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Abstract The sampling and analytical methods, along
with available microorganisms, used for in situ hydro-
carbon bioremediation are reviewed. Each treat-
ment method is briefly described and its advantages and
limitations pertaining to potential applications are
evaluated. Bioremediation provides cost-effective, con-
taminant- and substrate-specific treatments equally
successful in reducing the concentrations of single com-
pounds or mixtures of biodegradable materials. In situ
treatments rarely yield undesirable byproducts, but
precautions and preliminary baseline tests are always
recommended. Sampling methods should adhere to
good laboratory and field practices and usually do not
require highly trained personnel. Analytical methods
vary in sensitivity, cost, duration of sample analysis and
personnel training required. Voucher specimens of bac-
terial strains used in bioremediation exist in various re-
positories (e.g. ATCC, DSM, etc.) or are commercially
available, and are usually covered by patent rights. Each
one of these strains may yield spectacular results in vitro
for specific target compounds. However, the overall
success of such strains in treating a wide range of con-
taminants in situ remains limited. The reintroduction of
indigenous microorganisms isolated from the contami-
nated site after culturing seems to be a highly effective
bioremediation method, especially when microorganism
growth is supplemented by oxygen and fertilizers.

Introduction

Bioremediation is a rapidly developing field of envi-
ronmental restoration, utilizing natural microbial activ-
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ity to reduce the concentration and/or toxicity of various
chemical substances such as petroleum products, ali-
phatic and aromatic hydrocarbons (including poly-
aromatic hydrocarbons and polychlorinated biphenyls),
industrial solvents (phenols, benzene, acetone etc.),
battery liquids, pesticides, and metals (arsenic, chromi-
um, selenium, etc.).

Biodegradation is a natural process carried out by
soil and aquatic microorganisms — mostly bacteria and
fungi. Certain bacterial strains have a demonstrated
ability to break down or transform the chemical
substances present in petroleum products. Oil-spill
bioremediation methods aim at providing favorable
conditions of oxygen, temperature and nutrients to
maximize biological hydrocarbon breakdown. Such
methods have been applied successfully in restoring
polluted seashores, airports, military operations, power
plants, etc.

This paper is a short overview of the commonest
petroleum hydrocarbon bioremediation methods cur-
rently used. Emphasis has been placed on sampling
and analytical methodologies (Table 1), microorganisms
(Table 2), and treatment enhancement by supplying
nutrients, oxygen, etc. (Table 3).

Sampling precautions

Hydrocarbon samples are subject to chemical, biological,
and physical changes as soon as they are collected.
Sample handling, preservation, and storage techniques
should minimize changes in sample composition by re-
tarding chemical and/or biological activity. Contamina-
tion of sediment samples during collection and handling
should be avoided. A detailed procedure for sampling
equipment operation and sample handling and storage
should be clearly stated in the sampling plan. This may
be accomplished by using standard operating procedures
[U.S. Environmental Protection Agency (EPA) 1995].
For example, samples designated for hydrocarbon anal-
ysis should not come into contact with plastic surfaces.
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Sample contamination from vessel emissions and sam-
pling apparatus must be avoided. Core samples are rec-
ommended for the determination of contamination at
different depths. Water samples should be collected with
either a non-contaminating pump or a discrete water
sampler. When sampling with a pump, using a peristaltic
pump or one with a magnetically coupled impeller can
minimize contamination. Water samplers should be
made of stainless steel or acrylic plastic, while seals
should be Teflon-coated whenever possible. Prior to
sample collection, water sampling devices should be
rinsed by a solvent that does not react with the sampler
material. For extended storage, freezing in solid CO, or a
freezer is recommended. For shorter periods of storage,
refrigeration at 4 °C is sufficient.

Hydrocarbon analysis

Sediment samples are dried overnight at 60 °C. Residual
oil is extracted in chloroform for 8§ h using a Soxhlet
apparatus. Total oil content is estimated by weighing the
dry residue after solvent evaporation. Subsequently, the
extract is sonicated in 60 ml hexane (5 min, 40 kHz).
The hexane-insoluble fraction contains asphaltenes,
which are obtained by filtration on solvent-washed,
preweighed Whatman GF/A glass-microfibre filters. The
asphaltenes retained on the filters are, in turn, dried
and weighed. The hexane-soluble fraction (maltenes) is
separated by solid/liquid chromatography on a 15-cm
length x 1-cm diameter silica gel column (100-200
mesh), activated overnight at 110 °C. The saturated
petroleum hydrocarbons, aromatics and resins are suc-
cessively eluted with 60 ml hexane, 60 ml 60:40 (v/v)
mixture of hexane/dichloromethane and 60 ml metha-
nol. After evaporation of the solvents, each fraction is
weighed and the relative percentage of the four classes
(saturates, aromatics, resins, and asphaltenes) can be
calculated. The saturated and aromatic fractions are
analyzed by computerized capillary gas chromatography
using a gas chromatograph with a direct-injection port,
equipped with a flame ionization detector and a capillary
column (50 m X 0.32 mm, film thickness 0.25 pum); He
at 0.8 bar is the carrier gas. The column temperature
is programmed from 100 °C to 320 °C at 3 °C/min for
the saturated fraction, and from 100 °C to 300 °C at
3 °C/min for the aromatics (Oudot 1994).

A variant of the aforementioned analytical procedure
uses a column packed with silica gel, where the hexane-
soluble fraction is partitioned into saturated, aromatic
and polar fractions (Mille et al. 1991). Each fraction is
weighed using a microbalance. Saturated hydrocarbons
are analyzed by capillary gas chromatography. The ap-
paratus used is equipped with a capillary column (30 m;
0.32 mm inner diameter), an on-column injector and a
flame ionization detector. Temperature increase is pro-
grammed from 70 °C to 300 °C at 5 °C/min, with heli-
um as the carrier gas at 0.5 bar. Aromatic hydrocarbons
are analyzed by UV synchronous luminescence spec-

troscopy on a spectrophotometer. Polar compounds are
analyzed by UV fluorescence and Fourier-transform
infrared spectroscopy (FTIR) on a spectrophotometer,
whereas asphaltenes are analyzed by FTIR.

The fraction containing the saturated and aromatic
hydrocarbons is separated by capillary gas chromatog-
raphy using standards. n-Alkanes are identified by
comparing their retention times with those of standard
n-alkanes ranging from n-C;; to n-Cs;. Concentrations
of individual hydrocarbons are determined by calculat-
ing the surface area underneath the sample peak of the
respective constituent, identified from its Rg. The con-
tent in each n-alkane (n<31) is determined as the ratio
of the area under the corresponding sample peak to the
area under the peak of internal standards.

The aromatic fraction is characterized by gas chro-
matography/mass spectrometry (GC/MS) (Venosa et al.
1991). Some investigators (Huesemann 1995) utilize a
comprehensive petroleum characterization procedure
involving group-type-separation analyses, boiling-point
distributions, and hydrocarbon typing by field desorp-
tion mass spectroscopy to determine initial and final
concentrations of specified hydrocarbon classes.

Currently available information on analytical tech-
niques employed for quantitative determination of pe-
troleum hydrocarbons (Table 1) distinguishes methods
for (a) the measurement and identification of contami-
nants, and (b) the measurement of microbial activity.
The former are very important because they provide
baseline information including the quantity and type of
contaminants, distribution patterns, treatability, etc.
The latter monitor biological activity and provide an
assessment of biodegradation. When information from
both methods is combined, the effectiveness of biore-
mediation can be evaluated.

Petroleum hydrocarbon contamination usually exists
as a complex mixture of hydrocarbons. Despite the huge
potential of microorganisms to degrade organic com-
pounds under favorable conditions, no single species of
microorganism can degrade all the components of a
given oil (Office of Technology Assessment, 1991), and
no oil-degrading ““superbug” has been engineered. Cur-
rently, several organisms are known, each capable of
degrading usually one or, at best, a few petroleum
components at a time. Therefore, effective bioremedia-
tion of petroleum contamination requires a mixture of
populations consisting of different genera each capable
of metabolizing the respective compounds. Table 2
summarizes information on some commercially avail-
able bacterial and fungal strains used for petroleum
hydrocarbon bioremediation. The bioremediation ca-
pacity of bacteria has been investigated more extensively
because they are (1) easier to culture, (2) more amenable
to molecular biology techniques, (3) capable of metab-
olizing chlorinated organics, (4) capable of mineralizing
these chemicals and using them as carbon energy sources
(Bouwer and Zehnder 1993). Although capable of me-
tabolizing some aromatic contaminants, fungi require a
primary growth substrate, such as glucose or cellulose to



679

7661 UOS[IA\
pue sulyoIny
661 Vdd 'S'N

1661
‘[B 19 BSOUIA

Y661 2100\
pUB UUBWISINH

JIqels

1doy pue parojiuow Ajsnonurn
-u0d 9q pInoys (ses IoLIed
Y} JO AJ100]2A 9} A[[e10adsd)
suonIpuod [ejuduLadxyg

9A0QE SE JWES

juowLIadxd [0I3U0D

® Ul 10} PaIunoode £q jouued
et} Jojjew do1UueSIO [I0S JO
uonepeISopoIq paosueyus Ul
J[nsal Aew S[I0S UOQJIed-O1ues
-10-Y31y 0} SU0qIed0IpAY
wnajonad Jo uonippe ay [,

uoneosynuenb
‘UONBOYIIUIPI
1BINOOR ‘KIIATISUS
Y31y ‘sarnyxrur xord
-wod jo uonered
-0s K10308)S118S

sjnsal Ay
109 € A[9SIOAPE JOU
Op suonen)oNy 2Ins

-sa1d ouaydsouwny

sorou
-1 uoneprIsopolq
JUBUIUIRIUOD JO
SOJBWINSI 91BINOIR
apiaoid 03 sreaddy

syuouodwod

Jo ‘spuesnoy)
UJAD ‘sparpuny
Sururejuod 1o jo
s1oenxd Xx9[dwo)

U9
-uo0d I9)jeW Orued
-I0 MOJ [}IM S[I0S

un
-u0d I9)jewW OIues
-I0 MO Y}IM S[IOS

uoneuIw

-1010p pue
UuonEOYNUIPI
JUBUIWEIUOD)

K)NAnOR
[BIqOISTIA

Ky1anoe
[BIqOIOTIA

paynuenb pue pagnuapr A[93einode 9q ued gidwes
oy} ur paurejuods sajkjeue ‘yrodar uoneoynuenb oyl
Ul paurBjuod uoneuLIOul [eISIP Y} pue weisojewr
-01Yo 9y} wol "(aseyd Areuonels) s[eLojeW 1Uq
-10sqe ySnoay) ssed sojk[eue oy} ‘payesy SI UWN[OD
Ay} sy “(eseyd oqiqown) ses j1oul ue Aq UWN[Od Y}
y3noayj paLLIed uay} s InJXIw Y[, ‘uwnjod June
-Iedas © JO pEAY 9Y) 1B PIIBIIUIOUOD SI AINIXIW I}
UOIYM UI ‘JOqUIBYD PIJBAY B 0JUI PIJO2[Ul SI JOBIIXD
ojdwes ayJ, ‘syuouodwod s} Ojul S[eLIdjBW OIUeS
-10 Jo arnjxrur xo[dwod & sajeredas anbruysoy siyy,

ua34Ax0 Jo uonodop ou s1 919y} pue JuowIadxd oY)
InoySnoJy) JueISUOd paurejurew si ajdures ay) dA0qe
aseyd sed oy ur onjes uagAxo/usgonu Ay I, -owli|
BPOS AQ Paqrosqe SI A11A1j0k [e1qoIoru Aq paonpoad
0D YL oyerdn uadAxo [/Sw ojur A[30211p PAlIdAUOD
dJe BIEp U} pu® ‘IOPIOJAI [BNSIP I} AQ painseowr
SI U9GAX0 oY) 91BIOUAT 0) PIsn JUALIND [BILIJO[ Y,
'SSO[ UQFAX0 oue[eqIdIUN0d 03 padnpoid st uosfAxo
juaoIgns pue aInssard paonpar oY) Aq pare33n

st uononpold uadAxQ -ainssaid ur doip € s91eaId
Jjiun SULINSBAW OB UIYIIM AJIATIOR [RIQOIOIW Aq
udo34x0 Jo uond[dog "woIsAs pa[eas-Ire ur JurULIO)
Buiqn) Aq  PpajodUUOIIANUI ATk SJIUN FuLInsLaw

oy “Jendwod © Ul palols Blep pue A[snosuejnuw
-IS PaIOJIUOW 9 UBD S}UN SULINSEIW [BISAIS “JIUn
oY) 01 A[[BOIUOIIORD PAJOAUUOD SI0JRIIPUT dInssard
pue ‘3uiqn) AQq pa1oAUUO0d J0JRIIUIT UIZAXO UB OIS
-Ul PAIUNOW 13GIOSqE OPIXOIP UOQIED B UM [ISSOA
uonoeal © jo pesidwon si jrun Sunnsesw yoeyg
OWIN[OA [JBq I9JBM JO UONE[NOIIDAI SNONUNUOd

pue SuruonIpuod Ay} Iopiun Jui0od B PUB ‘SIAIND
K1o019A yeIdn uagAxo oty Jo Junjofd Joa1Ip pur
uonedIpul [eSIp 10J JOPI0daI B ‘syun SuLInseaw
Sururejuod yjeq I9jem pajjojuod-arnjerodws) e jo
pasudwod st snyeredde Anoworidsar o1 [011990 Uy

190woaids

-a1 108 ® ur uondwnsuod udgAxo pue uononpoid
OPIXOIP UO0QJEd JO 9Bl ) SULINSBIW AQ PISSISSE SI
XIIJBUW [I0S B Ul UONBPLRISOPOIq [10 9PNID JO 18I oY

Aydeidoyeworyd
sen

Anowoaidsar
ONATONO9[q

Anowoardsar
['oS

QOUAIRJY

sjurensuo)

sagejuRApPY

01 9[qeornddy

painseat
IoyoueIed

uondiosop j10yg

awreN

sonbruyos], eonAreuy | dqel,



680

661 T8 19
192119H 6861
‘[ 19 sSunsey
‘Y661 T 12 oul

SI91oW

-eIed [R)USWUUOIIAUD PI[[OI}
-u0d A100d jo suonipuod
PIOY Iopun pue sanrunu
-Wod [BIqOJIoIW SuIpeIZap-[10
soads-nnw ur uoneosrdde
PAIWIT 0UIDSAUTWN[OI]
JIQIYX JOU Op BLIAOBQ JWOS
"RIPAW d31J-[10S ‘[RIOYIIR

0} pareduwrod saLLIN[S [I0S UI

OAIA UI SIAIOR
J1[0qBIeD JRIN[[AD
uo ejep owI-[Bal

sopraold ‘sarmjonns
10 SonIAl

-0k IR[N][9O JO UON
-dnisip o) axmbax
10U S90(] 'SIOUB)S

-WNJII J[qRIOA
-eJ Jopun 9[qissod

SI 19JeM U SoINIXIW
[10 JO UONRUIIEX
10211 "AIATIO9[9S

uonepeIopolq
Ioy Ayiqe[reakolq
JURUIUIRIUOD

JO JUWISSasse
Areurwraid sapia
-01d "Suray oM
jsurese A1

-Iqe)S pu® dInjeu
JIX0] SJT JO asned
-9q jueyrodwr st
JUSIUOD JNBWOIR
dY L SU0QILI0Ip
-y Jo aInixIu
xo1dwod ® Jo Jud)

JuBRUIWEBIUOD OY10ads dY)

Sursn A31AT)O® J1[0QBIAW [B1I2)OBQ I0IJIUOUT O] Pasn
puUE paINSBIW 9q UBD SWI)SAS yons Aq popiwd Jy3r
*1SIUI JO UOQIBIOIPAY JUBRUIWEIUOD Y} AQ Paonp
-Ul ST UOISSaIdXd Iy IS0V [BLIAJORQ B OJUI PIAJIAS
-ur a1k ‘saouanbas 1j0woad oyads-juruIuLIUOD
PUB SoUd3 [BINJONI)S ISBIAJION] JO PISLIdWOD ‘597398

-10A9SUBS ‘G861 uorssrwo 131y jo Suryouonb J[qBUOSBAI pUB  -UOD JIJBWOIE Y} Kyanoe -sB) oUaS 10110doYy "SWSIUBSIOOIONW [BIAJS UM sonbruyo9)
‘[e 39 uos3Ln d]qeynuenb jou pue 2I9AdS Ananisues YSIH  JO uoneuIuIdeg [BIQOIOIJAl  PRIRIOOSSE uoudwouayd [eInjeu © ST 0UddSUIWN[Ol  d0UDSAUIN

7661 A[Surpuodsazx

‘T 19 WNdAS sa3ueyo aunjerad -100 A1eA $10308) asuodsar [ ‘sesse[d punodwod

18861 U Aanisuss  100d nqiy -w2) Aq padsuanyur uwnfod Do e U20M}0q A[qRIAPISUOD SALIBA SIU) 20Ul§ “punoduiod
pue yozerey] -Xd (9pAyop[elede ‘pIOk O JOU PUEB SUONEBIIUID  WOIJ uonn[d Iy} uoneu e Aq paonpoud suor jo roquinu 3y} uo spuadap asuods uon
4661 T8 32 -I0j '3'9) spunodwod d1uesio -u0d Jo a8uel  I9)ye ‘spunodwiod  -[WIAAp puk  -d1 (JI4 dwey Ire/H e ul (Aydeidojewolyd sed £q -09)9p UONRZIUOL
ouLd 6861 MIJ Y "9[QBZIPIXO 2q jsnuw OpIM B UI Jedul]  OIUBSIO [[B Isowe  uonedynuopr  pajeredss) spunodwos jo Surwing oyy £q paonpord  owey /Aydesd
nouueonzjey  Ppa1oaldp spunodwod uoqre) st asuodsar Qg JO uoneoynuop]  JuBUIWEIUOD) Suol 0} spuodsal (([]) 10199)0p UONEBZIUOI SWRY Y], -OJBWOIYD SBD)

SIsA[eue

9y} InoySnoly) pa1oslap spunodwos [[e Jo sjuowde)

SSew [[& WoJj Surnsal jualind UOIBZIUOI [€)0}

oy} jo Aepdsip oydeisd e st DIy Y] ‘WeI3ojewoIyd

uol [B10) B Pa[[ed Os[e ‘(DY) WeIS01eWOoIyd Uol

Pa1onIsu0dal & ojuo pasodwiodns oq ueo ojdwes e

Ul P2102)ap SUOI [[€ 0] SWERIF0JBWOIYD SSBW Y ] "UOl

uoneoynuenb oy pa[eO SI UOT ONISLIOJORIBYD SIY T,

‘ydeiSojewoayd sed dy) wolj saInjd 1 sk AA[RUER Y]

JO uonenuaduod oY) Ajpuenb o3 pasn st yorym ‘wread

-0JBWOIYD SSBUW S}I 0} ISLI SOAIS W} JOAO UOI O1ST

SIN/DD -19J0BIRYD QUO I0J POPI0daI JULIND JY) JO AJsudjur

Kq pazAreue JU} ‘UONIPPE U] "Idyjout wolj punodwod duo yYsms

armyxw ojdures -unsIp 03 pasn souereadde onsLIe}OBIBYD B SBY WNI)

) ur syuouodwod -03ds ssew & ul suor uonejuowsdelj jo urdned oy

Jo uonisodwod ‘wnnoads ssewr s31 sojeIoud3d punodwos remonred

JA1}EB[2I QY] JO ® 10J POPIOOAT SISSBUW JUAIQPIP Y} [[B JOAO JULIND

UONBIIPUI UL SIPIA SIY} JO AJISUIIUI 9ANIR[AI AU ] “(SSew JB[ndsow JIoy}

-o1d pue $10109}9p ©9'1) syuowiSel) pagIeyd Jo SSew 9y} $}0910p SSew 1By}

191po £q paonpord 9ZIuo1 03 pa1mbar JuaLIND [BILIOJ[ U0 BIEp Fune|

SweISojewoIys oy} -NWNOOE JOSUIS Y "Sjuswdely Ay} 9ziuol 0} parmb

yim paredwos oq uwnjoo uoneU  -9I JUALIND [BOLIOJA Y} JO SISBQ ) UO PIYNUIPI
amp  ued DY YL ‘Uon DO B WO pAINe  -IUWIAP puk e spunodwo)) ‘suol pI[[ed sjudwdelj onsudjoeIeyd Adoosonoads ssewr
-0001d ejuswLIadxd pajeord -eoynuapI aAanIsod spunodwod  UOTBOYIIUIPI OJUI UMOP UINOIQ PUB SUOIIIIR AQ papiequioq d1e /Ayder3oreworyd
5661 Vdd 'S'N -wod ‘quowdmnba aarsuadxyg sa[qeud SIN/DD Jo uoneoynuopy  jueulweluo) DO Aq pajeredas spunodwod ‘roquieyd SIA Ay UJ sen)

paInseauwt

0UdIRJY sjuresIsuo)) saSejueApy 01 9[qeorddy Io)owrered uondrosap 110ys QweN

(‘pyuo)) 1 dqeL



681

spunoduwod

JoyIew oy1oads 10 3981e] JO
asn oy} y3noayy oq Aewr A3nd
-IIP SIY) QWOIIIAO0 0) Aem
uQ 'ssa1301d ssasse 0} judwr
-a1nseaw oyads- punodwod
-uou ® JO asn ayj sI A3nd
-JIp 94} JO jied "suonej
3531} AWOIISA0 UBD POYIaW
[eonAreue I0UIRN "oyroads
-9)1s QI S10QPS XINBIA
‘spoyloul [eONARUR 10q
109k ued pawiojrad Furq
SI UOIJRIPAWRIOI] [dN] [3SAIP
AU} YOIyM Ul 2INIXIUW Y I,

¥661
I3319f pue AoI],

[10 9y} jo

1591 9]} SB QWIS Y} ST JOYIBW
[BOTWIAYD Y} JO AU
UOoIoRIIXd Y] (¢) pue ‘uon
-epeI3opolq Sulmp papeisop
10 PAWLIOJ 10U ST I0JBIIPUL
[BO1IAYD Y3 () “901nos 9[3uls
e Aqurewnrd st pue paynuapl
Ud9q Sy UONBUIULIUOD [I0
Jo 2o1nos ay) (1) :suondwns
-se SUIMO[[O] A} UO Paseq ST
uonepeI3ap 10 SuLYIBIM [10
1031uOW 0} JOJBJIPUI [BIIWAYD
[eurdjur ue jo uonesrndde oy,

Y661 ‘T8 19
UL ‘661
‘Te 12 se[gno

uonsodwos

IB[IWIS JO SINIXIW UOQILd
-0IPAY U2aM)q JBIIUAIIYIP
031 AJ[Iqe S)1 Ul Pl A[9I9A
-3S ST POYIAUW SIY} $IOINOS
10adsns owos udam)aq uon
-BUIWILIOSIP JO sueaw pider

® Sk 9[qenyeA ysSnoyyy ‘en
-0ads 90U22SAIONY [BUOTIUIA
-U09 J[qRN[BA JO UOISN[OX
9} 0} pedl ued YiSudpsem
UONBIIOXA J[SUIS B JO 21070
) Aq pasodur £31an09[qns
9Y ] "UONB}IOXd PUR UOIS
-s1wd Jo sivjowrered yisug|
-0ABM UIM) ) UO AJISudjul
Jo douapuadap oy Aq
PAUIULI2IP XLIJBW [RUOISUIW
-IP-991Y] B SSOIO UOI}OJS dUO
syuasardar Ajprowr winajoads
20U20$210N [RUOIIUIAUOD Y

6861 nouueonz

-18H ‘6861
‘[ 19 uos3LD)

uonedoynuenb
yomb ‘Kyxordwoo
[BOIUyd9]) MO

paimbai

sojdures jo raquunu
3 Suronpar £q Sur
-I0)IUOW UONepeRI3
-3p QAT)OJ SMoO[[e
siy 1, seyoeoidde
QouR[eq-SSBU
12130 03 paredwod
uayMm ®BIBp [10 JO
Anpiqerrea reneds
SOINPAI 10)BIIPUI
[eOTaYD [BUIIUT
ue Jo asn 2y} jey)
91BJIpUL B1ED Pl

SIUAUWIDINSBAW D)
pue I ‘DL Jo 3sn
3} SIAJOAUI dINP
-0001d SIy ] ‘s1rem
[e1se0d ur spjids

[10 SuImor[oj uon
-BOYIIUAPI UT S0
-ONs J[qRIIPISUOD
a1} JO 9sNBIAQ ‘AINp
-2001d [eONAJRUE
QUINNOI puk JIseq

® Jo 11ed ' owodeq
sey onbiuys9) siy |,

2INSO[D IS
Sururuiolep 10j
SE [[oM SE ‘S[10S
paleuIue}uod
-[onJ-[asa1p jo ur
-U09J0S/JUdWISSIS
-s& oy} 10j (HdL)
SuUOQIBI0IPAY
wnadjonad 103
JO SJUAWIAINSBIA

SIUOUIUOIIATD
a[qeLrea A[ysy

ur wnajorad

Jo uonepeidap
2y} Jnoqe uon
-BULIOJUT dAT)E)
-nuenb sapiaoig
'syonpoid pauyal
pue wnosjonad jo
sa1pnys K10j1eI0QR]
pue p[ay yiog

Sunuudioduy 10

uoneu
-IWI9)p pue
uoneIYNUAPI
JuUBUIWERIUOD)

uoneu
-IWI9)Op pue
uoneIYNuApI
JUBUIWERIUOD)

uoneu
-1 pue
UonEOYNUIPI
JUBUIWEIUOD)

SU0QIBd0IP
-Ay wnojonad ainsedw 03 I 4/DO osn spoyjow

mog (6861 ‘9861 VdA SN) S108 POYIdW payrpow

vd4d pue (6861 IN.LSV) 8L°8T€€ Poyisuw (INLSV)
S[BLIOJBIA] pu® Sunsa], 10J AJ9100§ UBOLIOWY Y}

opnoul SIsA[eUB U0QIBI0IPAY wnajo1ad 10J spoyjow
o1ydei30ewoayd sen AUINIXIW UOQIRIOIPAY Pauyap
® Jo 1ey) Isurede pmbiy uonoenxa ayy jo uondiosqe
pareyjur oy} Sutredwos Aq paynuenb Appuanbasqns st
UOQIBIOIPAY PIAJOSSIP JO SSBW [BJ0] AU, PIIOBIIXD

-JUQAJOS ST d[dwes Pa[Io Uk 2I9YM POY)ou ) SI

(6861 9861 VdH 'S’ *S[10s 10J payIpowt ['81H VdH)

Adoosonoads y[/suoqreooipAy wnajonad [B1oL

SUOIBIIUAOUOD A[BUE JYIO

-ods 10 {10 [£30} dUIWLIBNP O} SIN/DD Put AI1/DD
UO SII[AI PUB JLIIOWIARIS SI POYIdW Y], "UoIepeId

-opolq pue JuLyIeam yInoay) Isof 10 JO junowe

o) 03 Teuontodoxd ST [T0 90INOS Y} UI UOTIBIJUIIUOD

9y} 0} 9AIJE[OI UOIIBIIUAIUO0D JOYIBWOI] [BUIoIUl

9} Ul 9SBAIOUL Y} ‘SISeq IYTIOM-[I0 UB UO PIssardxd

9IB BJBP UONBIUIUOI [[B 1BY) PIPIAOIJ "$3ssad01d
[eo1sAyd 1o [e0130[01q WO} FULIdYIBIM [I0 JO JU)

-Xa oY) Ajnuenb o3 pasn st yoroidde [eonAjeue sy

punodwoo

9y} JO UONBOYIIUIPI Y] 10J PIsn Pue ‘SUOLOYIPOW

endoadde ySnoayy peyodrrod 9q ued v1)oads om)
9SAY L, "PoPIo2al a1k BI30ads UOISSIWUD PULB UONEBIID
-X2 ‘punodwiod © Jo sisA[eue douddsarony JuLng

Aydei3orewoayd
se3 /Hd.L
— Adoosoxoads

pareul/Hd L

SIoYIRW
-01q wnojoxnad
[eWIdUI JO IS

SISA[eu®
20U20s3I0N]



682

q€661 snowluouy

9€66] snowkuouy

7661 snowkuouy

Y661 ezeqe) pue oniqny
BEGG] SnowAuouy

qQy661 SnowAuouy

BpG6] SnowAUOUY

P66T T8 10 BAINIG

661 T8 19 BAINIg

G661 snowAuouy

$661 ‘T 19 I[sueysney|
1661 eAOUBYZO]
S661 T8 19 ULlR\

S661 B 39 [IIysInyp
Y661 'T& 3o Juny

7661 9I00J\ pPu® UUBWSINH

LOSOY dINION
90507 INIDN
99707 HINIDN
S9v0r dINION
Y90y INIDN
0L18 DD LOEY INDD
L9YS-4 A4

adeceloV WAL
ISEl-d Wddd
orsel-d INddd

€L8E1-d Wddd
CL8ET-d INYIHA
[L8€]-d Wddd
€01 1-d Wdd4d

9657d WNdINSL
SLOSTOOLV

LYE6COD LV
S100€DDLV

uoneiodio)) seqA[od

so1oads [eLdoRg

2In)[Nd 13UNJ/BLIIORG PIXIJA
wnLeloeq Jurpeidop-wnadjondd
wnLIoeq SuIpeI3op-wnajoijod
soads [erdloeg

sn3un,

sn3un

sarads [e3uny pue [eLdORY

sorads [e3uny pue [eLdORYg

sn3ung

BLIAIORQ JIQOIOR QULIBA
soads [eLdoRg
so1oads [eLdoRyg

BLIDIORQ Surpeidop-sudreyiydeN
BLI910Rq Suronpoid-juejorjinsorg
S[eLI91BW U0QIBd0IPAY wnajonad
10J oy1oads uoneredard [euajoeg

XTI-dH §191120000]D2 12]0DGOI1UII Y
AT $121120002]09 1219DGOIIULI Y
LI-9d ds 1230pq0u00n10)

y1d-"d4d “ds spuowopnasq
€TI-9d “ds souasyojy 10 SUISYDYID SPUOUIOPNISY

WNPIpUN? WNYs111020 pue ‘vpund SVUOUOPNISF
“ds snjpong

cee-dd

s1ijodo.ay1d.12 sn22020poYY

S-dV ds vusiapoyoriy

TETN “ds opipun)

L(ared) 8€9-gSA wmonaydp.and

“dsqns ypuoutionpng vpipun) pue 9.G-gSA
windrydp.apd ~dsqns wni040ajo 12100qo1ouIdy
(1red) SA-ASA PU® pLS-GSA S$119D] $12200004
(ared) sa-gsA

$101] 12202004y pue [€9-gSA Sypordo.) ppipun))
SMOIS

IMATS

IMAILS

“ds vpipun)

9A0Q® JO 2INJXIW 10 ‘0LIGl pue
WINLI2IIDGOILIY SNII0I0UD1 PN WNLIDIIOVGOAD]] ‘SNIJIODG
‘DJOXDAOP ‘DAI( ‘SPUOUIOPNISJ ‘SDUOUL0.1]] Y
®Y SUIISIIONY SDUOUIOPNIST

SININ §7121122D02]DD 12]ODGOJIUID Y

umouyun)

Sup.10402J0 “d

ppuynd spuowiopnasg

1210DQOYLLY ‘SNID000POYY SDUOULOPNISY

OVAdOddAH

AOUAIRJY

1o1ddng

uondunsag

awreN

UOIJRIPAWAIOI] UI PISN SUIBI}S [BIGOIOIW J[QR[IBAY T Qe L



683

S661 "T® 39 [IYoINYD

sogejueApR

-STp uey) sagejueape [eo1sAyd pue
210U AIOW JQJO 0} pue 9[qe)}
-doooe A[1eo130]002 2q 01 PI[[OLIUOD
A[nja1es oq Isnw uonodsfur jueioeyIng
*SWISTUBSI00IoN SNouaSIpul JO [en
-udjod sAnepeISopoIq 9yl Jurjeurwi
1o Suronpar snyj ‘QUBIqUIAW [[3D [BIq
-oJorwr oy} jo Aypiqesurtad ayy jooye
A[9SI2ApE ABW SJUBIORJINS ONQYIUAS

Kouar

-1J [BIPOWIAIOI] A}

Jo 1uowaroxdwy ‘ueAxo
A[qissod pue ‘syuain

-NU ‘swsIuesI00IoN

03 AJ[IQISS00' JUBUIWE)

(spunod

-wod J1UB3I0
oiqoydoipAy Jur
-pnjour) suoqred
-0IpAY dnjeWOIE
pue oneydipe

Su0qIed0IpAy pmbi| AJIS|nwe pue ‘Su0qIBI0IP
-Ay prjos jo Ajqiqnjos snoanbe oY) asearour

$661 T8 12 xnarong “[BISIOAOIIUOD [[TIS ST SN JUBIORJING -uod jo juowoueyuyg  pmbi pue prjog 0] Pasn aIe SAOUBISQNS JIUAFOIq 10 JNAYIUAS sjueloBJINg
SUOT)IPUOD JIS PUL SIUBUTUWIE]
-uod ogwads 10j podueyUO dq UBD AJ[IQE
pazrururu Surpeidop 1oyl onym ‘pardepe pue panimnd
puUE PaUTWEX? 9q PINOYs SWSIULIIO Ud0q ARy swsiueSIo0IoNU Y] SulUISUd
-0JOTW PAISQUITUD A[[eonQuas 10 IS sanb o119ua3 (9) J0pudA 3IS-Jo ue (q) 9)1S UOBIPAW
$661 Umolg pue -JJO JO UOnONPOIIUI A} WOIJ SIOAPY2  -TUYd)  UOIBIPIWAIOI sfos  -oI oy} (B) wolj SuneuiSIo SWSIUBSIOO0ION uon
NIARYT [66] B 19 YO9ZIO [€2150[009 9s19APE JO AN[IqIssod QY] 9ANIPR JsoUW AY) JO U ‘Iorempunolny  jo uoneordde j0a1Ip oY) SOAJOAUI POYIW SIY ] -BlUdWSNeOIg
Sunuoa
SJURUTWIRIUOD UOQIRIOIP [PUOTIUSAUOD SULIND PIAOWAI SOTULTIO J[1JB[OA
-Ay jo uonepeidap j1od dJ0W JY} puB UMOP UdY0Iq a1 spunodwod
-dns 03 uadAxo ysnouo U0QIed0IPAY SSBW-IR[NIS[OW-YSIY [IIB[OA
YIM SWSIUBII00IOT ssof oy} ‘oseyd wonepeI3opolq Ay UJ dINIXIw
juswAOW Ik Judly  snoudFipul SuiA[ddns jo u0qIed20IpAY ay3 ut Jussald syusuodwod Yyl Jo
-Igns I0J MO[[® ISNW XLIJBUI PI[OS oY} SPOYIAW JATIIRIP ISOW aInjeu 9NeR[oA ATYSIY 9Y) JO dFRIURAPR SR}
‘QrouroylIng 9[qIsedJ SS9 FunuaA0Iq oy} Suowre ST "Su0qIed ssa001d o) jo oseyd SunuaA-[Ios Y[, "Uuorn
¥661 ‘18 312 jo uoneordde sayew pue sases Jo uols -0IpAy wnojoxnad -eprISOPOIq YIIM FUIIUA [I0S SAIJOIAPE [BUON
13UISIOY ‘H661 A UBA  -nPIp sjudsald 9[qe) 191eM MO[[RYS Y JO 93uBI [[NJ SISSAIPPY S[I0S  -UQAUOJ SAUIqQUIOD danbruyod) UonBIPIWAI SIY T, Sunuanorg
snioydsoyd
pue uagontu jo ANIqe[IEAR UIPPNS
3} JO JNSAI B SB INOJ0 P[NOI SWIOO[]
[eS[e ‘uonIppe uy ‘saads dwos 03
91X0) 9q P[NOJ JAZI[1IJJ Y} Jo sjuouod
-WOD UIRLIAD ‘$199JJ [BIISO[0ID ISIIA IS
-pe 10 Tenuajod oy} SZIWIUIW P[NOYS o) e juesaxd Apealfe (serowr 90BN
*010 SuIxiw [epn ‘uonnyip ysnoyyy  swsiuesio jo uonponpoid pue ‘snioydsoyd ‘us3omniu jo suoneLuUIqUOD
6861 Vdd  °SeIpnis SULIOIUOW [BOIF0[0I9 JUALIND -31 9y} JO PIOJ-00] S®B S[10s AJTensn) SJUALNNU [RISUIW PUEB I9JBM ‘UIT
'S <1661 B 12 Yo9dzZIQ -uod sanmbar uoneorndde JuaINN  yonw se AQ UONBIIIY ‘191eMPUNOID) -AX0 JO UOTIIPPE 9} SIA[OAUI UONB[NUINSOIF UONB[NWNSOIg
UAINYY SJUIRIISUOD) sagejueApY 01 9[qeonddy uonduosaq JudUI) AL

sjusuBAI) NYIS U] € JqeL



684

JU9JU0d

uoneordde JUSLIINU MO YIIM SI)IS (oY ‘g (orydosjo 10
JUSLIINU JAISSIOXD JO $309J9 [BIIF0[01q ur A[reroadsa ‘ssaooad ‘N) SIUQLIINU YIIM SWSIUBSIO0IoNU SUIpeISop  d[qnjos-1djem)
661 T8 19 [yurey jo Ajqiqissod o) 9yenyead UonepeI3opoIq [eIn  SJUSWIPIS ‘Id)em -110 snouagdipur ay) 3uiA[ddns Aq wsioqejow uoneordde
WNAAS ‘H66] ‘T8 19 ULl 0} PaImbalr ST Juowssasse A30[001X0) ¥ -JBU ) JO UOTIRIDAIIY -punois ‘qiog Terqooru sajenuwns uonedrdde 1ozinio g VAN (ARER |
SuONIPUOd SUIKJLIUIP
Jopun popel3op A[Ipeal Jou S uazudg 19ynbe
‘spunodwod sneydife opeisop jou ue uryiim panqrisip
op BLIdJOBQ SUIZI[IIN-9BNIN "UIFAXO A[Ipea1 2q ued 31 sny [,
uey) spunodwos Jo sasse[d Jomaj 10 -9s0dwo29p jou S0P
661  9ANISYD SI AJBIIU JRY] ST OFRIUBAPESIP  PUR ‘SIOLI)BUW [10S 03 qIOS
‘[ 19 uuBwWIANRY (b6l  Ioylouy ‘[/3u 94 01 spiepuels A10je[n -p® 10U S0P ‘Iojem Ul COH UMM JUSWPUIWE 10 19}
SLLION] PU® uUmolq ‘4661 -3o1 Aq payrwuny are A[eord4A) 191em  9[qnjos A[y3Iy ‘oarsuadxd suoneord  -em pojosfur oyl Jo uonRIAE JO peajsul ‘103dad
UOS[IA\ pUE SuIyoIny -punois ur SUONBIIUIU0D AJBIIIN -ut AJoATIR[I ST 91BN -de ooejInsqng -0® UOI}099 SANBUIAI[E UL SB PIsn SI JeIIN eNIN
¢OH Jo
uonippe ay) Aq paouey
-ud Apjueoyrugis are
aurjoses Jo umopyealq
oy} S [[om sk ‘renonaed
ul BLIdIOBQ SuIpei3ap
-U0QIBDOIPAY puUB [BId
-uag Ul BLIDJOBQ O1qOIE suon
QIOYMIS[d  JO YIMoI3 A ‘(1R ypm -eorjdde ooey
P2Id1UNOOUD U IARY ‘SSAUIAIIOIYD I91em Pajoafur eIy -Insqng ‘spioe
-ur pue ‘a3ey00]q sed ‘uonisodwosdp -BS 0] SWIISAS) SIdSNYIP A11R] 9[IB[0A
pider 00} Surpnjour ‘swajq uey) 19Jsej opnjiuew  pue spunodwod uonepeIgopolq
SILION] -01d ‘sased Jo Ioquunu B UT A[[NJSSAO  JO SIOPIO om] 01 dn 9jel JneWOIE JO nJIS Ul 9OUBYUI 0} 0INOS UIFAXO AN RUISI[E oprxorad
pue umolg ‘Bpee] '] -0ns pasn uddq sey cOCH y3noyy ® 18 U93AX0 SIp1A0Id uonepeI3oporg QUL UB Sk pasn oq ueod aprxotad udgoIpAH uo30IpAH
UdIJY SjurRIISuUO)) soSejueApy 01 9[qeonddy uonduoseq JUAUIBAI ]

(‘pruo)) € dqeL



co-oxidize these compounds. However, because fungi
can not further metabolize the products of co-oxidation,
mixed cultures with bacteria are required for complete
mineralization of the organic contaminant (Bouwer and
Zehnder 1993).

The origin of the organisms to be used in bioreme-
diation is debatable. Indigenous microorganisms isolat-
ed from the contaminated site are certainly adapted to
the climatic, physicochemical and nutrient conditions
prevalent therein. Bioremediation by these microorgan-
isms is expected to proceed at increased rates after
nutrient addition and/or seeding with enriched micro-
organism cultures. However, these microbial communi-
ties may not include the full range of species or enzymes
required for effective oil biodegradation. Commercially
available preparations of oil-biodegrading microorgan-
isms usually include many species and have an increased
potential to degrade various oil components effectively.
Suppliers claim that these mixtures can be custom-made
for the specific oil or environmental conditions and can
also be easily produced for emergency situations.

The commonest methods of in situ hydrocarbon
bioremediation are tabulated in Table 3. The addition of
N,, P or oxygen in various forms is thought to be suf-
ficient to enhance the growth of microbes capable of
utilizing carbon in the form of petroleum hydrocarbons
(Alexander 1991). However, bioremediation is not a
panacea against organic contamination. The spectacular
results of laboratory experiments cannot always be
transferred directly to the field. Many compounds that
are easily metabolized in vitro are often not broken
down efficiently in contaminated soils and aquifers. This
is probably due to reduced contaminant bioavailability
caused by adsorption on soil particles or solution in
nonaqueous-phase liquids (Alexander 1991). Another
bioremediation-restricting factor is the patchy distribu-
tion of bacterial populations in the soil. This natural
heterogeneity of environmental conditions on the mi-
crohabitat scale results in localization of the hydrocar-
bon-degrading bacteria.

In contrast to the wide public acceptance of biore-
mediation using indigenous microorganisms, the public
and the scientific community are somewhat reluctant to
accept the method of seeding with introduced microor-
ganisms. The main reasons for this (Atlas 1977) are (1)
the lack of controlled experiments demonstrating supe-
rior performance of introduced microorganisms com-
pared to indigenous ones, (2) the time lag between
microorganism application and hydrocarbon break-
down, (3) the lack of information on microorganism
pathogenicity to humans, genetic stability and toxicity of
metabolic byproducts, (4) the large quantities of mic-
roorganisms required for frequent application to the
contaminated site, (5) the logistics of culture preparation
and mixing just prior to application on site, and (6) the
fate of these microorganisms once they have completed
their role in bioremediation.

Future research should be directed towards the im-
provement of existing and the devising of innovative
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methods of bioremediation. Attention should be paid to
the factors governing bioavailability of organic contam-
inants and methods to increase availability and micro-
organism activity, monitoring of bioremediation, the
ecology and fate of introduced microorganisms, the
transfer of laboratory findings to the field, the elucidation
of fertilizer action, the discovery of new, more efficient
fertilizers and ways of application, the coupling of major
biochemical cycles, such as nitrogen and phosphorus,
with bioremediation cases, and the effects of other envi-
ronmental factors (e.g. temperature and salinity fluctua-
tions, wave action, oxygen availability, nitrogen-fixing
bacteria, etc.); most importantly, all of the above should
be investigated in the field under realistic conditions.
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