yournal of Engineering and Developmen;

www.jead.org
Vol. 20, No.02, March 2016
ISSN 1813-7822

NAPHTHALENE BIODEGRADATION USING ACCLIMATIZED
MIXED CULTURE FROM SEWAGE WASTE SLUDGE

Dr. YasmerAbdulaziz Mustaf*, Dr. Mohanadlasim Mohammed Rid? *Zainab
Abdul Razak Naséet Walla Agmei Abdul Hussain 2%, Mohammed Salih Maht
Al-Azzawi®

1) Asst.Prof., Environment Engineeri Department, Baghdad Universitgaghdad, Iras

2) Lecturer Environment Engineering Department, Baghdad UnitserBaghdad, Irac

3) Asst. lecturerEnvironment Engineering DepartmeAl-Mustansirigzah Universit, Baghdad, Iraq
4) Biologist.,Environment Engineering Department, Baghdad UnitserBaghdad, Irac

5) Environmental EngineeEnvironmeniEngineering DepartmerBaghdad Universii, Baghdad, Irag.

(Receive(26/05/2015; Accepted:16/09/2015)

Abstract: Naphthalene biodegradation using acclimatized mixdtlure from sewage waste sludge \
studied. Different initial Naphthalene concentrago(30t01000 mg/L) were used to evaluate
biodegradation rate of naphthalene. When the Irconcentration of naphthalene increased from &
1000mg/L the time required to utilize naphthalemeréases from 2 to 21 days. The specific growt
increases from 0.0092 to 0.034-1 when the initial naphthalene concentration insesgrom 100 to00
mg/L. Then the specific growth decreases to 0.0B-1 for 1000mg/L naphthalene concentrati
indicating that there is an inhibitory effect oretmicrobial growth at high concentration. Differ:
kinetic models for microbial growth, Monod’s, Hatdg Webb and Aiba were used. The experime
results confirm well with Haldane model as compangith the other models. Logistic models were u
to describe the microorganism’s growth and the ttadane degradatic

A good fitting was obtained between the logisticdals and the experimental di
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1. Introduction

Petroleum refineries generate huge amounts of waste that usually go through a
treatment plant to reduce the concentrations ofitfierent contaminants to acceptable
discharge levels. The main contaminants of refinestewater include phenols,
polycyclic aromatic hydrocarbons (PAHs) as well bhsavy metals. PAHs are
considered to be the most hazardous, and theyharmost difficult to remove. PAHs
are chemical species of diverse class of orgameponinds consisting of two or more
benzene rings fused in linear, angular or clustentations [1, 2].

The presence of PAHs in the environment has beamtoned since the 1970s by
the US Environmental Protection Agency (USEPA) &B&RAHs have been defined as
priority pollutants. They form a subset of “toxpollutants™ including, for example,
naphthalene, phenanthrene and anthracene [3]. Tyjese of compounds are persisten
tin the environment due to their physicochemicapgrties, which include very low
water solubility and vapor pressure, high molecwlaight , melting and boiling points,
strong hydrophobicity and high thermodynamic diigbof the aromatic ring that
makes them to be weakly bio available and canngradie easily under natural
conditions[4].

Naphthalene is the simplest and most biodegradahlé compound consisting of
two fused aromatic rings. Being the simplest PAHnpound, it is also abundantly
found due to the natural degradation processesrgét PAH molecules found in crude
oils, tars and coke. Naphthalene has relatively figter solubility (31 mg/L at 25%¢
and can be found adsorbed to soils and in soluitionvetlands contaminated by
industrial or transportation spills [5] where itshaeen observed to persist for decades. It
is a priority pollutant CEPA [6] because of its knotoxicity to higher forms of life
NIOSH [7]. Due to PAHs persistence in the environméifferent technologies have
been explored during the last decades. These nwethexe been classified into three
main categories, physical (volatilization, photadysdsorption, electro remediation and
filtration), chemical (chemical oxidation, phototalgsis, and coagulation-flocculation)
and biological (biosorption or biodegradation) [8].

Biodegradation is a promising option for thmmplete removal and destruction of
contaminants. Biodegradation is the use of livinganisms, primarily microorganisms,
to degrade or detoxify hazardous wastes. The PAdfladiéng microorganism could be
algae, bacteria, and fungi. It involves the breakamf organic compounds through
biotransformation into less complex metabolitesd ghrough mineralization into
inorganic minerals, b0, CQ, (aerobic) or CH (anaerobic) [9].

Biodegradation of organic chemicals by microbesi@igiure cultures can produce
toxic intermediates. This problem may be overcoméike use of mixed cultures which
have a wider spectrum of metabolic properties, ianmsl recommended to prevent the
production of toxic intermediates during biologiagradation [10]. The metabolic
cooperation by several microorganisms may resuénimanced PAHSs utilization, since
metabolic intermediates produced by some organimang serve as substrates for the
growth of others [2].

Sewage waste sludge is one example of mixed calitiie a biomass-containing
waste generated from regular biological activittdsmunicipal wastewater treatment
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plants. The biomass microorganism content is hg&reous including bacteria, fungi,
yeast and protozoa. One typical drawback of biotkat®n methods is the longtime of
treatment, due to the low PAHSs solubility in aqueooedia, to overcome this problem
stirred tank bioreactors offer an advantage in ¢hse since the dissolution rate can be
increased with agitation.

In this work, the dissolution of naphthalene fromrgonaphthalene particles and the
subsequent biodegradation in the aqueous phasdilizng sewage waste sludge as
mixed cultures, using shake flask bioreactor hagenbinvestigated to determine the
underlying mechanisms controlling the removal ofs tlsimple PAH molecule.
Modeling of biodegradation kinetics has been alaoied out using different kinetic
models and compared with experimental results.

2. Materialsand methods

2.1. Materials

Naphthalene was used in the present study; it @alytical grade and is purchased
from CDH India. The various nutrient media usedofs analytical grade and is
purchased from CDH and Merck, India.

2.2 Nutrients

Modified McKinney’'s medium was used as mineral sad#dium (MSM) for the
bacterial growth. The composition of the mineral®ne liter of growth media is shown
in Table 1 and the composition of trace elemensha@wvn in Table 2. The medium was
prepared by mixing the appropriate inorganic chaisigvith one liter of distilled water
that resulted in a buffered medium with a pH of6.5%.

Table 1. Modified McKinney’s medium in 1 litter of distilled water

Substance Mass or Volume
KH.PO, 420 mg
KoHPOy 375 mg

(NH4)2SO, 237 mg

NacCl 30 mg
CaCl, 30 mg
MgSOy 30 mg
Fe(NH,),SO, 10 mg
Trace element 1mL

Table 2. Trace elements composition in 1 litter of distilled water

Substance Mass(mg)
H3BO3 300
CoCI3 200
ZnS04.7H20 100
MnCI2 30
Na2MoO4 30
NiCI2 20
CuCl2 10
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2.3. Microorganisms Culture

The microbial mixed culture from sewage waste stud@s used in the present
study as naphthalene degrading microorganismsceoldihe sewage waste sludge was
collected from the sludge drying beds in Al-Rustgmhi Sewage Treatment Plant,
Baghdad, Iraq.

The isolation of the microbial mixed culture frommetsewage waste sludge was
done by taking 10ml of sewage sludge and miximvgtih 250 ml of nutrient broth. The
solution is then kept in a rotary shaker at@7or around one week. This procedure was
repeated five times to insure isolation of the wohtal mixed culture from the sewage
waste sludge. The acclimation of the microbial rdixelture with naphthalene as the
carbon source was done by taking 10ml of the iedlahicrobial mixed culture and
mixed with 250ml nutrient broth. 2grams of gluco&ss simple carbon source
compound) and 0.1gram of naphthalene (as compleborasource compound) were
added to solution. The solution was then kept iotary shaker at 3T for one week.
This procedure was repeated by slowly increasiegn@phthalene concentration and
decreasing the concentration of glucose in thdemitbroth solution. This is carried out
by a series of transfers at one weak interval fpe@od of more than 8 weeks to obtain
a final well acclimatized mixed culture grown inpighalene.

2.4 Biodegradation Study

The biodegradation of naphthalene in this workuslied for a concentration range
of 30-1000 mg/L individually in 500 mL Erlenmeydagks. In these experiments, 400
mL of MSM is autoclaved and mixed with 10mL of ac@tized mixed culture and a
fixed amount of naphthalene to maintain the requa@encentration. Then it is kept in a
rotary shaker at 150 rpm. The temperature is maigtaat 37C throughout the
inoculation process. Flasks are sealed with cadtoppers to minimize VOCs loss and
insure aeration. Samples are collected at regatarvals and are analyzed for residual
naphthalene concentration and biomass.

2.5 Naphthalene Concentration Measurements

To determine the residual concentration of napkti@lduring the biodegradation
experiments, the flask contents vigorously shakeh & ml of a well-mixed sample was
taken every day and dissolve in 10ml of ethanole Tinctions of ethanol were to
dissolve naphthalene and to suppress bacteria. Béiag shaken on a vortex mixer for
1 minute, the sample was then centrifuged andddtehrough a 0.22 pm nylon micro
filter to eliminate any particles including bioma3$he sample was then injected into
High Performance Liquid Chromatography (HPLC), Regkmer series 200, USA. The
stationary phase is C18 column (25cm x 4.6mm, S5antigle size) Discovery, from
Supelco. The mobile phase used was a mixture dbmriteéle and distilled water
(65:35). The mobile phase was pumped at a flow c@it®€.9 mL/min. Peaks were
detected with a UV detector at 275nm. The HPLCirepdias multiplied by 3 to obtain
the naphthalene concentration before dilution. @nhalyses were performed in the
laboratories of the Environmental Engineering Dapant/ University of Baghdad.
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2.6 Biomass Concentration Measurements

5 ml of a wellmixec sample was taken every day to measure the bic
concentration during biodegradation expents. The optical density (OD) w.
measured using UWis spectrophotometer (Model T80 from PG Instrumétd,
England).To exclude the effect of bubbles and Hagbhe particles on the OD value
sample, the sample was filtered through coarserp@f@at nan Grade 41) into
curette. The absorbance of the supernatant wasnteasured at 600 nrThe obtained
values were converted to grams of cell dry weigét [iter using an experiment
calibration curve (Biomass concentration (g/L) 8*(@ptical density)1-5, 15].

3. Results and Discussion

3.1 Effect of naphthalene concentration on biomass

In the present study, biodegradation of naphthaigermeing studied for the initi
concentration range of -1000 mg/L. Fig.1 showshe change in naphthale
concentration with time. It is clear from the figuithat the time taken by mixed cultt
to degrade naphthalene is dependent upon thel ingrecentration. When the initi
concentration of naphthalene is increased fromo300mg/L the time increases frc
2 to 21days. The naphthalene concentration wagdsiog with time which shows tr
naphthalene is being consumed by the microbes easutihze the naphthalene as
carbon source.

Fig.2 shows the growth curve which reprets the change in optical density ¢
the biomass concentration with time. The biomasgentration (OD*0.9) is increasir
with time which shows that naphthalene is degrdmenohicrobes. The growth curve ¢
be categorized in phases namely, lag, log,onary and death phase. Initially, there
no increment in the biomass concentration with tgiveng the lag phase. In log pha
the biomass concentration increases exponentialty &fter some time there is
further increment in biomass concentratwhich indicates the stationary phase.
exponential decrease in biomass concentration sergbd during death phase. T
maximum biomass concentrations that obtained isetfexperiments are 0.135, 0.1
0.392, and 0.315 g/L for initial naphthalene centrations100, 300, 700, and 1000m
respectively.

1000 < e 30/
il 100mg/L
300mh/L

s, 7O0ME/L

Maphthalene
concentration (mg/L)

T ¥ " - o S
0 2 4 6 38 10 12 14 15 18 20 22
Time(day)

Figure 1. Residual concentrations against time at different initial naphthalene concentration
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Figure 2. Change in optical density and the biomass concentration with time

3.2. Growth and biodegradation assays
Cell growth kinetics in a batch reactor can be destrated by Malthus law, i
stated below:

X
5 = MX(1)

WhereX is biomass concentration (g/L) at time: is the specific growth rate ™)
andt is the incubation time (t

The specific growth rateu for each value of the initial naphthalene concdiutna
was determined in the exponential growth pt u was detenined from the slope ¢
Ln(X/X,) against time, during the exponential growth phaseslzown in Fig.X,
represent the initial biomass concentra

The plot between specific growth rates versusahitiaphthalene concentration
given by Fig.4. lis clearly observed that the specific growth rameases from 0.00¢
to 0.0346 Hwhen the initial naphthalene concentration increafem 100to 70!
mg/L.T hen the specific growth decreases to 0.08" for 1000mg/L naphthaler
concentration. The decrease in specific growth sai@ws that there is an inhibitc
effect on microbial growth at high concentratiorhisl result was observed by me
authors using mixed cultures [12, 13 and

The kinetic behvior which is obtained by carrying out above asalycan be
modeled using various kinetic models such as Ma)oHfaldane, Webb and Ail
[15and 16]as described belc

Monodmodel: p = ile—aJ:‘;.(Z)

Haldanemodel: p = % 3

S.(1+S/K
Webbmodel: p = Hina 5- € /)

4
Ks + S+ S?/K; )
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Hma;
Ks+S

+.S.e("S/KD)

Aibamodel: u = (5)

Wherey is the specific growth rate ™), unay is the maximum specific grow
rate (h'),Sis the substrateoncentration(mg/LK; is the half saturation constant (mg.
indicates the affinity of biomass to substtK;is the substrate inhibition conste
(mg/L) andK is the Webb constant(mg/|

The Monod’s model only describes the dependendaicafegradédon rate on the
biomass concentratioWWhen a substrate biodegradation exhibits self itibfy the
Monod model fails. In such cases substrate inbibits considered by incorporating i
substrate inhibition constant in Monod’'s modelmdng the various substre
inhibition models, Haldar's model is widely usef®.The values of the parameters
every model are listeth Table 3, and graphically illustrated in Fig.4hel mode
equations (2,3and 4) is non linear and it is solbgdusing the non linear regress
method using Statistic Bwarel:. Fig.4 shows the fit of Monod'’s, Haldane, Webb .
Aiba models with the experimental results. The gafdi correlation coefficientR? =
0.9261) showed that the present data confirm wethé Haldane model as compa

with other models.

y=0.0201x-0.714 _ B

i y=0.0346x-3.574
= 2 _

0.0201x+0.256 R?=0.887 R? = 0.908

R?*=0.970

X + 100mg/L

m 300mg/L
0.0092x-0.075 700mg/l

¥ =L X-Lh <1000 )(L
R?=0.975 me

0 20 40 60 80 100 120 140 160 180 200 220
Time(hr)

Ln{X/Xo)
o = N
e R S L "1 R 0 R O

Figure 3.Rate of cell growth versus incubation time

o 0.04
= 0.035
o 0.03
g 0.025
S i‘ 0.02
O £ 0015
= 001 Haldane Kinetic
8 0.005 &4 Model
8— 0
0 200 400 600 800 1000 1200

Initial Naphthalene Concentration (mg/L)

Figure 4.Specific growth rate for different initial naphthalene concentration
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Table3. Growth kinetic parameter for naphthalene degradation for different models

Model Parameters Value
Hm (hr) 0.0326
Monod Ks (mg/l) 187.14
R? 0.8928
U (hrh) 0.0762
Ks (mg/l) 594
Haldane K; (mg/) 666.1
R? 0.9261
U (hr ) 0.1
Ks (mg/l) 258417.9
Webb K; (mg/l) 0.1
K (mg/l) 0.3
R? 0.9078
Hm (hFY) 82.1
Aba Ks (mg/l) 664551
K; (mg/l) 620
R? 0.914

However, the models showed a deviation in the \&atidiogenetic constants, such
aSlmar, KsandK;, probably due to their differences in origin odpment.

The maximum specific growth rate:f,,) predicted byHaldane model equal to
0.0762HR. This value is low compared with the value repoitg Jegan et &f’, which
is equal to 0.318and 0.33i*when using the surfactants Triton X-100 and Twaen-
respectively. The high,,,, may be due to the use of surfactants in additioglicose
with the specific in ocular, Micrococcus sp. whigolated from the effluent of the
activated sludge plant.

The value ofK,, which indicate the affinity of biomass to subttrfiom Haldane
model equal t®94 mg/L, indicate a good infinityf biomasgoward the naphthalene.
The magnitude oK;which indicate the inhibition tendency of naphthaleneyatdo
666.1 mg/L.LargerK; value indicates that biomass has a higher resistarsubstrate
inhibition. This implies that at high value &f, inhibitory effect of substrate is low and
substrate is less toxic toward microbial growth][16

Since microbial biomass is sometimes used as abig@utool for studying the
dynamics of pollutant biodegradation, modeling tlsperimental growth of
microorganisms and the degradation of pollutants loa relevant to achieve a better
knowledge on the bioremediation process.

According to this, a logistic model (Equation 6 amyl was used to fit the
experiment a biomass and biodegradation data, wivigh previously described for
other biodegradation processes [2, 15 and 17].

X = Xmax /6)

el (R

D
D — max 7
e )] )
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WhereX is the biomass concentration (g/L) at time tffy) andX,,,, are the initial
and maximum biomass concentrations(g/L),ani$ the specific growth rate ‘th Dis
the naphthalene removal (%) at a timeD§, and D,,,,.are the initial and maximum
naphthalene removal (%), apgis the specific degradation ratégh
The parameters defining the models are presentedainle 4. Fig.5 shows the
comparison between the experimental the logisticdehoresults for biomass
concentration at naphthalene concentration of 10 200mg/L. It can be observed
good fitting between the experimental data and thedel. Fig.6 represents a
comparison between the experimental and the logistodel results for removal
efficiency% at different naphthalene concentratidrvery good fitting was obtained. It
can be concluded that the logistic equations (6 @rgerve the goal of suitably model
the biological process.

Table 4. Growth and naphthalene biodegradation kinetic parameters

Biomass parameters Degradation parameters
Naphthalene X X
. 0 max u 2 I 2
: R Drnax Dnax D R
concentration (g/L) (g/L) (h l) (h l)
100 0.047 0.136 0.03 0.93 28.947  95.177 0.048 0.98
300 0.018 0.126 0.098 0.90 32.128 97.458 0.038 0.97
700 0.018 0.517 0.043 0.98 16.470 92.369 0.026 0.99
1000 0.042 0.344 0.048 0.98 16.573 85.974 0.025 9 0.9
0.16 -
=
3 014 - N
c
.0 0.12 -
<
s 0.1 -
Q
£ 0.08 -
o
a  0.06 - o 100mg/L Exp.
é m  300mg/LExp.
o 0.04 100mg/L Theo.
@ 0.02 ———300mg/L Theo.
0 T T T T T T T 1

0O 20 40 60 80 100 120 140

Time(hr)

Figure 5. A comparison between the experimental and the logistic model results for biomass
concentration at different naphthalene concentration
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Figure 6.comparison between the experimental and the logistic model results for removal efficiency% at
different naphthalene concentration

5. Conclusions
The biodegradation of naphthalene for concentraticanging from 30 to 10C

mg/L was studied in th@resent work using acclimatized mixed culture freewage
waste sludge. The results show that the biodegoadat naphthalene occurred at
concentrations. The time required for utilizing hdgalene varies betweer-21 days
depending on the initialoncentration of naphthalene. The time of utilizatiocrease:
as the initial concentration of naphthalene inaedfe maximum specific growth re
was observed to be 0.034€¢*which obtained at 700 mg/L initial naphthale
concentration. While for anitial naphthalene concentration of 1000 mg/L, thecsfic
growth rate was 0.0201 7, indicating that there is an inhibition effect
microorganism growth. Various kinetic models for crebial growth, Monod’s
Haldane, Webb and Aiba were used .Texperimental results confirm well wi
Haldane model as compared with other models. Liogisbdels were used to descr
the microorganism growth and the naphthalene detjjad A good fitting wa:
obtained between the logistic models and the expesria data.

Acknowledgements

Financial support from Ministry of Higher Educaticand Scientific Research
gratefully acknowledged.

6. Reference

1. H.N. Muftah, A.M. Shaheen and M. Souzan,.(10Biodegradation of Phenol t
Pseudomonas Putida Immobilized Polyvinyl Alcohol (PVA) G", Journal of
Hazardous Materials, Vol.164, pp.—725.

124



Journal of Engineering and Development Vol. 20, No. 02, march. 2016 www.jead.org (ISSN 1813-7822)

2.

10.

11.

12.

13.

14.

15.

F. Moscoso, |. Teijiz, F.J. Deive and M.A. Saném, (2012)Efficient PAHs
biodegradation by a bacterial consortium at flaskdabioreactor scalg Biore
source Technology, Vol.119, pp. 270-276.

. L.F.Bautista, R.Sanz, M.C. Molina ,N.Gonzaled aB. Sanchez, (2009Effect of

Different Non-lonic Surfactants on the Biodegradatof PAHs by Diverse Aerobic
Bacterid'. International Biodeterioration and Biodegradativol. 63,pp. 913-922.
B.Cao, K. Nagarajan, and K.C. Loh, (2009Biotlegradation of Aromatic
Compounds: Current Status and Opportunities for niBiecular Approachés
Applied Microbial Biotechnology, Vol.85, pp. 207-22

. C.M. Reddy, T.I. Eglinton, A. Hounshell, H.K. XuWhite and R.B. Gaines, G.S.

Frysinger, (2002). The West Falmouth Oil Spill After Thirty Years: TRersistence
of Petroleum Hydrocarbons in Mash SediménEviron Science Technology,
Vol.36, pp. 4754-60.

. CEPA (Canadian Environmental Protection Act, 4)99%riority substance list:

polycyclic aromatic compounds. Ottawa, Canada: 8eri of Supply and Services
Publication.

NIOSH (National Institute of Occupational Safetgnd Health, 2003),
www.cdc.gov/niosh.

. A. Janbandhu and M.H. Fulekar, (201Bj)ddegradation of Phenanthrene Using

Adapted Microbial Consortium Isolated From Petrocheal Contaminated
Environment, Journal of Hazardous. Materrial, Vol. 187, pp33340.

. C.E. Cerniglia, (1992Biodegradation of Polycyclic Aromatic Hydrocarbtns

Biodegradation, pp. 351-368.

A.M.G.A. Monteiro, R. A. R. Boaventura, A. E.ofRigues,.(2000)Phenol
Biodegradation by Pseudomonas Putida DSM 548 iatatoreactot, Biochemical
Engineering Journal,Vol.6, pp. 45-49.

H.M..(2012)." Flayeh, Bioremedation of Oily Sludg¢Case Study in Al-Dora
Refinery], PhD thesis, Baghdad University, Iraqg.

P. Saravanan, K. Pakshirajan, P. Saha, (200@dleing the Degradation of Phenol
by a Mixed Microbial Culture in a Batch ReactoiProceedings of International
Symposium & 59th Annual Session of I[IChE in assiame with International
Partners (CHEMCON-2006), GNFC Complex, Bharuch,dbdger 27-30.

S. E. Agarry, B. O. Solomon and S. K. Layok2dQ@8) 'Kinetics of batch microbial
degradation of phenols by indigenous binary mixedtuce of Pseudomonas
Aeruginosa and Pseudomonas Fluorescgnédrican Journal of Biotechnology,
Vol., pp. 2417-2423.

S. Raghuvanshi and B.V. Babu, (200&xpgerimental Studies and Kinetic Modeling
for Removal of Methyl Ethyl Ketone using Biofilioat'. Bioresource Technology,
Vol.100, pp.3855 — 3861.

F. Moscoso, F.J. Deive, M.A. Longo and M.Anfanan,(2012). Technoeconomic
Assessment of Phenanthrene Degradation by PseudanStutzeri CECT 930 in a
Batch Bioreactof,Bioresource Technology, Vol.104, pp. 81-89.

125



Journal of Engineering and Development Vol. 20, No. 02, march. 2016 www.jead.org (ISSN 1813-7822)

16. J. Jegan, K. Vijayaraghavan, R. Senthilkumar léln Velan, (2010). Naphthalene
Degradation Kinetics of Micrococcus 5plsolated from Activated Sludge, Clean —
Soll, Air, Water, Vol. 38, pp. 837-842.

17. Z.Bakhshia, G.Najafpourb, E.Kariminezhada, R.PisfijgaN.Mousaviaand T.
Taghizadea, (2011).Growth kinetic models for phenol biodegradationairbatch
culture of Pseudomonas putlgeEnvironmental Technology, Vol. 32, pp., 1835—
1841.

16. J. Jegan, K. Vijayaraghavan, R. Senthilkumal lsin Velan, (2010). Naphthalene
Degradation Kinetics of Micrococcus 5plsolated from Activated Sludge, Clean —
Soll, Air, Water, Vol. 38, pp. 837-842.

17Z.Bakhshia, G.Najafpourb, E.Kariminezhada, R.PishgaN.Mousaviaand T.
Taghizadea (2011).Growth kinetic models for phenol biodegradationarbatch
culture of Pseudomonas putlgdaEnvironmental Technology,Vol. 32, pp., 1835-
1841.

126



