )
—G&— CDW (100 mg/l PHE)
L —m— pH (20 mg/l PHE) 172
0.06 ——A— pH (50 mg/l PHE)
—e— pH (100 mg/l PHE) -1 71
_ 005 |- -7
2 - 69
S 004 [
° - 6.8
z 6.7 E
2 .
a 003 [~
3 - 66
o
0.02 L 65
- 64
001 |+ h
6.3
0 1 1 1 1 1 6.2
0 24 48 72 96 120 144
Time, h

Figure 3. Monitoring pH in PHE biodegradation processes.

Substrate consumption rate

Aromatic substrates were consumed not only to
provide the required energy but also for the cell growth
and maintenance. Thus, as an alternative to describe
the substrate utilization for microbial degradation, the
first-order chemical reaction kinetic was proposed
[27,28]. The expression for the substrate consumption
with respect to time based on the first-order diffe-
rential equation is described as follows:

ds

e KsS (1)
where S is the substrate concentration (mg/l) and A
is the first-order rate constant (h™'). The expression for
PHE concentration is obtained upon integration of Eq.
(1) which yields:
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S =Sy exp(—Kst) (2)

where S and S, are the instantaneous and initial PHE
concentrations (mg/l), respectively. Taking the natural
logarithm of both sides of Eq. (2) leads to a linear mo-
del stated as:

In(sij - K.t 3)

0

The data presented in Figure 4 showed that the
PHE biodegradation in the batch culture has followed
the first-order kinetic model. The slopes of the linearly
fitted data were 0.007, 0.013 and 0.019 for PHE
concentration of 100, 50 and 20 mg/l, respectively.
The rate constants gradually decreased while the PHE
concentration was increased. That was probably the
result of substrate inhibition at high PHE concentra-

1
(=]
o

Ln(S¢YSo)

tion. The data were well fitted to the first-order linear
model with A& greater than 0.96. Other researchers
have also reported that the biodegradation of PAHs
follows the first-order kinetic model [30]. The obtained
results revealed that the half life (¢,,) of PHE was 36,
53 and 99 h at the initial concentrations of 20, 50 and
100 mgl/l, respectively. The obtained kinetic parame-
ters are summarized in Table 1.

Growth kinetics in batch bioreactor

The microbial cells growth was monitored as
they were incubated in a batch culture containing
fresh media. It is common to use cell dry weight as a
measure for the cell concentration. The simplest re-
lation which describes the exponential cell growth is
unstructured model. This model demonstrates the cell
as an entity in the solution which interacts with the

A 20mgl
o 50 mgl
x 100 mgl

R?=098

R?=097

0 24 48

9% 120 144

Figure 4. First-order PHE biodegradation rate model in a batch reactor.

Table 1. Kinetic parameters, rate model with and without substrate inhibitio

PHE concentration, mg/I

Parameter
20 50 100
Growth kinetics, logistic rate
X/ mgl’ 1.03 0.02 4.485
X! mg I 6.18 1.05 54.23
Ll 07 0.12 0.23 0.035
kin' 0.0125 0.012 0.023
Rl % 0.92 0.97 0.98
Substrate utilization rate
K Ih! 0.032 0.035 0.01
Rl % 0.99 0.99 0.92
Monod rate
ulh? 0.022 0.023 0.023
Ll 07 0.022 0.013 0.015
K Ih! 1.88 0.35 15.39
Rl % 0.97 0.96 0.95
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environment. One of the suitable and simple rate mo-
dels is Malthus law which relates the cell growth to
the cell density as stated below [31,32]:

dx

— = uUx 4
ar - (4)
where x is the cell dry weight (mg/l), « is the specific
growth rate (h™) and tis the incubation time (h). This
model predicts unlimited growth with respect to time.
The Monod rate equation was applied for the case of

PHE biodegradation using mixed culture:

HUmS

K.+ S ®)

U
where /i, is the maximum specific growth rate (h), S
is the substrate concentration (mg/l) and A is the
Monod constant (mg/l).

Figure 5a shows a linear plot of the Monod ki-
netic model, with double reciprocal rate versus sub-

strate concentration. The Lineweaver-Burk plot fitted
in straight line with the experimental data. The values
of Monod constants were 1.88 and 15.39 mg/I for 20
and 100 mg/l PHE, respectively. The data obtained
for PHE concentration of 100 mg/l showed a compe-
titive inhibition. Maximum specific growth rates (u4,) of
0.021 and 0.015 h™" were achieved for PHE concen-
trations of 20 and 100 mg/l, respectively. Thus, the
Monod constant was affected by the initial PHE con-
centration. Figure 5b shows the Lineweaver-Burk plot
for 50mg/l PHE. The microbial growth rate decreased
while the concentration of PHE gradually increased. It
was also realized that the specific growth rate () for
the mixed culture was almost constant and inde-
pendent of PHE concentration. The specific growth
rate (u) of 0.022, 0.023 and 0.023 h™ were obtained
for PHE concentrations of 20, 50 and 100 mg/l, res-
pectively. Similar results have been reported by Tian
and his coworkers [33] for the specific growth rates of
Pseudomonas mendocina under various PHE con-

135 | & .
o 20, mg/l < 120 e
-~ 7
A 100,mg/l < 105 P
3. 0
. 90 7 7
Linear o
75 - P
o
60 -
//
451
/// 30/
//// 1# i
0
1.0 0.5 0.0 0.5 1.0
S"and /, mg
(@)
& 50 mgl < 200
~
"3 150 -
o o
- //
1o, o °
////<>
—
//// 50 |
////
T T D 1
2.0 -1.0 0.0 1.0 2.0
1
S and/, mg
)

Figure 5. Linweaver-Burk plot for linearized Monod rate model.
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centrations of 0.038, 0.035 and 0.033 h™ for 20, 50
and 100 mg/l PHE, respectively. They have also
indicated that the microbial growth rate was inde-
pendent of PHE in the solid phase presented in the
medium. In addition, the low solubility of PHE may
cause a limited cell growth. Other researchers have
also reported similar results for naphthalene degra-
dation [34]. Table 1 summarizes the obtained kinetic
parameters for the substrate consumption based on
Monod equation.

So far, various equations have been proposed
to support the microbial growth models. An example
of these models is the Logistic equation which pre-
dicts lag phase, exponential growth rate and statio-
nary cell population (x;,) [32]. It is useful to develop a
specific model that accommodates PHE consumption
of biomass and non-toxic metabolites production with-
out any serious inhibition. To describe the above is-
sues in a mathematical model, the Malthus’ law which
is similar to Eqg. (4) was applied for the species suc-
cessfully grown on PHE [31,32]:
dX1
PTG (6)

To consider a linear decrease in the cell popu-
lation, the second-order cell population inhibition is
applied and the growth rate equation is presented as
follows [32]:

X1X2

U= pn(1-—) ()

2
where x; is the growing cell concentration (mg/l) and
X, presents the declining cell concentration as a result
of either the toxic by-products or depletion of PHE.
Substituting Eq. (7) into Eq. (6), gives:

dx X1X:
—1=ﬂmX1(1— 1X2

7 o ) 8)

The products which inhibit or promote the cell
population in the bioreactor are obtained from the fol-
lowing equation:

dX2

— = kx 9
Y 2 9)

where x; and x, are the mass of cell species (mg/l)
and 4 is the decline or promotion constant (h™). This
constant is positive when the cell population is inhi-
bited by toxic chemical and negative when the cell po-
pulation is promoted by nutrients. Integrating Eq. (9)
considering the initial biomass concentration (x) as
the integration constant yields an exponential growth
for the biomass cell:

X2 =onekt (10)

Inserting Eq. (10) into Eq. (8) provides an ordi-
nary differential equation with respect to biomass con-
centration:

S IX | ity = 5 X2 g (11)

dt X

Equation (11) is simplified by suitable substi-
tutions of

u=—
X1
and
_dx_,edu
dt dt

thus the following equation is obtained for v as the
new dependent variable:

AU | Jipts = X02Him e (12)

dt X

Equation (12) is a first-order linear differential
equation which was solved for vto yield:

U= e—jﬂmdr {f ej/zmdr (on_étm}ktdt + C} (13)
Xm
Then, the integration, gives:
u=| X2 || Am g | pgumt (14)
Xm )\ K+ fim

The final substitution for biomass concentration
in a mixed culture was obtained. This equation has
the potential to predict the inhibition which is the
resulted of the intermediates to compete with PHE
consumption:

Xoe"""

X = 5 (15)

Leflene

Xm K+ Um

The growth curve of the organisms on high PHE
concentration was quite well fitted with the logistic
model as described in Figure 6. Also, Figure 7 pre-
sents the cell concentration profile based on the simu-
lated model. Equation (15) was fairly fitted with the
experimental data with &° value of above 0.93. The
value of £ in this equation is proportionality constant
which is associated with the constant promotion or
decline of the cell population in the batch culture.

Maximum cell dry weight (x,) of 54.21 mg/l was
achieved while the inhibition value was 0.023 h™.
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Growth kinetic parameters and regression analysis of
the mixed culture are summarized in Table 1.

i ——B8—— Logistic Model, PHE 100ppm
E)
E
-
=
D
Q
2
=
i)
]
0
o ' ' I ' ' ELD
Time, h
Figure 6. Simulated cell concentration for PHE
fitted with Logistic model.
70
# FPhenanthrene, 20 ppm
80 < Phenanthrene, 50 ppm
¥ Phenanthrene, 100 ppm
—— Eqguation
< G0 1
o
£
£ 40
[=]
®
H
> 30 4
T°
3
Q o4
10
0¥ : : : ‘ . ‘
i 20 40 BD 80 100 120 140
Time, h
Figure 7. Simulated cell concentration with experimental
resulted with second order inhibition model.
CONCLUSION

Biodegradation of PHE was successfully achieved
by the isolated strains as a mixed culture which was
consortia of microorganisms. Mathematical models
were developed to predict a microbial growth rate and
possible inhibitions. The effective constants were pro-
posed based on the second-order inhibition model.
The specific growth rate constant was obtained for
various PHE concentrations. It was also concluded
that the high PHE concentration resulted in a low
reaction rate as the rate constant decreased while the
PHE concentration increased. The obtained results
revealed that pH changes in the media affected the
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PHE biodegradation as well as the substrate con-
sumption rate.

Nomenclature

Yws  Cell yield on substrate concentration (mg cell/
/mg PHE)

S Substrate concentration at t time (mg/l)

S Substrate concentration at # time (mg/l)

K First-order rate constant (h™)

kp  Half-life of PHE (h)

U Specific growth rate (h™")

Him Maximum specific growth rate (h-1)

X Cell dry weight at £ time (mg/l)

X Cell dry weight at t time (mg/l)

X Growing cell (mg/l)

X Declining cell (mg/Il)

Xin Stationary cell biomass (mg/l)

k Cell decline or promotion constant (h™)
ks Monod constant (h-1)

T Time (h).
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NAUCNI RAD

BIODEGRADACIJA FENANTRENA U ANAEROBNOM
SARZNOM REAKTORU: KINETIKA RASTA

Cilj ovog istraZivanja je bio da se pokaZe sposobnost meSanih mikrobnih kultura da
razgrade fenantren (PHE) kao jedinog izvora ugljenika. Sar2ni eksperimenti su izvedeni
zasejavanjem hranljive podloge sa mineralnim solima i PHE i pracenjem biodegradacife
PHE. Gajenje mikroroganizama je sprovedenu u opsegu koncentracije PHE od 20 do
100 mg/l. Rast mikroba je definisan na osnovu Monod-ovog i modifikovanog logistickog
modela. Ispitivanja kinetike su pokazala da su maksimalne vrednosti specificne brzine
rasta (un) za koncentracife PHE 20, 50 i 100 mg/l bile 0,12, 0,23 i/ 0,035 h " respektivno.
Vrednosti vremena dupliranja mikrobne populacije pri koncentracijama PHE 20, 50 i 100
mg/l bile su 13, 15 and 17,5 h, respektivno. Postignuta je maksimalna vrednost suve
biomase (x») od 54,23 mg/l, dok je koeficijent inhibicije bio 0,023 K. Uoceno je da se
eksperimentalni podaci dobro slagZu sa predloZenim modelima. Pronadeno je, takode,
da je biodegradacija PHE bila uspesna a izolovanim sojevima.

Kiljucne reci: fenantren, biodegradacija; mesana kultura,; kineticki model; logis-
ticka jednacina brzine.

165




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


